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Abstract
Objective—It has been shown that CD40-TRAF6 axis in leukocytes plays a significant role in
neointimal formation after carotid ligation. Because CD40 and TRAF6 are expressed not only in
leukocytes but also in vascular cells, we examined the role of CD40 contributed by vascular wall
cells in neointimal formation after carotid ligation in an atherogenic environment.

Methods and Results—Both CD40 and TRAF6 in medial smooth muscle cells (SMCs) was
upregulated significantly at 3 d and more prominently at 7 d after injury in wildtype (WT) mice,
but the TRAF6 upregulation was abolished in CD40−/− mice. In vitro, TRAF6 expression was
induced by cytokines (TNF-α, IL-1β) via a NF-κB-dependent manner in wildtype SMCs, but this
induction was blocked in CD40-deficient SMCs. Bone marrow chimeras revealed a comparable
reduction in neointimal formation and lumen stenosis in mice lacking either vascular wall- or bone
marrow- associated CD40. Lacking vascular wall-associated CD40 resulted in a significant
reduction in monocyte/macrophage accumulation, NF-κB activation, and multiple
proinflammatory mediators (ICAM-1, VCAM-1, MCP-1, MMP-9, tissue factor). In vitro data
confirmed that CD40 deficiency or TRAF6 knockdown suppressed CD40L-induced
proinflammatory phenotype of SMCs by inhibition of NF-κB activation. Moreover, both in vivo
and in vitro data showed that CD40 deficiency prevented injury-induced SMC apoptosis, but did
not affect SMC proliferation and migration.

Conclusions—CD40 signaling through TRAF6 in vascular SMCs seems to be centrally
involved in neointimal formation in a NF-κB-dependent manner. Modulating CD40 signaling on
local vascular wall may become a new therapeutic target against vascular restenosis.
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Introduction
Despite the success of antiproliferative therapies, restenosis, which is characterized
primarily by neointimal formation, remains an unsolved clinical problem after vascular
interventions.1 Inflammation may play a central role in the pathogenesis of neointimal
formation and restenosis.2 Accumulating evidence from clinical and experimental studies
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suggests an important role of CD40 ligand (CD40L, CD154) and its receptor CD40 in the
physiopathology of atherosclerosis and restenosis. 3,4 We and others have demonstrated that
elevated soluble CD40L increases leukocyte recruitment and neointimal formation after
arterial injury.5,6 However, clinical trials indicate that blockade of CD40L may not be
therapeutically feasible, as it may cause thromboembolic complications, particularly because
CD40L is abundantly present on activated platelets and can interact with the integrin αIIBβ3
in platelets. 7,8 In this regard, an alternative approach that has been pursued by many
investigators, including ourselves, is an attempt to target CD40 and its signaling
intermediates. CD40 is a receptor of the tumor necrosis factor (TNF)-receptor superfamily
that by itself has no intrinsic signaling ability but requires adaptor proteins, called TNF-
receptor associated factors (TRAFs), to confer signaling.9 Indeed, previous studies have
revealed an important role of either CD40 or its immediate adaptor protein TRAF6 in
neointimal formation after arterial injury.10–12 These findings suggest that targeting CD40
and its associated signaling intermediates may represent a potential strategy to prevent
neointimal formation and restenosis after vascular interventions.

Overexpression of CD40 and its adaptor proteins TRAFs (−1,−2,−3,−5,−6) has been
observed in atherosclerotic lesions and also in developed neointimal lesions after vascular
injury.10,13 Lutgens and colleagues10,14 have elegantly demonstrated that the CD40-TRAF6
in leukocytes, but not CD40-TRAF2/3/5, is a major pathway required for atherosclerosis as
well as neointimal formation and arterial remodeling after carotid artery ligation. However,
long-term interruption of CD40 signaling pathway in immune cells could lead to severe
immune deficiencies and thus impede its clinical application. Thus, we were prompted to
investigate whether/how interruption of CD40 at the level of local vascular wall is sufficient
to prevent CD40 to neointimal formation after vascular injury.

Vascular smooth muscle cells (SMCs) are a major contributor to neointimal formation after
vascular injury.1,15 Functional CD40 and its adaptor proteins TRAFs are expressed not only
by leukocytes but also by vascular SMCs and endothelial cells (ECs).13,16 In cultured
SMCs, expression of CD40 and several TRAFs including TRAF6 can be stimulated by
cytokines such as TNF-α and IL-1β.13 In vitro studies indicate that CD40 ligation by CD40L
activates vascular SMCs by promoting the expression of molecules thought to be involved in
neointimal formation, such as adhesion molecules, cytokines, chemokines, matrix
metalloproteinases, and tissue factor.17–20 However, it is unknown whether such effects
indicated in vitro are relevant to neointimal formation in vivo.

