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veletion of Semad4D gene reduces intimal neovascularization
and plaque growth in apolipoprotein E-deficient mice
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Abstract. Neovascularization occurring in atherosclerotic
plaque leads to acceleration of plaque growth through increased
leukocyte infiltration and reactive oxygen species (ROS)
production. Sema4D (CD100), a class IV semaphorin, not only
plays a crucial role in axon guidance but also functions in the
neovascularization process of tumor growth. To clarify the
roles of Sema4D in the progression of atherosclerosis and
neovascularization of atherosclerotic plaque, we analyzed the
effect of Sema4D gene deletion from apolipoprotein E (ApoE)-
deficient mice in the development of atherosclerosis. Lipid
staining demonstrated significant decreases in plaque areas in
the aortas of 6-month-old Sema4D”ApoE" mice compared with
6-month-old ApoE”- mice. Thus, the Sema4D gene knockout
in ApoE-deficient mice was found to slow the progression of
atherosclerosis. Immunohistochemical analyses confirmed the
expression of Sema4D protein in infiltrating lymphoid cells in
atherosclerotic plaque and plexin-B1 receptor in neovascular
endothelial cells within the plaque. Furthermore, there were
significant decreases in the degree of neovascularization in the
plaque areas of Sema4D”-ApoE’ mice compared with ApoE"
mice as revealed by both isolectin B4 and CD31 staining.
The number of infiltrating macrophages in Sema4D"ApoE~"
mice plaques was also significantly less than those in ApoE"
mice. These findings suggest that Sema4D is involved in the
progression phase of atherosclerosis by accelerating intimal
neovascularization, resulting in enhanced macrophage
infiltration in atherosclerotic plaques.
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Introduction

Neovascularization not only occurs in the formation stage of
highly branched, tree-like tubular networks of blood vessels
during development but also in physiological tissue remodeling
in adults and the recovery phase subsequent to pathological
tissue injury (1). Neovascularization has also been shown to
occur in atherosclerotic plaques of human aorta and coronary
arteries (1,2). These neovessels originally derive from the
adventitial vasa vasorum and nourish thickened atherosclerotic
intimal growth (3). Thus, it is a widely accepted hypothesis that
neovascularization is one of the major causes of atherosclerotic
plaque growth and destabilization (4). Many experiments
have suggested the mechanism by which neovascularization
promotes atheroma development (5). The strong correlation
between the vasa vasorum density and number of mononuclear
cells infiltrating the plaque indicates that neovascularization
functions as a crucial entry site for leukocyte invasion into
atherosclerotic plaque (6,7). Hemorrhaging from plaque neo-
vessels aids blood lipid deposit in the lipid core of atheroma
leading to further expansion of the plaque (8). Inhibition of
plaque growth through decreased neovascularization in
atherosclerosis-prone apolipoprotein E-deficient (ApoE”) mice
with angiogenesis inhibitors such as angiostatin or TNP-470
indicates the functional importance of microvessel growth in
the progression of atherogenesis (7.,9). Furthermore, neovessels
in atheroma are thought to exacerbate atherosclerosis by
increasing the intraplaque secretion of metalloproteinase from
blood, leading to plaque rupture and thrombus formation (10).
Atherosclerosis is an inflammatory disease in which the
immune system plays a major role during disease progression
(11). The cell surface molecules CD40 and CD40 ligand
(CDA40L or CD154) are expressed in macrophages and T cells,
respectively (12,13). CD40 ligation involving interaction
between CD40 and CD40L on intraplaque cells propagates
inflammatory activation by inducing the secretion of proteases
and pro-inflammatory mediators (12). Blocking of CD40
ligation and disruption of the gene encoding CD40L
respectively reduce atherosclerotic plaques in atherosclerosis-
prone mice (14,15). Moreover, stimulation of immune cells
with antibodies against CD40 induces the expression of
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Sema4D (CD100), a member of the class IV semaphorin family
(16). Semaphorins were initially identified as axon guidance
molecules playing major roles in the determination of the axonal
growth direction during the process of neuronal development
(17). Later studies demonstrated various roles of semaphorins
in, for example, the immune response, angiogenesis and epi-
thelial morphogenesis (18). Thus, through secretion of soluble
Sema4D by proteolytic cleavage of Sema4D extracellular
domain from T cell surfaces during mutual immune cell
activation mediated by CD40 ligation, Sema4D may exert
certain effects on cells residing in atherosclerotic plaques after
intraplaque secretion (19-21). Lymphocytes, macrophages,
endothelial cells and platelets residing in plaques have a
receptor for Sema4D on their membrane surface, namely,
plexin-B1 (19-21). Sema4D has pro-angiogenic activity on
endothelial cells in vitro and in vivo (22,23). Even under
pathological conditions, high expression levels of Sema4D
in several squamous cell carcinomas suggest a critical role in
tumor-induced angiogenesis in vivo (24). Thus, Sema4D may
modulate plaque growth by acting during the neovascu-
larization process occurring in atheroma. By deleting the
Sema4D gene in atherosclerosis-prone ApoE”- mice, we
propose that Sema4D promotes intimal neovascularization
during plaque growth.

