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Experimental	and	clinical	evidence	indicate	that	bone	marrow	cells	participate	in	the	process	of	new	blood	vessel	
formation.	However,	the	molecular	mechanisms	underlying	their	recruitment	and	their	exact	role	are	still	elu-
sive.	Here,	we	show	that	bone	marrow	cells	are	recruited	to	the	sites	of	neoangiogenesis	through	the	neuropilin-1		
(NP-1)	receptor	and	that	they	are	essential	for	the	maturation	of	the	activated	endothelium	and	the	formation	
of	arteries	in	mice.	By	exploiting	adeno-associated	virus	vector–mediated,	long-term	in	vivo	gene	expression,	we	
show	that	the	165-aa	isoform	of	VEGF,	which	both	activates	the	endothelium	and	recruits	NP-1+	myeloid	cells,	
is	a	powerful	arteriogenic	agent.	In	contrast,	neither	the	shortest	VEGF121	isoform,	which	does	not	bind	NP-1	
and	thus	does	not	recruit	bone	marrow	cells,	nor	semaphorin	3A,	which	attracts	cells	but	inhibits	endothelial	
activation,	are	capable	of	sustaining	arterial	formation.	Bone	marrow	myeloid	cells	are	not	arteriogenic	per	se	
nor	are	they	directly	incorporated	in	the	newly	formed	vasculature,	but	they	contribute	to	arterial	formation	
through	a	paracrine	effect	ensuing	in	the	activation	and	proliferation	of	tissue-resident	smooth	muscle	cells.

Introduction
New blood vessel formation during postnatal life has been tradi-
tionally considered to arise through angiogenesis, a complex process 
essentially entailing the sprouting of new capillaries from preexist-
ing vessels to form an immature vascular network that subsequently 
undergoes functional remodeling (1, 2). The different members of 
the VEGF family have long been recognized as playing an essential 
role in this process. Five isoforms of VEGF-A (herein VEGF for brev-
ity) have been identified in humans: VEGF121, VEGF145, VEGF165, 
VEGF189, and VEGF206, generated by alternative splicing of a pri-
mary VEGF gene transcript (all isoforms are 1 amino acid shorter 
in mice). VEGF165 is the most abundant and biologically active iso-
form, being able to bind Flk-1 (VEGFR-2) and Flt-1 (VEGFR-1), 2 
receptors expressed by most vascular endothelial cells. Of interest, 
the different VEGF isoforms do not appear equivalent in function. 
In particular, knockout mice expressing only VEGF164 are normal, 
while those expressing only VEGF120 exhibit specific defects in reti-
nal, coronary, and renal arterial development (3–5). This observation 
suggests that the VEGF164 isoform might be specifically involved in 
arterial specification and periendothelial cell recruitment.

More recently, an additional, nontyrosine kinase receptor for 
VEGF165 called neuropilin-1 (NP-1) has been identified, able to signifi-
cantly enhance the affinity of VEGF165 to Flk-1 (6, 7). Notably, NP-1 
specifically interacts with VEGF165 but not with VEGF121, which lacks 
exon 7. The functional consequence of this dissimilar NP-1–bind-

ing capacity has been largely overlooked so far (8). NP-1 was origi-
nally discovered as the main receptor for semaphorin 3a (Sema3A), 
a member of the semaphorin family that provides repulsive guid-
ing cues to axonal growth cones in the developing nervous system 
(9). Despite a growing body of evidence indicating that NP-1 also 
plays an essential role in normal vascular development (10, 11), the 
underlying mechanisms and the in vivo function of this receptor still 
remain poorly understood.

Over the last several years, results from different experimental 
settings have indicated that circulating cells derived from the BM 
actively contribute to new blood vessel formation during both nor-
mal and tumor neovascularization. Different studies have high-
lighted the existence of a population of endothelial progenitor 
cells that eventually become incorporated within the newly formed 
vasculature through a differentiation process resembling embry-
onic vasculogenesis (12, 13). The existence of endothelial progeni-
tor cells has engendered much excitement and has prompted a 
rapid transposition of this concept to the clinics. The actual rel-
evance of this process, however, has been recently questioned by 
a series of experimental studies (14, 15) as well as by the results of 
clinical trials entailing the injection of total BM sites into ischemic 
tissues (see ref. 16 and citations therein).

A set of BM-derived cells that home to the sites of adult neovas-
cularization bear markers of myeloid origin and have been alter-
natively considered as tissue-resident macrophages (17), circulat-
ing monocytes (18), or more generically, mononuclear cells (19) 
or inflammatory cells (20). Indeed, we and others have observed 
that in both conditional transgenic animals (21, 22) and animals 
injected with viral vectors (23) or implanted with engineered cells 
(24), the sites of prolonged VEGF165 expression become infiltrated 
by a large number of cells bearing myeloid markers.
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Here, we tackle the issue of understanding the role of the BM-
derived mononuclear cells in the process of new blood vessel for-
mation by exploiting an in vivo gene transfer approach based on 
the use of vectors derived from the adeno-associated virus (AAV). 
These vectors represent excellent tools for in vivo investigation, 
since they efficiently transduce postmitotic tissues in vivo and 
sustain transgene expression for prolonged periods of time in 
the absence of any inflammatory or immune response. By tak-
ing advantage of these properties, we determined the effect of the 
long-term expression of VEGF165, VEGF121, and Sema3A in adult 
skeletal muscle. For what we believe is the first time, we provide 
evidence that the recruitment of myeloid cells of BM origin to the 
sites of neoangiogenesis occurs through the NP-1 receptor and is 
a peculiar feature of VEGF165. We demonstrate that these BM cells 
are essential for the process of arterial formation, since they pro-
vide chemoattraction for resident SMCs that contribute to proper 
vessel maturation. These results are relevant for the understanding 
of the process leading to functional new blood vessel formation in 
adult organisms, with particular reference to several gene therapy 
clinical trials aimed at inducing therapeutic angiogenesis.

Results
Different angiogenic phenotypes induced by the prolonged expression of VEGF 
isoforms and of Sema3A. In keeping with our previous observations 
(23, 25–27), the prolonged expression of VEGF165 in normoperfused 
rodent skeletal muscle was found to induce a massive angiogenic 
response, which was mainly characterized by the formation of a 
large number of arterioles. These vessels had a 20–120–μm diameter 
and were provided with a thick layer of α-SMA– and NG2-positive 
cells (Figure 1A and references above). Of interest, the sites of VEGF-
induced angiogenesis were always interspersed with a wide infiltra-
tion of mononuclear cells. We have previously shown that these 
infiltrating cells are of BM origin; in no case, however, were these 
cells found to directly differentiate into the α-SMA–positive cells 
covering the newly formed arterioles (see ref. 25 and Supplemental 
Figure 1; supplemental material available online with this article; 
doi:10.1172/JCI32832DS1). To our surprise, when a similar experi-
ment was performed by the injection of an AAV vector expressing 
VEGF121, no cellular infiltration was observed. Even more intrigu-
ingly, the absence of mononuclear cell infiltration was paralleled by 
a remarkably poor formation of arterioles (Figure 1A).

