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Lentiviral gene transfer to reduce atherosclerosis
progression by long-term CC-chemokine inhibition
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CC-chemokines are important mediators in the pathogenesis
of atherosclerosis. Atherosclerosis progression is reduced by
high-level, short-term inhibition of CC-chemokine activity, for
example by adenoviral gene transfer. However, athero-
sclerosis is a chronic condition where short-term effects,
while demonstrating proof-of-principle, are unlikely to provide
maximum therapeutic benefit. Accordingly, we generated a
recombinant lentivirus, lenti35K, encoding the broad-spec-
trum CC chemokine inhibitor, 35K, derived from the vaccinia
virus. To investigate the effects of prolonged broad-spectrum
chemokine inhibition on atherosclerosis, lenti35K, or
lentiGFP or PBS were delivered to 6-week-old ApoE knock-
out (ApoE-KO) mice by hydrodynamic injection. Sustained
lentiviral transduction and transgene expression were
demonstrated by 35K mRNA and viral DNA in liver tissue,

and recombinant 35K protein circulating in the plasma,
3 months after gene transfer. Plasma from lenti35K animals
had reduced chemokine activity compared with plasma
from lentiGFP or PBS-treated animals. Histologic analysis
of aortic sinus sections revealed that atherosclerotic
plaque area in lenti35K mice was significantly reduced
compared with both lentiGFP and PBS controls. Further-
more, plaque macrophage content was substantially
reduced in lenti35K mice. Lentiviral 35K gene transfer is a
promising experimental strategy to reduce atherosclerosis
progression, and demonstrates the potential of long-term
CC-chemokine inhibition as a potential therapeutic target
in atherosclerosis.
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Introduction

Atherosclerosis, the underlying cause of heart attack and
stroke, is a chronic inflammatory disease characterized
by the accumulation of macrophages in atherosclerotic
plaque. Atherosclerotic plaque progression leads to both
chronic ischemia, related to plaque growth and to acute
vascular events, related to plaque rupture and thrombo-
sis.1 Chemokines (CKs; chemotactic cytokines), particu-
larly the CC-CK class, have important functions in the
pathogenesis of atherosclerosis, including regulation of
monocyte recruitment and plaque growth, plaque
composition and stability.2 CC-CKs including MCP-1,
RANTES and MIP-1a are present in human atherosclero-
tic lesions.3–6 In the atherosclerosis-prone apolipoprotein
E knockout (ApoE-KO) mice, targeted deletion of single
CC-CKs or CK receptors significantly reduces athero-
sclerotic plaque progression7–9 demonstrating that a
number of different CC-CK/CC-CK receptor interactions
are important in atherosclerosis. Indeed, the marked
functional redundancy in the CK/CK receptor signalling
system suggests that a more broad-spectrum approach to

CC-CK signaling may provide a more efficient strategy
to reduce atherosclerosis.

The vaccinia virus (strain Lister) expresses a 35KDa
protein ‘35K’ that binds to and inactivates nearly all of
the CC-CK class.10,11 Studies using an adenovirus vector
engineered to express soluble 35K (Ad35K) have
demonstrated that short-term expression of 35K in vivo
significantly reduces atherosclerotic plaque in ApoE-KO
mice.12,13 These studies, using adenoviral gene transfer,
provide important proof-of-principle that short-term,
broad-spectrum CC-CK blockade can reduce athero-
sclerotic plaque in the early stages of atherosclerosis.
However, modifying the long-term pathogenesis of
atherosclerosis would likely require long-term CC-CK
inhibition. Moreover, the effects of sustained broad-
spectrum CC-CK inhibition in atherosclerosis might be
unpredictable. Specifically, the effects of CC-CK inhibi-
tion on signalling through MCP-1/CCR2 and RANTES/
CCR5 might be expected to inhibit plaque progression,
whereas inhibition of CCL19/CCL21 might have the
opposite effect, through blockade of macrophage emi-
gration.14 Thus, the net effect of long-term, broad-
spectrum CC-CK blockade in atherosclerosis remains
an important question to be addressed.