Using a well-established carotid artery injury model, our results indicate a strong protective
effect by CD40 deficiency in vascular wall cells on neointimal formation and lumen stenosis
in an atherogenic environment. These protective effects were most likely attributed to the
inhibition of TRAF6 and NF-κB activation and marked downregulation of multiple NF-κB-
dependent proinflammatory mediators in mice lacking vascular wall cell-associated CD40.
Our study provides the first evidence that modulating CD40 signaling at the level of local
vascular wall may be clinically feasible to limit neointimal formation and restenosis after
vascular interventions.

Methods
Mice

Male C57BL/6 mice and CD40−/− mice (backcrossed onto a C57BL/6 background for >10
generations) were obtained from The Jackson Laboratory (Bar Harbor, ME). Mice were fed
with a Western-type diet (TD 88137; Harlan-Teklad, Madison, WI) containing 21% fat by
weight (0.15% cholesterol and 19.5% casein without sodium cholate) for 2 week before and
3 weeks after vascular injury, as we previously described.18 Serum samples collected from

Song et al. Page 2

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



each mouse were frozen (−80°C) for subsequent measurement of total cholesterol levels
using a spectrophotometric assay (Suppl. Figure 1). All animal protocols were approved by
the Institutional Animal Care and Use Committee.

Bone marrow transplantation and vascular injury model
Bone marrow cells were isolated from the femurs and tibias of donor mice (WT and
CD40-/-) as previously described.21 Recipient mice (about 5–6 weeks of age) were lethally
irradiated (2 x 525 Rads, 3 hours apart). Then, the recipient mice received bone marrow
cells (2 x 106)suspended in 200 μl phosphate-buffered saline (PBS) by tail vein injection.
Mice were maintained in filter-top cages under specific pathogen-free conditions and given
water containing 0.2% (2.0 mg/ml) neomycin (Invitrogen) until 2 weeks after BMT. Six to 8
weeks later, flow cytometry was used to verify chimera reconstitution by staining for
CD45.1 (recipient isoform of CD45) and CD45.2 (donor isoform of CD45) expression on
blood leukocytes with a fluorescein isothiocyanate-labeled anti-CD45.1 antibody and a
biotinylated anti-CD45.2 antibody with a streptavidin-PerCP secondary antibody
(PharMingen). Successful BM reconstitution was setas >90% of the CD45.2-positive
population in total leukocytes (Suppl. Figure 4) as previously described.21

A flow-restriction vascular injury was caused by ligating the bifurcation of the left common
carotid artery.22 In brief, the left common carotid artery was exposed through a small
midline incision in the neck and the artery was completely ligated with a 7–0 silk suture just
proximal to the carotid bifurcation to disrupt blood flow.

Tissue harvesting and histologic analysis
The arterial segments were dehydrated in ethanol and xylene and embedded in paraffin.
Serial cross-sections (5 μm thick) were cut beginning 100 μm proximal to the carotid
ligation site. Histomorphometric analysis was performed in seven cross-section levels (with
120 μm intervals). For each level, three cross-sections were stained with Verhoeff’s Elastic
stain and morphometric analysis was performed by an individual blinded to experimental
design. Morphometric analysis was performed by two “blinded” researchers by a
computerized image system (Image Pro Plus 5.0) and the mean of their results wan
calculated. We measured the lumen area, intimal area, medial area, and total vessel area at
each level as we previously described.5 Percentage stenosis was calculated as the ratio of the
intimal area to the area inside the original internal elastic lamina. The mean value of
neointimal area, intima/media ratio, percentage stenosis, and total vessel area was calculated
over the 7 levels.

Immunohistochemistry
Paraffin-embedded sections were stained with the avidin-biotin -peroxidase method
(Vector). The following primary antibodies (from Santa Cruz, unless otherwise indicated)
were used: ICAM-1 (1:50), VCAM-1 (1:50), MCP-1 (1:1000), tissue factor (TF, 1:400),
fibrinogen (Fgn, 1:800; Dako), MMP-9 (1:75; R&D Systems), NF-κB p65 (1:750; Abcam),
Phospho-p65(Ser536) (1:50; Abcam), and Mac-2 (1:1000; M3/38, Accurate) to detect
monocyte/macrophages. Isotype-matched antibodies served as negative controls. Sections
were incubated with the appropriate secondary antibody (Vector) and visualized by 3,3′-
diaminobenidine (DAB; Vector) and counterstained with hematoxylin. For quantitative
comparison of the expression of indicated molecules, the percent of the positively stained
area to the total traced area was determined in triplicate.

Double immunofluorescence staining was performed on paraffin-embedded sections using
the following antibodies: CD40 (1:400), TRAF6 (1:30), PCNA (1:100), VCAM-1, MCP-1,
TF, Fgn, MMP-9, CD31 (1:50; Abcam), SMα-actin conjugated with Cy3 (1:500; Sigma).
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Sections were incubated with the indicated antibodies overnight at 4°C. Immunoreactions
were visualized using Alexa Fluor 488- or Alexa Fluor 555-conjugated secondary antibodies
(1:200; Invitrogen). Apoptotic vascular cells were identified by TUNEL assay (Roche).
Mounting medium containing DAPI was then applied. Images were acquired using a
fluorescence microscope.

