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Coronary artery bypass vein grafts are amainstay of therapy for
human atherosclerosis. Unfortunately, the long-term patency
of vein grafts is limited by accelerated atherosclerosis. Gene
therapy, directed at the vein graft wall, is a promising approach
for preventing vein graft atherosclerosis. Because helper-
dependent adenovirus (HDAd) efficiently transduces grafted
veins and confers long-term transgene expression, HDAd is
an excellent candidate for delivery of vein graft-targeted gene
therapy. We developed a model of vein graft atherosclerosis
in fat-fed rabbits and demonstrated long-term (R20 weeks)
persistence of HDAd genomes after graft transduction. This
model enables quantitation of vein graft hemodynamics, wall
structure, lipid accumulation, cellularity, vector persistence,
and inflammatory markers on a single graft. Time-course ex-
periments identified 12 weeks after transduction as an optimal
time to measure efficacy of gene therapy on the critical vari-
ables of lipid and macrophage accumulation. We also used
chow-fed rabbits to test whether HDAd infusion in vein grafts
promotes intimal growth and inflammation. HDAd did not
increase intimal growth, but had moderate—yet significant—
pro-inflammatory effects. The vein graft atherosclerosis model
will be useful for testing HDAd-mediated gene therapy; how-
ever, pro-inflammatory effects of HdAd remain a concern in
developing HDAd as a therapy for vein graft disease.
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INTRODUCTION
Heart disease, due largely to atherosclerosis, remains the leading
cause of death in the United States and throughout the world.1,2

The morbidity and mortality of atherosclerosis are due primarily
to involvement of the coronary arteries, in which accumulation
of intimal lipid and inflammatory cells leads to lumen narrowing,
diminished blood flow, and thrombotic occlusion, along with associ-
ated symptoms of chest pain, myocardial infarction, heart failure, and
sudden death.3,4 Despite advances in medical therapy and percuta-
neous coronary interventions (e.g., angioplasty and stenting), coro-
nary artery bypass grafting (CABG) surgery remains a mainstay of
therapy for severe coronary artery disease.5–7 Accordingly, approxi-
mately 400,000 CABG surgeries are performed annually in the United
States.8 However, the long-term benefits of CABG are limited by
a high rate of occlusion of the saphenous vein segments that are
used to construct coronary bypass grafts.9 Coronary artery bypass
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vein graft patency is estimated at 80%–90% at 1 year and 50% at
10 years,10,11 with the progressive loss of patency due largely to devel-
opment of vein graft atherosclerosis.10,12,13

Current therapy to prevent vein graft atherosclerosis is essentially
limited to lipid-lowering drugs, typically statins.14,15 Statin therapy
is implemented in the vast majority of CABG recipients;16 however,
there is no evidence that widespread statin use has increased vein graft
patency rates over time, and there is some evidence that patency rates
are decreasing.9 Moreover, statin therapy appears to be effective only
up to a point: statin-induced reduction of LDL cholesterol
to <100 mg/dL increased vein graft patency; however, further reduc-
tion to <70 mg/dL had no additional benefit.17 Vein graft atheroscle-
rosis can be avoided by use of arterial bypass grafts, such as the
left internal thoracic artery, which has a 10-year patency rate of
>95%.18 However, there is only 1 left internal thoracic artery in any
single CABG candidate and essentially all CABG candidates require
more than 1 bypass conduit.5,16 Use of both the left and right internal
thoracic arteries for bypass grafting does not improve cardiovascular
outcomes when compared to use of only the left internal thoracic
artery, along with a vein graft, and is associated with a significant
increase in sternal wound infections.19 Radial arteries are also
occasionally used as CABG conduits; however, their long-term
patency rates and associated clinical outcomes are no better than
those obtained with vein grafts.20,21

We, and others, have proposed gene therapy as a promising approach
for prevention of vein graft atherosclerosis.22,23 Gene therapy for vein
graft atherosclerosis would consist of expressing a therapeutic gene in
the graft itself, with the gene chosen for its ability to prevent lipid
accumulation, inflammation, or vascular remodeling that is thought
to predispose to rapid development of atherosclerosis.24,25 However,
progress toward developing gene therapy for vein graft atheroscle-
rosis was long limited by the need for durable transgene expression,
which is likely required to prevent a disease that develops and
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Figure 1. Study Protocols

(A) Vein graft atherosclerosis study. Rabbits were begun on a 0.3% cholesterol diet. Their plasma cholesterols were measured after 2 weeks on diet and every 2 weeks

thereafter. On the basis of these measurements, the cholesterol content of each rabbit’s diet was adjusted (0.25%, 0.125%, or 0% cholesterol), with a goal of achieving

plasma cholesterols of 200–800 mg/dL. Vein grafts were placed after 4 weeks of high-fat diet, HDAdNull was infused into the grafts 4 weeks later, and the grafts were

harvested 4, 12, or 20 weeks after HDAdNull infusion. (B) Vein graft inflammation study. Vein grafts were placed in chow-fed rabbits. 4 weeks later, grafts were infused with

vehicle (DMEM), HDAdNull, or FGAdNull. Grafts were harvested either 2 or 8 weeks later.
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progresses over many years. We recently reported that transduction
of vein grafts of chow-fed rabbits with a helper-dependent adenoviral
(HDAd) vector yielded expression of a transgene for at least 24 weeks,
with stable expression from 4 weeks onward.26 Transduction of
arteries of chow-fed rabbits with the same HDAd achieved transgene
expression for at least 48 weeks, also with stability after 4 weeks.27

Because HDAd appears capable of mediating durable—if not indefi-
nite—transgene expression in blood vessels, HDAd is a promising
vector for developing gene therapy for vein graft atherosclerosis.
However, testing of HDAd for this purpose requires an animal model
of vein graft atherosclerosis as well as evidence that HDAd persists in
the vein graft wall during atherosclerosis development.

Here, we report the use of cholesterol-fed rabbits to develop a repro-
ducible and quantitative animal model that can be used for testing
HDAd-mediated gene therapy for vein graft atherosclerosis. In a
separate series of experiments, performed in chow-fed rabbits, we
also tested whether HDAd infusion to grafted veins causes vein graft
wall inflammation and intimal growth.28–30

RESULTS
Cholesterol Levels, Surgical Procedures, and Vein Graft Patency

in Fat-Fed Rabbits

To generate hyperlipidemia (which is required for the development
of vein graft atherosclerosis),31 18 rabbits were fed a high-fat diet,
beginning with 0.3% cholesterol (Figure 1A). As expected,31–33

response to the high-fat diet was heterogeneous with plasma choles-
terols after 2 weeks, ranging from 78 to 930 mg/dL (Figure 2 and
data not shown). By adjusting dietary cholesterol every 2 weeks,
plasma cholesterols were maintained within a relatively narrow
range (mean, 400–700 mg/dL) for the duration of the study. After
Molecular T
4 weeks of high-fat diet, all rabbits underwent bilateral placement
of end-to-side external jugular vein-to-common carotid artery
interposition grafts. Transcutaneous ultrasonography performed
5–7 days later (Figure S1) revealed that 34 of the 36 vein grafts
(94%) were patent, with unilateral occlusions in 2 rabbits. 4 weeks
after graft placement, all 18 rabbits underwent re-operation for
vein graft transduction. We delayed transduction until 4 weeks after
grafting because transduction at the time of grafting leads to rapid
loss of transgene expression, whereas delayed transduction yields
durable transgene expression.26