Modified lentivirus vectors can direct stable gene
transfer by evasion of host immunosurveillance15–17

through incorporation into the host genome and absence
of viral gene expression.18 However, efficient transduc-
tion rates in vivo are difficult to achieve, typically
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requiring delivery through the portal vein,19 injection
into the facial vein of neonates16 or transplantation of
transduced bone marrow.17 More efficient in vivo
transduction by lentiviral vectors is required to provide
prolonged gene transfer with biologically important
effects.20

In this study, we use hydrodynamic intravenous
delivery of lentivirus to achieve prolonged and efficient
expression of the chemokine-binding protein 35K, to test
the effects of broad-spectrum CC-CK inhibition on
atherosclerosis in ApoE-KO mice.

Results

Efficient and persistent transduction by lenti35K
and lentiGFP in vitro
We first tested the efficacy of transduction and transgene
expression of lentiviral gene transfer in 293 cells in vitro.
Cells transduced with lenti35K expressed soluble 35K
protein that was readily detectable in culture medium
(Figure 1a), with expression persisting at both 4 and 8
weeks after transduction (Figure 1b). LentiGFP also
transduced 293 cells efficiently in vitro. Green fluorescent
cells were visualized following transduction by 1�103–
1�101 TU of purified lentiGFP (Figure 1c). These cells
remained green during continuous culture for 3 months.

No toxicity of lentiviral gene transfer by hydrodynamic
delivery
To assess any potential toxicity on account of our novel
strategy of administering lentiviral vectors by hydro-
dynamic delivery we assessed liver inflammation and
serum liver transaminase levels. Mice received either

phosphate-buffered saline (PBS) or lentiGFP by hydro-
dynamic delivery or adenoviral GFP (AdGFP) and were
culled after 7 days along with untreated control animals.

We found no striking alterations in liver morphology
or inflammatory infiltrate in H&E stained sections from
PBS- or lentiGFP-treated animals, compared with un-
treated controls (Figure 2a). However, in AdGFP-treated
animals the livers showed a prominent inflammatory
infiltrate and some necrosis. To look more closely for
leukocyte influx related to either necrosis or viral
immune response sections were stained with anti-
S100A9 to quantify neutrophil influx21 and anti-CD3 to
assess T-cell influx (Figure 2a). No significant increase in
liver neutrophil or T-cell content was seen following
hydrodynamic PBS or lentiGFP treatment, compared
with untreated control (Figure 2b). AdGFP caused a
significant elevation of both cell types in the liver,
indicating that this method of gene transfer of the same
protein is more inflammatory than the lentiviral delivery.

To confirm a lack of liver toxicity following lentiGFP
delivery serum liver transaminases, a cardinal sign of
liver damage, were measured (Figure 2b). No significant
elevation of either ALT or AST was found in the PBS or
lentiGFP-treated animals, with AdGFP animals showing
a significant elevation of both ALT and AST above levels
in untreated control animals.

Persistence of viral DNA and transgene expression
after lentiviral gene transfer in vivo
We next evaluated the efficacy and persistence of
lentiviral gene transfer in vivo, using hydrodynamic
delivery in mice. Using RT-PCR, 35K mRNA was
detected 3 months following gene transfer in liver tissue
samples from lenti35K-transduced animals (Figure 3a),
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Figure 1 Cell transduction by lentivirus gene transfer in vitro. Purified lentiviruses were added to 293 cells at a range of titers (1�105–
1�101) then incubated in the presence of polybrene (8 mg/ml) for 24 h. Media (10–20 ml) from lentiGFP and lenti35K-transduced cells were
fractionated by SDS-PAGE, transferred to a membrane and assessed by western immunoblotting with rabbit polyclonal 35K antibody (1:2000
dilution). (a) Detection of 35K protein in the media of transduced cells after 1 week and (b) 4–8 weeks after transduction with lenti35K, using
western blotting. (c) Green fluorescent cells from LentiGFP transductions were visualized by microscopy. These cells remained green for at
least 3 months. Media from 35K transfected cells is included in (a and b) as a positive control for the western blot.
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but not from control animals, nor in samples without RT.
We used quantitative Taq-Man RT-PCR to quantify the
expression levels of 35K and GFP in all animals 3 months
after gene transfer. Transgene mRNA was detected at
levels above the assay background (water control)
exclusively in lenti35K or lentiGFP-transduced animals
in the respective RT-PCR assay (Figure 3b). However, the

relative level of the respective transgene expression was
similar in both the lenti35K and lentiGFP groups.