Materials and methods

Mice. Sema4D” mice under a C57BL/6J background were
generated using the homologous recombination method with
ES cells as previously reported (25). ApoE” mice (26) in a
C57BL/6J background were obtained from The Jackson
Laboratory (Bar Harbor, ME). Their progeny were bred to gain
mice deficient in both Sema4D and ApoE. After weaning, mice
were fed a normal diet. Animals were housed in the animal
facilities of Wakayama Medical University and all experimental
protocols were approved by the institutional Animal Ethics
Review Committee.

Tissue processing. Mice were sacrificed at 6 months of age.
The aorta was perfused for 3 min through a 21 gauge needle
inserted into the left ventricular apex using phosphate-buffered
saline (PBS) and then for another 3 min with 10% phosphate-
buffered formalin. The aortic arch with its main branch points
(branchiocephalic trunk, left common carotid artery and left
subclavian artery) as well as the thoracic and abdominal aorta
were excised and fixed in 10% phosphate-buffered formalin.
The aorta was then stained with Sudan IV (Sigma-Aldrich,
St. Louis, MO) and the percentage of lipid plaque area to total
aortic area was quantified using Image J Software (Wayne
Rasband, NIH, Bethesda, MD) as previously described (27).

Immunohistochemistry and morphometry. The aortic arch
excised from anesthetized mice was fixed in 10% phosphate-
buffered formalin. All vessels were embedded longitudinally
in paraffin and cut into 4-um serial sections. Sections were
immunolabeled with anti-mouse Sema4D antibody (Medical
and Biological Laboratories Co., Ltd. Nagoya, Japan) and
anti-mouse CD11b antibody (Serotec, Oxford, UK) to detect
macrophages, and anti-mouse CD31 antibody (BD, Franklin
Lakes, NJ) to stain endothelial cells. They were subsequently

incubated with dextran polymer conjugated with secondary
antibodies and peroxidase (DakoCytomation, Kyoto, Japan).
To detect neovascularization (28), sections were pretreated
with 1 mg/ml protease XIV (Sigma-Aldrich) for 15 min at
room temperature and incubated for 1 h at room temperature
with 7.5 mg/ml isolectin B4 from Bandeiraea simpilicifolia
conjugated with fluorescein (Sigma-Aldrich). For double
immunofluorescence analysis, tissue sections were incubated
with anti-mouse CD31 antibody (BD) and anti-plexin-B1
antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA).
They were then incubated with Alexa-fluor 488 goat anti-rat
IgG antibody (Molecular Probes, Eugene, OR) and Alexa-fluor
594 goat anti-rabbit IgG antibody (Molecular Probes) for
fluorescent microscopic observation.

The degree of neovascularization was determined as a
percentage calculated by dividing the isolectin B4 or CD31-
positive area by the respective plaque area using the Image-J
morphometry system (Wayne Rasband). The relative area of
atherosclerotic plaque positive for infiltrating macrophages
was determined by dividing the CD11b-positive area by the
total plaque area using Image-J software (Wayne Rasband).

Statistical analysis. Data are expressed as means +SEM.
ApoE”Sema4D” mice were compared with ApoE” mice using
Student's t-test. Data were considered statistically significant
at p<0.05.