During the transduction surgery, 2 rabbits (both with 2 patent
grafts) died from anesthesia complications. The remaining 16 rab-
bits (with 30 patent grafts) underwent successful vein graft trans-
duction, including exposure of the grafts, temporary occlusion,
and intraluminal infusion with an HDAd containing an empty
expression cassette (HDAdNull).34 One rabbit (with 2 patent grafts)
was euthanized due to respiratory distress on postoperative day 2
after infusion. Transcutaneous ultrasound performed 5–7 days later
revealed that 27 of the 28 remaining transduced grafts (96%) were
patent. The grafts were harvested 4, 12, or 20 weeks later, with
patency preserved in all 27 grafts. We harvested grafts at multiple
time points in order to determine the time course during which
atherosclerosis develops in HDAd-infused vein grafts and evaluate
the magnitude and reproducibility of quantitative measurements
of atherosclerosis (e.g., lipid and macrophage accumulation, inflam-
matory markers, intimal growth, lumen diameter, and percent
lumen stenosis) at various time points. These data are required
to enable design of future studies in which a therapeutic transgene
expressed from HDAd would be tested for its ability to prevent vein
graft atherosclerosis.
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Figure 2. PlasmaCholesterol Concentrations in Rabbits Fed aHigh-Fat Diet

Vein graft surgery was performed after 4 weeks on diet, with HDAdNull infusion

4 weeks later. Rabbits are separated into 3 cohorts based on time of harvest (4, 12,

or 20 weeks after vector infusion, with data represented in blue, red, and green,

respectively). Data are mean ± SD.
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In Vivo Vein Graft Diameters and Hemodynamics

At the time of harvest, we used transcutaneous ultrasonography to
measure lumen diameters in 14 of the 27 patent vein grafts. The
remaining 13 grafts were not measured due to lack of available equip-
ment. Measurements were made under general anesthesia before
beginning the harvest surgery. Mean lumen diameters ranged from
5.2 mm to 6.0 mm, yielding calculated mean lumen areas from 22.3
to 28.6 mm2 (Table S1). Lumen diameters (and areas) tended to be
higher at 20 weeks compared to the earlier time points. After surgical
exposure of the grafts, we used an external probe to measure blood
flow in 23 of the 27 grafts (the flowmeter was unavailable for 4 grafts).
We measured flow—and calculated pulsatility and shear—because
these hemodynamic properties affect inflammation and atheroscle-
rosis development35–37 and therefore cannot be left as unknown
(and uncontrolled) variables in atherosclerosis models. No flow mea-
surements were made in both grafts of two rabbits due to technical is-
sues (lack of equipment for measuring instantaneous flow in one case
and rapid hemodynamic decompensation under anesthesia in the
other). Mean vein graft blood flows ranged from 19.8 to 25.6 mL/min
(Table S1). We later assessed baseline blood flow in ungrafted com-
mon carotids using chow-fed rabbits enrolled in a separate study;
see below. These flow measurements were made on anesthetized rab-
bits immediately before vein graft placement. Mean flow (n = 11) was
34 ± 9.2 mL/min in the left carotid and 35 ± 11.4 mL/min in the right
carotid. We calculated pulsatility in 16 of 27 vein grafts. No pulsatility
calculations were made in 9 grafts (5 rabbits) due to lack of equipment
(flow probe, chart recorder, or both) and in 2 grafts (1 rabbit) due to
rapid hemodynamic decompensation under anesthesia. Mean pulsa-
tility index ranged from 2.9 to 4.9, with a trend toward lower values
at 20 weeks (Table S1). For the 12 grafts for which we had both blood
flow and diameter measurements, we calculated laminar shear stress.
Mean laminar shear stress ranged from 1.2 to 1.8 dynes/cm2, with a
trend toward lower shear stress at 20 weeks (Table S1).
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Presence of Vector DNA and Expression of Inflammatory

Cytokines

Vector genomes were detected in all 27 patent grafts (Figure 3A), with
the number of genomes/vascular wall cell declining from 0.36 ± 0.31
at 4 weeks to 0.08 ± 0.05 at 20 weeks (p = 0.04). In our previous work
and in results reported by others, incubation of adenovirus in a vein
lumen followed by grafting of the vein results in transgene expression
that is largely confined to luminal endothelial cells.26,38–41 Other
groups have reported transgene expression in the venous media
and adventitia, but this may be due to variability in technique.42–44

Based on our previous work with vein grafts of chow-fed rabbits26

and our finding that hyperlipidemia does not alter the endothelial
predominance of transgene expression in adenovirus-infused ar-
teries,29 we assume that most HDAdNull genomes (if they are intra-
cellular) are likely within luminal endothelial cells. By counting
endothelial and total vascular wall nuclei in graft histologic sections,
we determined that endothelial cells comprise �2% of total vascular
wall cells at all 3 time points (data not shown). Therefore, vector ge-
nomes per endothelial cell were 18.1 ± 15.7 at 4 weeks, 7.3 ± 7.0 at
12 weeks, and 3.9 ± 2.6 at 20 weeks (if endothelial cells represent
only 50% of the transduced cells, these values decrease proportion-
ately). Inflammatory cytokines contribute to atherogenesis,45 and
their expression levels can be a target for therapy or a measure of
therapeutic efficacy. Accordingly, wemeasuredmRNA for the athero-
genic cytokines monocyte chemoattractant protein-1 (MCP-1), inter-
leukin-1b (IL-1b), IL-6, tumor necrosis factor alpha (TNF-a), and
interferon-g (IFN-g) (Figures 3B–3F). Expression of IFN-g was far
lower at 12 and 20 weeks versus 4 weeks (p % 0.008); expression of
IL-1b declined between 4 and 12 weeks (p = 0.004) and then trended
upward. Expression of MCP-1, IL-6, and TNF-a all tended to
decrease between 4 and 12 weeks, remaining stable or trending
upward at 20 weeks.

Vein Graft Morphometry, Histology, and Lipid Content

To assess the kinetics of intimal growth and determine whether
intimal growth was associated with lumen narrowing, we examined
histologic sections of the 27 patent grafts. One of the 4-week grafts
was excluded from analysis of wall structure because 2 of 3 segments
contained valves, distorting the neointimal area. Whereas the intima
of an ungrafted rabbit external jugular vein from a chow-fed rabbit
is limited to a single layer of endothelium, a large neointima was
present in all of the 26 grafts we examined (Figures S2B–S2D and
S2F–S2H; compare to the ungrafted vein in Figures S2A and
S2E). There was a tendency for the neointimal area to increase at
later time points (Figure 4A). Medial areas were similar at 4 and
12 weeks and larger at 20 weeks (p = 0.02; Figure 4B). Intima/media
area ratio was substantial at 4 weeks (2.6 ± 0.8), with nominal
changes at 12 and 20 weeks (Figure 4C). Vein graft lumen diameters
(and areas) tended to increase modestly over time (Figures 4D and
4E). Percent lumen stenosis was similar (�40%) at all 3 time points
(Figure 4F).

We analyzed the intimal composition of all 27 patent grafts. Vein
graft atherosclerosis is thought to be driven largely by accumulation
er 2017



Figure 3. Vector Genomes and Inflammatory

Cytokine Expression in Vein Grafts Harvested from

Hyperlipidemic Rabbits

DNA and RNA were extracted from vein grafts harvested

4 (n = 8), 12 (n = 10), or 20 weeks (n = 9) after HDAdNull

infusion. (A) Vector DNA was measured by qPCR. (B–F)

