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ABSTRACT 
 

Class 3 Semaphorins a are small group of molecules initially recognized for their role in 

directing axon growth during development. Recently, they have been demonstrated to possess a 

variegated ability to regulate angiogenesis, the process by which new blood vessels originate 

from pre-existing ones. However, the precise role of these molecules during angiogenesis is not 

yet fully elucidated and controversy has often arisen.  

This study focuses on Sema3A activity, with particular respect to its previously unrecognized 

capacity to modify local microenvironment through the recruitment of bone marrow-derived 

mononuclear cells. When Sema3A was expressed in mouse muscles by means of AAV-

mediated gene transfer, an impressive number of cells infiltrated muscle fibers. Strikingly 

similar cell recruitment also was observed when AAV-VEGF165 was injected. Several assays 

have demonstrated that these cells belong to the same myeloid subset. Furthermore, both in 

vitro and in vivo experiments have shown that such chemotactic recruitment is mediated by 

Nrp-1 signaling since its knock-down severely impaired CD11b+ cell migration. More 

remarkably, intra-muscular injection of AAV-VEGF121, a VEGF splicing isoform unable to 

bind Nrp-1, did not cause any cellular infiltration. 

Interestingly, the presence of the cells recruited by Sema3A, which have been named NEMs 

(Nrp-1 Expressing Mononuclear cells), has shown to be essential for arterioles formation. The 

sole EC proliferation, not accompanied by adequate cell recruitment, was not sufficient for 

functional vessel maturation. This was demonstrated by the simultaneous injection of AAV-

VEGF121 and bone marrow purified-CD11b+ cells. NEMs indeed express factors that sustain 

the recruitment of endothelial cell-associated mural cells, required for vessel stabilization. 

This function has been further investigated in the context of tumor growth. NEM recruitment 

was achieved in C57 mice through AAV gene transfer of VEGF165 and Sema3A. Following 

environmental conditioning, mice were omolaterally challenged with B16.F10 melanoma cells. 

Both factors decreased tumor growth if compared to empty vector-injected mice. On the 

contrary, AAV-VEGF121 pre-conditioned mice presented a slightly accelerated tumor growth, 

as expected for a pure angiogenic factor. By looking at the tumor vasculature it was shown that 

the recruitment of NEMs caused a stabilization of tumor-associated blood vessels in terms of 

morphology and α-SMA coverage, which likely account for most of the observed anti-
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tumorigenic effect.  

A similar inhibitory effect was observed also upon purified-NEMs ectopic administration 

directly to growing tumor mass. Consistently, tumor vessels after two round of NEM 

administration showed clear features of normalization, having a less dilated and less tortuous 

morphology, a higher degree of mural cell coverage and a decreased permeability. 

Notably, extensive molecular characterization of Nrp-1-expressing mononuclear cells would 

tend to recognize them as a novel independent population, bone-marrow derived, with a unique 

secretory pattern able to modify toward a vessel maturation-prone the local microenvironment. 
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INTRODUCTION 
 

Cancer is a leading cause of death worldwide, accounting for 7.4 million deaths (13% of all 

deaths) every year (World Health Organization data in 2004). Despite significative progresses 

and achievements in the management of this disease, it remains a major life-threatening 

condition, whose causes and modifying agents are still elusive and poorly understood (WHO, 

Fact Sheet n°297). Indeed, death from cancer worldwide are projected to continue rising, with 

an estimated 12 million deaths in 2030 (WHO, Fact Sheet n°297). 

Cancer is a generic term for a large group of diseases that can affect any tissue. A lay feature of 

cancer is the rapid and uncontrolled proliferation of abnormal cells that grow beyond their 

usual boundaries. Macroscopically, such growth determines the rising of a malignant mass 

within a tissue compartment. This feature is referred as “tumor”, from the latin word tumere, 

“to swell”, often used to indicate both benign and malignant cancerous lesions. The dimensions 

and, more importantly, the shape of tumor mass are important parameters for the histological 

evaluation of tumor staging. 

 

Tumorigenic potential likely originates in one single cell, in which a number of DNA lesions 

accumulate, eventually leading to uncontrolled cell cycle progression(Lodish et al., 2004). 

Consequently, the pathogenesis of cancer can be viewed as a multistep process: during the 

initial phase, tumors are often small and localized with neoplastic cells still quite similar to 

normal cells in both morphological and functional terms. As the malignancy progresses, tumor 

cells become less differentiated and frequently invade surrounding tissues as well as the 

circulatory system, colonizing distant areas and setting up dispersed foci of iper-proliferation 

(referred as metastasis)(Lodish et al., 2004). The presence of invasive potential is the most 

important prognostic indicator of the malignancy, and is indeed the major determinant of 

clinical symptoms (www.cdc.org). The macroscopic progression of tumor development is 

mirrored, at the molecular level, by the activation and/or inactivation of different sets of 

genes(Alberts et al., 2002), many of which have been extensively investigated over the last 

decades. Notably, a few genes have been associated to the earliest steps of tumorigenesis, thus 

likely acting as cancer master regulators.  
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Role of the immune system during cancer progression:  

 

For many years, the study of genetic and epigenetic alterations that determine the tumorigenic 

phenotype, has overlooked the role of the microenvironment in the development of cancer(De 