To quantify the effects of both VEGF isoforms in terms of cap-
illary and artery formation, we performed CD31/α-SMA double 
immunofluorescence on muscle sections from mice injected with 
either AAV-VEGF165 or AAV-VEGF121 and quantified the relative 
areas occupied by cellular nuclei (DAPI staining), endothelial cells 
(CD31), and SMCs (α-SMA) at 1 month after transduction. Both 
VEGF isoforms stimulated the proliferation of endothelial cells to 
a similar extent; however, a specific increase in the total number of 
cells as well as in the number of α-SMA–positive vessels was only 
evident in muscles expressing VEGF165 (Figure 1B).

Both VEGF121 and VEGF165 bind the canonical VEGF receptors 
(Flt-1 and Flk-1), whereas only VEGF165 also interacts with the core-
ceptor NP-1, a specific receptor for Sema3A (Figure 1C) (28). We 
indeed found that the AAV-mediated delivery of Sema3A in the skel-
etal muscle promoted a massive cellular infiltration very similar to 
VEGF165 (Figure 1D). In contrast with VEGF165, however, no new 
blood vessels were detected in the muscles overexpressing Sema3A.

To further characterize the vascular network present in the 
muscles expressing VEGF121, VEGF165, or Sema3A, animals were 

perfused in vivo with a bolus of 0.2-μm diameter fluorescent 
microspheres in order to quantify the blood pool contained in the 
treated muscles by filling up the microcirculation. The results of 
this analysis indicated that both VEGF isoforms determined an 
almost 7-fold increase in vascular volume, while Sema3A had no 
effect (Supplemental Figure 2B) despite both transgenes being 
expressed at similar levels (Supplemental Figure 2A). Confocal 
microscopy 3D reconstructions of the microsphere distribution 
inside the microcirculation of animals treated with the different 
vectors and lectin staining of the perfused vessels are shown in 
Supplemental Figure 2, C and D–E, respectively.

In vivo inhibitory effect of Sema3A on VEGF165-induced angiogenesis. We 
discovered that AAV-Sema3A when coinjected with AAV-VEGF165 
markedly suppressed VEGF165-induced angiogenesis. At 1 month 
after injection of a 1:1 combination of the 2 vectors, a remarkable 
inhibition of VEGF165-induced endothelial sprouting was evident 
(Figure 2A). This result is consistent with in vitro data showing 
that Sema3A counteracts endothelial cell activation by compet-
ing with VEGF165 (6). Most notably, in a time-course experiment 
following injection of AAV-VEGF165, AAV-Sema3A, or both, the 
formation of new α-SMA–positive arterioles induced by VEGF165 
at 1 and 3 months after injection was completely suppressed by 
Sema3A (Figure 2B). The extent of cellular infiltration was similar 
at the earlier time points (up to 14 days) for all 3 treatments; at 1 
and 3 months after injection, however, the number of infiltrat-
ing cells remained substantially unchanged or increased in the 
samples expressing Sema3A (either alone or in combination with 
VEGF165), while it was remarkably reduced with VEGF165 alone. A 
dose-response analysis of the antiangiogenic effect of AAV-Sema3A 
is shown in Supplemental Figure 3.

The histological evidence that Sema3A exerts a potent inhibitory 
effect on neoangiogenesis was also reflected by the quenching of 
the VEGF165-induced increase in vascular volume at 1 month after 
injection and by its complete abrogation at 3 months, as conclud-
ed after the injection of fluorescent microspheres (Figure 2C).

To further understand whether the antiangiogenic effect of 
Sema3A was exclusively due to competition with VEGF165 for bind-
ing to NP-1 or might involve a direct negative effect of Sema3A 
on endothelial cells, we coinjected AAV-Sema3A with either AAV-
VEGF165 or AAV-VEGF121 (since VEGF121 does not bind NP-1, it 
should not compete with Sema3A). We observed that Sema3A 
was equally able to reduce the number of CD31+ endothelial cells 
formed in response to both VEGF isoforms, suggesting a direct 
activity of Sema3A on the microvasculature (Figure 2D). Consis-
tent with these findings, we also observed that several CD31+ cells 
showed markers of apoptosis in muscles coexpressing VEGF165 and 
Sema3A. The percentage of CD31+ endothelial cells labeled by an 
anti-cleaved caspase-3 antibody was 6.8 ± 2.1 in muscles coinjected 
with AAV-VEGF165 and AAV-Sema3A, whereas it was less than 1% 
in muscles injected with either vector alone; a representative pic-
ture of an AAV-VEGF165 plus AAV-Sema3A–injected muscle after 
CD31/caspase-3 double labeling is shown in Figure 2E.

Characterization of the cells recruited to the muscles overexpressing 
VEGF165 or Sema3A. Considering the unexpected property of both 
VEGF165 and Sema3A to induce a massive cellular infiltration 
although apparently exerting opposite effects on vessel growth, we 
investigated to determine whether the cells recruited by Sema3A also 
derive from the BM, similar to what we have previously observed 
after VEGF165 gene transfer (25). Unfractionated BM cells from male 
BALB/c donor mice were transplanted into lethally irradiated synge-
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neic female recipients, thus creating Y-BALB/c chimeric mice. After 
successful engraftment (>90% of blood mononuclear cells of donor 
origin at 1 month after transplantation), these mice were injected 
with equal doses of either AAV-VEGF165 or AAV-Sema3A (n = 3 per 
treatment). In situ hybridization to detect the Y chromosome using 
an FITC-labeled mouse DNA probe was performed at 1 month after 
vector injection. In our experimental settings, this procedure rou-
tinely detects approximately 80% of Y chromosome–positive cells 
when performed on tissues of male mice. In all transplanted, chime-

ric females injected with either vector, the majority of the infiltrating 
cells bore the Y chromosome (72% ± 7% and 78% ± 8% of Y chromo-
some–positive infiltrating cells in VEGF165- and Sema3A-expressing 
muscles, respectively; Figure 3A). Moreover, as previously shown 
for VEGF165 (25), these cells scored positive for the panleukocytic 
marker CD45 as well as for the myeloid marker CD11b (Figure 3B).

To begin to gain an understanding of which receptors might 
be involved in the recruitment of these cells, the cellular infil-
trates formed in response to either AAV-VEGF165 or AAV-Sema3A 

