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Abstract
OBJECTIVE—Neointimal hyperplasia is an inflammatory and proliferative process that occurs
as a result of injury to the vessel wall. We have shown that the homeostatic protein A20 prevents
neointimal hyperplasia by affecting endothelial cell (EC) and smooth muscle cell (SMC)
responses to injury. In this work, we questioned whether A20 impacts other pathogenic effectors
of neointimal hyperplasia including homing of monocyte/macrophages and EC/SMC precursors to
the site of vascular injury, vascular endothelial growth factor (VEGF) secretion, and adventitial
neovascularization.

METHODS AND RESULTS—Carotid balloon angioplasty was performed on rat recipients of a
bone marrow transplant from green fluorescent rats. Adenoviral delivery of A20 prevented
neointimal hyperplasia and decreased macrophage infiltration. This was associated with decreased
ICAM-1 and MCP-1 expression in vitro. Additionally, A20 reduced neovascularization in the
adventitia of balloon injured carotid arteries, which correlated with fewer VEGF positive cells.
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CONCLUSIONS—A20 down-regulates adhesion markers, chemokine production, and
adventitial angiogenesis, all of which are required for macrophage trafficking to sites of vascular
injury. This, in turn, diminishes the inflammatory milieu to prevent neointimal hyperplasia.
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1. Introduction
The hallmark of neointimal hyperplasia is the acquisition of an inflammatory and
proliferative SMC phenotype that occurs as a result of injury to the vessel wall.
Accordingly, signaling through the transcription factor NF-κB is a crucial early step in the
development of neointimal hyperplasia.1, 2 In animal models, direct blockade of NF-κB with
decoy oligodeoxynucleotides reduces neointimal hyperplasia through down regulating the
inflammatory response.3–5 As demonstrated by our group and others, overexpression of the
NF-κB dependent NF-κB inhibitory protein A20 prevents neointimal hyperplasia following
rat carotid balloon injury, and reverts pre-existing lesions.6, 7

Vascular endothelial growth factor (VEGF) is a powerful angiogenic factor that has been
associated with post-angioplasty restenosis and vein graft failure due to pathologic
adventitial neovascularization.8–10 VEGF also has proinflammatory properties that promote
infiltration and activation of monocytes, further exacerbating vascular disease.11, 12
Additionally, VEGF promotes homing of EC and SMC progenitors neointimal lesions via
the Flt-1 receptor.13–15

Having previously demonstrated the ability of A20 to protect against neointimal hyperplasia,
we hypothesized that A20 might also affect adventitial neovascularization and monocyte/
macrophage infiltration, as well as homing of EC and SMC progenitors to the neointimal
leison. To address this, we utilized a model of rat carotid balloon injury in which the rats had
undergone bone marrow transplantation (BMT) from donor rats that ubiquitously expressed
green fluorescent protein (GFP) so that we could track monocyte trafficking and bone
marrow-derived EC and SMC contributing to neointimal lesions.

2. Materials and methods
2.1 Cell culture

Cells were grown at 37°C in 5% CO2. Human coronary artery SMC (Lonza, Walkersville,
Maryland; Genlantis, San Diego, California) were grown in SMGM-2 (Lonza). Human
coronary artery EC (Clonetics, San Diego, California) were grown in EGM MV-2 (Lonza).
EC and SMC were used between passages 6 and 9. U937 and HEK293T cells were obtained
from the American Type Culture Collection (Manassas, Virginia). Human recombinant
VEGF was from R&D Systems (Minneapolis, Minnesota), as were IL1-β, TNFα, and IFNγ
which were used at 100 U/ml, 400 U/ml, and 400 U/ml, respectively. Recombinant
adenoviral vectors were generated in our laboratory as previously described, and as outlined
in the supplemental methods.16 SMC were transduced at a multiplicity of infection (MOI) of
500 plaque forming units (pfu) per cell and EC were transduced at 100 pfu per cell, resulting
in expression of the transgene in 95–100% of cells, without toxicity.

2.2 Bone Marrow Transplant
BMT was performed as described previously15 from green fluorescent protein (GFP)
transgenic Sprague-Dawley rat (SLC, Shizuoka, Japan) donors to wild type Sprague-Dawley
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recipients (Harlan Industries, Indianapolis). Recipient rats were irradiated with 10 Gy
(Gammacell 40 Exactor, Nordion International Inc., Kanata, Canada) 24 hours prior to
injection with 1×108 unfractionated bone marrow cells. Engraftment was confirmed when
>80% of peripheral blood cells were GFP–positive.