Levels of mRNA encoding (B) MCP-1, (C) IL-1b, (D) IL-6,

(E) TNF-a, and (F) IFN-g were measured with qRT-

mediated PCR, with normalization to GAPDH mRNA in

the same samples. AU, arbitrary units. Data points are

individual grafts; bars are group means ± SEM. p values

are from ANOVA, with correction for pairwise post hoc

comparisons.
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of intimal lipid and macrophage-derived foam cells;13 therefore, we
expected that the vein graft intimas would be relatively rich in lipid
and macrophages as well as adhesion molecules that mediate mono-
cyte-macrophage recruitment. Only a small amount of vein graft
intimal area (�1% to 2% at all time points) stained positively for mus-
cle actin (a marker of smooth muscle cells; Figures 5A and S3B–S3D).
A far larger percentage of intimal area (�20%–40%) stained positively
for the macrophage marker RAM-11 (Figures 5B and S3F–S3H).
RAM-11-stained intimal area tended to increase between 4 and
12 weeks and then stabilize. Intercellular adhesion molecule-1
(ICAM-1) (Figures 5C and S4B–S4D) and vascular cell adhesion
molecule-1 (VCAM-1) (Figures 5D and S4F–S4H) were both present
in the graft intimas. ICAM-1 expression was initially low but
increased significantly over time (p = 0.001), whereas VCAM-1 was
present at low levels at all time points. Oil red O staining revealed sub-
stantial lipid accumulation (�10%–30% of intimal area) in all vein
grafts. The percentage of oil-red-O-stained intimal area increased
by �50% between 4 and 12 weeks (p = 0.02), with a similar amount
of oil-red-O-stained area at both 12 and 20 weeks (Figures 5E and
S5B–S5D).
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We also measured vein graft cholesterol
accumulation with mass spectrometry per-
formed on extracts of full-thickness grafts.
Vein graft total cholesterol content increased
by approximately 80% between 4 and 12 weeks
(p = 0.02) and then stabilized (Figure 5F).
Similar patterns over time were detected
for both unesterified cholesterol and total
cholesteryl esters (Figures S5E and S5F).
The percentage of total cholesterol that was
esterified was constant over time (�70%,
Figure S5G).

Surgical Procedures, Vein Graft Patency,

and Hemodynamics in Chow-Fed Rabbits

In a separate series of experiments, we tested
whether infusion of HDAdNull into grafted
veins promotes inflammation and intimal
growth, as we (and others) have reported after
infusion of both first-generation (FG) Ad and HDAd into ar-
teries.28–30,46,47 To increase the sensitivity of our assays to detect
HDAdNull-induced inflammation and intimal growth, we per-
formed these experiments with chow-fed rabbits (in which we
anticipated less baseline inflammation and intimal growth than
in vein grafts of hyperlipidemic rabbits).31 The primary goal of
these experiments was to test the hypothesis that—compared to
infusion of DMEM vehicle—infusion of HDAdNull did not in-
crease inflammation and intimal growth. As a positive control for
pro-inflammatory effects and intimal growth,30 we included a
group of first-generation null adenoviral vector (FGAdNull)-
infused vein grafts. However, the a priori experimental design
mandated that only the DMEM and HDAdNull groups were
compared formally.

Rabbits enrolled in the study (n = 29; Figure 1B) received bilateral
external jugular vein-to-common carotid artery interposition grafts.
Transcutaneous ultrasonography 5–7 days after grafting showed 58
of 58 (100%) of the grafts were patent. One rabbit was removed
from the study because of a febrile illness. 4 weeks after grafting,
linical Development Vol. 7 December 2017 99
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Figure 4. Morphometry of Vein Grafts Harvested

from Hyperlipidemic Rabbits

Grafts were harvested 4 (n = 7), 12 (n = 10), or 20 weeks

(n = 9) after HDAdNull infusion. Three segments of each of

the grafts were embedded, sectioned, and stained with

Verhoef van Gieson stain. Images of stained sections

were analyzed with computer-assisted planimetry to

determine (A) intimal area, (B) medial area, (C) intima/

media area ratio, (D) lumen diameter, (E) lumen area, and

(F) percent lumen stenosis. Data points are values for

individual grafts; bars are group means ± SEM. p values

are from ANOVA, with correction for pairwise post hoc

comparisons (see also Figure S2).
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the rabbits remaining in the study were returned to the operating
room and their grafts (n = 56) were exposed surgically. One rabbit
was found to have a subcutaneous neck abscess and was removed
from the study. Flow in 3 of the grafts was sluggish (<10 mL/min).
These grafts were considered to be technical failures and were
excluded from the study. The remaining grafts in which we
measured flow (39 of the 51 grafts; equipment was not available
for flow measurements in 12 grafts) had brisk pulsatile flow (40 ±

15 mL/min), with no significant differences in hemodynamic vari-
ables between grafts assigned to DMEM versus HDAdNull infusion
(Table S2). All 51 grafts were transiently occluded, rinsed intralumi-
nally with DMEM, and infused with DMEM, HDAdNull, or
FGAdNull. The same infusate was used for both sides of the
same rabbit. One rabbit died 3 hr post infusion of DMEM due to
general anesthesia complications. All 49 remaining grafts (in 26 rab-
bits) were patent by transcutaneous ultrasonography performed
5–7 days after infusion. All of these 49 grafts completed the study
and underwent hemodynamic (n = 43), molecular (n = 49), and his-
tologic (n = 45) analyses.
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At harvest (2 or 8 weeks after infusion), we
used transcutaneous ultrasonography to mea-
sure vein graft lumen diameters in 43 of the
49 grafts (6 grafts were not measured due to
lack of equipment). Neither lumen diameters
nor calculated lumen areas differed signifi-
cantly between DMEM- and HDAdNull-
infused grafts (Table S3; p > 0.2 for both mea-
surements at both time points). All grafts were
patent at harvest (either 2 or 8 weeks after
infusion) based on ultrasound examination
or on presence of a palpable pulse and
luminal blood. After surgical exposure, we
measured blood flow in 43 of the 49 grafts.
For 4 grafts in 2 rabbits, instruments were un-
available and 1 graft in each of 2 rabbits
ruptured during dissection. Mean flow did
not differ significantly between DMEM and
HDAdNull-infused grafts (Table S3; p > 0.2
at both time points). Pulsatility was similar
in DMEM- and HDAdNull-infused grafts at 2 weeks; however,
pulsatility was significantly lower in HDAdNull-infused grafts at
8 weeks (40% lower; Table S3; p = 0.01). Laminar shear stress
was similar between the 2 groups at both time points (Table S3;
p > 0.2).

Presence of Vector DNA and Expression of Inflammatory

Cytokines

We measured vector DNA and cytokine RNA in extracts of 49 grafts.
As expected, no vector DNA was detected in DMEM-infused
vein grafts (Figure 6). In contrast, vector DNA was present in all
HDAdNull-infused grafts, with equivalent levels at 2 and 8 weeks.
Vector DNA was not detected in any of the FGAdNull-infused grafts
(<0.01 copy per vessel wall cell or <0.5 copies per endothelial cell
based on the limit of detection). Compared to DMEM-infused grafts,
HDAdNull-infused grafts had significantly higher expression of IFN-
g at 2 weeks (2.6-fold; p = 0.01) and increased expression of IFN-g,
IL-1b, IL-6, TNF-a, and MCP-1 at 8 weeks (2- to 4-fold; p < 0.05
for all; Figure 6).



Figure 5. Cellularity, Adhesion Molecule

Expression, and Lipid Accumulation in Vein Grafts

Harvested from Hyperlipidemic Rabbits

Grafts were harvested 4 (n = 8), 12 (n = 10), or 20 weeks

(n = 9) after HDAdNull infusion. (A–E) Three segments of

each of the grafts were embedded, sectioned, and

stained with antibodies or oil red O. Images of stained

sections were analyzed with computer-assisted planim-

etry to determine the percentage of intimal area stained

for (A) muscle actin (HHF-35 antibody); (B) macrophages

(RAM-11 antibody); (C) ICAM-1; (D) VCAM-1; and (E)

neutral lipid (oil red O [ORO]). (F) Lipid was extracted from

each of the grafts, and total cholesterol content was

measured with mass spectrometry. Data points are

values for individual grafts; bars are group means ± SEM.

p values are from ANOVA, with correction for pairwise

post hoc comparisons. (G–I) Representative sections of

vein grafts harvested 12 weeks after vector infusion and

stained with (G) HHF-35 antibody, (H) RAM-11 antibody,

or (I) ORO. Dashed lines indicate internal elastic lamina.