Figure 1
Differential effects of VEGF165, VEGF121, and Sema3A on angiogenesis. (A) α-SMA immunohistochemistry of muscle sections at 1 month after 
the injection of AAV-VEGF121 or AAV-VEGF165. While VEGF165 induced the appearance of a striking number of arterioles interspersed within a 
massive infiltration of mononuclear cells, VEGF121 was incapable of sustaining either effect. The lower panels show higher-magnification image 
to highlight the presence of cellular infiltration (hematoxylin staining on the left) and of arterial vessels (α-SMA staining on the right; arterioles 
indicated by black arrowheads), specifically in muscles expressing VEGF165. Scale bars: 100 μm. (B) Comparison between VEGF121- and 
VEGF165-induced angiogenesis. While both VEGF isoforms induce endothelial cell proliferation to a similar extent (CD31 staining in green), only 
VEGF165 expression results in a significant increase in the total number of cells (DAPI nuclear staining in blue) paralleled by the formation of 
new arteries (α-SMA staining in red). Histograms on the bottom show the quantification of the relative area occupied by cellular nuclei (DAPI), 
endothelial cells (CD31), or SMCs (α-SMA) in 20 independent sections for each treatment. Data are presented as means ± SD. *Statistical 
significance over control, AAV–LacZ-treated muscles (P < 0.05). Scale bars: 100 μm. (C) Schematic representation of the interactions between 
the 3 ligands (VEGF165, VEGF121, and Sema3A) and the 3 receptors (VEGFR-1/Flt-1, VEGFR-2/Flk-1, and NP-1) considered in this study. (D) 
Cellular infiltration induced by Sema3A in the absence of neoangiogenesis. The long-term overexpression of Sema3A induced the appearance of 
a mononuclear cell infiltration, very similar to the one observed in AAV-VEGF165–treated muscles (hematoxylin staining in the upper panel). How-
ever, no new arteries could be detected in these muscles, as shown here by α-SMA immunohistochemistry (lower panel). Scale bar: 100 μm.
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were harvested by laser microdissection of muscle sections from 
the injected animals and the expression levels of the Flk-1, Flt-1, 
NP-1, and NP-2 receptors were measured by real-time PCR. The 
mononuclear cells found in the tissues expressing either VEGF165 
or Sema3A expressed abundant levels of NP-1 (Figure 3C). In con-
trast, Flk-1, Flt-1, and NP-2 were primarily detected in the muscles 
treated with AAV-VEGF165, likely reflecting the presence of sev-
eral activated endothelial cells in the microdissected samples. The 
expression levels of the 4 receptors were also quantified in pri-
mary CD11b+ cells purified from the BM by the use of magnetic 
beads. The NP-1 receptor was also found abundantly expressed 
in these cells (Figure 3D). Finally, we further confirmed by dou-
ble immunostaining that the vast majority of the CD11b+ cells 
recruited to the muscles expressing either VEGF165 or Sema3A 
were also positive for NP-1 (Figure 3E) but not for NP-2 (Figure 

3F). Both NP-1 and NP-2 antibodies stained part of the microvas-
culature. Collectively, these results point toward an essential role 
of NP-1 in mediating the recruitment of BM cells induced by both 
VEGF165 and Sema3A.

NP-1 is required for the recruitment of CD11b+ cells by VEGF165 and 
Sema3A. To further confirm that VEGF165 and Sema3A share the 
property of being able to recruit myeloid cells, primary CD11b+ 
cells were purified from the BM and tested for their ability to 
bind and migrate in response to recombinant human VEGF121 
(rhVEGF121), VEGF165, or Sema3A. The results of the migration 
assay indicated that both VEGF165 and Sema3A act as chemoat-
tractants for CD11b+ cells in a dose-dependent manner (Figure 
4A). In contrast, a negligible number of cells migrated in response 
to VEGF121. In a consistent manner, both VEGF165 and Sema3A 
but not VEGF121 expressed as recombinant proteins fused to alka-

Figure 2
Inhibition of VEGF165-induced angiogenesis by Sema3A. (A) Staining with an α-CD31 antibody revealed massive angiogenic sprouting 
induced by VEGF165 (upper panel), the absence of new capillary formation in Sema3A-expressing muscles (middle panel), and a potent effect 
of Sema3A in counteracting VEGF165-induced angiogenesis (lower panel). Scale bars: 100 μm. (B) Immunohistochemistry using an anti–α-
SMA antibody shows the progressive formation of arteries over time in muscles overexpressing VEGF165 (upper panels), whereas new arteries 
were generated in response to Sema3A (middle panels). The combined expression of VEGF165 with Sema3A resulted in an almost complete 
inhibition of the VEGF165-induced angiogenic effect (lower panels). Scale bars: 100 μm. (C) The capacity of Sema3A to counteract the increase 
in vascular volume driven by VEGF165 was assessed by fluorescent microspheres at both 1 and 3 months after vector delivery. Data are pre-
sented as a ratio between the emission value of the treated and the contralateral mock-treated muscle. Shown are means ± SD. *P < 0.05. (D) 
The area occupied by endothelial cells, as measured by anti-CD31 fluorescent labeling, was quantified in muscles injected with AAV- VEGF165 
and AAV- VEGF121, either alone or in combination with AAV-Sema3A. Shown are means ± SD. (E) The presence of apoptotic endothelial cells 
(white arrowheads) is shown by double labeling for the endothelial marker CD31 and for the apoptotic marker cleaved caspase-3 in muscles 
injected with AAV- VEGF165 and AAV-Sema3A. Right panels show the blue/green (upper) and blue/red (lower) channels of the image. Insets 
show higher magnification. Scale bar: 100 μm.
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Figure 3
Recruitment of NP-1+ myeloid cells by VEGF165 and Sema3A. (A) The intramuscular injection of AAV-VEGF165 or AAV-Sema3A in female mice 
transplanted with male BM determined a massive infiltration of Y chromosome–positive cells (shown by FISH as a green dot inside a DAPI-
stained blue nucleus). Scale bar: 100 μm. (B) The vast majority (>80%) of the cells recruited by both VEGF165 and Sema3A scored positive for 
the panleukocytic marker CD45 (left) as well as for the monocyte marker CD11b (right). Scale bar: 100 μm. (C) The cellular infiltrates from the 
muscles expressing either VEGF165 or Sema3A were laser microdissected to determine the expression levels of Flk-1, Flt-1, NP-1, and NP-2 by 
real-time PCR (normalized to those of the housekeeping gene GAPDH). With the exception of NP-2, these receptors were abundantly expressed 
in VEGF165-expressing muscles (white bars). In contrast, in muscles injected with AAV-Sema3A, NP-1 was the most abundantly expressed 
receptor (black bars). Shown are means ± SD of 3 independent quantifications. (D) The same quantifications described in C were performed 
on primary CD11b+ cells purified from the BM. Shown are means ± SD of 3 independent quantifications. (E) The majority of the cells recruited 
by both VEGF165 and Sema3A were colabeled by antibodies against CD11b (green) and NP-1 (red). NP-1 expression was also detected in the 
microvasculature (25). Scale bar: 100 μm. (F) Infiltrating CD11b+ cells from VEGF165- and Sema3A-transduced muscles were stained with anti-
bodies against CD11b+ (red) and NP-2 (green). The majority of cells scored negative for NP-2, which was expressed by some vessels.
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Figure 4
Fundamental role of NP-1 in CD11b+ cell recruitment by VEGF165 and Sema3A. (A) The number of BM CD11b+ cells migrated in response 
to different concentrations of VEGF165, VEGF121, and Sema3A was counted in 8 fields per membrane. Histograms show the mean number of 
migrated cells ± SD. *P < 0.05 over control (no chemoattractant). (B) Cell supernatants containing fusion proteins between AP and VEGF165, 
VEGF121, or Sema3A were added to CD11b+ cells. Binding was detected upon addition of VEGF165-AP and Sema3A-AP, but not VEGF121-AP. 
AP-tag only was used as a negative control. Original magnification, ×20. (C) Expression of Flk-1, Flt-1, and NP-1 was analyzed in CD11b+ cells 
transfected with lipids alone or with siNP1bis and siNP1ter (see Supplemental Figure 4) and normalized to the housekeeping gene GAPDH. 
Shown are means ± SD of 3 independent experiments. *P < 0.05 over untreated cells. (D) Purified CD11b+ cells were treated with siNP1ter or 
with a control scrambled siRNA and tested for their ability to migrate in response to VEGF165 (50 ng/ml) and Sema3A (700 ng/ml). Silencing of 
NP-1 (white bars) markedly impaired cell migration to both chemoattractants. Shown are means ± SD of 3 independent experiments. *P < 0.05 
over untreated cells. (E) CD11b+ cells were lipofected with either siNP1ter or the control scrambled siRNA, labeled with the fluorescent dye 
PKH67, and reinjected i.v. into AAV-VEGF165-treated syngeneic mice. Several PKH67-labeled cells (green) were recruited to VEGF165-express-
ing muscles, close to α-SMA–labeled arterioles (red). Conversely, very few siNP1ter-treated cells were found at the site of VEGF165-induced 
angiogenesis, as quantified in the graphs on the right. Shown are means ± SD. n = 6. *P < 0.05. Scale bar: 50 μm.
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line phosphatase (AP) bound to cell-surface receptors on CD11b+ 
cells, consistent with a prominent involvement of the NP-1 recep-
tor in this binding (Figure 4B).