To determine lentiviral vector persistence, we quanti-
fied viral DNA by PCR in mouse livers. Lenti35K viral
DNA was detected in lenti35K-transduced mice 3
months after gene transfer (Figure 3c) but was not
detected in either PBS or lentiGFP mouse liver DNA or
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Figure 2 Hydrodynamic delivery of lentiviral vectors causes no significant liver toxicity or inflammation. ApoE-KO mice received PBS or
lentiGFP through hydrodynamic injection, AdGFP by i.v. injection or no treatment at 10–12 weeks of age and were killed 7 days later.
Paraffin-embedded liver sections were stained with hematoxylin and eosin, anti-S100A9 (neutrophils) or anti-CD3 (T cells) antibody.
Representative sections are shown for each treatment group. (a) Quantification of the area of S100A9 or CD3 staining (per 10� field of view)
shows no significant elevation of either cell type in lentiGFP or PBS-treated animals compared with untreated control. (b) Serum
transaminase measurement shows no elevation of either ALT or AST in PBS or lentiGFP-treated animals. (c) As a control AdGFP caused both
increased leukocyte infiltrate and elevated serum transaminases. *Denotes a significant difference between AdGFP and untreated control
group, Po0.05, n¼ 5 mice/treatment group.
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water control. Correspondingly, lentiGFP viral DNAwas
detected 3 months after gene transfer, exclusively in
lentiGFP-transduced animals (Figure 3d).

Protein expression and reduction of plasma
CC-chemokine activity by lentiviral 35K gene
transfer in ApoE-KO mice
We next evaluated the biological effects of in vivo
hydrodynamic delivery of lenti35K on CC-CK activity
in ApoE-KO mice. Twelve weeks after lenti35K delivery
through hydrodynamic injection, 35K protein was
detected in plasma by western blotting (Figure 4a),
although at levels approximately 10-fold lower than the
very high levels observed in animals that had received
adenoviral gene transfer of 35K, 2 weeks previously. No
35K protein was detected in the plasma of control mice
injected with either PBS or lentiGFP. Conversely, in
lentiGFP-injected animals, microscopy of bone marrow
cells 3 months after hydrodynamic delivery revealed
green fluorescent cells that were not present in mice
injected with either PBS or lenti35K (Figure 4b).

To evaluate the effect of 35K expression on CC-
chemokine activity, we quantified the CCR5-directed cell
migration evoked by plasma from mice that had received
PBS, lenti35K or lentiGFP (Figure 4c). CCR5-directed cell
migration was reduced by B60% in mice injected with
lenti35K compared with the plasma of control mice
injected with either PBS or lentiGFP. In contrast to the
significant reduction in plasma CC-CK activity observed
in lenti35K animals, no differences were detected in

plasma concentrations of MCP-1 or RANTES between
PBS, lentiGFP or lenti35K treatment groups (Table 1).

Long-term CC-chemokine inhibition with 35K reduces
atherosclerosis in ApoE-KO mice
To determine the effects of long-term CC-chemokine
inhibition on atherosclerotic plaque progression, 6-week-
old ApoE-KO mice received either PBS, lentiGFP or
lenti35K by hydrodynamic delivery. There were no
differences in plasma cholesterol concentrations between
the PBS, lentiGFP or lenti35K groups (Table 1). After 3
months, atherosclerotic plaque area was quantified in
paraffin-embedded aortic sinus sections (Figure 5). Long-
term expression of 35K, significantly reduced athero-
sclerotic lesion size by approximately 60% compared
with either PBS and lentiGFP control mice (Po0.05).
Furthermore, immunostaining with macrophage-specific
antibodies mac3 and anti-Galectin-322 revealed that
macrophage content in aortic sinus atherosclerotic
plaques was strikingly reduced, by approximately 80%,
after lenti35K gene transfer (Figure 6), compared with
both PBS and lentiGFP controls.