Palma and Naldini, 2006). Tumor cell proliferation likely occurs in a favorable local 

background and ultimately leads to the development of an abnormal microenvironment that, in 

turn, contributes to tumor growth. In this respect, it is worth mentioning that cancer is 

frequently preceded by a long period of subclinical inflammatory disease, which sustains cell 

proliferation and mutagenesis(Vakkila and Lotze, 2004)Conversely, in other types of cancer, 

oncogenic switch induces an inflammatory scenario that eventually has many tumor-promoting 

features(Mantovani et al., 2008) and noteworthy, solid tumors are constituted by both 

neoplastic and stromal cells, which include infiltrating hematopoietic cells, besides 

(myo)fibroblasts, endothelial cells and pericytes(De Palma and Naldini, 2006). Although these 

cells have long been considered irrelevant for tumor growth or even part of an elusive anti-

tumoral response, compelling recent evidences suggest that they may primarily affect crucial 

tumor-associated biological processes, including invasiveness and angiogenesis.  

Indeed, recent epidemiological, clinical and experimental studies have led to the novel concept 

that inflammatory cells, and in particular myeloid cells, significantly contribute to tumor 

progression(de Visser et al., 2006). In fact, population-based studies reveal that individuals who 

are prone to chronic inflammatory diseases have an increased risk of cancer 

development(Balkwill et al., 2005). Accordingly, transgenic animal models, having impaired 

immuno-response, spontaneously develop cancers in sites that exhibit low-level chronic 

inflammation(Enzler et al., 2003) and, strikingly, long-term administration of COX2 inhibitors 

significantly reduce cancer risk(de Visser et al., 2006). As a possible explanation, tissue 

remodelling, loss of local architecture and oxidative stress, associated to extended flogistic 

response, may be exploited by cancer cells for their own survival and selective growth 

advantage. 

This intriguing relationship between immunity and tumor development is gaining increasing 

popularity. Historically, the first observation of leukocyte infiltration in tumors is dated over a 

century ago, by Virchow, although this phenomenon has long been considered as an attempt to 

eradicate abnormal cells and only partially supported by clinical or experimental data(Coca et 

al., 1997). Only the creation of animal models of spontaneous and induced tumorigenesis has 
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permitted the precise evaluation of the role of distinct cell types and/or modulators in tumor 

formation, growth and dissemination. Almost any bone marrow-derived component has been 

involved either in carcinogenesis or invasion: the most significant results are listed in the table 

below (adapted from (de Visser et al., 2006)). Further investigations are required to better 

elucidate their actual contribution and dissect new possible strategies for targeted tumor 

therapies. 

 
Tumor 
model 

Target 
organ 

Immune modulation Results 

K14-
HPV16 

Skin Mast-cell deficiency 
(KitW/WV) 

Decreased keratinocyte proliferation; 
decreased angiogenesis 

K14-
HPV16 

Skin CD4+ T-cell deficiency Decreased CD11b+ infiltration; 
decreased cancer incidence 

K14-
HPV16 

Skin CD8+ T-cell deficiency No effect 

K14-
HPV16 

Skin T- and B-cell deficiency 
(RAG1-deficient mice) 

Decreased CD45+ infiltration; decreased 
angiogenesis; decreased keratinocyte 
proliferation; decreased cancer 
incidence 

K14-
HPV16 

Skin Transplantation with 
bone marrow cells that 
express MMP9 

Increased keratinocyte proliferation; 
increased angiogenesis; increased 
cancer incidence 

K14-
HPV16 

Cervix CD4+ T-cell deficiency Increased cancer burden; increased 
cancer incidence; 

K14-
HPV16 

Cervix Mmp9-null Decreased angiogenesis; decreased 
cancer incidence 

K14-
HPV16 

Cervix Bisphosphonate 
treatment 

Decreased macrophage MMP9 
expression; decreased angiogenesis; 
decreased cancer burden; decreased 
cancer incidence 

RIP1-
Tag2 

Pancreas Mmp9-null Decreased angiogenesis; decreased 
cancer burden; decreased cancer 
incidence 

MMTV-
PyMT 

Mammary 
gland 

CSF1-null mutant 
mice (Csf1op/Csf1op); 
macrophage deficiency 

Decreased late-stage mammary 
carcinoma; decreased pulmonary 
metastases 

Apc∆716 Colon COX2 deficiency 
(Ptgs2-null mice) 

Decreased cancer incidence; decreased 
cancer burden 

Apc∆716 Colon COX2 inhibitor Decreased tumour multiplicity; 
decreased tumour volume 
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Highly emblematic is the role of macrophages, which are the most abundant component of the 

hematopoietic cellular infiltration in tumors. They are extremely versatile cells that display a 

high degree of plasticity, being characterized by a continuum of functional states conferring 

them the potential to adapt their phenotype to the microenvironment. M1 and M2 macrophages 

represent the extremes of this phenotypical continuum: the former ones are mainly 

characterized by high phagocytic and cytotoxic activity, whereas the latter ones are mostly 

involved in tissue remodelling during physiological and pathological conditions(Mantovani et 

al., 2002). The so called ‘tumor-associated macrophages’ (TAMs) strongly resemble M2 

phagocytes, especially in term of the cytokine secretion pattern(Mantovani et al., 2004). They 

are recruited in loco by neoplastic cells-secreted chemoattractans, among which a pivotal role is 

played by CCL2(Mantovani et al., 2002). In addition, the capacity of tumor cells to modify 

chemokine local balance may redirect the polarization of resident macrophages: tumor-secreted 

IL-10 and TGFb, for example, trigger a growth-promoting macrophage differentiation, thus 

blunting their canonical cytotoxic activity(Mantovani et al., 2002). 