To directly address the role of NP-1 expressed by BM CD11b+ 
in mediating the recruitment of these cells by VEGF165 and 
Sema3A, we designed 3 siRNAs targeting the NP-1 mRNA (Sup-
plemental Figure 4A). The 2 most active siRNAs (siNP1bis and 
siNP1ter, which target NP-1 mRNA at positions 2577 and 2860, 
respectively) were lipofected either alone or in combination into 
primary CD11b+ cells followed by real-time PCR quantification 
of Flk-1, Flt-1, and NP-1 transcripts. siNP1ter reduced the lev-
els of overexpressed and endogenous NP-1 by more than 90% 
and 70%, respectively, in the absence of off-target effects (Figure 
4C and Supplemental Figure 4, B–F). siNP1ter-treated CD11b+ 
cells were then tested for their migratory activity in response 
to VEGF165 or Sema3A. Silencing of NP-1 specifically impaired 
the migration of CD11b+ cells in response to both chemoat-
tractants, used at their most effective dose. In contrast, the 

same siRNA had only a modest effect when the same cells were 
challenged with 20% serum (Figure 4D). This result shows that 
the chemoattractant activity of VEGF165 and Sema3A toward 
CD11b+ cells is exerted through NP-1. To further confirm the 
relevance of NP-1 in CD11b+ cell recruitment in vivo, we treated 
cells with either siNP1ter or a scrambled control siRNA and 
labeled them with the fluorescent dye PKH67 prior to injec-
tion into AAV-VEGF165-injected syngeneic animals. As shown in 
Figure 4E, several control-treated labeled cells were recruited to 
the site of VEGF165 overexpression, whereas very few siNP1ter-
treated cells accumulated at these sites.

As NP-1 usually signals through the heterodimerization with 
other receptors, we sought to determine the involvement of pos-
sible NP-1 partners in CD11b+ cell migration. Consistent with 
the real-time RT-PCR and immunofluorescence results shown in 
Figure 3, we detected by Western blotting abundant levels of NP-1  
and Flt-1 but no expression of NP-2 in primary CD11b+ cells 
purified from the BM (Supplemental Figure 5A). Flk-1 expres-

Figure 5
Soluble factors produced by CD11b+ cells stimulate SMC migration and proliferation. (A) CD11b+ and CD11b– cells were used as chemoat-
tractants for primary coronary artery SMCs. Histograms show the mean number of migrated cells ± SD, as counted in more than 8 fields per 
membrane. Regression analysis indicated that the only supernatant conditioned by CD11b+ cells was able to recruit SMC cells in a dose-related 
manner (r = 0.71; P < 0.05). (B) SMCs and HUVECS were exposed to medium conditioned by CD11b+ cells, and cell proliferation was measured 
by MTT assay. SMCs but not HUVECs responded to mitogens secreted by CD11b+ cells. Shown are means ± SD of 3 experiments. *P < 0.05 
over unstimulated cells; F = 245.0 and 0.32 for SMCs and HUVECs, respectively. (C) SMCs and HUVECs were exposed to a medium condi-
tioned by CD11b+ cells previously primed by 50 ng/ml of hrVEGF121 or hrVEGF165. Upon exposure to both VEGF isoforms, CD11b+ cells became 
able to stimulate the proliferation of both SMCs (as in B) and HUVECs. Shown are means ± SD of 3 experiments. *P < 0.05 over unstimulated 
cells; F = 90.61 and 143.6 for SMCs and HUVECs, respectively. (D) The expression levels of a panel of candidate genes were determined by 
real-time PCR in muscles injected with AAV-VEGF121 or AAV-VEGF165. Data are presented as a ratio between the VEGF-expressing and the 
mock-injected contralateral muscles. Shown are means ± SD. n ≥ 6. (E) The same transcripts considered in part D were also analyzed in primary 
CD11b+ BM cells. Shown are means ± SD of 3 independent quantifications.
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sion could be detected by real-time RT-PCR (Figure 3) but not by 
Western blotting, likely indicating low levels of expression of this 
receptor. However, both Flk-1 and Flt-1 coimmunoprecipitated 
with NP-1, with the signal being even stronger for Flk-1 than for 
Flt-1. Thus, Flk-1, even if expressed at low levels, is tightly associ-
ated to NP-1 in CD11b+ cells (Supplemental Figure 5B). To fur-
ther validate the presence and activity of the different receptors 
in CD11b+ cells, we assessed whether their silencing affected cell 
migration in response to VEGF165. As shown in Supplemental Fig-
ure 5C, both anti–Flt-1 and anti–Flk-1 siRNAs effectively inhib-
ited cell migration. Interestingly, silencing of plexin-A1, which is 
also expressed at low levels by CD11b+ cells (not shown), did not 
have any effect on CD11b+ cell migration.

BM CD11b+ cells stimulate SMC proliferation and migration. The 
intriguing observation that VEGF121 is neither able to bind and 
recruit BM CD11b+ cells nor to cause the formation of arteries vivo 
suggests that these cells play an important role during the later 
phases of the angiogenic process, possibly promoting SMC recruit-
ment and the subsequent formation of arterial vessels. As a first 
step to verify this hypothesis, we fractionated total BM according 
to CD11b expression, and both the positive and the negative frac-
tions were tested for their ability to attract primary arterial SMCs. 
As shown in Figure 5A, the CD11b+ fraction exhibited a marked, 
dose-dependent chemotactic activity toward SMCs.

Next, we investigated the ability of CD11b+ cells to influence 
SMC proliferation. We found that the CD11b+ cell–conditioned 
medium significantly stimulated the proliferation of SMCs; in 
contrast, no effect could be observed when the same conditioned 
medium was applied to HUVECs (Figure 5B). This result indicates 
that unstimulated CD11b+ cells secrete factors able to drive mito-
genic signals in SMCs but not in endothelial cells. Of interest, when 

CD11b+ cells were previously exposed to high doses of VEGF121 or 
VEGF165, they acquired the ability to sustain the proliferation of 
both SMCs and HUVECs to a similar extent (Figure 5C).

Overall, these experiments indicate that BM CD11b+ cells 
secrete soluble factors able to trigger both the proliferation and 
the migration of SMCs, thus supporting a possible paracrine 
action of these cells in the recruitment of SMCs during neovas-
cularization in vivo. To address this issue, we analyzed the expres-
sion levels of a panel of molecules previously shown to play a role 
in vessel maturation. As shown in Figure 5D, muscles injected 
with AAV-VEGF165 exhibited a specific upregulation of TGF-β, 
PDGF-B, and the CXCR4 chemokine receptor as compared with 
muscles injected with AAV-VEGF121. Interestingly, most of these 
transcripts were abundantly expressed by primary BM CD11b+ 
cells (Figure 5E). In contrast, no significant variations could be 
detected in the expression levels of Ang I, ephrin-B2, and stromal-
derived factor-1 (SDF-1) (a CXCR4 ligand). The striking differenc-
es detected in the former group of genes cannot be attributed to 
different levels of expression of VEGF165 versus VEGF121, as shown 
by the specific quantification of the human mRNAs expressed 
from the transduced vectors (Supplemental Figure 2A).