Scale bars, 500 mm. Inset in (G) shows HHF-35-positive

area in intima (arrow). M, media; I, intima. Scale bar,

200 mm (see also Figures S3–S5).
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Vein Graft Morphometry, Inflammatory Cells, and Adhesion

Molecules

We assessed morphometry in 45 vein grafts (tissue from 4 grafts was
lost due to a processing error). A neointima was present in all grafts,
with no significant differences between HDAdNull- and DMEM-
infused grafts at both 2 and 8 weeks (Figures 7A and S6). Medial areas
were also similar at both time points (Figure 7B). Intima/media area
ratios of HDAdNull veins were similar to DMEM veins at 2 weeks and
Molecular Therapy: Methods & Clin
30% lower (p < 0.05) at 8 weeks (Figure 7C).
Graft lumen diameters and areas were similar
between the 2 groups at both time points (Fig-
ures 7D and 7E). Percent lumen stenosis
(�20%) was also similar between the DMEM
and HDAdNull groups at both time points
(Figure 7F).

Sections of the same 45 grafts were stained to
detect intimal T cells, macrophages, and adhe-
sion molecules. T cells were rare in intimas
of DMEM-infused grafts at both time points.
HDAdNull-infused grafts harvested at the
2-week time point had a trend toward more
intimal area occupied by T cells (5.8-fold
increase; p = 0.09; Figures 8A, S7A, and S7B).
Intimas of HDAdNull-infused grafts harvested
8 weeks after infusion had significantly more
T cell stained area than did DMEM-infused
grafts (2.6-fold; p < 0.01; Figures 8A, S7D, and
S7E). Rare macrophages were present in intimas
of DMEM-infused grafts harvested 2 weeks
after infusion, with a slight absolute increase
above this low level at 8 weeks. Compared to DMEM-infused grafts,
HDAdNull-infused grafts had significantly increased intimal macro-
phage staining at 2 weeks (2.5-fold; p = 0.046; Figures 8B, S8A, and
S8B), but not at 8 weeks (Figures 8B, S8D, and S8E). ICAM-1-positive
intimal area was significantly increased in HDAdNull-infused grafts
compared to DMEM-infused grafts at 2 weeks (3.4-fold; p = 0.04; Fig-
ures 8C, S9A, and S9B) but not at 8 weeks (Figures 8C, S9D, and S9E).
Compared to DMEM-infused grafts, VCAM-1-stained intimal area
ical Development Vol. 7 December 2017 101
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Figure 6. Vector Genomes and Inflammatory

Cytokine Expression in Vein Grafts Harvested from

Chow-Fed Rabbits

4 weeks after placement, grafts were infused with DMEM,

HDAdNull, or FGAdNull and harvested 2 weeks (n = 7, 8,

and 5, respectively) or 8 weeks later (n = 12, 9, and 8,

respectively). (A) Vector DNA was measured by qPCR.

(B–F) Levels of mRNA encoding (B) MCP-1, (C) IL-1b, (D)

IL-6, (E) TNF-a, and (F) IFN-g were measured with qRT-

mediated PCR, with normalization to GAPDH mRNA in

the same samples. AU, arbitrary units. Data points are

individual grafts; bars are group means ± SEM. *p < 0.05;

**p < 0.01; ***p < 0.001. p values are from rank-sum tests.
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in HDAdNull-infused grafts was similar at 2 weeks and significantly
decreased at 8 weeks (55%; p < 0.05; Figures 8D and S10).

DISCUSSION
We developed a fat-fed rabbit model for testing HDAd-mediated gene
therapy for vein graft atherosclerosis. In a separate study in chow-fed
rabbits, we tested whether HDAd infusion into grafted veins causes
inflammation and intimal growth. Our major findings in the athero-
sclerosis model are (1) vein grafts rapidly and consistently develop a
large lipid- and macrophage-rich neointima; (2) outward remodeling
prevents development of luminal stenosis; (3) HDAd genomes
decline over time, although they remain at a high level through
20 weeks after gene transfer; and (4) our protocol allows use of single
vein grafts to measure hemodynamics, wall morphology and cellu-
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larity, vector DNA, and cytokine as well as
adhesion molecule expression. The study in
chow-fed rabbits revealed that—compared to
buffer infusion—HDAd infusion into grafted
veins (1) moderately increases expression of in-
flammatory cytokines; (2) minimally increases
accumulation of intimal T cells and transiently
increases accumulation of intimal macro-
phages; (3) has variable effects on adhesion
molecule expression; and (4) does not increase
neointimal growth or lumen stenosis.

Our long-term goal is to increase patency of
coronary artery bypass vein grafts. Because
atherosclerosis is the most common cause of
coronary artery bypass vein graft failure,12 we
sought to develop an animal model that repli-
cates the key features of human vein graft
atherosclerotic lesions: concentric intimal accu-
mulation of lipid and macrophage-derived
foam cells.12,48,49 A lipid and macrophage-rich
vein graft intima is viewed as a pathological sub-
strate that eventually leads to plaque rupture,
superimposed thrombosis, and lumen occlu-
sion.50,51 The likelihood that lipid and foam
cell accumulation contributes importantly to vein graft failure is
bolstered by the efficacy of lipid-lowering therapy in retarding vein
graft atherosclerosis,14,15,52 as well as evidence that vein grafts are
more prone to lipid accumulation than arteries.48 Lesions in our
model are rich in both lipid and macrophage-derived foam cells
and are therefore a suitable substrate for testing atheroprotective
vein graft gene therapy. Moreover, our protocols allow measurement
of the critical variable of graft lipid accumulation with 2 independent
approaches: oil red O staining and mass spectrometry. We acknowl-
edge that—unlike coronary bypass grafts—human peripheral artery
bypass grafts typically fail due to intimal hyperplasia rather than
atherosclerosis.53 Therefore, our atherosclerosis model does not
address the most common cause of peripheral artery bypass graft
failure.



Figure 7. Morphometry of Vein Grafts Harvested

from Chow-Fed Rabbits

4 weeks after placement, grafts were infused with

DMEM, HDAdNull, or FGAdNull and harvested 2 weeks

(n = 7, 8, and 5, respectively) or 8 weeks later (n = 8, 9,

and 8, respectively). Three segments of each of the grafts

were embedded, sectioned, and stained with Verhoef

van Gieson stain. Images of stained sections were

analyzed with computer-assisted planimetry to deter-

mine (A) intimal area; (B) medial area; (C) intima/media

area ratio; (D) lumen diameter; (E) lumen area; and (F)

percent lumen stenosis. Data points are values for indi-

vidual grafts; bars are group means ± SEM. *p < 0.05

(from t test) (see also Figure S6).
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To identify an optimal time point for detecting treatment effects in
future experiments that test gene therapy interventions, we harvested
veins at 3 intervals after vector infusion: 4, 12, and 20 weeks. In select-
ing an optimal time point, we looked for large increases in key path-
ologic end points (especially lipid and macrophage accumulation),
relatively low intragroup variability (enabling use of smaller sample
sizes), and a relatively short period of time after vector infusion (to
minimize cost and increase experimental throughput). Based on these
criteria, harvesting grafts 12 weeks after vector infusion appears
optimal. Graft lipid content increases significantly between 4 and
12 weeks, but does not increase further between 12 and 20 weeks.
Expression of ICAM-1 tends to increase between 4 and 12 weeks,
whereas VCAM-1 is essentially unchanged. In contrast, expression
of atherogenic cytokines was uniformly lower at 12 weeks than at
Molecular Therapy: Methods & Clin
4 weeks. We believe that the decline in cytokine
expression between 4 and 12 weeks is likely due
to acute cytokine upregulation in 4-week grafts
as a consequence of the recent surgery and vec-
tor infusion.54 Because we are developing a
therapy for vein graft atherosclerosis, rather
than for surgery- and vector-related inflamma-
tion, 12 weeks again seems to be a better time
point for experimental vein graft harvests.