Cell culture and siRNA transfection
Aortic SMCs were obtained from thoracic aortas of 10 mice of each genotype as we
previously described.23 Vascular SMCs (passage 3–6) were grown to subconfluency in
DMEM supplemented with 10% FBS, 100 U/ml penicillin, and 100 μg/ml streptomycin,
deprived of serum for 72 hours, and then treated with siRNA oligonucleotides or other
indicated reagents under defined conditions. In some experiments, NF-κB pathway was
pharmacologically inhibited with NF-κB inhibitors NF-κB SN50 or BAY 11-7082
(Calbiochem).

Mouse TRAF2 siRNA (sc-36711), TRAF6 siRNA (sc-36718), nonspecific control siRNA
(sc-37007), and transfection reagents were purchased from Santa Cruz Biotechnology (CA,
USA). Each siRNA oligonucleotide was delivered into vascular SMCs according to the
manufacturer’s instruction. In brief, vascular SMCs were seeded in 6-well plates with 2 ml
of culture medium until 70% confluence was reached. Then, siRNAs with transfection
reagents were added to the serum-free medium at a final concentration of 100 nM. After 24
h of transfection, the medium was replaced with fresh culture medium, and the cells were
incubated at 37°C in 5% CO2 for additional 24 h before performing experiments. Specificity
and efficiency of each siRNA were verified in our pre-experiments (Suppl. Figure 2).

NF-κB p65 nuclear translocation assay
The nuclear translocation of NF-κB p65 was examined using immunocytochemical staining
as previously described.24,25 Vascular SMCs were plated in 4-well chamber slides (Lab-Tek
II, Thermo) for overnight and then made quiescent in DMEM/0.1%BSA for 72 hours. Cells
were stimulated with recombinant mouse CD40L (10 μg/ml; R&D Systems) or vehicle for
1h. In some experiments, cells were pre-transfected with siRNA as described above or
pretreated with indicated kinase inhibitors (Calbiochem) before stimulation. Cells were fixed
with 2% PFA, followed by permeabilization with 0.2% Triton X-100. After blocking, cells
were incubated with anti-NF-κB p65 (1:100, Abcam) overnight at 4°C, followed by
incubation with Alexa Fluor 488-conjugated goat anti-rabbit IgG (1:200, Invitrogen). Nuclei
were stained with DAPI. Images were taken using a fluorescence microscope (Nikon, Japan)
and quantification was performed using Image-Pro Plus software. Three independent
experiments were performed. The results were expressed as percentage (mean ± SEM) of
NF-κB p65 positive nuclei-stained cells relative to total cells that were counted at least 8
fields per group under 200 magnification.

Cell proliferation, migration, and apoptosis assay
Cell proliferation was evaluated by cell counting. Briefly, vascular SMCs were serum
starved for 72 hours and plated into 24-well plates (104 cells/well) in DMEM supplemented
with 10% FBS. At different time points (2, 4, 6, and 8 days), cells were trypsinized and
counted in a Coulter counter. Cell migration was measured using transwell chambers with a
filter membrane (8-μm pore size) (Corning Inc.). Briefly, vascular SMCs were serum
starved for 72 hours and seeded into the upper chambers (105 cells/well). 10% FBS or
PDGF-BB (20 ng/ml) was added to the lower chamber and incubated for 4 hours. Cells that
migrated on the filter were stained with DAPI and counted under a fluorescence microscope.
For cell apoptosis assay, vascular SMCs were plated into 4-well chamber slides (6 x 104

cells/well) and serum starved for 72 hours. Apoptosis was induced by treating cells with
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apoptosis inducer C2 ceramide (100 μM) for 5 hours. Then, cells were stained with DAPI for
analysis of apoptotic nuclear morphology. Each treatment was done in triplicate wells, and
at least three independent experiments were performed.

Quantitative real-time RT- PCR
Total RNA was extracted from arteries or cell cultures using TRIzol Reagent (Invitrogen)
and treated with DNase I to remove genomic DNA. A quantitative real-time reverse-
transcriptase (RT)-PCR was performed with a Bio-Rad thermocycler and an SYBR green
kit(Bio-Rad) following manufacturer’s instructions. Sequence-specific primers used were
presented in Suppl. Table 1. The relative mRNA expression was normalized to GAPDH.
Data are expressed as mean ± SEM from 3 independent experiments.

Statistical analysis
Results are presented as mean ± SEM. Experimental data were analyzed by unpaired 2-
tailed Student’s t test or ANOVA followed by Bonferroni multiple-comparison correction.
P<0.05 was considered statistically significant.