A model to explain the key role of CD11b+ cells in the formation of arte-
rial vessels. Taken together, the results so far described are consis-
tent with a model implying a relevant role of BM CD11b+ cells in 
promoting the formation of arterial vessels during adult neovascu-
larization (Figure 6). According to this model, both VEGF165 and 
Sema3A share the ability to bind NP-1 and to attract CD11b+ BM 
cells, which express this receptor. VEGF165 and Sema3A, however, 
have opposite effects on the local endothelium, as the former acti-
vates endothelial cell proliferation and migration, while the latter 
inhibits both processes. In cooperation with the local endothelium 
activated by VEGF165, the recruited myeloid cells in turn promote 
the maturation of the growing vessels through a paracrine mecha-
nism that determines the enrollment of SMC/pericytes. Thus, arte-
rial formation strictly relies on the simultaneous occurrence of 2 
effector mechanisms, namely endothelial cell activation on one side 
and CD11b+ cell–dependent SMC engagement on the other side.

CD11b+ cells promote vessel maturation and artery formation in vivo. 
Our model would predict that the combination of VEGF121, 
which activates endothelial cells promoting capillary sprout-
ing, with CD11b+ mononuclear cells, which act in a paracrine 
fashion by attracting SMCs, should result in the formation of 
arterial vessels. To validate this prediction in vivo, we injected 
mice with AAV-VEGF121 either alone or in combination with 
BM CD11b+ cells purified from syngeneic animals. As expected, 
VEGF121 determined massive capillary sprouting, which was evi-
dent at both 15 days and 1 month after injection (a representa-
tive image is shown in Figure 7A); however, no new arteries were 
formed. In contrast, in muscles that received the same dose of 
vector together with 5 × 105 purified CD11b+ cells, a remarkable 
number of SMC-coated arterial vessels appeared in close proxim-
ity to the cellular infiltrates at both 15 days and 1 month after 
injection (this effect is quantified in Figure 7B, and 3 representa-
tive pictures showing artery formation are shown in Figure 7A). 
No effect at all on either endothelium or arteries was observed 
by the injection of the cells alone. To confirm the identity of the 
injected cells and to track their fate in vivo, in a subset of ani-
mals, the CD11b+ cells were ex vivo labeled with the lipophilic 
dye PKH26 immediately prior to injection. When coinjected with 
AAV-VEGF121, these cells were found to persist in the treated 

Figure 6
A model to explain the role of BM cells in arteriogenesis. Artery forma-
tion relies on the occurrence of 2 concomitant events, namely the acti-
vation of the local endothelium (through the canonical VEGF receptors) 
and the recruitment of BM-derived mononuclear cells through the NP-1 
receptor; these cells in turn engage SMCs to the sites of endothelial 
activation. Only VEGF165 is able to stimulate both events and is thus 
arteriogenic. In contrast, VEGF121 activates the endothelium locally, 
thus inducing capillary sprouting, but is not able to bind NP-1, and thus 
it does not recruit BM cells nor does it form arteries. Finally, Sema3A, 
a high-affinity ligand for NP-1, is a potent recruiter of mononuclear cells 
from the BM, but it exerts an inhibitory effect on endothelial cells and 
therefore is not angiogenic.
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Figure 7
CD11b+ cells promote the formation of arterial vessels through a paracrine effect in concert with the activated endothelium. (A) In vivo arterial 
formation by the coinjection of AAV-VEGF121 and CD11b+ cells. While AAV-VEGF121 only promotes massive capillary sprouting, as shown by 
CD31 staining in green (upper left panel), the simultaneous administration of purified CD11b+ cells determines the formation of several arteries 
(α-SMA staining in red) in close proximity to the cellular infiltrates (white arrows). Scale bar: 100 μm. (B) Quantification of the relative areas 
occupied by cellular nuclei (DAPI), endothelial cells (CD31), or SMCs (α-SMA) in 20 independent sections for each treatment (AAV-VEGF121, BM 
CD11b+ cells, or a combination of both). Data are presented as means ± SD. *Statistical significance over control, AAV-LacZ–treated muscles  
(P < 0.05). Cells, BM CD11b+ cells; C, control. (C) CD11b+ cell engraftment in the skeletal muscle. A large number of PKH26-labeled CD11b+ 
cells injected together with AAV-VEGF121, could be detected in the skeletal muscle as red fluorescent cells at day 3 after injection (left panel). A 
lower number of cells were still present at longer time points (shown at 21 days on the right panel) in close proximity to arterial vessels (visual-
ized in green by α-SMA immunofluorescence staining). Scale bar: 200 μm. (D) Effect of CD11b+ cells on VEGF121-induced vascular leakiness. 
Shown are results of the Miles test as a measure of vascular permeability in muscles injected with AAV- VEGF165 and VEGF121 alone or in com-
bination with CD11b+ cells. Data are presented as a ratio of the adsorbance for the treated and the contralateral mock-treated tibialis anterior 
muscle. A significant reduction in vascular leakiness was evident when CD11b+ cells had been coinjected with AAV-VEGF121 as compared with  
AAV-VEGF121 alone, reaching a value comparable to AAV-VEGF165. No effect was observed by CD11b+ cell injection per se. *P < 0.05.
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muscles for at least 3 weeks after transplantation (Figure 7C). 
Of interest, the simultaneous staining of arterial vessels using 
an anti–α-SMA antibody revealed that several of these cells were 
positioned in close proximity to the arterial vessel wall.

Since the acquisition of an SMC layer has been traditionally 
considered a fundamental maturation step during the angiogen-
ic process, we investigated to determine whether the arteriogenic 
effect driven by the simultaneous injection of AAV-VEGF121 with 
purified CD11b+ cells also determined a functional improvement 
of the newly formed vasculature. To this aim, we compared the 
vascular leakiness of muscles treated with AAV- VEGF165, AAV-
VEGF121 alone, or AAV-VEGF121 in combination with CD11b+ 
cells by a modification of the Miles test, performed by systemi-
cally injecting a bolus of Evans blue dye (23). As shown in Fig-
ure 7D, both VEGF165 and VEGF121 determined the formation of 
leaky vessels, with extravasation of the dye being higher in the 
VEGF121-treated muscles. Conversely, the simultaneous injec-
tion of CD11b+ cells together with AAV-VEGF121 significantly 
counteracted the permeabilizing effect of this factor. This result 
clearly indicates that, besides morphological evidence of arterial 
formation, CD11b+ cells also exert a promaturation activity on 
the newly formed vasculature.