2.3 Balloon Angioplasty
Balloon injury was performed on the common carotid artery of adult male (300–400 g) GFP
BMT recipient rats using a 2 Fr embolectomy catheter (Baxter Edwards, Irvine, California).
17 The injured vessel was then filled with 30µl of PBS containing 5×108 pfu of recombinant
adenovirus for 20 min.6

2.5 Histology, Immunohistochemistry, and Immunofluorescence
Morphometric analysis was performed on hematoxylin and eosin stained sections of carotid
arteries (ImageJ 1.38×, National Institutes of Health, Bethesda, Maryland). Six to ten 5 µm
serial sections spaced 50 µm apart were examined from each animal in a blinded fashion and
intima to media (I/M) ratios were calculated based on cross-sectional area. For
immunohistochemistry, sections were incubated with anti–ICAM–1 (PharMingen, San
Diego, California) or anti–p65 (Santa Cruz Biotechnology, Santa Cruz, California) followed
by biotinylated anti–mouse IgG (Vector, Burlingame, California) and developed with
ImmPACT DAB (Vector). For immunofluorescence, sections were incubated with anti-
ED1 (PharMingen), VEGF (Cell Signaling, Danvers, Massachusetts), or CD31 (Santa Cruz
Biotechnology) primary antibodies followed AlexaFluor 594 conjugated secondary
antibodies (Invitrogen, Carlsbad, California). Nuclei were imaged with Hoechst
(Invitrogen). Representative images of IHC/IF sections were evaluated in a blinded fashion.
VEGF, CD31, and ED1 IF was evaluated by ordered ranking of overall marker expression
based on the number and intensity of positive cells per field; ICAM and p65 were evaluated
by subjective grading using the following scale: 1 = no staining, 2 = faint, scattered staining,
3 = faint diffuse or focal intense staining, 4 = intense, diffuse staining.

2.6 Migration Assays
Migration assays were performed by the modified Boyden method.18 4×105 serum starved
HCAEC were seeded in a BD BioCoat Fibronectin Cell Culture Insert (San Jose, California)
with conditioned supernatant from SMC that had been transduced with rAd.A20 or rAd.βgal
and stimulated with IL-1β, TNFα, and IFNγ for 24 hours. After overnight incubation
HCAEC that had migrated across the membrane were quantified by light microscopy.

2.7 Adhesions Assays
U973 monocytes were labeled with 2’,7’–bis–(2–carboxyethyl)–5–(and–6)–
carboxyfluorescein acetoxymethyl ester (Molecular Probes, Eugene, Oregon) as described19

and incubated in a ratio of 10:1 with SMC monolayers that had been transduced with
rAd.A20 or rAd.βgal 72 hours prior and stimulated with IL–1β, TNFα and IFNγ 24 hours
prior. After 1 hour of incubation, non–adherent U937 cells were removed by washing and
attached cells were lysed. Fluorescence was measured at wavelengths of 485 and 530 nm
(Wallac 1430, Perkin Elmer). To control for between assay variability, adherence of U937
macrophages is standardized to that of U937 cells that adherent to non-stimulated, non-
transduced SMC, and expressed as relative fluorescence.

2.8 Statistics
Unpaired student’s t–tests with Welch’s correction and ANOVA with Tukey’s test were
used to compare groups. The Mann-Whitney and Kruskal-Wallis test with Dunn’s
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Correction for multiple comparisons were used for non-parametric data, including analysis
of IF/IHC grading/ranking. (InStat 3 & Prism, GraphPad Software, La Jolla, California).

3. Results
3.1 A20 prevents post-angioplasty neointimal hyperplasia

Carotid artery balloon injury followed by adenoviral treatment resulted in transgene
expression in 30–40% of medial SMC by day 3 and lasted for up to 2 weeks (Figure. 1A).
At 21 days post injury rats treated with rAd.βgal developed significant neointimal
hyperplasia (Figure 1B&C), as previously reported,20 demonstrating that the myeloabaltive
BMT protocol did not affect the response to balloon injury. In contrast, rats treated with
rAd.A20 had negligible neointimal hyperplasia, with a significantly lower I/M ratio (n=5 per
group; p=0.03). IF microscopy for α-actin demonstrated no co-localization with GFP,
indicating that the SMC of the neointima were not of bone-marrow derived origin.

3.2 A20 prevents neointimal hyperplasia through down-regulating inflammation
Because A20 is known to be a negative regulator of NF-κB, balloon injured carotid arteries
were examined for inflammatory markers (Figure 2A). rAd.A20 treated vessels had
significantly less macrophage infiltration than rAd.β-gal controls (n=5 per group, P=0.01).
There was also a trend towards less nuclear p65 immunostaining in the neointima, and less
ICAM-1 on the luminal endothelium, in rAd.A20 treated vessels; this, however, failed to
reach statistical significance. This demonstrates that overexpression of A20 lowers the levels
of inflammation and decreases macrophage infiltration following balloon injury.