Results
CD40 is required for injury-induced upregulation of TRAF6 in vascular SMCs

First, we investigated the expression and potential association of CD40 and TRAF-6 in the
carotid artery wall in response to vascular injury. In WT mice, injury induced a significant
upregulation of both CD40 and TRAF6 at 3 d and more prominently at 7d, notably with
strong co-localization of both molecules with medial SMα-actin-positive SMCs (Figure 1,
A-B) and CD31-positive ECs (Suppl. Figure 3). In contrast, the injury-induced TRAF6
upregulation both in medial SMCs and ECs was almost completely abolished in CD40−/−

mice (Figure 1, B-D).

Subsequently, we determined whether CD40 is required for induction of TRAF6 expression
in vascular SMCs in vitro. We found that mRNA expression of both CD40 and TRAF6, but
not TRAF2, was stimulated by proinflammatory cytokines (TNF-α, IL-1β) in wildtype
SMCs (Figure 1E), but the cytokine-induced upregulation of TRAF6 was abrogated in
CD40-deficient vascular SMCs (Figure 1E). Further, we examined potential signaling
pathways involved by using different kinase inhibitors, and found that the TNF-α-induced
TRAF6 expression was completely blocked by a NF-κB inhibitor (BAY11-7082) and
partially inhibited by a p38 MAPK inhibitor (SB203580), but not affected by other kinase
inhibitors including PI3-kinase, Src kinase, Erk1/Erk2 (Figure 1F). Taken together, these
data suggest that CD40 and TRAF6 are among injury-responsive genes in arterial wall, and
CD40 is required for injury-induced upregulation of TRAF-6 in vascular SMCs via a NF-
κB-dependent mechanism.

Vascular wall cell-derived CD40 substantially contributes to neointimal formation and
vascular remodeling after vascular injury

To determine whether/how vascular wall cell-derived CD40 contributes to neointimal
formation, we created bone marrow chimeric mice and performed carotid artery ligation on
the mice in the presence of hypercholesterolemia induced by the high-cholesterol diet
(Suppl. Figure 1). We demonstrated a significant and comparable reduction in neointimal
formation and lumen stenosis between the WT chimeric mice and the CD40-deficient
chimeric mice reconstituted with wild-type bone marrow (i.e. lacking vascular wall cell-
derived CD40) (Figure 2, A-D). Moreover, we observed that total vessel size was
significantly smaller in chimeric mice lacking either vascular wall- or bone marrow-derived
CD40 or both, when compared that of WT chimeric mice (Figure 2E). These observation
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were similar to previous report in WT and CD40-/- mice,10 indicating that CD40 deficiency
impaired vascular remodeling after arterial injury. Taken together, our data suggest an
important role for vascular wall cell-derived CD40 in neointimal formation and vascular
remodeling in response to vascular injury.

Vascular wall cell-derived CD40 modulates inflammatory response to vascular injury
Next, we examined whether/how vascular wall cell--associated CD40 affects key
inflammatory and prothrombotic events associated with vascular injury.
Immunohistochemistry showed that absence of CD40 in the vascular wall (i.e. WT to
CD40−/− group) resulted in a dramatic reduction in the content of Mac-2+ monocyte/
macrophages in the neointimal lesions at 21 d (Figure 3A), which was most likely attributed
to a significant reduction in adhesion molecules (ICAM-1, VCAM-1) and chemokine
MCP-1 (Figure 3B). CD40 deficiency in the vascular wall also downregulated the
expression of prothrombotic molecules (TF, Fgn), and MMP-9 (Figure 3C). Using double
immunostaining, we further identified that CD40 deficiency in the vascular wall profoundly
inhibited such proinflammatory and prothrombotic molecules in the medial SMCs and ECs
at 7 d after injury (Figure 3D). These in vivo findings were further supported by in vitro
observations that the CD40L-induced expression of ICAM-1, VCAM-1, and MCP-1 was
blocked in CD40-deficient SMCs (Figure 3E). Taken together, these data support the
importance of local vascular wall cell-derived CD40 in modulating inflammatory and
prothrombotic responses to vascular injury.

CD40 and TRAF6 mediate proinflammatory phenotype of vascular SMCs in vitro through a
NF-κB dependent mechanism

NF-κB is a known major transcriptional factor that regulates expression of a variety of
proinflammatory genes.26,27 We demonstrated that the levels of total NF-κB p65 and
phosphorylated NF-κB p65 (Ser536) were increased in injured carotid arteries of WT
chimeric mice, mainly localized in neointimal lesions and medial layer at 21d (Figure 4A),
but the levels were markedly reduced in chimeric mice lacking vascular wall cell-associated
CD40 (Figure 4A).