Discussion

In this study, we have demonstrated prolonged expres-
sion of a soluble, broad-spectrum recombinant CC-CK
inhibitor protein, 35K, delivered by a single intravenous
hydrodynamic injection of recombinant lentivirus. To
investigate the effects of long-term CC-CK inhibition on
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Figure 3 Detection of 35K and GFP mRNA and viral DNA in the livers of mice 3 months after gene transfer. ApoE-KO mice received PBS,
lentiGFP or lenti35K at 6 weeks of age through hydrodynamic injection and were killed 3 months later. RNA and DNA were isolated from
livers then 35K and GFP expression or viral DNAwas quantified using real-time PCR. (a) 35K mRNAwas detected in RT-PCRs from lenti35K
mice. (b) 35K mRNA was detected 3 months after gene transfer exclusively in the lenti35K mouse livers and GFP mRNA was detected
exclusively in lentiGFP livers. (c) 35K viral DNAwas detected in PCRs from lenti35K mice. (d) 35K viral DNAwas detected 3 months after
lentivirus gene transfer exclusively in the livers of mice injected with lenti35K and GFP viral DNAwas detected exclusively in the livers of
lentiGFP mice. ‘+ve’ denotes the 35K plasmid control and ‘NTC’ denotes no template control in the RT-PCR experiment.
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atherosclerosis, we used lenti35K in ApoE-KO mice, and
report the following important findings. First, lentiviral
gene transfer with hydrodynamic delivery resulted in
prolonged expression of soluble 35K and GFP proteins in
vivo in the ApoE-KO mouse for at least 3 months,
confirmed by detection of both viral DNA and transgene
mRNA in liver and soluble 35K protein in the plasma.
35K protein was not detected within transduced organs,
on account of the efficient secretion of the 35K protein
from transduced cells, as we found previously.12 Im-
portantly, we have shown that hydrodynamic gene
delivery using lentiviral vectors significantly reduces
liver inflammation and necrosis compared with adeno-
viral delivery. Second, lentiviral 35K expression was
sufficient to reduce plasma CC-CK activity for at least 3

months. Third, prolonged expression of 35K protein
significantly reduced both atherosclerotic plaque size
and macrophage content in ApoE-KO mice. These results
demonstrate that hydrodynamic lentiviral delivery of a
soluble CC-CK inhibitor can achieve long-term inhibition
of CC-CK activity sufficient to reduce atherosclerotic
plaque formation. Furthermore, these studies suggest
that the net effect of prolonged, broad-spectrum CC-CK
inhibition is to inhibit macrophage recruitment and
reduce atherosclerotic plaque progression.

Recombinant lentiviruses have emerged as useful
tools to provide stable gene transfer and prolonged
transgene expression,18,20 although the use of lentiviral
vectors to target inflammatory pathways in atherosclero-
sis has not been evaluated previously. In this study, we
now demonstrate that lentiviral gene delivery of 35K can
provide long-term CC-CK inhibition, leading to a
significant reduction in aortic sinus atherosclerotic
plaque size and plaque macrophage content. These
results are a significant extension of earlier studies in
which we used adenoviral-mediated gene transfer to
express very high levels of 35K to achieve a short-term
CC-CK inhibition and a reduction in atherosclerotic
plaque.13,23 The most striking differences between lenti-
viral and adenoviral 35K gene delivery are the level of
protein expression achieved and the magnitude of
vector-associated inflammation. Adenoviruses are able
to transduce hepatocytes in vivo with a much higher
efficiency than lentiviruses and therefore protein expres-
sion is significantly higher.24 Indeed, plasma from mice
that had received adenovirus 35K gene transfer con-
tained more than 10-fold higher levels of 35K protein
than lenti35K plasma. Nevertheless, the lower level of
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Figure 4 Detection of 35K and GFP protein and quantification of chemokine activity in mice 3 months after gene transfer. ApoE-KO mice
received PBS, lentiGFP or lenti35K at 6 weeks of age through hydrodynamic injection and were killed 3 months later. (a) Control and mouse
plasma samples (200 ml) were incubated with anti-HA agarose-conjugated beads and then fractionated by SDS-PAGE. 35K protein was
detected in the plasma of mice 3 months after lenti35K gene transfer (lanes 4–7). A much stronger band was present from the plasma of a
mouse injected with an adenovirus-expressing 35K (Ad35K, lane 2). No 35K protein was detected in lentiGFP mouse plasma (lane 3). (b)
Detection of green fluorescent cells in the bone marrow of lentiGFP mice that are not present in PBS or lenti35K bone marrow. (c) In a Boyden
chamber assay, plasma (10 ml) from lenti35K mice induced significantly less CCR5-directed cell migration than plasma from PBS and lentiGFP
mice. *Denotes a significant difference from PBS and lentiGFP control groups, Po0.05, n¼ 7–9 mice/treatment group.