Direct evidence for cancer-supportive role of TAMs has been obtained in mice expressing the 

Polyoma Middle T Antigen, a model for spontaneous breast carcinoma. Macrophage depletion 

results in reduced tumor growth rate and metastasis. Conversely, cell replacement reverts such 

decrease(Lin et al., 2006), further proving TAMs as determinants of cancer progression. 

Analogous results have been achieved by removing monocytes using clodronate 

liposomes(Kimura et al., 2007). 

The mechanisms of action of these tumor resident, bone marrow-derived cells is multifaceted 

and only partially elucidated. They have been shown to secrete immunosuppressive factors 

(both cytokines and NO, as well as hydrogen peroxide)(Dirkx et al., 2006). Most importantly, 

however, they produce and release a large amount of pro-angiogenic molecules(Murdoch et al., 

2008), thus triggering the enhancement of tumor vascularization, a fundamental event during 

neoplastic progression.  

 

Tumor angiogenesis The word cancer, interestingly, is originally latin and is translated as 

“crab”, because of the peculiar distribution of blood vessels heading to the tumor mass, 

strongly reminiscent of the limbs of a crustacean. This strongly highlights the need of sustained 

blood supply by growing tumors, further supported by the experimental identification of neo-

vascularization within neoplastic tissues(Algire and Legallais, 1948). 
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Angiogenesis, the process that ultimately leads to the formation of new functional blood 

vessels, is fundamental during development and, after birth, contributes to organ growth, 

although in adulthood is limited to cycling ovary and placenta(Carmeliet, 2005). However, 

despite their quiescent state, endothelial cells retain a notable proliferative capacity, that is 

rapidly re-activated in response to physiological stimuli (tissue repair), but can also become 

flawed in a set of malignant, ocular and inflammatory pathologies, being particular relevant in 

cancer. 

This issue, however, has first been approached experimentally in the 60s’: it has been observed 

that avascular tumors grow at a very low rate(Becker et al., 1970), whereas rapid growth is 

often accompanied by increased vascularity(Ferrara and Kerbel, 2005). This phenomenon, 

called ‘angiogenic switch’, has been initially accounted to the host immune response and the 

concept that cancer development is angiogenesis-dependent has been controversial for long 

time after its initial description in 1971(Kufe et al., 2003). 

To date, many experimental, clinical and pharmacological evidences support the idea that the 

formation of new blood vessels is required to promote tumor progression and metastasis. 

Among the others, worth mentioning are: 

• tumor growth in the avascular rabbit cornea proceeds slowly at a linear rate, but converts 

to exponential growth after neovascularization(Gimbrone et al., 1974) 

• in transgenic mice that develop carcinomas of the beta cells in the pancreatic islets, large 

tumors arise from a subset of hyperplastic islets, but only after they have become 

vascularized(Folkman et al., 1989) 

• in colon carcinomas arising in rats after carcinogen exposure, there is an early 

tumorigenic phase (tumor diameter < 3.5 mm), during which the tumor is temporarily 

supplied by preexisting host microvessels that are dilated and widened(Skinner et al., 

1990). 

• antibody treatment against integrin αvβ3 on activated endothelial cells results in apoptosis 

of proliferating endothelial cells, blocks neovascularization and induces tumor 

regression(Brooks et al., 1994). 

• TNP-470, a synthetic analogue of fumagallin, selectively inhibits endothelial cell 

proliferation in vitro and in vivo(Ingber et al., 1990). It has been shown to have the 

broadest spectrum of antitumor activity among all known anticancer drugs.  

• antiangiogenic drugs have recently been approved by FDA for the clinical management 
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of some malignancies, although their benefit is mainly evident when used in 

combination with conventional chemotherapeutics. 

 

Spontaneous tumor-developing mouse models clearly demonstrate that tumor cells have an 

intrinsic tumorigenic potential that is not sufficient for their unlimited and restless growth. The 

acquisition of pro-angiogenic properties is essential for tumors to grow beyond spatial 

constrains, sustaining the increased oxygen and nutrients demand as well as permitting cellular 

dissemination into the circulation(Kufe et al., 2003). The “angiogenic switch” seems to occur 

at a discrete time and coincides with the transit to a malignant state, when the tumor abates the 

major hurdle to its unregulated growth and dissemination. The ability to form new blood 

vessels is primarily ascribed to neoplastic cells that, consequently to the accumulation of 

genetic alterations, become able to produce and secrete abnormal amount of angiogenic 

molecules. Consequently, the local balance between activators and inhibitors of angiogenesis is 

suddenly overturned: traditionally, the angiogenic switch occurs when such balance tips in 

favor of the formers(Bergers and Benjamin, 2003). Notably, such equilibrium depends on the 

paracrine activity of cancer cells and ultimately by their expression profile: this varies 

according to the type of the tumor, but variations likely occur also inter-personally and even 

within a single mass(Buysschaert et al., 2008; Carrer et al., 2008). 