Results

Delayed development of atherosclerotic plaques in ApoE”
Sema4 D™ mice. To analyze the effect of Sema4D gene deletion
in ApoE-deficient mice on atherosclerosis development,
sudanophilic staining of aortas dissected from both ApoE” and
ApoE”SemadD mice was performed. The results revealed a
significant delay in atherosclerotic plaque development in
aortic regions of 6-month-old ApoESema4D”- mice compared
with 6-month-old ApoE’- mice (Fig. 1A). As shown in Fig. 1B,
quantitative measurement of atherosclerotic plaque areas
demonstrated that the mean percentage of sudanophilic areas to
the whole aortic region in 6-month-old ApoE*Sema4D”- mice
was significantly smaller than that in 6-month-old ApoE” mice
(ApoE”-Sema4D"mice, 15.70+2.29% vs. ApoE” mice,
23.72+2.57%; P<0.05, n=5 for each group).

Sema4D expressed in infiltrating lymphoid cells and plexin-BI
in endothelial cells. Immunohistochemistry to confirm the
expression of Sema4D in atherosclerotic plaque showed the
localization of Sema4D protein in infiltrating lymphoid cells
as shown in Fig. 1C-a. To determine the expression pattern
of plexin-B1, a receptor of Sema4D in atherosclerotic plaque,
double immunofluorescence studies against CD31, an endo-
thelial marker, and plexin-B1 were performed on plaque areas
of atherosclerotic regions. The results demonstrated an over-
lapping pattern of CD31 (green) and plexin-B1 (red) in plaque
areas (Fig. 1C-c and d), indicating plexin-B1 expression on
endothelial cells of new vessels growing in the plaques.

Less neovascularization in ApoE”Sema4D” plaques. To study
new vessel formation in the atherosclerotic plaques, isolectin
B4 staining to detect neovascularization was initially employed
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Figure 1. Delayed development of atherosclerotic plaques in ApoE’"Sema4D”- mice. (A) Sudanophilic staining of aorta disclosed a significant delay in
atherosclerotic plaque development in 6-month-old ApoE’"Sema4D” mice. (B) The sudanophilic area was significantly smaller in 6-month-old ApoE’-Sema4D”"
atherosclerotic plaques compared with 6-month-old ApoE” plaques (n=5 for each group, "p<0.05). (C) Antibodies against Sema4D which bound to lymphocytes in
mouse spleen (brown in b) stained infiltrating lymphoid cells in atherosclerotic plaque (brown; arrows in a). Double immunofluorescence analyses revealed
that CD31 staining of endothelial cells (green in c) precisely overlapped with the localization of plexin-B1 (red in d), indicating plexin-B1 expression in

endothelial cells in atherosclerotic plaques.

with both 6-month-old ApoE~- and 6-month-old ApoE~"
Sema4D plaques. The results revealed that the percentage of
isolectin B4 positive staining in the ApoE“Sema4D~ plaques
was significantly less than in the ApoE’ plaques (ApoE”
Sema4D”- mice, 0.34+0.15% vs. ApoE”" mice, 3.04+1.03%;
P<0.05, n=7 for each group, Fig. 2A and B). Immunohisto-
chemistry using antibodies against CD31 also confirmed that
CD31 positive areas were significantly less in 6-month-old
ApoE”Semad4D”- plaques compared with 6-month-old ApoE"
plaques (ApoE”Sema4D”- mice, 0.49+0.14% vs. ApoE’ mice,
3.96+0.81%; P<0.05, n=7 for each group, Fig. 2C and D),
underscoring poor neovascularization in Sema4D-deficient
plaques.

Less macrophage infiltration in ApoE”-Sema4D" plaques.
Macrophage infiltration in the atherosclerotic plaques may
originate from monocytes circulating in neovessels formed in
the plaques (6,7). To examine whether there was less macro-
phage infiltration in ApoE"-Sema4D-- plaques, immunohisto-
chemistry with F4/80 antibodies against macrophages was
performed on plaques of 6-month-old ApoE’- and 6-month-old
ApoE”Semad4D" mice. As a result, the degree of macrophage
infiltration was shown to be significantly lower in 6-month-
old ApoE”-Sema4D plaques compared with 6-month-old
ApoE" plaques (ApoE”-Sema4D~ mice, 3.90+£0.97% vs.
ApoE” mice, 11.58+2.78%; P<0.05, n= 7 for each group,
Fig. 3A and B).
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Figure 2. Reduced neovascularization in ApoE”-Sema4D plaques. (A) Neovascularization visualized by isolectin B4 staining in ApoE”-Sema4D~ plaques (b)
appeared to be less than that in ApoE” plaques (a). (B) Statistical analyses revealed that the isolectin B4 positive area in 6-month-old ApoE""Sema4D plaques
was significantly smaller than that in 6-month-old ApoE” plaques, indicating poor neovascularization in Sema4D-deficient plaques (n=7 for each group,
“p<0.05). (C) Endothelial cells visualized with immunohistochemistry using CD31 antibodies appeared to be less in 6-month-old ApoE’"Sema4D"" plaques (b)
compared with 6-month-old ApoE”- plaques (a). (D) Statistical analyses showed that CD31 positive areas were significantly less in 6-month-old ApoE"
Sema4D” plaques compared with 6-month-old ApoE"plaques, indicating poor microvessels in Sema4D-deficient plaques (n=7 for each group, ‘p<0.05).