Macrophage infiltration depends on cellular recruitment to the site of injury and adhesion to
the vessel wall. To test how A20 affects these processes, SMC were assayed for their ability
to secrete monocyte chemoatractant protein 1 (MCP-1) after stimulation with inflammatory
cytokines. Cytokine stimulation significantly increased MCP-1 mRNA (supplemental Figure
1) and protein levels (Figure 2B) in control, non-transduced (NT) or rAd.βgal transduced
SMC (n=3;p<0.01), whereas A20 over-expression prevented cytokine induced increases in
MCP-1 secretion (n=3). A20 had a similar effect in abrogating cytokine-mediated
upregulation of ICAM-1 and VCAM-1 in SMC in culture (supplemental Figure 2).

In vitro monocyte adhesion assays were performed to determine if A20 could block
monocyte adherence to SMC. Stimulation of NT or rAd.βgal transduced SMC with pro-
inflammatory cytokines for 24 hours promoted a 2-fold increase in monocyte adherence
(Figure 2C) (n=8; p<0.001). Over-expression of A20 abrogated this, yielding no significant
increase in fluorescence following cytokine stimulation (n=8;p>0.05).

3.3 A20 prevents adventitial neovascularization
To determine the role of A20 in regulating neovascularization, balloon injured carotid
arteries were probed for the EC specific marker CD31 by IF microscopy (Figure 3).
rAd.A20 treated vessels had significantly less adventitial neovascularization than rAd.β-gal
treated controls (n=5 per group, P=0.01). Some of the CD31 positive cells were also positive
for GFP, indicating that they likely originated from bone marrow-derived EC progenitors.
Correlating with the reduced neovascularization, there were significantly fewer VEGF
expressing cells in the adventitia of rAd.A20 treated vessels as compared to rAd.βgal treated
controls (n=5 per group, P=0.008). A20 overexpression did not affect VEGF mRNA or
protein expression in SMC cultures (supplemental Figure 3), suggesting that A20’s effect on
VEGF secretion is mediated indirectly. Interestingly, some of the VEGF positive cells were
also GFP positive, indicating that they were of bone marrow origin, quite possibly
monocytes that had trafficked to the injured vessel.
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3.4 Re-endothelialization proceeds from vascular derived and not bone marrow derived
CD31 progenitors

We have previously reported that A20 overexpression in injured carotid arteries increases
the rate of re-endothelialization, with new CD31 positive cells appearing on the vessel
lumen in rAd.A20 treated arteries at 7 days post injury.20. In order to demonstrate that this
accelerated re-endothelialization was the result of A20 over-expression in medial SMC, we
performed in vitro EC migration assays towards SMC conditioned media. EC migration was
significantly decreased when using media from cytokine stimulated non-transduced SMC, as
opposed to media from non-stimulated non-transduced SMC (n=3; p<0.01; Figure 4A). A
similar, although not quite significant trend was seen with rAd.βgal transduced SMC. In
contrast, medium from cytokine stimulated rAd.A20 transduced SMC had no effect on EC
migration when compared to medium from non-stimulated rAd.A20 transduced SMC
(n=3;p>0.05). These results indicate that although A20 overexpression reduces the migration
of inflammatory cells (Figure 2) and of CD31+ EC precursors that contribute to pathological
angiogenesis (Figure 3, bottom panels), it enhances the migration of EC that aid in luminal
re-endotheliaization.

To determine whether in vivo re-endothelialization proceeds from bone marrow-derived
progenitors, injured carotid segments were examined for the co-expression of CD31 and
GFP on the luminal surface of the vessel. CD31-positive endothelial cells lining the vessel
lumen were GFP negative in both rAd.A20 and rAd.βgal treated vessels (Figure 4B),
indicating that they did not originate from the bone marrow.

4. Discussion
We have previously reported that over-expression of A20 by adenoviral mediated gene
transfer to rat carotid arteries reduced post-angioplasty neointimal hyperplasia and reverted
existing neointimal hyperplasia by decreasing smooth muscle cell inflammation and
proliferation, and by promoting neointimal SMC apoptosis.6 In this work, we extend our
understanding of the protective effects of A20 by examining downstream inflammatory
events. We show that overexpression of A20 in rat carotid arteries results in decreased
macrophage infiltration, reduced number of VEGF-producing cells, and less adventitial
neovascularization.