 

 

 

 

 

 

 
Figure 1.1: angiogenesis is required for tumor growth 

Frequently, growing tumors are not intrinsically able to sustain their own 
rapid development due to the lack of a proper nutrients supply. Tumors 
acquire angiogenic potential at a discrete time (angiogenic switch), secreting 
signals that in turn trigger the sprouting of new blood vessels. In this respect, 
disrupting such ability impedes the tumors to grow beyond limited spatial 
constrains. 
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Many angiogenic factors released by tumors are also involved in tissue remodeling and 

inflammation, two events associated to cancer onset and/or progression(Vakkila and Lotze, 

2004). More remarkably, a few factors also increase vascular permeability, thus explaining the 

long-standing observation that tumor vessels fail to mature, displaying wide fenestrations and 

weak association with supporting mural cells(Carmeliet and Jain, 2000). Vascular leakiness is a 

classical feature of all human and animal tumors and ultimately leads to high intra-tumoral 

pressure, acidosis and, most of all, inefficient oxygen distribution(Yancopoulos et al., 2000). 

Functional abnormality is accompanied by structural and architectural flaws: compared to 

normal tissues, tumor vessels appear chaotic, tortuous and dilated, with uneven diameter and 

excessive branching(Carmeliet and Jain, 2000). Frequently, tumor vessels also lack a well-

organized and tight underpinning by periendothelial cells. Although easily conceivable given 

the pathological environment, it may seem paradoxical that these abnormalities accommodate 

tumor needs. Actually, such haphazardness settles a permanent hypoxic state within the tumor 

mass: hypoxia is indeed the major stimulus to the production of angiogenic factors, through the 

activation of a coordinated response triggered by the HIF transcription factor(Semenza, 1998). 

It has been also shown that hypoxia-induced HIF activation mediates genetic instability, a 

mechanism that likely leads to the clonal selection of highly proliferative, apoptosis-resistant 

tumor cells(Jain, 2005). Collectively, hypoxia represents a chronic trigger that perfectly suites 

cancer fast expansion. In addition, it should be taken into account that vascular flaw 

importantly lowers drug delivery and, consequently, therapeutic effectiveness(Carmeliet and 

Jain, 2000). 

On the other side, it has also been proposed that the immature phenotype of the tumor 

vasculature is a reaction of the host to initial vessel co-option by avascular neoplastic masses, 

through the overexpression of Angiopoietin-2 (Ang-2), a molecule that promotes vascular 

remodeling. Tumors would be then selected for intense angiogenic capacity, able to overcome 

vessel organization deficiency(Yancopoulos et al., 2000). 

Lastly, worth noting is the fact that the whole angiogenic process is strongly supported by 

stromal cells, that are not a passive bystander as it has long believed, but an actively 

contributing part of every tumor mass. Cancer stroma is mainly composed of heterogeneous 

inflammatory cells: compelling evidences suggest that many bone marrow derived population 

have the ability to support angiogenesis and that they indeed play a fundamental role in tumor 

progression(Carmeliet, 2005; Grunewald et al., 2006; Shojaei et al., 2008).     
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Figure 1.2: Tumor stroma sustains neoplastic development 

a, Normal epithelium. The proliferation of epithelial cells and the homeostatic 
trafficking of leukocytes in the epithelium is regulated by autocrine and paracrine 
chemokine- and cytokine-mediated signalling. 
b, Carcinoma in situ. The extrinsic (inflammatory) pathway and the intrinsic 
(oncogenic) pathway induce the production of chemokines and cytokines. These 
factors attract a tumor-promoting infiltrate (which contains, for example, TAMs and 
regulatory T cells, as shown here), and they also promote angiogenesis. The 
expression of chemokine receptors can be induced on initiated cells (that is, early 
tumor cells). These receptors then aid in tumor cell survival and might be necessary 
(but are not sufficient) for invasion across the basement membrane. Both autocrine 
and paracrine networks of cytokines and chemokines are involved in these processes.  
c, Local invasion. The chemokines and cytokines continue to attract and modulate a 
tumor promoting infiltrate. They also promote angiogenesis and control tissue 
remodelling (for example, changes in the basement membrane). Operating in 
paracrine and autocrine loops, these factors induce the expression of genes associated 
with survival, invasion and migration in cells that have enough oncogenic changes to 
allow them to invade the basement membrane. The chemokines and cytokines are 
also involved in the intravasation of tumor cells into blood vessels and in lymphatic 
spread. 
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Role of angiogenic factors in tumor angiogenesis 

 

Historically, the sought of a tumor-derived endothelial cell mitogen has taken more than a 

decade. First in vitro evidences have suggested the involvement of different multifunctional 

growth factors, such as Epithelial Growth Factor (EGF) or Transforming Growth Factor 

(TGF)(Ferrara, 2002). More potent and specific EC mitogens were discovered only in the 

second half of the 80s. To date, an ever growing list of molecules have been shown to exert 

angiogenic activity, either in vitro or in vivo, and many of them have been implicated in cancer 

progression, often correlating with increased microvasculature density and poor 

prognosis(Carmeliet and Jain, 2000; Carrer et al., 2008; Dirkx et al., 2006). Among the other 

are: 

 Vascular Endothelial Growth Factor (VEGF) family members 

 acidic and basic Fibroblast Growth Factor (aFGF and bFGF) 

 Angiopoietins (Ang1 and Ang2) 

 Ephrins (Eph) 

 Transforming Growth Factor (TGF) 

 Matrix Metallo-Proteinases (MMP) 

 Hepatocyte Growth Factor (HGF) 

 Insulin-like Growth Factor -1 (IGF-1) 

 Erytropoietin (EPO) 

 Platelet Derived Growth Factor (PDGF) 

 Semaphorins (Sema) 

Their angiogenic capacity have often been assessed through exogenous administration in 

several experimental settings, but their endogenous contribution to either physiological or 

pathological angiogenesis is still not entirely elucidated.  