Subsequently, we performed in vitro experiments to determine how CD40 affects NF-κB
activation and proinflammatory phenotype of vascular SMCs. Our findings include 1)
CD40L induced NF-κB p65 translocation from the cytoplasm to the nucleus that is a key
step in activation of NF-κB pathway in wildtype SMCs, but this effects was abrogated in
CD40-deficient SMCs (Figure 4, B and C); 2) CD40L induced expression of ICAM-1,
VCAM-1, and MCP-1 in wildtype SMCs, but this effect was almost completely blocked by
inhibition of NF-κB with the BAY11-7082, a selective inhibitor of IκBα phosphorylation, or
SN50, a peptide inhibitor of NF-κB translocation and activation (Figure 4D).

Next, we determined how TRAF6 affects NF-κB activation and proinflammatory phenotype
of vascular SMCs. We performed siRNA-mediated knockdown of TRAF6 and TRAF2 in
vitro. Compared with vascular SMCs transfected with control siRNA, siRNA knockdown of
TRAF6, but not TRAF2, significantly reduced NF-κB p65 nuclear translocation induced by
CD40L (Figure 5, A and B), with a significant reduction in the expression of ICAM-1,
VCAM-1, and MCP-1 (Figure 5C). Further, we examined the downstream signaling
pathways responsible for CD40L-induced NF-κB activation in vascular SMCs. NF-κB p65
nuclear translocation was assessed using different kinase inhibitors. We demonstrated that
CD40L-induced NF-κB p65 nuclear translocation was completely blocked by the NF-κB
inhibitor (BAY11-7082), and also largely inhibited by the PI3K inhibitor (LY294002) and
Erk1/Erk2 inhibitor (PD98059) (Figure 5, D and E). Taken together, these data suggest that
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CD40 and TRAF6 mediate proinflammatory phenotype of vascular SMCs in vitro through a
NF-κB dependent mechanism.

CD40 mediates vascular SMC apoptosis but has no effect on SMC migration and
proliferation in vivo and in vitro

Vascular SMC migration and proliferation as well as apoptosis contribute to the
development of neointimal formation.28–30 However, the exact role of the receptor CD40 in
vascular SMC biology has not been established. Using combined bone marrow chimeras and
double immunostaining, we investigated the effects of CD40 deficiency in the vascular wall
on medial SMC proliferation (by PCNA stain) and apoptosis (by TUNEL stain). We
observed that CD40 deficiency in the vascular wall did not affect medial SMC proliferation
(Figure 6A), but significantly reduced medial SMC apoptosis (Figure 6B), at 7 days after
carotid ligation. Further, these in vivo observations were verified by our in vitro data. We
found no difference in proliferation and migration between WT and CD40-deficient SMC
(Figure 6, C and D). In contrast, the apoptosis induced by C2 ceramide was significantly
reduced in CD40-deficient versus wildtype SMCs (Figure 6E).

Discussion
The present study presents several novel important findings as follows: First, both CD40 and
its adaptor protein TRAF6 are robustly co-upregulated in the medial SMCs in the early
phase (3d, 7d) after carotid ligation, which substantially contribute to vascular inflammatory
response and proinflammatory phenotype of SMCs, and eventually to neointimal formation.
Second, CD40 is required for the vascular injury- and cytokine-induced TRAF6
upregulation via a NF-κB dependent mechanism. Third, the CD40-TRAF6 mediates
proinflammatory phenotype of vascular SMCs in vitro through a NF-κB dependent
mechanism. Forth, modulating SMC apoptosis might be a potential novel mechanism by
which CD40 contributes to neointimal formation following vascular injury.

CD40 is expressed not only on circulating inflammatory cells but also on local vascular wall
cells, both of which are active players in the response to vascular injury. Bone marrow-
derived CD40 has previously been shown to contribute to neointimal formation.10 However,
the role of local vascular wall cell-derived CD40 in neointimal formation remain undefined.
The present study provides the first direct evidence, to our knowledge, that vascular wall
cell-derived CD40 also plays a critical role in the vascular response to injury.

The present study demonstrated that vascular injury induced a robust upregulation of both
CD40 and TRAF6 in the arterial wall in the early phase (3d, 7d), predominantly in medial
SMCs, suggesting the involvement of medial SMC CD40 and TRAF6 in the process of
vascular injury response. Notably, we demonstrated that CD40 is required for the injury-
induced TRAF6 expression in SMCs both in vivo and in vitro. This finding is of significant
interest because TRAF6 is an important regulator of vascular SMC physiology.31 It has
previously been shown that blockage of local vascular TRAF6 diminished vascular
inflammation and intimal lesion formation upon injury.31,32 Apart from linking CD40 to
downstream signaling events, TRAF6 also serves as adaptor protein for other cell receptors
in SMCs, including TNFR, TLR, IL-1R, and angiotensin II AT1R,33–35 whereby it regulates
the biological functions of a variety of proinflammatory cytokines. Thus, CD40-dependent
expression of TRAF6 in SMCs may serve as a feedback mechanism to modulate itself or
other TRAF6 dependent pathways that contribute to vascular response to injury and the
development of neointimal formation. Also, we observed a significant injury-induced
upregulation of TRAF6 in the endothelium in wildtype artery, but not in CD40-deficient
artery. This finding is agreement with previous in vitro report that CD40 is required for the
cytokine-induced TRAF6 expression in ECs.13
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The adhesion and recruitment of inflammatory cells to the site of vascular injury is critical
for the initiation and progression of neointimal formation.2,36,37 Modulation of the medial
SMC phenotype has recently emerged as a key event in the vascular response to injury.38