To further assess the usefulness of this model,
we used the 12-week group means and SDs
for macrophage and lipid accumulation (i.e.,
RAM-11-stained area, oil-red-O-stained area,
and total vein wall cholesterol measured with
mass spectrometry) to calculate sample sizes
needed for experiments that would test a gene
therapy intervention. To detect or exclude a
gene-therapy-related 30% difference in RAM-
11-stained area, oil-red-O-stained area, and
total vein wall cholesterol (with a = 0.05 and
b = 0.2), 11, 17, and 23 rabbits (each with
2 vein grafts) would be required, respectively.
Accordingly, a study with 25 rabbits (only
modestly larger than the present study and
therefore feasible) would be powered to detect or exclude treatment-
related reductions as low as 20%, 25%, and 29% in these same 3 end
points. We plan to use this vein graft atherosclerosis model to test
gene therapy that delivers apolipoprotein (apo) A-I from the luminal
endothelium (Wacker et al., 2017, Arterioscler. Thromb. Vasc. Biol.,
abstract).33 It is logical to deliver apo A-I from the luminal endothe-
lium because endogenous apo A-I enters the vessel wall from the
vascular lumen via endothelial transcytosis.55 Therefore, expression
of apo A-I in the endothelium exploits the endogenous pathway for
apo A-I entry to the blood vessel wall. Gene therapy strategies that
envision gene delivery to medial or adventitial cells are also worthy
of consideration. The media might be targeted by transgenes that pre-
vent smoothmuscle cell proliferation andmigration and the adventitia
could be targeted by transgenes that prevent migration of adventitial
ical Development Vol. 7 December 2017 103
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Figure 8. Cellularity and Adhesion Molecule

Expression in Vein Grafts Harvested from Chow-

Fed Rabbits

4 weeks after placement, grafts were infused with DMEM,

HDAdNull, or FGAdNull and harvested 2 weeks (n = 7, 8,

and 5, respectively) or 8 weeks later (n = 8, 9, and 8,

respectively). Three segments of each of the grafts were

embedded, sectioned, and stained with antibodies.

Images of stained sections were analyzed with computer-

assisted planimetry to determine the percentage of intimal

area stained for (A) T cells (KEN-5 antibody); (B) macro-

phages (RAM-11 antibody); (C) ICAM-1; and (D) VCAM-1.

Data points are mean values for individual grafts; bars are

group means ± SEM. *p < 0.05; **p < 0.01. p values are

from t tests (A–C) and rank-sum test (D) (see also Figures

S7–S10).
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cells into the intima. These strategies might be effective in preventing
neointimal hyperplasia, which contributes to early CABG failure and
is the principal cause of peripheral artery bypass graft failure.10,53

However, efficient transduction of the media and adventitia is techni-
cally challenging, whereas efficient gene transfer to endothelium can
be achieved by intraluminal incubation of adenovirus.

Ourmodel of vein graft atherosclerosis is promising, but it also has lim-
itations. First, there is no development of stenosis because—at least
through 20 weeks after transduction—outward remodeling compen-
sates for intimal growth and prevents lumen loss. Outward remodeling
was greater in vein grafts of hyperlipidemic rabbits than in chow-fed
rabbits, potentially due to accumulation of macrophages in the vein
graft wall and concomitantly higher levels of matrix metalloprotei-
nases.56 Nevertheless, because the vein grafts do not develop stenosis,
we cannot use this model to test whether an intervention prevents
vein graft stenosis. We assume, however, that an intervention that pre-
vents lipid andmacrophage accumulationwould alsoprevent persistent
intimal growth and eventual development of necrotic cores and vulner-
able plaques that lead to vein graft stenosis andocclusion.12,51Although
this seems likely, we acknowledge that it is an assumption. We are not
aware of any vein graft atherosclerosis animal models that develop he-
modynamically significant stenoses, in which this could be tested.

Another limitation of this model is that transduction is performed
4 weeks after graft placement. We delayed transduction until 4 weeks
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because our previous work showed that near-
complete early (3 day) loss of vein-graft
transgene expression could be avoided only by
transducing grafted veins at a time point after
the grafting surgery.26 This earlier study was
performed largely with FGAd, and we concede
that we have not tested whether delivery of
HDAd at the time of grafting would yield
persistent transgene expression. However, we
believe this is highly unlikely because our con-
trol experiments showed that loss of FGAd
genomes within 3 days after grafting is due to exposure of the
transduced veins to arterial flow and pressure, not to FGAd properties
per se.26

In the preclinical setting, a delay of 4 weeks between vein grafting and
gene transfer is impractical but manageable. In the clinical setting, de-
layed transduction would likely require a catheter-based intervention
to deliver the vector to the vein graft lumen, adding to the cost and
potential complications associated with the therapy. This limitation
might someday be overcome by development of vectors that home
to the blood vessel wall after percutaneous injection.57 Delaying trans-
duction for 4 weeks also raises the possibility of missing a critical ther-
apeutic window for delivering gene therapy that prevents occlusive
vein graft disease. We cannot exclude this possibility, but we think
it is unlikely. Vein graft atherosclerosis—the most common cause
of coronary artery bypass vein graft occlusive disease—does not typi-
cally cause stenoses and occlusions until years after grafting.10,13,48

Delivery of gene therapy within 1 month of grafting would seem suf-
ficiently early to forestall a process that does not become clinically
manifest until much later. We are aware that the PREVENT IV study
showed a surprisingly high incidence of early coronary artery bypass
vein graft failure: 29% on a per-graft basis within 12–18 months.58

These early failures are likely not due to vein graft atherosclerosis,
which is a more indolent process. The possibility was raised by
both the PREVENT investigators and others that this unexpectedly
high rate of early failures might result from the technique used to
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deliver the nucleic acid decoy.58,59 If so, this atypical early occlusion
rate should not be encountered routinely.

A third potential limitation of our approach is lack of persistence of
HDAd in atherosclerotic vein grafts. HDAd genomes in the vein
grafts declined substantially between 4 and 20 weeks after transduc-
tion, although they remained at a relatively high absolute level
(�4 vector genomes per endothelial cell). Genome loss during this
interval may reflect disappearance of transcriptionally inactive ge-
nomes (as occurs between 3 and 28 days after transduction),54 and
loss of transcriptionally inactive genomes would not affect vector-
derived transgene expression. Nevertheless, additional work is needed
to determine whether HDAd can mediate long-lasting (i.e., years)
transgene expression in atherosclerotic vein grafts.

Another potential limitation of our model is that the rabbits are
severely hyperlipidemic, more so than virtually any human. Accord-
ingly, they develop intimal lesions that—compared to many human
saphenous vein graft lesions13,49—are apparently richer in macro-
phages and lipid and poorer in smooth muscle cells. We were sur-
prised by the small amount of intimal staining for muscle actin
(�2% of intimal area). It is possible that this stain underestimates
the percentage of intima that is occupied by cells of smooth muscle
lineage because, as is well documented in mice and humans,60

smooth-muscle-derived intimal cells are phenotypically modulated
away from a contractile (i.e., muscle actin-expressing) phenotype.
This hypothesis is supported by the faint intensity of muscle actin
staining of vein graft intima compared to the intense medial staining
of an ungrafted rabbit vein probed with the same antibody (Fig-
ure S3A). However, even if cells of smooth muscle lineage are minor
contributors to intimal growth in this model, the model remains
well suited for testing therapies that prevent lipid and macrophage
accumulation.