Discussion
Here, we propose a new model for the generation of arterial ves-
sels in adult organisms, according to which NP-1–expressing 
CD11b+ cells attracted from the BM to the site of neoangiogen-
esis are essential for the recruitment and proliferation of SMCs 
around the growing capillaries, which leads to the formation of 
new arteries. This conclusion is based on the following experi-
mental observations: (a) arterial formation in nonischemic, adult 
tissues is accompanied by the infiltration of BM-derived mono-
nuclear cells; (b) formation of new arteries is specifically induced 
by VEGF165; VEGF121 neither is arteriogenic nor does it recruit BM 
cells; (c) VEGF165, but not VEGF121, binds the NP-1 receptor; (d) 
both BM CD11b+ cells and the mononuclear cells infiltrating the 
sites of artery formation express abundant levels of NP-1; silenc-
ing of this receptor by RNAi impairs the migratory capacity of 
CD11b+ cells in response to both VEGF165 and Sema3A both in 
vitro and in vivo; and (e) BM CD11b+ cells activate SMC prolifera-
tion and migration in vitro and promote the formation of new 
SMC-coated arteries in vivo.

The observation that VEGF121 is capable neither of recruiting 
BM cells nor of forming arteries in vivo points to an essential role 
of these cells in the specific process of arterial formation. This 
conclusion is in perfect agreement with the notion that knock-
out mice expressing only VEGF120 exhibit specific defects in arte-
rial development (3–5). In this respect, it is worth mentioning 
that the difference in arteriogenic potential between VEGF121 
and VEGF165 has probably escaped previous gene transfer inves-
tigations, since the vast majority of studies were performed 
by exploiting first generation adenoviral vectors (29–31) or ex 
vivo–engineered myoblasts (24, 32). The former system is highly 
inflammatory and induces a strong immunogenic response, 
while the latter leads to VEGF production at such high levels 
that aberrant vascular structures appear in treated tissues. In 
both cases, vector or cell injection per se induces the recruitment 
of inflammatory cells (including myeloid cells) that might con-
tribute to arterial formation. Similar considerations also apply 
to studies performed in ischemic models, in which the massive 

infiltration of inflammatory cells determined by acute ischemia 
blurs the differential capacity of the 2 VEGF isoforms to recruit 
myeloid cells. Appreciation of the fact that VEGF121 has different 
angiogenic properties compared with VEGF165 is relevant for the 
choice of the appropriate gene in the gene therapy trials aiming 
at therapeutic angiogenesis, since the formation of larger arte-
rial vessels in addition to capillaries is an essential requisite to 
obtaining functional neovascularization.

Besides the property of binding to heparin, the main differ-
ence that distinguishes VEGF165 and VEGF121 is the ability of 
the former factor to interact with NP-1, at least at the physio-
logical concentrations and in vivo conditions used in our study. 
Indeed, we found that NP-1 was highly expressed by purified 
BM CD11b+ cells as well as by the cells infiltrating the sites 
of neoangiogenesis. In addition, this receptor was essential to 
mediating the chemoattractive activity of both VEGF165 and 
Sema3A on CD11b+ cells in vitro and in vivo. Collectively, these 
results indicate that NP-1 exerts a prominent and essential role 
mediating in the recruitment of CD11b+ cells. We also observed 
that these cells expressed, albeit at lower levels, both Flt-1 and 
Flk-1 and that the downregulation of these receptors impaired 
CD11b+ migration in response to VEGF165 and Sema3A. It might 
thus be conceivable that Flt-1 and Flk-1 act as NP-1 coreceptors 
in this process. Of note, however, VEGF121 was neither able to 
bind CD11b+ cells (in contrast with previous findings in which 
the factor was used at very high concentrations; ref. 33) nor to 
determine their migration, thus indicating that the engagement 
of NP-1 is necessary for both events.

Despite acting as a powerful CD11b+ cell attractor, Sema3A 
potently inhibited VEGF-induced angiogenesis. To our knowl-
edge, this is the first demonstration that Sema3A, in addition to 
its inhibitory role on blood vessel formation during development 
(34, 35), also exerts an antiangiogenic activity in adult organisms. 
The exact mechanism of this inhibition still remains to be eluci-
dated. Indeed, this event might simply depend on a competition 
between VEGF165 and Sema3A for binding to Flk-1 on endothelial 
cells (6) or it might reflect a specific signaling activity of Sema3A 
on growing vessels. Our findings that Sema3A also inhibits 
VEGF121-induced angiogenesis and that apoptotic endothelial 
cells are detected in muscles coinjected with AAV-VEGF165 and 
AAV-Sema3A are consistent with the conclusion that Sema3A 
exerts a proapoptotic activity on VEGF-activated endothelial 
cells. Whether this activity is direct and VEGF specific or some-
how involves the recruited cells and extends to other angiogenic 
inducers still remains unexplored.

A number of studies are concordant in concluding that cells 
deriving from the BM are an essential component of both normal 
and tumor angiogenesis, although controversy still exists about 
the possibility that they might themselves become part of the ves-
sels. The BM-derived cells that infiltrate the muscles expressing 
VEGF165 in our experimental conditions are definitely not incor-
porated into the newly formed vasculature to become CD31+ 
endothelial cells or α-SMA+ SMCs (25). This is in agreement with 
several investigations that have exploited other angiogenesis mod-
els (14, 22, 24, 36, 37). Obviously, we cannot exclude that in other 
conditions, such as during tumor angiogenesis, a subset of BM-
derived cells might act as pericyte progenitors that are directly 
incorporated into the vasculature (38). Whether this subset of cells 
might also be recruited using the NP-1 receptor might become the 
subject of future investigation.
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Collectively, our data lead to the conclusion that artery for-
mation relies on 2 essential components: on one side, stimula-
tion of the local endothelium (most likely through the canoni-
cal VEGF receptors), while on the other side, recruitment of 
circulating myeloid cells through the NP-1 receptor. Striking 
evidence that recapitulates this notion comes from 2 main find-
ings: (a) the reduced homing capacity of myeloid cells in which 
NP-1 has been silenced; and (b) the appearance of arterial ves-
sels upon the direct injection of BM CD11b+ cells together with 
the AAV vector expressing VEGF121. The latter finding rules out 
the possibility that the different angiogenic effects exerted by 
VEGF165 and VEGF121 might only depend on their diverse ability 
to interact with NP-1 on the arterial endothelium and points to 
a major role of the recruited cells in determining the formation 
of novel arteries.

Our observations indicate that BM cells act in a paracrine fash-
ion by specifically promoting vessel maturation to form arterioles. 
Consistent with this conclusion, studies on embryonic vascular 
development have revealed that cells of the vessel wall are added at 
later stages of vessel assembly through the differentiation of mural 
precursors upon stimulation by soluble factors (39). According 
to previous gene knockout studies, plausible candidates that are 
likely to play a major role in this process essentially belong to the  
Ang I/Tie2, TGF-β/TGFR-β, and PDGF-B/PDGFR-β systems  
(39–42). In particular, the hearts of VEGF120/120 mice, showing 
impaired arterial formation, expressed reduced levels of PDGF-B 
and its type β receptor, whereas the levels of Ang I were similar (3). 
Accordingly, we also observed increased expression of TGF-β and 
PDGF-B in the muscles overexpressing VEGF165 and no significant 
differences in the levels of Ang I.

Recent work has indicated that SDF-1 is essential to retaining 
CD45+CD11b+ myeloid cells to the sites of neoangiogenesis and to 
promoting their correct positioning on the external side of the ves-
sel wall (22). In keeping with these results, we found that CXCR4 
(the main receptor for SDF-1) was significantly upregulated in the 
VEGF165-expressing tissues. However, no upregulation was detect-
ed for SDF-1, which was already constitutively expressed at high 
levels in untreated muscles.