Discussion

Our study revealed that deletion of the Sema4D gene in ApoE”
mice induced significant retardation in atheroma growth,
reduction in intimal neovascularization and a decrease in
macrophage infiltration in the plaques. Accordingly, our data
suggest that Sema4D, secreted into atheroma plaques from the
T cell surface as a result of proteolytic cleavage, facilitates
plaque growth by promoting neovascularization through
induction of endothelial cell migration.

Our finding that deletion of the Sema4D gene from ApoE"
mice led to significant retardation in plaque growth is
comparable with the phenotype of atherosclerosis-prone LDL
receptor (LDLR) knockout mice in which the Sema4D gene
was also deleted (29). Although in this previous study, the

mice were maintained using a high fat diet different from the
normal diet employed here, both studies obtained consistent
data supporting the promotion of atherosclerosis development
by Sema4D. It was proposed that deletion of the Sema4D
gene from LDLR” mice lessens platelet function leading to
retarded atheroma growth (29). Alhough knockout of another
platelet related molecule, o535, results in a stronger platelet
inhibitory effect than Sema4D knockout, the inhibitory effects
of deletion of both genes on atherosclerosis are the same
(29,30). This indicates that Sema4D affects the function of
other cellular factors in addition to platelets.

Many experiments have supported the concept that intimal
neovascularization promotes the growth of atheroma plaque
(5,7.9). Factors such as VEGF, IL-8 and Cox-2 play crucial
roles in facilitating intimal neovascularization (31-34). Sema4D
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Figure 3. Poor macrophage infiltration in Sema4D-deficient plaques. (A) Macrophage infiltration revealed by immunohistochemistry with F4/80 antibodies
appeared to be less in 6-month-old ApoE”-Sema4D" plaques than 6-month-old ApoE" plaques. (B) Statistical analyses disclosed that the macrophage content
in 6-month-old ApoE”"Sema4D” plaques was significantly less than in 6-month-old ApoE" plaques (n=7 for each group, “p<0.05).

displays proangiogenic activity comparable with VEGF and
FGF in both in vitro and in vivo assays (22,23). However, the
proangiogenic activity of Sema4D is not thought to be
mediated by the up-regulation of VEGF or angiopoietins
(22). Determining the specific action exerted by Sema4D in
intimal neovascularization, during which factors such as
VEGF display major effects, is therefore important. A study of
tumor-induced angiogenesis showed that Sema4D works as a
directional cue for endothelial cell migration, thus leading to
regional neovascularization rather than endothelial cell growth
promotion exerted by cytokines such as VEGF (24). It is also
known that neovascularization shows regional preference,
occurring in atherosclerotic plaque (7,35). Thus, distinct from
VEGF, Sema4D may control regional neovascularization by
guiding endothelial cell migration into atheroma. Sema4D
exerts proangiogenic activity by binding the plexin-B1
receptor expressed on the endothelial cell surface (22,23).
Sema4D ligation to plexin-B1 in endothelial cells is integrated
not with the rho-rho kinase pathway but with Met receptor-

mediated signal transduction machinery (22,23). Interestingly,
R-Ras, the activity of which is down-regulated during signal
transduction of Sem4D ligation to plexin-B1, also functions
to inhibit intimal hyperplasia and tumor angiogenesis (36).
This indicates that after binding to plexin-B1 on endothelial
cells Sema4D induces intimal growth and angiogenesis by
down-regulating R-Ras activity, supporting the present
findings. Thus, we propose that Sema4D cleaved and shed from
T lymphocytes infiltrating developing atherosclerotic plaque
contributes to further atheroma growth by inducing regional
neovessel formation as a cue for endothelial cell migration into
the plaques. This then results in an increase in macrophage
invasion into the plaque from newly produced vessels.
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