We also tested whether infusion of HDAd in grafted veins has pro-
inflammatory effects or promotes neointimal growth. Beginning
several years ago, we investigated the pro-inflammatory effects of
Ad vectors61 by infusing FGAd into arteries of chow-fed and fat-fed
rabbits as well as fat-fed monkeys. In all 3 settings, FGAd increased
arterial inflammation and either intimal area or cellularity.29,30,62

Others reported similar findings in arteries of chow-fed rabbits46,47

and in murine vein grafts.63 In contrast, infusion of HDAd in arteries
of either chow-fed or fat-fed rabbits (at 5 � 1011 to 7.5 � 1011 parti-
cles/mL) produced significantly less inflammation and intimal
growth than did FGAd, but still more than buffer alone.28,29 More-
over, infusion of HDAd in fat-fed rabbits at a lower dose
(2 � 1011 particles/mL, which achieves near-maximal transgene
expression)27,64 did not significantly increase inflammation or intimal
growth compared to buffer infusion.29 Accordingly, we selected the
2 � 1011 particles/mL dose, and we used this dose in an earlier study
in which we developed a rabbit vein graft transduction protocol.26

In the present study, to assess the pro-inflammatory effects of HDAd
in vein grafts, we also infused HDAd at 2� 1011 particles/mL, we used
Molecular Th
chow-fed rabbits, and we measured intimal area and inflammatory
markers at 2 time points. We used a dose of 2 � 1011 particles/mL
because this dose is effective in our arterial gene therapy models
and achieves efficient gene transfer in rabbit vein grafts.26,27,33 We
used chow-fed rabbits to decrease background intimal growth and
inflammation that are caused (in arterial gene transfer models) by
fat feeding and buffer infusion alone.29,32 With a lower background
for these end points in vein grafts of chow-fed rabbits, we anticipated
an increased sensitivity to detect HDAd-induced changes. We found
that—in this model—HDAd did not promote intimal growth
compared to buffer infusion; however, it had modest pro-inflamma-
tory effects. These pro-inflammatory effects varied over time, with
temporal variation that was inconsistent among cytokines, adhesion
molecules, and inflammatory cells.

In summary, we developed a rabbit vein graft atherosclerosis model
that will be useful for testing gene therapy interventions aimed at
limiting lipid and macrophage accumulation in the vein graft intima.
We also found that HDAd has pro-inflammatory effects in vein grafts
of chow-fed rabbits, even when it is infused at the relatively low dose
of 2 � 1011 particles/mL (a dose that does not significantly increase
inflammation in arteries of fat-fed rabbits).29 Whether these inflam-
matory effects will preclude use of HDAd for vein graft gene therapy
and whether the pro-inflammatory effects might be decreased or
eliminated either by expression of an anti-inflammatory cytokine
such as IL-1054 or by expression of a therapeutic transgene that
has anti-inflammatory activity (e.g., apo A-I)33,65 will require further
testing. We look forward to performing future studies that answer
these questions and further clarify the potential of HDAd to deliver
durable and effective gene therapy for vein graft atherosclerosis.

MATERIALS AND METHODS
Adenoviral Vectors

Weused 2 adenoviral vectors: FGAdNull andHDAdNull. FGAdNull is
a first-generation E1/E3-deleted adenoviral vector.66 HDAdNull is a
3rd generation or “helper-dependent” adenoviral vector that lacks all
viral genes.34,67 Both vectors contain the same empty expression
cassette, including the cytomegalovirus immediate-early promoter
and the SV40 polyadenylation signal, but no transgene. FGAdNull
was amplified in 293 cells and HDAdNull in 293Cre4 cells;68 both
were purified by cesium chloride ultracentrifugation. Virion concen-
tration was measured by spectrophotometry.69 We used a single prep-
aration of FGAdNull (6.0� 1012 viral particles [vp]/mL).We used one
preparation ofHDAdNull (1.5� 1012 vp/mL) for the vein-graft athero-
sclerosis study and a second preparation (1.0 � 1012 vp/mL) for the
study in chow-fed rabbits aimed at determining whether HDAdNull
causes vascular inflammation (hereafter termed the “inflammation”
study). E1A copies in all preparations were <1 in 106 vector genomes,
as measured by qPCR.34 Both HDAdNull preparations had 1% helper
virus contamination, determined by qPCR. Primers and probes are in
Table S4. Both vectors were diluted with DMEM (Life Technologies,
Grand Island,NY)before infusion.HDAdNullwas infused at a concen-
tration of 2 � 1011 vp/mL (the same concentration used in our gene
therapy studies).27,33 Because FGAdNull was used only as a positive
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control for detection of vector-related inflammation (in a study de-
signed to compare HDAdNull and DMEM vehicle), it was infused at
a higher concentration (7.5 � 1011 vp/mL).

Animals and Survival Surgeries

All animal studies were approved by the University of Washington
Office of AnimalWelfare. Specific pathogen-free adult male New Zea-
land White rabbits (3.0–3.5 kg) were purchased (Western Oregon
Rabbit, Philomath, OR). After arrival, rabbits were acclimated to
the animal facility for at least 1 week and fed regular chow (Albers
16% rabbit PLT, Pacific Northwest Milling, Bellevue, WA). Rabbits
enrolled in the atherosclerosis model study were then switched to a
high-fat diet, described below. Rabbits enrolled in the inflammation
study were fed regular chow for the duration of the study. All rabbits
were fed 150 g/day of chow. Diets and surgical protocols for the
atherosclerosis model and inflammation studies are illustrated in
Figure 1.

Eighteen rabbits were enrolled in the atherosclerosis model study and
15 completed the study. Two rabbits died from anesthesia complica-
tions during the gene transfer surgery and one was euthanized due to
respiratory distress on postoperative day 2 after gene transfer. After
these deaths, we modified our anesthesia protocol for vein graft
gene-transfer surgeries to include intubation rather than mask venti-
lation and no deaths occurred after this change. Rabbits were enrolled
in the atherosclerosis model study by initiation of a high-fat diet,
including 0.3% cholesterol with 3% soybean oil (Dyets, Bethlehem,
PA). Total plasma cholesterol was measured after 2 weeks of this
diet and then every 2 weeks thereafter using a colorimetric assay
(Abbott Laboratories, Abbott Park, IL). Based on these plasma
cholesterol measurements, diets were adjusted (0.25%, 0.125%, or
0% cholesterol) to maintain plasma cholesterol within a range of
200–800 mg/dL. The 0.125% cholesterol diet was achieved by mixing
the 0.25% cholesterol diet and regular chow at a 1:1 ratio.

Vein grafting was performed 4 weeks after beginning the high-fat diet.
Grafting was performed under general anesthesia. Rabbits were
sedated with intramuscular ketamine (30 mg/kg) and xylazine
(3 mg/kg), and then maintained under anesthesia with inhaled iso-
flurane (1%–3%). Briefly, a 6-cm vertical incision was made in the
neck midline, and approximately 3-cm lengths of both external jugu-
lar veins and both common carotid arteries were exposed by dissec-
tion of surrounding soft tissues and ligation of branches. After admin-
istration of intravenous heparin (150 U/kg), the right external jugular
vein was ligated, excised, and placed as a reversed interposition graft
in the adjacent common carotid artery. Vein-to-artery anastomoses
were performed in an end-to-side manner using interrupted 7-0 poly-
propylene sutures. This procedure was repeated on the left side.
4 weeks after grafting, the rabbit was anesthetized and the neck was
re-opened. The grafted veins were exposed via dissection and the right
vein graft was isolated between vascular clips placed on the adjacent
artery. An arteriotomy was performed caudal to the grafted vein, the
vein lumen was rinsed out with DMEM, and the lumen was infused
via the arteriotomy with HDAdNull. A silk tie was used to hold the
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infusion cannula in place and prevent leakage via the arteriotomy. Af-
ter 20 min incubation, the infusate was aspirated, the arteriotomy was
repaired, and blood flowwas restored. The procedure was repeated on
the left side. Vein-graft patency was assessed by transcutaneous ultra-
sonography performed 5–7 days after placement of vein grafts and
again 5–7 days after gene transfer surgery.

Twenty-nine rabbits were enrolled in the inflammation study and
26 completed the study. One rabbit had a febrile illness after vein
grafting and was removed from the study. Another rabbit was found
to have a subcutaneous neck abscess at the gene transfer surgery and
was euthanized. A third rabbit died 3 hr post DMEM infusion due to
general anesthesia complications. Surgical protocols for vein grafting
and gene transfer were identical to those in the atherosclerosis model
study except that vein grafts in the inflammation study were infused
either with DMEM, HDAdNull, or FGAdNull. The same infusate was
used in both vein grafts of an individual rabbit.