Following vascular injury, SMCs may take on a proinflammatory phenotype, characterized
by enhanced expression of various proinflammatory mediators, including cytokines,
chemokines, adhesion molecules, matrix metalloproteinases, and prothrombotic
molecules,15,39–41 which may functionally promote leukocyte recruitment to the arterial
wall. Although CD40 signaling has been implicated in inflammatory response, its role on
proinflammatory phenotype of SMCs is unclear. The present study identified CD40 as a key
regulator for proinflammatory phenotype of SMCs following vascular injury and serves to
govern injury-induced synthesis of a variety of proinflammtory mediators in the arterial
wall, including chemokines (e.g. MCP-1), adhesion molecules (e.g. VCAM-1, ICAM-1),
matrix metalloproteinases (e.g. MMP-9), and prothrombotic molecules (e.g. TF, Fgn).
Therefore, our results help to explain the mechanism by which CD40 expressed on vascular
wall cells contributes to vascular inflammatory response and neointimal progression after
vascular injury.

Activation of transcription factor NF-κB plays a key role in regulating the expression of
various proinflammatory mediators involved in atherosclerosis and neointimal formation
after vascular injury.27,42,43 However, the molecular mechanism whereby vascular injury
induces NF-κB activation in the vessel wall remains largely unclear. The present study
demonstrated that CD40 deficiency in vascular wall cells markedly inhibits NF-κB
activation after carotid ligation. It has been shown that CD40 modulates activation of NF-κB
in different cell types via distinct signaling mechanisms in vitro. For example, in endothelial
cells, CD40 ligation elicits activation of NF-κB through PI3K/Akt and p38 MAPK
signaling.44,45 However, it is unknown how CD40 ligation activates NF-κB in vascular
SMCs. The present study demonstrated that either genetic deficiency of CD40 or siRNA
knockdown of TRAF6 (but not TRAF2) leads to impaired NF-κB activation in cultured
SMCs induced by CD40L. CD40-mediated NF-κB activation also showed dependence upon
PI3K activity and MAPK activity. Thus, we assume that CD40 is required for NF-κB
activation in vascular SMCs through TRAF6-mediated, PI3K-and MAPK-dependent
pathways.

Numerous studies have shown that vascular SMC proliferation and migration substantially
contribute to the development of neointimal formation in relation to restenosis and
atherosclerosis.28,29 Although functional CD40 has been shown to be expressed on SMCs,
little is known about its role in biological functions of SMCs. There are contradictory reports
about the role of CD40L in SMC proliferation and migration in vitro. Hermann et al46

showed that CD40L does not stimulate SMC proliferation and migration, whereas Chai et
al47 reported that CD40L increases SMC proliferation and migration. It should be noted that
both previous studies examined the role of CD40L, rather than CD40. Increasing evidence
has shown that the CD40L-mediated effects are not necessarily identical to the CD40-
mediated effects. This is possibly because that CD40 is not the only receptor for CD40L,
e.g. CD40L can bind to other receptors such as GPIIb/IIIa in platelets and Mac-1 in
leukocytes.3 Likewise, CD40L is not the only protein that interacts with CD40, e.g. other
proteins such as HSP70 can interact with CD40.48,49 The present study demonstrated for the
first time that CD40 deficiency does not affect vascular SMC proliferation and migration,
but intriguingly, it reduces SMC apoptosis in vivo and in vitro. Vascular SMC apoptosis is
known to be involved in the pathological mechanism of neointimal formation.30,50 CD40
has been shown to transduce apoptotic signals in several cell types, including vascular ECs51

and carcinoma cells.52 But its role in vascular SMC apoptosis is unknown. The present study
indicated that CD40 deficiency in vascular wall cells protects medial SMCs from injury-
induced apoptosis in the early stage (at 7d) after vascular injury. This effect was verified by
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in vitro experiments demonstrating that CD40 deficiency leads to SMC resistance to
apoptosis. Medial SMC apoptosis has been associated with subsequent neointimal
progression in vascular injury models.22,53,54 It has been suggested that the early medial
SMC apoptosis could exacerbate neointimal formation by provoking a greater wound
healing response to overcome the cellular deficit.15,55 In support of this concept, apoptotic
SMCs has been shown to release cytokines (e.g. IL-1α), which may stimulate the
surrounding viable SMCs to produce proinflammatory cytokines such as IL-6 and MCP-1,
leading to amplification of vascular inflammation.56 Furthermore, emerging evidence
suggests that inhibition of medial SMC apoptosis acts to prevent neointimal formation after
vascular injury.57–59 Thus, modulating SMC apoptosis might be a potential novel
mechanism by which CD40 contributes to neointimal formation following vascular injury.