 

I will now discuss more in detail the role of VEGF and Semaphorins in cancer, with particular 

reference to their biology and relevant data regarding their ability to influence the 

microenvironment and to regulate tumor progression.
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Vascular Endothelial Growth Factor -A (VEGF-A) Initially isolated in 1989 by the group of 

N. Ferrara, it has long believed an endothelial-specific mitogen. However, it is now clear that 

its biological activity extends also to different cell types, in particular nervous cells(Zacchigna 

et al., 2008a) and bone marrow-derived cells(Ruan et al., 2004). 

VEGF-A is the prototype of a family of secreted molecule (including, beside VEGF-A, VEGF-

B, VEGF-C, VEGF-D, VEGF-E and PlGF) and their cognate receptors (VEGFR-1, also known 

as Flt-1, VEGFR-2, also known as Flk-1 and VEGFR-3, also known as Flt-4). VEGF-A has 

attracted attention over the last decades primarily for its potent ability to promote endothelial 

cell proliferation in vitro that is remarkable if compared to similar effect by other angiogenic 

molecules(Ferrara et al., 2003). This activity is well-documented in various ex vivo and  in vivo 

models as well(Ferrara, 2004b; Nicosia, 1998). 

Despite the fact that angiogenesis depends on the complex and orchestrated action of different 

factors, often sharing overlapping functions, it is increasingly clear that VEGF represents a 

crucial, rate-limiting player in the whole process(Ferrara et al., 2003). Consistently, VEGF 

knock-outs are lethal even in heterozygous conditions, possibly implying the necessity of an 

accurate tuning of the expression levels of this factor, especially during embryonic 

development, when its lack causes extensive apoptosis and regression of the vascular 

system(Gerber et al., 1999). A similar VEGF-dependence has been observed in newly formed 

tumor blood vessel(Benjamin et al., 1999), confirming in vitro data that indicate VEGF as a 

survival factor for endothelial cells(Gerber et al., 1998). Very interestingly, VEGF becomes 

dispensable in well-established vessels(Yuan et al., 1996): loss of dependency parallels the 

recruitment of vascular-associated cells and pericyte coverage(Benjamin et al., 1999). These 

cells are thought to provide compensatory survival signals. 

Among all angiogenic factors, VEGF-A is unique, as it also potently triggers vascular 

leakiness(Weis and Cheresh, 2005). In fact, this molecule was initially named VPF, for 

Vascular Permeability Factor(Senger et al., 1983). It has been proposed that permeability is 

indeed a condition necessary and sufficient for angiogenesis, as it permits the loosening of cell-

cell junctions as well as the extravasation of fibrin, a scaffold for endothelial cell proliferation 

and migration(Dvorak et al., 1987). However, this feature is not shared by any other angiogenic 

molecule, in spite of their ability to efficiently induce vessel formation(Ferrara, 2004b). It 

might be that this event was required for angiogenesis in primitive organisms, and that this 
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requirement has been lost later during evolution, when the leakiness-inducing activity has been 

accomplished by other specialized molecules and retained only by the principal endothelial 

activator(Weis and Cheresh, 2005). 

Leakiness is achieved through modification of the adhesion molecule pattern, the induction of 

endothelial fenestrations(Ferrara et al., 2003) and the impairment of pericyte 

functionality(Greenberg et al., 2008), and it is thought to be highly dependent on the 

downstream effector endothelial cell-derived nitric oxyde (NO)(Fukumura et al., 2001). The 

ability of VEGF to affect cell adhesion potential likely accounts also for the well-documented 

pro-migratory effect: it stimulates EC migration in trans-well chamber assay and also 

efficiently recruits circulating bone marrow-derived cells(Clauss et al., 1990; Grunewald et al., 

2006).        

As already mentioned, VEGF expression needs to be tightly regulated. Several environmental 

and genetic stimuli can affect this tuning, predominantly in pathological conditions. Oxygen 

tension is the key element for mRNA level regulation of VEGF: the sensing mechanism is 

driven by the master transcription factor HIF-1 (Hypoxia-Inducible Factor)(Ferrara, 2004b).  

Both human and mouse VEGF-A genes are organized in eight exons, separated by seven 

introns(Tischer et al., 1991). Alternative splicing in humans gives rise to four major isoforms 

(VEGF121, VEGF165, VEGF189, VEGF206) having 121, 165, 189 and 206 amino acids, 

respectively(Tischer et al., 1991); all isoforms are one aminoacid shorter in mice. VEGF165 is 

the most abundant and active isoform. All isoforms, except VEGF121, bind heparin and therefore 

are in close association with the extracellular matrix (although VEGF165 have a milder binding 

capacity as compared to the longer isoforms and it is not fully sequestered). Conversely, 

VEGF121 is freely diffusible: the unicity of this feature render this molecule particularly 

appealing, although it displays a smaller range of biological activity(Ferrara et al., 2003).  