Table 1 Plasma chemokine and cholesterol concentrations

PBS LentiGFP Lenti35K

Chemokines: (pg ml�1)
RANTES 23.5±2.9 21.7±1.3 22.5±5.0
MCP-1 15.9±2.3 21.9±1.6 21.2±3.5

Cholesterol (mmol l�1) 11.2±3.2 10.5±0.6 11.2±0.5

ApoE-KO mice received PBS, lentiGFP or lenti35K at 6 weeks of age
through hydrodynamic injection and were killed 3 months later.
RANTES and MCP-1 were quantified in 50 ml of mouse plasma
using ELISA. Plasma cholesterol was assessed using an enzymatic
assay. No significant differences were detected in either plasma
chemokines or cholesterol concentrations between treatment groups
(n¼ 7–9 mice/group).

Lenti35K expression reduces atherosclerosis
CA Bursill et al

97

Gene Therapy



35K protein expression achieved with lenti35K, sustained
over 3 months, was sufficient to reduce plasma CC-CK
activity, reduce the progression of atherosclerosis and
reduce macrophage recruitment into developing athero-
sclerotic plaques. These observations suggest that rela-
tively low levels of 35K protein, when sustained over
more prolonged periods, can exert striking biological
effects. These effects of 35K gene delivery were achieved
without the significant liver inflammation and necrosis
that is typical of adenoviral gene delivery, characterized
by leukocyte influx, and elevated serum ALT and AST
levels.

We used hydrodynamic delivery to maximize the
efficiency of lentiviral gene transfer in ApoE-KO mice.
Hydrodynamic injection involves the rapid administra-
tion of a large volume of fluid, causing increased
pressure in the liver that leads to the formation of pores
on the membranes of the hepatocytes, facilitating vector
entry.25–27 Previous studies have found that hydrody-
namic injection is well tolerated in mice under general
anesthesia and can result in hepatocyte transduction
even by large DNA plasmids that would not normally be
able to transduce cells in vivo.28–30 In preliminary
experiments, we found that delivery of lentivirus
through hydrodynamic injection significantly increased
transduction efficiency compared with standard intrave-
nous delivery and allowed a substantial reduction in
virus particles to achieve comparable levels of gene
transfer efficacy. Indeed, other studies have required up
to 10-fold more lentivirus particles to achieve sufficient
biologically significant transduction.31–33 Thus, our study

shows that hydrodynamic delivery is a useful technique
to improve efficacy and reduce viral dose in lentiviral
gene transfer. Along with the increase viral transduction
following hydrodynamic delivery, the tropism of lenti-
viral vectors for the liver in vivo drives efficient
production and release of the soluble 35K molecule in
this anatomical site.