Study Limitations
Different TRAFs exhibit specific biological functions. The role of individual TRAFs in the
activation of different CD40-dependent signaling pathways has not yet been fully defined.9
Although the previous work10 and our present data support a key role for CD40 signaling
through TRAF6 in neointimal formation, a role for CD40 mediated by other TRAF proteins
cannot be fully excluded. At present, it is difficult to differentiate individual functions of
other distinct TRAF proteins in animal studies in vivo, because TRAF6 has a distinct
binding site on CD40, but TRAF-2,-3,-5 have overlapping binding sites.9,10 In addition,
there is evidence which indicates functional difference between a specific TRAF and a
specific CD40-associated TRAF signaling, because in addition to CD40 signaling TRAFs
are also involved in signaling of other TNF superfamily members. For example, although
CD40 mutation with an impaired TRAF6 prevents atherosclerosis in mice,14 in contrast,
Stachon et al60 reported that TRAF6 is not required for atherosclerogenesis in mice and does
not associate with atherosclerosis in humans. Moreover, animal studies of the role of distinct
TRAF proteins in CD40 effector functions have also been hampered by the poor viability of
most TRAF-/- mice.9,10 Another limitation of this study is that it is unclear about the role for
CD40 through specific TRAF signaling in the endothelium, especially involved in the
process of reendothelialization after endothelial denudation injury in vivo. Future studies are
required to address these issues.