A final issue that still remains to be understood is to what 
extent the process of new artery formation, which we describe 
as dependent on both local endothelial cell activation and BM-
derived cell recruitment, overlaps with the traditional concept 
of “arteriogenesis,” as referring to the remodeling of preexisting 
vessels to form larger collateral conductance arteries (43). In this 
context, it is worth mentioning that, although arteriogenesis is 
mainly triggered by increased shear stress, different experimen-
tal models suggest that this process is always accompanied by 
tissue infiltration by monocytes and macrophages (18, 43–45), 
suggesting that these cells might also play a role in the formation 
of larger conductance arteries. In this respect, our results might 
also explain the benefits conferred by the injection of autologous 
BM cells in patients with myocardial or peripheral ischemia even 
in the absence of clear proof of transdifferentiation of the trans-
planted cells (46–50).

Methods
Recombinant AAV vectors and animal treatment. The rAAV vectors used 
in this study were produced by the AAV Vector Unit at ICGEB Trieste 
(http://www.icgeb.org/RESEARCH/TS/COREFACILITIES/AVU.htm), 
according to the protocol previously described (23). All the vectors used 

in this study express the various human cDNAs under investigation 
(VEGF165, VEGF121, Sema3A) or the LacZ gene under the control of the 
constitutive CMV immediate early promoter. All the viral stocks used 
in this study had a titer greater than or equal to 1 × 1012 viral genome 
particles/ml. The proper expression of all transgenes was tested in vitro 
by Western blotting using specific antibodies after transduction of 
293T cells and in vivo by real-time PCR quantification of the transgene 
mRNAs in transduced tissues.

Mice were injected in the tibialis anterior with 50 μl of each vector. Animal 
care and treatment were conducted in conformity with institutional 
guidelines in compliance with national and international laws and poli-
cies (EEC Council Directive 86/ 609, OJ L 358. December 12, 1987). All 
animal studies were approved by the Italian Ministry of Health, Office 
X, according to DL 116/92 of the Republic of Italy and by the ICGEB 
Management Board, Trieste, Italy.

Primary cell cultures. CD11b+ cells were isolated from total BM (extracted 
from tibiae and femurs of BALB/c mice) using CD11b magnetic cell sepa-
ration system beads (Miltenyi Biotec) and cultured in RPMI 1640 supple-
mented with 10% high-quality FBS (GIBCO). In a subset of experiments 
of in vivo cell transplantation, CD11b+ cells were labeled with PKH26 red 
fluorescent linker (Sigma-Aldrich) immediately after purification and 
prior to injection. Coronary artery SMCs and HUVECs were purchased 
from Clonetics (Clonetics; Cambrex) and cultured in their own media, 
provided by the manufacturer.

Real-time PCR. Total RNA from purified CD11b+ cells or microdissected 
tissue samples was extracted using TRIzol reagent (Invitrogen) according 
to manufacturer instructions and reverse transcribed using hexameric 
random primers. The cDNA was then used as a template for real-time 
PCR amplification to detect the expression levels of the murine VEGF 
and Sema3A receptors (VEGFR-1, VEGFR-2, NP-1, and NP-2), as well as 
of TGF-β, PDGF-B, CXCR4, angiopoietin-1, ephrin-B2, and SDF-1; the 
housekeeping genes GAPDH and 18S were used to normalize the results. 
All the amplifications were performed on an ABI PRISM 7000 Instrument 
(Applied Biosystems) using predeveloped assays (Applied Biosystems).

BM and cell transplantation studies. BM transplantation studies were per-
formed as already described (25). Recipient, age-matched syngeneic female 
mice were lethally irradiated with a total dose of 8.5 Gy; 2 × 106 cells BM 
cells, obtained from male mice, resuspended in 0.2 ml medium, were trans-
planted via tail-vein injection. After 4 weeks, blood counts and hematocrit 
values confirmed the full hematopoietic recovery.

Successful engraftment of the transplanted cells was further con-
firmed by the quantification of a specific mouse Y chromosome sequence 
in DNA samples extracted from PBMC or BM cells at 1, 2, and 6 months 
after transplantation, using primers Y-F (5′-CATGCAAAATACAGAGA-
TCA-3′) and Y-R (5′-TAAAATGCCACTCCTCTGTG-3′) to produce a 
genomic segment of 181 bp.

As a cellular reference gene, mouse β-globin was amplified by primers BG-
F (5′-CAGCCTCAAGGGCACCTTTG-3′) and BG-R (5′-AGCAGCAATTCT-
GAATAGAG-3′) to generate a 238-bp fragment. Exact quantification was 
obtained using an established competitive PCR procedure that uses a syn-
thetic DNA competitor for the quantification of both targets (51).

To monitor the recruitment of CD11b+ cells in vivo, 5 × 106 cells purified 
by the use of magnetic beads were lipofected with either siNP1ter or a control 
scrambled siRNA, labeled with green dye PKH67 (Sigma-Aldrich), and inject-
ed i.v. into syngeneic mice, previously transduced i.m. with AAV-VEGF165.

In vivo perfusion with fluorescent microspheres. To quantify the vascular 
volume of treated and untreated muscles, 300 μl of orange fluorescent 
microspheres (FluoSpheres; Molecular Probes) were injected i.v. into liv-
ing mice. After 1 minute (to ensure a proper distribution of the micro-
spheres throughout the body), animals were sacrificed and both tibialis 



research article

	 The	Journal	of	Clinical	Investigation   http://www.jci.org   Volume 118   Number 6   June 2008 2073

anterior muscles immediately harvested. Recovery of microspheres and 
extraction of fluorescent dye was performed according to manufactur-
ers’ instructions. In brief, weighted muscles were digested in 2 M etha-
nolic KOH, 0.5% Tween-80 (v/v) (Sigma-Aldrich) at 60°C with periodic 
shaking. Homogenates were centrifuged in a swinging rotor and the 
pellet resuspended in 0.25% Tween-80. After an additional centrifuga-
tion and washing, microspheres were dissolved in 2-ethoxyethyl acetate 
(Sigma-Aldrich). Debris was removed by centrifugation, and fluores-
cence in the supernatant was measured with the VersaFluor Fluorom-
eter System (Bio-Rad). Values were normalized and expressed as ratios 
between fluorescence of treated and untreated contralateral muscle for 
each animal (n = 6 per group).

To obtain a 3D reconstruction of the vascular network, mice were sub-
jected to in vivo perfusion with a 1:6 dilution of the same fluorescent 
microsphere solution (FluoSpheres; Molecular Probes). After anesthe-
sia, the chest was opened and the vasculature perfused with PBS for 3 
minutes, followed by 20 ml of FluoSpheres (1:6 dilution of the stock) 
via a blunt 13-gauge needle inserted through the left ventricle into the 
ascending aorta. The treated muscles were removed and immediately 
frozen for cryosectioning. Thick (50–100 μm) sections were analyzed by 
confocal microscopy to obtain a Z-stack for the 3D reconstruction of 
the vascular network.

Migration assay. Migration assays were performed with the use of 5-μm 
(for CD11b+ cells) or 8-μm (for SMCs and endothelial cells) pore size 
transwell permeable supports with a polycarbonate membrane (Costar; 
Corning Inc.). 1 × 105 cells were seeded in serum-free medium in the upper 
chamber, while chemoattractants were placed in the lower chamber. After 
16 hours incubation, migrated cells on the lower surface of the membrane 
were fixed in methanol and stained with Giemsa. Each assay was carried 
out in triplicate, by counting 8 fields per membrane at ×400 magnifica-
tion. Results are expressed as the mean number of migrated cells ± SD. 
hrVEGF121, VEGF165, and hrSema3A were purchase from R&D.