35K blocks CC-CK activity by binding to key residues
responsible for receptor activation and GAG binding.34

As such the CC-CKs are sequestered away from their
receptors both being unable to actively bind to their
receptor and also unable to immobilize on vascular
surfaces to form a directional gradient. This will in turn
prevent cells that would otherwise follow the CC-CK
gradient into the atherosclerotic plaque from being able
to do so. As a confirmation of this mechanism of action
we observed that lenti35K significantly reduced CC-CK
activity in the plasma, as judged by chemotaxis of CCR-
5-transfected cells, but did not change the plasma
concentration of the CC-CKs MCP-1 or RANTES, as
measured by enzyme-linked immunosorbent assay
(ELISA) (Table 1). This indicates that as expected
35K-bound chemokines are unable to provide a direc-
tional stimulus in a chemotaxis assay. This finding is also
consistent with previous observations and suggests that
CC-CKs bound to 35K protein remain detectable by
ELISA, but are functionally inactive.12

The results of our study provide important new
insights into the role of chemokines in atherosclerosis.
35K inhibits a broad range of CC-CKs. Some CC-CKs
contribute to macrophage recruitment in atherosclerosis
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Figure 5 Long-term CC-chemokine inhibition with 35K reduces atherosclerosis in ApoE-KOmice. ApoE-KO mice received PBS, lentiGFP or
lenti35K at 6 weeks of age through hydrodynamic injection and then were culled 3 months later. Total mean lesion area (mm2) was
determined from three paraffin-embedded sections per animal, taken from the base, centre and top of the aortic sinus, stained with Masson-
Goldner stain. (a) Representative lesions of aortic sinus sections in treatment groups. (b) Quantification of plaque lesion area (mm2). *Denotes
a significant difference from PBS and lentiGFP control groups, Po0.05, n¼ 7–9 mice/treatment group.

Lenti35K expression reduces atherosclerosis
CA Bursill et al

98

Gene Therapy



(for example, MCP-1/CCL2, RANTES/CCL5), whereas
others regulate macrophage emigration from plaques
during plaque regression (for example, CCL19 and
CCL21).14 The reduction of plaque progression by
prolonged broad-spectrum CC-CK blockade suggests
that the dominant or net effect of CC-CKs in athero-
sclerosis is towards plaque progression.

In conclusion, we demonstrate efficient lentiviral gene
transfer of a recombinant CC-CK binding protein, 35K,
through hydrodynamic injection in vivo in ApoE-KO mice.
Lenti35K delivery provided prolonged 35K expression and
inhibition of chemokine activity, showing that hydrody-
namic delivery is a promising strategy to improve the
efficiency of lentiviral gene transfer. Prolonged 35K
expression reduced both atherosclerotic plaque size and
macrophage content, suggesting that long-term, broad-
spectrum CC-CK inhibition is a rational therapeutic
strategy to inhibit atherosclerotic plaque development.

Materials and methods

Generation of recombinant lentivirus expressing 35K
A lentiviral transfer plasmid was constructed by cloning
a fragment containing the 750 bp fragment of 35K of the
Vaccinia virus (Lister strain), incorporating a carboxy-
terminal HA epitope tag,12 into pLenti6/V5-D-TOPO
(Invitrogen, Pailey, UK). A recombinant lentivirus,
lenti35K, was generated by co-transfecting the 293T17
cells with gag-pol, rev and VSV-G envelope (PMD2G)
plasmids using an established protocol.35 A control
recombinant lentivirus, lentiGFP, encoding enhanced
green fluorescence protein (Clontech, Mountain View,
CA, USA) was prepared in parallel. Virus supernatants
were harvested, filtered (0.45 mm pore size, low protein
affinity) and concentrated by ultracentrifugation. Titer
estimates were determined by p24 ELISA as B1�109

transducing units (TU)/ml.
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Transduction of Lenti35k and LentiGFP in vitro
Purified lentiviruses were added to 293 cells at a range of
titers (1�105–1�101) then incubated in the presence of
polybrene (Sigma-Aldrich, Dorset, UK) (8 mg ml�1) for
24 h before changing to fresh media. Transduced cells
were left to incubate for periods of up to 3 months.
Media was collected and frozen periodically for subse-
quent detection of soluble 35K protein using western
blotting. Fluorescent cells transduced with LentiGFP
were visualized under an inverted microscope and
digital images were recorded (Nikon TE2000U).