VEGF-A has two canonical receptors: 

 VEGFR-1 (or Flt-1): this has long been considered a “decoy” receptor, able to tightly bind 

VEGF but with only redundant or even dispensable signaling properties(Park et al., 

1994). In fact, deletion of its tyrosine kinase domain does not result in premature 

lethality or any vascular defect(Hiratsuka et al., 1998). However, Flt-1 signaling failure 

impairs BM-derived cell chemotaxis(Barleon et al., 1996). In this respect, an anti-PlGF 

(a Flt-1 agonist) specific antibody efficiently inhibits the recruitment of macrophages to 
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tumors and also synergistically enhances the anti-tumoral activity of anti-VEGF 

antibody(Fischer et al., 2007), thus implying an active participation of VEGFR-1 at 

least in pathological angiogenesis. 

 VEGFR-2 (or Flk-1): this is the elective VEGF receptor, as demonstrated by the complete 

lack of vasculature and even blood islands in Flk-1 null mice(Shalaby et al., 1995). It is 

universally accepted that VEGFR-2 mediates the mitogenic, angiogenic and 

permeability-inducing effects of VEGF, its major biological activities.            

  
 

Neuropilin-1 (Nrp-1): this additional, non canonical, VEGF-receptor, was originally described 

as a co-receptor for plexins, involved in axon guidance(He and Tessier-Lavigne, 1997). Later, 

it has been shown that Nrp-1 is also a isoform-specific VEGF receptor, binding to the exon 7 

basic domain of VEGF165(Soker et al., 1998).  

Nrp-1 belongs to a small gene family together with Neuropilin-2 (Nrp-2); these two molecules 

share common structural features, although their overall homology is fairly low(Giger et al., 

1998). Their principal ligands are class 3 semaphorins, molecules crucially involved in 

neuronal development, but they are both able to bind VEGF165(Gluzman-Poltorak et al., 2000). 

In this respect, there is no clear evidence as to whether Nrp-1 and Nrp-2 can signal 

independently of VEGFR-2 (or VEGFR-1)(Ferrara et al., 2003). Both neuropilins associate 

with VEGF canonical receptors that are thought to provide tyrosine-kinase activity, thus 

mediating signal transduction(Gluzman-Poltorak et al., 2001). Notably, neuropilin cytoplasmic 

domain is represented by a short tail, likely insufficient to support an autonomous signal 

Figure 1.3: VEGF receptors 

Schematic representation of 
VEGF family ligands and their 
receptors 
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transduction. But strikingly, this domain is alternatively spliced in the Nrp-2 transcript, giving 

raise to a totally different isoform: this might suggest that the short intracellular tails indeed 

carry an active functional role. Nonetheless, Nrp-1 has long been thought strictly as a mere 

enhancer for VEGF binding to Flk-1.  

 

 

The recent development of an antibody specifically targeting the VEGF binding domain of 

Nrp-1 has permitted to re-define this concept. While Nrp-1 blockade has little effect on Flk-1-

mediated auto-phosphorylation and cell proliferation, it significantly affects EC migration(Pan 

et al., 2007). Nrp-1 is indeed able to independently regulate EC adhesiveness, activating 

integrin function through a GIPC-mediated signal(Valdembri et al., 2009). GIPC is an adaptor 

protein able to bind the cytoplasmic SEA domain of Nrp-1(Cai and Reed, 1999), that has been 

also implicated in Nrp-1-mediated EC survival, both in cell culture system and in vivo in the 

zebrafish model, in a VEGFR-2 independent fashion(Wang et al., 2007). 

These striking data have been recently challenged by the identification of additional Nrp-1 

intercators. In fact, Nrp-1 has been recognized to form functional complexes with a variety of 

growth factor receptors(Neufeld and Kessler, 2008) and to bind a wide range of growth factors, 

including PlGF, VEGF-B, VEGF-C, HGF, PDGF, TGFb, bFGF, all potent angiogenesis 

inducers(Neufeld and Kessler, 2008). This clearly reinforces the notion that Nrp-1 participates 

in angiogenesis, not only by enhancing VEGF signal, but in a multifaceted mechanism. 

 

VEGF in cancer: VEGF might affect tumor angiogenesis through a multiplicity of actions: 

beside inducing EC proliferation and survival, it induces vessel permeability, impairs vascular 

function, inhibits dendritic cell differentiation, is a potent mitogen for many cancer cell types 

and, importantly, recruits different bone marrow-derived populations(Ellis and Hicklin, 2008). 

In fact, VEGF is up-regulated in a vast group of human cancers, as unveiled by both 

experimental and clinical studies (rev: (Ferrara, 2004a)). However, the correlation between 

VEGF levels and tumor progression is not absolute(Carrer et al., 2008), and recent reports 

trying to dissect the multifaceted effect of VEGF in experimental cancer, indicate that myeloid 

cell-secreted VEGF abolition indeed causes an enhancement in tumor growth(Stockmann et al., 

2008). Such complexity might partially account for the limited clinical effectiveness of VEGF-
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targeted therapy, despite the promises raised in animal models(Ferrara et al., 2004). 