MTT proliferation assay. HUVEC and SMC proliferation were estimated by 
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MMT) 
colorimetric assay. Purified CD11b+ cells were treated with 50 ng/ml  
of hrVEGF121 or VEGF165 every 12 hours for 72 hours. At regular intervals, 
condition medium was added to HUVECs or SMCs plated in a 96-multiwell  
plate. At the end of the incubation time, culture medium was removed 
and 100 μl of MTT (5 mg/ml) (Roche Molecular Biochemicals) was 
added to each well for 4 hours. The precipitated MTT formazan was dis-
solved in a mixture of 100 μl of 10% and 10 μM HCl, and the absorbance 
read the day after at 570 nm with an ELISA Reader (Bio-Rad). Cell num-
ber was determined from absorbance values by using a preestablished 
calibration curve.

Vessel wall permeability assay. Analysis of vessel permeability was performed 
by an adaptation of the Miles assay (52) to rodent muscles. Mice (n = 6 per 
group) were injected in the jugular vein with 250 μl of 0.5% Evans blue 
(Sigma-Aldrich), respectively, and sacrificed after 30 minutes. The tibialis 
anterior muscles were removed and weighed. The dye was extracted by 
incubation in 2% formamide at 55°C and quantified spectrophotometri-
cally at 610 nm. Absorbance values were converted according to a standard 
curve in Evans blue concentration and expressed as a ratio between treated 
and control muscles from the same animal.

Histology. For histological evaluation, tissue samples were either 
snap frozen or fixed in 2% formaldehyde and embedded in paraffin. 
Immunohistochemistry was performed on paraffin-embedded sections, 
with the use of the following antibodies: mouse monoclonal against α-
SMA (clone 1A4, Sigma-Aldrich) and rabbit polyclonal against cleaved 
caspase-3 (Cell Signaling). Protocols were according to the Vectastain 
Elite ABC kit (universal or goat) from Vector Laboratories. After treat-

ment, slides were rinsed in PBS and signals were developed using 3,3′-
diaminobenzidine as a substrate for the peroxidase chromogenic reac-
tion (Lab Vision Corp.).

For immunofluorescence, frozen sections (5 μm thick) were fixed in cold 
acetone and blocked for 30 minutes with 5% goat or 5% horse serum in PBS, 
depending on the secondary antibody. The following primary antibodies 
were used diluted 1:200 in blocking buffer: anti-CD11b, anti-CD31, anti-
CD45 (all from BD Biosciences — Pharmingen), anti–NP-1 and anti–NP-2 
(both from R&D Systems), and Cy3-conjugated anti–α-SMA (clone 1A4) 
(Sigma-Aldrich). Relative areas occupied by differently stained cells were 
quantified by the use of ImageJ software.

For the staining of whole-animal vasculature with fluoresceinated lectin, 
100 μl of Lycopersicum esculentum lectin (Vector Laboratories) was injected 
into living mice through the jugular vein to ensure its systemic distribu-
tion. After 15 minutes, mice were anesthetized and in vivo perfused with 
1% paraformaldehyde via a blunt 13-gauge needle inserted through the 
left ventricle into the ascending aorta. The treated muscles were removed 
and immediately frozen for cryosectioning. 100-μm–thick sections were 
analyzed by confocal microscopy to obtain a Z-stack for the 3D reconstruc-
tion of the vascular network.

Laser microdissection. For microdissection, cryosections (10 μm) from 
muscles treated either with AAV-VEGF165 or AAV-Sema3A were mounted 
on glass slides. After hematoxylin staining for 45 seconds, the sections were 
subsequently immersed in 70% and 96% ethanol and stored in 100% etha-
nol until use. No more than 10 sections were prepared at once to reduce 
the storage time. Cellular infiltrates having a diameter of 100–500 μm were 
selected and microdissected under optical control using the Laser Micro-
beam System (PALM Microlaser Technologies GmbH). Afterwards, tissue 
particles were collected in TRIzol (Invitrogen) for RNA extraction, accord-
ing to the manufacturer’s instructions.

Synthesis and validation of NP-1–specific siRNAs. siRNAs targeting NP-1 mRNA 
were designed according to the rules suggested by Elbashir et al. (53) and syn-
thesized as shRNAs using the AmpliScribe T7 High Yield Transcription Kit 
(Epicenter Technologies) according to manufacturer’s instructions.

siRNA efficiency was validated by cotransfecting each shRNA together 
with the chimeric plasmid pEGFP–NP-1 in HEK293T human embryonic 
kidney cell line, as schematically represented in Supplemental Figure 4B. 
The number of EGFP-positive cells was determined 36 hours after transfec-
tion by cytofluorimetric analysis (FACScalibur; BD). A control, scrambled 
siRNA for siNP1ter was also generated by using the siRNA Wizard tool 
(http://www.sirnawizard.com).

Site-directed mutagenesis. Site-directed mutagenesis was performed on 
NP-1 cDNA by using the QuickChange Site-Directed Mutagenesis Kit 
(Stratagene). In brief, primers containing the desired point mutations were 
designed and pEGFP–NP-1 was used as template for PCR amplification. 
PCR amplicons were digested with DpnI to erase the methylated, nonmu-
tated parental DNA.

AP ligand–binding assay. CD11b+ cells from BALB/c mice were seeded 
on poly-lysine–coated slides, fixed with 70% ethanol, and incubated over-
night with supernatants from HEK293 cells overexpressing VEGF165-AP, 
VEGF121-AP, Sema3A-AP, and AP-tag, the last as a negative control. After 
additional fixation in 60% acetone, 4% PFA, and 40 mM HEPES, pH 7.0, a 
coloring reaction was developed by using NBT/BCIP tablets (Roche).

Coimmunoprecipitation and Western blotting. Immunoprecipitation 
was performed starting with 2 × 108 CD11b+ cells from BALB/c mice 
stimulated with 50 ng/ml rhVEGF165 (30 minutes on ice, followed by 
7 minutes at 37°C) and lysed in a buffer containing 150 mM NaCl,  
20 mM Tris, pH 7.5, 1% Triton X-100, protease inhibitor (tablets; Roche) 
and phosphatase inhibitors (10 mM NaF, 1 mM Na3VO4). For each 
point, 1.4 mg total proteins were immunoprecipitated using anti–NP-1  
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(sc-7239; Santa Cruz Biotechnology Inc.), anti–Flt-1 (sc-316; Santa Cruz 
Biotechnology Inc.), and anti–Flk-1 antibodies (sc-504-AC; Santa Cruz 
Biotechnology Inc.).

Proteins were resolved by 8% SDS-PAGE and visualized with anti–NP-1 
(c-19; Santa Cruz Biotechnology Inc.), anti-NP2 (AF567, R&D), anti–Flk-1 
(sc-504; Santa Cruz Biotechnology Inc.), anti–Flt-1 (c-17; Santa Cruz Bio-
technology Inc.), and anti-Hsp70 (SPA-815; StressGen) antibodies.

Statistics. One-way ANOVA and Bonferroni-Dunn post hoc test were used 
to compare multiple groups. Pairwise comparison between groups was 
performed using the Student’s t test. Dose-response effect was assessed by 
regression analysis. P < 0.05 was considered statistically significant.
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