Animals and gene transfer
ApoE-KO mice on a C57BL6 background (Jax Labora-
tories, ME, USA) were fed a regular chow diet for the
duration of the experiment (n¼ 7–9/treatment group).
At 6 weeks of age mice received either PBS or lentivirus
by tail vein hydrodynamic injection (7.5� 107 TU diluted
in 10% w/v body weight PBS, typically 2–2.5 ml), under
isofluorane anesthesia.28

Twelve weeks following lentiviral delivery, mice were
killed using an overdose of isofluorane anesthesia and
plasma was collected by cardiac puncture. Mice were
perfuzed with PBS through the left ventricle. Pieces of
liver were collected and snap frozen for real-time PCR
experiments. The femur, fibula and tibia were removed
for collection of bone marrow. The heart and aorta were
then perfusion-fixed using 4% paraformaldehyde in PBS
(5 ml). Hearts, with aortic roots, were excised and fixed
overnight in paraformaldehyde then embedded in
paraffin. All animal procedures were carried out in
accordance with the UK Home Office Animals (Scientific
Procedures) Act 1986, and after local ethical review.

For toxicity experiments PBS or lentiGFP (7.5� 107 TU
diluted in 10% w/v body weight PBS, typically 2–2.5 ml)
were administered by hydrodynamic delivery as above,
or AdGFP (1�1011 TU in 0.3 ml) by conventional i.v.
injection. Mice were killed 1 week post gene transfer,
with serum and liver samples being prepared as above.

Liver histology
Paraffin-embedded liver samples were sectioned (7 mm)
and stained with hematoxylin and eosin (Sigma), anti
S100A9 antibody (a generous gift of Nancy Hogg, Cancer
Research UK, London, UK) at 1 mg ml�1 or anti-CD3
antibody (DAKO) at 1:200. This was followed by a
secondary biotinylated antibody (Vector Laboratories,
UK) then avidin–biotin–AP complex and visualized with
Vector Red alkaline phosphatase substrate (Vector
Laboratories, UK).

Serum transaminase measurements
Liver enzymes were measured in serum samples using
commercial enzymatic assays (Infinity ALT and AST
liquid stable reagent, Thermo Scientific, Waltham, MA,
USA) according to the manufacturer’s instructions.

Real-time RT-PCR for detection of lentivirus transgene
expression
Frozen liver samples (5 mg) were homogenized in Trizol.
RNA was extracted and further purified using the
RNeasy protocol (Qiagen, West Sussex, UK). RNA was
reverse transcribed using Superscript II according to the
manufacturer’s instructions (Invitrogen). Taq-man cus-

tom gene expression assays (FAM-labeled) were de-
signed to quantify 35K and GFP cDNA (35K—forward:
GCTGATGGAAACACAGTGAATGC, reverse: CGGG
AGAGTCCTTACCTTGTC, probe: ACGCTGGACAAT
CTA, GFP—forward: GAGCGCACCATCTTCTTCAAG,
reverse: TGTCGCCCTCGAACTTCAC, probe: ACGACG
GCAACTACA). All real-time PCRs were performed
using 100 ng RNA equivalent. Gene expression data
were normalized to a-actin (housekeeping gene) and
normalized to the highest expressing animal for each
assay (GFP and 35K) using the DCt method. Reaction
products from the 35K assay were run on a 3% agarose
gel and visualized using ethidium bromide.

Real-time PCR for detection of viral DNA
Frozen livers (0.3 g) were homogenized in extraction
buffer (10 mM Tris-HCl pH 8.5 0.45% Non-idet P40,
0.45% Tween-20, 0.5 mg ml�1 Proteinase K) and DNA
was extracted using phenol/chloroform and re-sus-
pended in TE buffer. All real-time PCRs were performed
on 500 ng of genomic DNA using SyberGreen I (BioRad,
Hertfordshire, UK) in a 10 ml reaction with 1 mM of
primers. Gene expression data was normalized to
GAPDH (housekeeping gene) and expressed as relative
to high expressing animal for each assay (GFP and 35K)
using the DCt method. Reaction products from the 35K
assay were run on a 3% agarose gel and visualized using
ethidium bromide.