As a master regulator of angiogenesis, VEGF is still an ideal drug candidate. Notably, it 

appears to b required for sustained vessel formation, but somehow dispensable or even 

detrimental for vessel maturation(Ellis and Hicklin, 2008). Remarkably, microvasculature 

density often does not correlate with increased blood flow(Su et al., 2007; Yang et al., 2005). 

This discrepancy needs to be investigated in order to improve therapeutic value of anti-

angiogenic therapy. 

 

The Semaphorin family: Semaphorins compose a vast family of eukaryotic proteins that 

includes over 20 phylogenetically conserved molecules, gathered in 8 classes, which were 

initially recognized for their ability to route axon cone growth, providing either attractive or 

repulsive cues(Kolodkin et al., 1993). Their receptors, Plexins and Neuropilins, have 

subsequently been recognized on the surface on endothelial cells, consistent with recent 

findings that suggest a parallelism between neural and vascular development(Zacchigna et al., 

2008c). In fact, Semaphorins can either promote or inhibit angiogenesis; in addition, in a tumor 

context, they might also directly modulate cancer cell behavior(Neufeld and Kessler, 2008). 

From a structural point of view, all Semaphorins share a conserved ~500 amino acid-long 

stretch, called “sema domain”(Yazdani and Terman, 2006). Such region is essential for the 

binding to their cognate receptors, mainly belonging to the Plexin family. Class 3 semaphorins 

(Sema3) however display the unique ability to bind primarily alternative receptors, Neuropilin-

1 and Neuropilin-2(Koppel et al., 1997), although the various Sema molecules differ in their 

ability to interact with the two neuropilins. In addition, they are all secreted molecules, trait that 

distinguishes them from the rest of the family members.         
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Figure 1.4: The structure of the Semaphorins and their receptors 

a) The structural features of the various classes of semaphorins and the structural features of their neuropilin 
and plexin receptors are shown. Semaphorins have a large amino-terminal sema domain that is essential for 
signalling. A conserved stretch of amino-acid residues near the carboxyl-terminal of the sema domain bears 
homology to the N-terminal of β-integrins and is designated as the PSI domain. Secreted class 3 
semaphorins possess a conserved basic domain at their C-termini. 

b) The structural features of the neuropilins. The two neuropilins are single-pass transmembrane receptors. 
They contain two complement binding (CUB) domains (or a1 and a2 domains), two FV/FVIII coagulation 
factor-like domains (or b1 and b2 domains) and a MAM domain (or c domain) thought to have a role in the 
formation of neuropilin complexes. The semaphorin binding domain is located in the a1/a2 domains and  

the VEGF binding domain is located in the b1/b2 domains.  

c) The nine vertebrate plexins are subdivided into four type A and three type B plexins and plexins C1 and 
D1. Plexins are single-pass transmembrane receptors distinguished by the presence of a split cytoplasmic 
GTPase-activating protein (GAP) domain. The extracellular domains of all plexins are also distinguished by 
the presence of a sema domain. 

g 
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Beside these overlapping structural features, class 3 semaphorins are very heterogeneous as far 

as function is concerned. Generally, class 3 semaphorins are considered putative anti-

angiogenic and tumor suppressive genes, although experimental results have been often 

contradictory and overall crabbed: whereas Sema3F and Sema3B have been demonstrated to be 

effective tumor suppressors(Tomizawa et al., 2001; Xiang et al., 2002), Sema3C seems to 

promote vessel formation and possibly tumor development(Banu et al., 2006), and Sema3G has 

been recognized as a major prognostic marker for glial tumors(Karayan-Tapon et al., 2008). 

Even more surprising is the fact that Sema3B itself promotes a pro-metastatic programme, in 

spite of its well-known tumor suppressor activity(Rolny et al., 2008). This discrepancy may be 

ascribed to different experimental settings, as well as to the activation of different receptors on 

different tumor cell types, a concept recently strengthened by the systematic analysis of several 

Sema3s on cancer cell behavior(Kigel et al., 2008). Different cell types, displaying different 

receptor profiles, are affected both in vitro and in vivo in a highly variable fashion, mainly 

according to the neuropilin balance at the cell surface, independent on the effect of the various 

semaphorins on angiogenesis(Kigel et al., 2008). 

On the other hand, a substantial amount of in vitro evidences points toward an anti-angiogenic 

activity for class 3 semaphorins, which is consitent with the presence of plexins and neuropilins 

on endothelial cell surface(Neufeld and Kessler, 2008). Initially, Sema3s have been proposed to 

interfere with VEGF165 signaling, by competing for shared receptors binding(Miao et al., 1999). 

Later, many have suggested a direct regulation of endothelial cell function, that also express 

Sema3A and Sema3F, possibly involved in an autocrine loop(Serini et al., 2003). Surprisingly 

however, both molecules have been shown to repel endothelial cells and to promote apoptosis 

in vitro, even in the absence of VEGF(Guttmann-Raviv et al., 2007), further supporting the 

existence of an independent Sema3s-induced signaling.  