Monocyte recruitment is an early component of the vascular response to injury.21, 22

Following de-endothelialization, chemokine secretion by SMC triggers the infiltration of
bone marrow derived macrophages, which serve to entrench the inflammatory conditions
and fuel neointimal development. Our demonstration that over-expression of A20 in the
vessel blocks macrophage recruitment unravels an important mechanism involved in how
A20 prevents neointimal hyperplasia. This effect of A20 results from its impact on multiple
steps in the pathway leading to monocyte/macrophage accumulation. A20 inhibits SMC
secretion of MCP-1, a chemokine necessary for attraction and transmigration of
macrophages and reduces the expression of ICAM-1, a cell surface adhesion protein
necessary for macrophage arrest. Our observation that these anti-inflammatory effects of
A20 contribute to decreasing neointimal hyperplasia is supported by evidence from animal
studies that show that direct blockade of ICAM-1 or MCP-1 diminishes in-stent and vein-
bypass stenosis.23–25

In addition to its direct effects on ICAM-1 and MCP-1, A20 expression in the vessel wall
may also affect macrophage trafficking through its effects on VEGF expression. VEGF is
known to be present at high levels in lesions of neointimal hyperplasia26–28 and is thought
to play a role in macrophage recruitment and activation through the Flt-1 receptor,11 as well
as through NF-κB dependent upregulation of ICAM-1, VCAM-1, E-selectin, and MCP-1.12,
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29 In our model, overexpression of A20 reduced the number of adventitial cells expressing
VEGF. Some of the VEGF positive cells were of bone marrow origin, and likely represent
VEGF producing macrophages. Ongoing studies in our laboratory are aimed at identifying
this cell population.

VEGF secretion in the injured vessel also promotes the development of pathologic
adventitial neovessels. Accordingly, the lower VEGF levels in rAd.A20 treated carotid
arteries was associated with decreased numbers of adventitial neovessels. Given that the
presence of these vessels has been associated with lesion progression,8, 10 this reveals
another possible layer of protection afforded by A20 overexpression. Importantly the
inhibitory effect of A20 upon neovascularization and attraction of EC progenitors to the site
of vascular injury was limited to the adventitia and did not affect luminal re-
endothelialization, a process that also requires endothelial cell migration. Rather, we have
shown that luminal re-endothelialization is accelerated in rAd.20 transduced vessels.6 We
confirmed this by demonstrating that expression of A20 in SMC helps maintain adequate EC
migration despite an inflammatory milieu, indicating that expression of A20 in SMC inhibits
the secretion of factors that impair vascular healing. This is in agreement with reports that
stents coated with the anti-VEGF antibody bevacizumab inhibit neointimal hyperplasia
without affecting endothelialization.30 Current experiments are underway in our laboratory
to elucidate the mechanisms behind A20s paradoxical effects on EC migration.

VEGF has also been postulated to be involved in the mobilization and migration of bone
marrow derived SMC to the neointima.15 We were unable to detect any bone marrow
derived SMC in the neointima of our control rats, making it impossible to demonstrate the
effect of A20 on SMC progenitor migration.

Overall, our data shed new light onto the mechanisms by which overexpression of A20 can
inhibit the formation of neointimal hyperplasia through modulating downstream
inflammatory events to decrease macrophage trafficking and adventitial neovascularization
and to improve luminal re-endothelialization and healing. From a clinical standpoint, these
novel data provide yet further evidence for the suitability of A20-based gene therapy to
prevent post-angioplasty restenosis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A) Representative section showing rAd.βgal transduction. B) H&E sections demonstrating
neointimal and medial layers. C) Quantitative morphometric analysis of I:M ratios. (p<0.05;
n=5 per group)
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Figure 2.
A) Representative immunofluorescence and immunhistorchemistry micrographs of injured
rat carotids treated with rAd.βgal (n=5) or rAd.A20 (n=5) at 21 days. ED-1 positive
macrophages appear orange due to the overlay of GFP and ED-1 (red). B) MCP-1 ELISA of
cell culture supernatant taken at 48 h from NT, rAd.A20, and rAd.βgal transduced SMC
cultured with (■) or without (□) inflammatory cytokines. Error bars represent SEM (n=3).
C) Adhesion assays performed with SMC cultured with (■) or without (□) inflammatory
cytokines. Error bars represent SEM (n=8). * P< 0.05, ** P<0.01
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Figure 3.
Representative immunofluorescent micrographs staining for CD31 and VEGF (red)
superimposed with GFP (green) staining of hematopoietic lineage cells (n=5 per group).
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Figure 4.
A) EC migration assays using conditioned media from SMC cultured with (■) or without (□)
inflammatory cytokines. Error bars represent SEM. (n=−3) * P<0.01, $ P<0.01. B)
Representative (n=5 per group) immunofluorescence staining for CD31 (red), GFP (green),
and Hoechst (blue). *** P<0.001
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