Conclusions
Our results demonstrate that CD40 signaling through TRAF6 in vascular SMCs seems to be
centrally involved in the development of neointimal formation in a NF-κB-dependent
manner. Our findings may have potential implications for developing novel therapeutic
approach as adjuvant therapy for vascular interventions. Given that long-term inhibition of
CD40 signaling in immune cells (leukocytes) may be not therapeutically feasible, as it may
compromise systemic immune response, modulating CD40 in the vascular wall cells may
provide a new therapeutic approach to prevent neointimal formation hopefully with less side
effects. This new target strategy would be feasible, in particular, for local vascular wall drug
delivery, e.g. angioplasty plus drug-eluting stents against vascular restenosis.
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Figure 1. CD40 is required for injury-induced upregulation of TRAF6 in vascular SMCs
Representative images illustrating co-expression of CD40 (A) and TRAF6 (B, C) with SMα-
actin in cross-sections of uninjured and injured (3d, 7d) carotid arteries from WT and
CD40−/− mice. Inserts show appropriate isotype controls combined with DAPI staining.
Arrows indicate the internal elastic lamina. Scale bars: 50 μm. (D) Quantitative analysis of
the CD40 and TRAF6 shown in A-C. ** P<0.01 versus uninjured WT control, ## P<0.01
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versus corresponding WT group. (E) mRNA levels of CD40, TRAF2, and TRAF6 were
determined by quantitative RT-PCR in WT and CD40−/− SMCs stimulated with or without
TNF-α (20 ng/ml) or IL-1β (10 ng/ml) for 4 hours. mRNA levels are normalized to GAPDH.
* P<0.05 versus control, # P<0.05 versus corresponding WT group. (F) mRNA levels of
TRAF6 were determined by quantitative RT-PCR in wildtype SMCs pretreated with
LY294002 (20 μM), PD98059 (100 μM), PP2 (10 μM), SP600125 (20 μM), SB203580 (10
μM), BAY11-7082 (10 μM), or DMSO for 1 hour, followed by stimulation with or without
TNF-α (20 ng/ml)for 4 hours. mRNA levels are normalized to GAPDH. * P<0.05 versus
TNF-α-treated group.
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Figure 2. Vascular wall cell-derived CD40 substantially contributes to neointimal formation and
vascular remodeling after vascular injury
(A) Representative elastic stained cross sections (level 3) of carotid arteries of chimeric mice
at 21d after injury. Arrows indicate the internal elastic lamina. Scale bars: 50 μm. Intima
area (B) and vessel area (E) were measured at the 7 section levels (120-μm intervals), and
the mean area was calculated. Intima/media ratio (C) and lumen stenosis (D) at each level,
and their mean values were determined. Numbers at the base of the bars indicate the number
of mice in each group. * P<0.05 and ** P<0.01 versus corresponding WT to WT group.
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Figure 3. Vascular wall cell-derived CD40 modulates inflammatory response to vascular injury
Immunohistochemical staining illustrating Mac-2-positive monocyte/macrophages (A), the
expression of VCAM-1, ICAM-1, and MCP-1 (B), TF, Fgn, and MMP-9 (C), in carotid
arteries of chimeric mice at 21d after ligation, as well as their quantitative analysis. Inserts
show appropriate isotype controls. Arrows indicate the internal elastic lamina. Scale bars: 20
μm. n= 5 per group. ** P<0.01 versus corresponding WT to WT group. (D) Representative
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images showing co-expression of VCAM-1, MCP-1, TF, Fgn (7d), and MMP-9 (21d) with
SMα-actin or CD31 in injured carotid arteries from chimeric mice. Inserts show appropriate
isotype controls combined with DAPI staining. Scale bars: 50 μm. (E) mRNA levels of
VCAM-1, ICAM-1, and MCP-1 were determined by quantitative RT-PCR in WT and
CD40−/− SMCs exposed to rmCD40L (10 μg/ml) for 16 hours. mRNA levels are normalized
to GAPDH. ** P<0.01 versus WTgroup.
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Figure 4. CD40-induced proinflammatory phenotype of vascular SMCs is dependent on NF-κB
activation
(A) Representative images showing the expression of total NF-κB p65 and activated
phospho-p65 in the carotid arteries of chimeric mice at 21d after ligation, as well as their
quantitative analysis. Inserts show appropriate isotype controls. Arrows indicate the internal
elastic lamina. Scale bars: 20 μm. n=5 per group. ** P<0.01 versus WT to WT group. (B)
Immunofluorescence staining of NF-κB p65 (green) showing its nuclear translocation in WT
and CD40−/− SMCs exposed to rmCD40L (10 μg/ml) or vehicle for 1 h. Cell nuclei were
detected by DAPI (blue). Scale bars: 50 μm. (C) Quantification of NF-κB nuclear
translocation shown in B is expressed as the percentage of p65 nuclei-positively stained cells
to the total cells. ** P<0.01 versus WT group. (D) mRNA levels of VCAM-1, ICAM-1, and
MCP-1 were determined by quantitative RT-PCR in wildtype SMCs pretreated with or
without NF-κB SN50 (2.5 μM) or BAY 11-7082 (10 μM) for 45 min, followed by
stimulation with rmCD40L (10 μg/ml) for 16 hours. mRNA levels are normalized to
GAPDH. ** P<0.01 versus rmCD40L-treated group.
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Figure 5. TRAF6, PI3K activity, and MAPK activity are required for CD40-induced NF-κB
proinflammatory signaling in vascular SMCs
(A) Detection of NF-κB nuclear translocation by immunofluorescence staining for NF-κB
p65 (green) in wildtype SMCs transfected with TRAF6 siRNA, TRAF2 siRNA, or control
(Ctrl.) siRNA exposed to rmCD40L (10 μg/ml) for 1 h. Scale bars: 50 μm. (B)
Quantification of NF-κB nuclear translocation shown in A. ** P<0.01 versus corresponding
control siRNA group. (C) mRNA levels of VCAM-1, ICAM-1, and MCP-1 were measured
by quantitative RT-PCR in wildtype SMCs transfected with TRAF2 siRNA, TRAF6 siRNA
or Ctrl. siRNA exposed to rmCD40L (10 μg/ml) for 16 hours. mRNA levels are normalized
to GAPDH. ** P<0.01 versus control siRNA. (D) NF-κB nuclear translocation was assessed
by immunofluorescence staining for NF-κB p65 (green) in wildtype SMCs pretreated with
LY294002 (20 μM), PD98059 (100 μM), BAY11-7082 (10 μM), PP2 (10 μM), SB203580
(10 μM), SP600125 (20 μM), or DMSO, followed by stimulation with or without rmCD40L
(10 μg/ml) for 1 h. Scale bars: 50 μm. (E) Quantification of NF-κB nuclear translocation
shown in C. ** P<0.01 versus rmCD40L-treated group.
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Figure 6. CD40 mediates vascular SMC apoptosis but has no effect on SMC proliferation and
migration in vivo and in vitro
Representative images showing double-staining of PCNA (A) and TUNEL (B) with SMα-
actin in carotid arteries of chimeric mice at 7d after ligation, as well as their quantitative
analysis (n=5 per group). Insert shows appropriate isotype control combined with DAPI
staining. Scale bars: 50 μm. ** P<0.01 versus WT to WT group. (C) Cell proliferation
measured by cell counting in WT and CD40−/− SMCs exposed to 10% FBS at the indicted
time points. (D) Cell migration toward 10% FBS or PDGF-BB (20 ng/ml) measured by
transwell chambers assay in WT and CD40−/− SMCs. Representative images of filters with
DAPI-stained cells are shown (upper panel). Scale bar: 50 μm. Quantification of migrated
cells is shown (lower panel). (E) Representative photomicrographs of DAPI staining in WT
and CD40−/− SMCs treated with apoptosis inducer C2 ceramide (100 μM) for 5 hours, as
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well as quantitative analysis of cell apoptosis index (%). Arrows indicate the condensed or
fragmented nuclei of apoptotic cells. Scale bars: 50 μm. ** P<0.01 versus WT group.
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