Harvesting of bone marrow
The femur, fibula and tibia were cleaned of all muscle
tissue. The bone marrow was then flushed out using
sterile PBS (10 ml) with a needle (26 G) and syringe
(10 ml). Cells were then re-suspended with a 19-G needle
and passed through a cell strainer before plating out on
9 cm plates in RPMI-containing L-cell-conditioned media.
Cells were left for 72 h before viewing and capturing
digital images (Zeiss) under an inverted fluorescent
microscope.

Western immunoblotting
To detect recombinant 35K protein in cell media,
10–20 ml was separated on 14% SDS-PAGE gels. Follow-
ing transfer to PVDF membranes, 35K protein was
detected using rabbit polyclonal anti-35K antibody
diluted to 1:2000 (a generous gift from Peter Turner,
University of Florida, Gainesville, FL, USA) followed by
an anti-rabbit secondary antibody conjugated to horse-
radish peroxidase diluted 1:1500.

To evaluate 35K in mouse plasma, 200 ml of plasma
was incubated overnight (4 1C) with monoclonal anti-HA
agarose-conjugated beads (Sigma). Beads were washed,
diluted 1:1 in 2� SDS sample buffer and proteins were
denatured by heating at 95 1C for 3 min. Beads were
pelleted by centrifugation and the supernatant separated
on 14% SDS-PAGE gels, transferred and immunoblotted
as described above.

Quantification of chemokine activity
Specific CCR5 receptor-directed cell migration was
assessed using transwell membranes (6.0 mm diameter,
8 mm pore size, Receptor Technologies, Banbury, UK) as
described earlier.12 Briefly, 293 cells were grown to 50%
confluence in Dulbecco’s modified Eagle’s media
(DMEM)+10% (v/v) fetal calf serum, then co-transfected
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(Fugene6, Roche, Hertfordshire, UK) with plasmids
encoding CCR5 and EGFP to facilitate visualization.
Transfected cells were harvested and allowed to migrate
overnight towards mouse plasma (10 ml) placed in the
lower chamber. Migrated cells on the underside of
membranes were fixed and quantified by computer
analysis of EGFP fluorescence in confocal microscope
images. Each experimental sample was analyzed in
duplicate, and three separate images were quantified
for each membrane.

Histology and immunohistochemistry of
atherosclerosis in aortic root sections
Serial transverse sections (7 mm) of the paraffin-em-
bedded hearts were taken through the aortic root. Serial
sections were collected from the whole of the aortic root
for which all three valve cusps were visible. To quantify
lesion area, 3 sections were chosen from base, middle
and top of the aortic root, being 80 mm apart across a
standardized 160 mm area. They were stained with
Masson-Goldner/elastin stain (VWR international,
Leicestershire, UK) for evaluation of atherosclerotic
plaque size (mm2). For evaluation of macrophage plaque
content, paraffin sections were stained with mouse
macrophage antigen Mac-3 (Pharmingen, Oxford, UK,
rat anti-mouse)at a 1:50 dilution overnight (4 1C) or anti-
Galectin 3 (R&D Systems, Abingdon, UK) at 1:200 for 2 h
at room temperature. This was followed by a secondary
anti-rat or anti-goat biotinylated antibody, respectively
(Vector Laboratories, Peterborough, UK) then avidin–
biotin–AP complex and visualized with Vector Red
alkaline phosphatase substrate (Vector Laboratories).
Sections (n¼ 3/mouse) were quantified from digitized
microscopic images using Image Pro-Plus software
(Media Cybernetics, Bethesda, MD, USA).

Detection of plasma chemokines in mouse plasma
Mouse RANTES and MCP-1 CC-CKs were detected in
mouse plasma (50 ml) using ELISA kits (Quantikine,
R&D systems) following the manufacturer’s instructions.

Plasma lipids
Plasma lipids were measured using an enzymatic assay
(Roche) on heparinized blood plasma using a Cobas Mira
Plus automated analyzer (Roche).

Statistical analysis
All values are expressed as the mean±s.e.m. Data were
analyzed using a one-way analysis of variance and the
Tukeys post hoc test of significance, comparing the
controls to the treatment groups. A value of Po0.05
was the criterion of significance.
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