Transcutaneous Ultrasound

We used a SonoScape S8 portable color Doppler ultrasound instru-
ment (Sonoscape, Shenzhen, China). For examinations of vein graft
patency performed 5–7 days after surgery, non-anesthetized rabbits
were wrapped in a blanket and held in a supine position. The rabbit’s
neck was extended, covered with ultrasound gel and examined with a
5–10 MHz probe (wavelengthMP, Jorgensen Laboratories, Loveland,
CO). Vein grafts were considered to be patent if intraluminal pulsatile
flow was visualized by Doppler exam. We also used transcutaneous
ultrasound to measure vein graft internal diameters during the termi-
nal surgeries. After achieving general anesthesia, before skin incision,
the ultrasound probe was placed on the neck and the internal diam-
eter of each graft was measured at 3 levels: within the caudal, medial,
and cranial third.

In Vivo Flow Measurements

Wemeasured blood flow in vein grafts with a 2-mm perivascular flow
probe and a volume-flow meter (Model T402 Transonic Systems,
Ithaca, NY), and recorded data with a PowerLab4/30 recording unit
with LabChart software (ADInstruments, Colorado Springs CO). Af-
ter exposure of vein grafts and adjacent carotid arteries, the surgical
wound cavity was filled with physiological saline to enable transmis-
sion of sound waves. The flow probe (pre-sterilized with hydrogen
peroxide gas plasma) was placed around the carotid artery adjacent
to the vein graft. In most cases the probe was applied caudally to
the graft. In the atherosclerosis model study, flow measurements
were made only during the terminal surgery. In the inflammation
study, flowmeasurements were also performed on several unoperated
carotid arteries to determine baseline carotid blood flow under anes-
thesia. Blood flow in grafted veins was measured both during the vec-
tor infusion surgery (before vector infusion) and during the terminal
surgery. The vein graft pulsatility index was calculated using the
formula: pulsatility = (maximum blood flow rate � minimum blood
flow rate)/mean blood flow rate. Shear stress (t, dynes/cm2) was
calculated using the formula: t = 4hf/pr3. h (blood viscosity), 0.046
poise;70 f, blood flow (mL/s); and r, radius of vein graft (cm).
ber 2017
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Vein Graft Harvests

For the atherosclerosis model study, grafts were harvested 4, 12, or
20 weeks after vector infusion. For the inflammation study, grafts
were harvested 2 or 8 weeks after infusion. Rabbits were anesthetized
as described above, except that isoflurane was delivered via a mask. A
midline incision was made and the vein grafts were exposed along
with adjacent segments of the common carotid arteries. After mea-
surement of blood flow with the volume flow meter, the grafts were
isolated from the circulation with silk ligatures, excised, gently flushed
with DMEM, and cut transversely into 5 equal segments (Figures
S11A and S11B). Segments 1, 3, and 5 were embedded in optimal cut-
ting temperature medium for frozen sectioning (Figure S11C).
Segments 2 and 4 were divided axially to yield 2 segments each. These
4 segments were snap frozen in liquid nitrogen and stored at �80�C.
For the atherosclerosis model study (Figure S11A), one half of both
segment 2 and segment 4 were used to measure tissue lipids by
mass spectrometry (see below). Extracts of the other halves of these
two segments were used for DNA and RNA analyses. For the inflam-
mation study (Figure S11B), one half of segment 2 and segment 4
were used for DNA analysis and the other halves were used for
RNA analyses. A normal external jugular vein of a chow-fed rabbit
in a separate study54 was harvested during a terminal surgery and
embedded into optimal cutting temperature medium for frozen
sectioning.

Measurement of Viral Genomes

For the atherosclerosis model study, tubes containing the halves of
segments 2 and 4 of each vein that were designated for DNA/RNA an-
alyses (Figure S11A) were removed from �80�C storage and placed
together in liquid nitrogen. The 2 segments were ground to a powder
with a mortar and pestle that had been pre-cooled with liquid nitro-
gen. Approximately 1/3 of the powder was used for measurement of
viral genomes. Total DNA was extracted from the powder with the
DNeasy kit (QIAGEN Sciences, Germantown, MD) and quantified
by spectrophotometer (NanoDrop; Thermo Scientific, Wilmington,
DE). HDAdNull vector copy number was measured by quantitative
real-time PCR amplification of 100 ng total DNA using primers tar-
geting a sequence of noncoding stuffer DNA. FGAdNull vector DNA
was measured similarly using primers targeting the CMV promoter.
The sequences of primers and probes are listed in Table S4. For
HDAdNull, copy number was calculated based on a standard curve
prepared by serial dilution of the pC4HSU plasmid (Microbix Bio-
systems, Ontario, Canada), which contains the stuffer DNA sequence.
For FGAdNull, the standard curve was prepared by serial dilution of
the pCI plasmid (Promega, Madison, WI). Vector genomes per
vascular wall cell were calculated by dividing the number of vector ge-
nomes detected in a well by the number of diploid cells represented by
100 ng DNA. For the inflammation study (Figure S11B), DNA was
extracted from the combined halves of segments 2 and 4 with the
DNeasy kit, without tissue grinding.

Measurement of mRNA

For the atherosclerosis model study, approximately 2/3 of the powder
obtained by grinding the vein graft segments designated for DNA/
Molecular Th
RNA analyses was used for mRNA measurements. Frozen vein
segments were pulverized in liquid nitrogen and homogenized (Poly-
tron Devices, Paterson, NJ) in the buffer from the RNeasy mini kit
(QIAGEN Sciences, Germantown, MD), with 1% b-mercaptoethanol
added. Total RNA was extracted with the RNeasy kit (QIAGEN
Sciences, Germantown, MD), quantified by spectrophotometry
(NanoDrop, Thermo Scientific, Wilmington, DE), and treated with
DNase I (Thermo Scientific). For the inflammation study, we com-
bined the halves of segments 2 and 4 that were not used for DNA
extraction, pulverized them, and extracted RNA using the same
methods used for veins from the atherosclerosis study. The levels of
mRNA of TNF-a, IL-1b, IFN-g, IL-6, and MCP-1 were measured
by qRT-mediated PCR amplification using 50 ng RNA as a template
and were normalized to levels of glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) mRNA measured in the same samples. Se-
quences of primers and probes are in Table S4.

Measurement of Tissue Cholesterol

Vessel segments frozen in liquid nitrogen were pulverized with
a liquid nitrogen-cooled mortar and pestle. Pulverized tissue
(5–10 mg) was transferred to a fresh tube, in which we isolated lipids
by Folch extraction.71 Briefly, 640 mL chloroform and internal stan-
dards (10 mg [d7]cholesterol and 10 mg 17:0-CE) were added to the
tube, followed by 320 mL methanol. The samples were incubated at
room temperature for 15 min with periodic vortexing. Saline
(240 mL) was added to the tube, followed by vortexing. After centri-
fugation at 600 � g for 2 min, the lower organics layer was removed
to a new tube and evaporated under nitrogen. The sample was resus-
pended in 500 mL chloroform and stored at �20�C.

Cholesterol was analyzed by mass spectrometry using modification of
previously published procedures.72,73 To aid in detection, free choles-
terol in the samples was derivatized to cholesteryl acetate. To accom-
plish this, we brought 0.5 mg tissue extract up to a volume of 200 mL
by the addition of chloroform. We added 50 mL acetyl chloride and
incubated the samples under nitrogen at room temperature for
90 min. Samples were quantified by direct-infusion ESI-MS on an
AB Sciex 4000 Q Trap linear ion trap quadrupole liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS) mass spectrometer
with Analyst software. A 10-mL sample volume was injected in a sol-
vent mixture of 0.1% ammonium hydroxide inmethanol at a flow rate
of 0.1 mL/min. Parameters were optimized for CE analysis in positive
ion mode with the following settings: spray voltage = 4,500 V; heater
gas = 10 psi; curtain gas = 10 psi, nebulizer gas = 50 psi; Turbo spray
temperature = 350�C; collision energy = 15 eV for cholesterol acetate;
and collision energy = 19 eV for long-chain cholesteryl ester (CE).
Cholesterol and CE species were monitored by selective reaction
monitoring using mass transition from the parent ion to cholestane
(Table S5). Data were acquired for 1.2 min (quantification from
0.23 min when sample reaches the mass spectrometer until the end
of data acquisition). Cholesterol signal was normalized to the [d7]
cholesterol internal standard, whereas CE signal was normalized to
the 17:0-CE internal standard. The signal from the long-chain CEs
was further normalized by the response factors determined by
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Liebisch et al.73 for CE ammonium adducts to account for variations
in ionization based on CE chain length and saturation (Table S5). The
analyzed CE species were combined to determine total CE content.
Quantitated masses of cholesterol and CE were normalized to the
mass of extracted tissue. The final data represents the mean of two
independent measurements for each vein graft (i.e., two separate
samplings of the pulverized tissue, each of which were individually
derivatized and measured by mass spectrometry).

Histochemical and Immunohistochemical Staining

The blocks of optimal cutting temperature medium (each containing
3 segments of a vein graft; Figures S11A and S11B) were sectioned at 2
steps, separated by 200 mm. At the first of these steps, 10 serial sections
(6-mm thick) were cut and placed on different slides. At the next step,
10 serial sections were again cut and these sections were placed on
slides, in order, adjacent to the sections cut at the first step. In this
manner, each slide had 6 sections: 2 each from segments 1, 3,
and 5, with the 2 sections of each segment separated by 200 mm (Fig-
ure S11C). Slides with these serial sections were stained with H&E,
Verhoeff-Van Gieson (VVG), oil red O, and antibodies that detect
rabbit macrophages (RAM-11; 1:1,000 dilution; Dako, Carpenteria,
CA),74 T cells (KEN-5; 1:50 dilution; Santa Cruz Biotechnology,
Dallas, TX),75 muscle actin (HHF-35; 1:200 dilution; Thermo Fisher
Scientific, Waltham, MA),76 VCAM-1 (Rb 1/9; 1:50 dilution), and
ICAM-1 (Rb 2/3; 1:200 dilution).77 The ICAM-1 and VCAM-1 anti-
bodies were generous gifts from Dr. M. I. Cybulsky, University of
Toronto. Sensitivity and specificity of the primary antibodies were
ensured by use of positive controls (sections of blood vessels from pre-
vious experiments, known to stain positive) and negative controls
(omission of the primary antibody). The secondary antibody was bio-
tinylated goat anti-mouse immunoglobulin G (IgG) (1:200 dilution,
Vector Laboratories, Burlingame, CA). Stained sections were photo-
graphed with a Leica DFC295 image system (Leica Microsystems,
Buffalo Grove, IL) and evaluated with imaging analysis software
(ImagePro Premier, Bethesda, MD) by observers blinded to the treat-
ment group.

Intimal area, medial area, and perimeter of the internal elastic lamina
(IEL) were measured directly on VVG-stained sections using com-
puter-assisted planimetry; luminal areas and diameters were calcu-
lated. These measurements were made by observers blinded to treat-
ment group. We used VVG-stained sections for these measurements
because elastin (including the IEL as well as other medial elastic fi-
bers) was most evident when stained with VVG. In these sections,
we located the IEL and identified the most external (abluminal)
medial elastic fibers that ran parallel to the IEL. We identified the
intimal/medial border based on location of the IEL (typically frag-
mented) and the generally more intense staining of intimal versus
medial tissue with the VVG stain (Figure S12A). We identified the
medial/adventitial border based on the location of the most abluminal
elastin fragments that ran parallel to the IEL as well as the more retic-
ular structure of the adventitia versus the media (Figure S12). Elastin
fragments at the medial/adventitial border were less easily identified
than fragments of IEL. Therefore, we often used fluorescence micro-
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scopy (with fluorescein wavelengths used to illuminate adjacent
H&E-stained slides) to help locate the most abluminal medial elastin
fragments (elastin is autofluorescent when illuminated with fluores-
cein wavelengths; Figures S12B and S12D). We calculated the area
inside the IEL by measuring the IEL circumference and using the for-
mula area = circumference2/4p (assumes circular geometry in vivo).
Luminal areas were calculated by subtracting the intimal area from
the area inside the IEL. Graft lumen diameters were calculated using
the formula diameter = sqrt(4 � lumen area/p). Percent luminal ste-
nosis was calculated by dividing intimal area by the area inside the
IEL. Measurements were made on multiple sections per vein graft
(typically 4–6), omitting sections that were distorted by sectioning
artifacts. For �80% of the vein grafts, we acquired data from at least
one section of each of the 3 segments.

To identify the intima on oil-red-O-stained sections, we used an adja-
cent VVG-stained section to trace the lumen and IEL. An image of
this ring-like area was recorded using ImagePro, then superimposed
on the adjacent oil-red-O-stained section and rotated as needed
to achieve optimal overlap of the lumen contours of the image and
the oil-red-O-stained section. The oil-red-O-stained intimal area
was then measured using color thresholding. For the other stains,
the IEL was sufficiently evident that intimal area could be measured
on the same sections on which stained intimal area was quantified.

To assess reproducibility of the image analysis data for each of the
stains, 2 to 3 observers independently analyzed 6–10 sections,
measured intimal area, selected thresholds as needed for identifying
the stained area, measured total stained intimal area, and calculated
percent stained area. The observers then compared results, aiming
for relative inter-observer differences of <10% (i.e., <2% absolute in-
ter-observer differences for measured values of 20%–30% and 0.05%
absolute inter-observer differences for measured values of 0.5%–1%).
If larger differences were encountered for individual samples, the ob-
servers compared their technical approaches to improve consistency
and the measurements were repeated until inter-observer differences
were in the targeted range. We used a similar approach to evaluate
reproducibility of the perimeter measurements made at the intimal/
medial and medial/adventitial borders. This approach consisted of
comparing the perimeter measurements obtained by 2 observers,
discussing cases in which relative inter-observer differences exceeded
10%, and agreeing on an optimal technical approach in these cases. To
evaluate inter-observer reproducibility for percent stained areas as
well as perimeter lengths, the final measurements made by the
observers were plotted against each other. These plots showed high
correlations (typical r2 > 0.85) and excellent agreement (typical slope
of 0.9–1.1), consistent with high reproducibility.

We used H&E-stained sections from the atherosclerosis study to
determine the ratio of endothelial cells to total vascular cells. For
each section, we first counted luminal nuclei and then used the co-
lor-thresholding feature of the image-analysis program to count total
nuclei in the section. The false-color images were examined and any
nuclei not identified by the color-thresholding function were counted
ber 2017
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manually. We performed this procedure on 4 sections from each of
12 veins, including 4 veins from each of the 4-, 12-, and 20-week har-
vests. We counted cells in 2 of the 4 quadrants of each section. Results
were similar at all 3 time points and therefore were pooled.

Statistical Analyses

Data are presented as mean ± SD, unless indicated otherwise. When
2 groups were compared, as in the inflammation study (in which the a
priori hypothesis involved only the DMEM and HDAdNull groups,
with the FGAdNull group included only as a positive control), the
t test was used for normally distributed data with equal variances.
The Mann-Whitney rank-sum test was used for comparing groups
with either non-normally distributed data or unequal variances. For
comparing more than two groups (as in the atherosclerosis study,
in which results at 3 time points were compared), we used one-way
ANOVA, with correction for post hoc pairwise comparisons with
the Holm-Sidak method when data were normally distributed with
equal variances. We used Kruskal-Wallis ANOVA when these condi-
tions were not met. To evaluate inter-observer reproducibility, a scat-
terplot was used, and the slope of the regression line and the Pearson
correlation coefficient were calculated to determine the relationship
between 2 observers’ measurements. Sample size calculations and
statistical tests were performed with the SigmaStat program (Systat,
San Jose, CA).
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