Interestingly, Sema3s have been demonstrated to dynamically modulate EC adhesion through 

the regulation of integrin activity and ultimately leading to focal adhesiveness 

disruption(Casazza et al., 2007; Serini et al., 2003). These findings seem to conciliate the 

conflicting results about angiogenic potential: disrupting cell-matrix attachment may lead to 

apoptosis in vitro, due to the lack of proper environmental support, but might be not fully 

detrimental for vessel formation under conditions of massive vascular remodeling, where a 

certain degree of cell motility is required. 
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Semaphorin 3A (Sema3A): is a secreted protein, about 90 kDa in size, identified in the fetal 

cerebral tissue. It is a sole Nrp-1 agonist as it does not bind Nrp-2, and for this reason it has 

been long envisaged a VEGF165 antagonist on endothelial cells(Bagnard et al., 2001). As already 

mentioned above, Serini and coworkers have demonstrated a direct role of Sema3A in focal 

adhesion disruption, a step required for cell migration and vascular plasticity(Serini et al., 

2003). Interestingly, Sema3A null mice show vascular developmental abnormalities, mainly 

characterized by the lack of hierarchical organization of the blood vessels, appreciable at day 

E9.5; this phenotype is consistent with remodeling disruption, as major vascular structures 

develop normally(Serini et al., 2003). 

The precise role of Sema3A in angiogenesis is still not fully understood, and it appears even 

more complex in cancer. High levels of Sema3A expression have been observed in aggressive 

tumors(Rieger et al., 2003) and have been correlated with poor prognosis in pancreatic 

cancer(Muller et al., 2007). In vitro Sema3A promotes an invasive phenotype in colon-

carcinoma cell lines; a similar activity is detected in a xenograft model(Nguyen et al., 2006), 

consistent with the long-hypothesized role of invasive growth regulator. 

On the other hand, Sema3A inhibits invasive potential of breast cancer cells in other 

models(Bachelder et al., 2003; Kigel et al., 2008), as well as prostate cancer cells(Herman and 

Meadows, 2007). Further complexity is given by a recent report that demonstrates the capacity 

of Sema3A to induce vessel leakiness, a process thought to favor tumor progression(Acevedo et 

al., 2008). 

Most of these studies take into consideration the activity of Sema3A directly on endothelial 

and/or cancer cells. No information is available regarding the effect of Sema3A on other cells 

(namely inflammatory and modulatory cells) that represent and control tumor 

microenvironment: it is plausible that tumor microenvironment indeed represent an additional 

important target of Sema3A role in tumor angiogenesis. 
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Role of myeloid cells in the promotion of tumor angiogenesis 

 

Compelling evidence is now emerging on the important role of bone marrow (BM)-derived cell 

recruitment at sites of ongoing angiogenesis. Proof of principle has been provided of their 

possible function as endothelial progenitor cells (EPCs), thus incorporating into developing 

vessels(Asahara et al., 1997); however, it is becoming clear that this contribution is 

minor(Zentilin et al., 2006) and variable(Peters et al., 2005).  

On the other hand, it is well documented that many angiogenic factors recruit myeloid cells, an 

event which is likely fundamental and not dispensable for neovessel formation, as previously 

believed(De Palma et al., 2003; Takakura et al., 2000). In this respect, a recent paper 

demonstrated that VEGF-induced angiogenesis is dependent on the establishment of 

complementary proangiogenic activities, mainly through the local recruitment and retention of 

“accessory” cells that provide these activities(Grunewald et al., 2006). Drug-mediated abolition 

of myeloid cell recruitment strongly impaired the capacity of resident endothelium to sustain 

neovascularization.  

The presence of myeloid cells within the tumor stroma has already been mentioned, although 

the exact mechanism by which these cells contribute to tumor angiogenesis, still remains 

elusive. Based on these considerations, in the following paragraphs we will consider the 

involvement of bone marrow-derived cells in tumor angiogenesis, in particular focusing on the 

relative contribution of different bone marrow sub-populations.                             

 

Tumor-Associated Macrophages (TAM): In vitro assays using macrophage cultures revealed 

that they secrete several cytokines and enzymes, previously known to play a crucial role in 

angiogenesis. Among these, it is worth mentioning: VEGF, basic Fibroblast Growth Factor 

(FGF2), Tumor Necrosis Factor a (TNFα), Interleukin 1b (IL1b), Interleukin 8 (IL8), Matrix 

Metalloproteinase 9 (MMP9) (reviewed in (Dirkx et al., 2006)). Less clarified is the importance 

of this secretory activity in the economy of tumor angiogenesis: some papers have reported a 

50% reduction in vascular density following TAMs depletion, which has been subsequently 

restored with reintroduction of macrophages(Lin et al., 2006). Interestingly, TAMs have been 

shown to promote tumor vessel formation through the secretion of Sema4D(Sierra et al., 2008), 

a recently identified angiogenesis-inducer(Conrotto et al., 2005). Consistently, a number of 
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clinical studies showed that TAM presence positively correlates with microvessel density, 

tumor stage and angiogenesis in human tumors(Dirkx et al., 2006). Moreover, TAMs have been 

frequently observed to accumulate in close proximity of hypoxic areas, where they activate a 

HIF-dependent program, characterized by the expression of hundreds of pro-angiogenic and 

pro-mitogenic genes(Burke et al., 2003). In this respect, VEGF-A expression is supposed to 

play a predominant role: interestingly, macrophages up-regulate VEGF expression selectively 

in proximity of necrotic areas(Lewis et al., 2000). Accordingly, when injected into tumor 

masses implanted in the flanks of nude mice, macrophages significantly enhance 

angiogenesis(Bingle et al., 2006). 

However, a recent report showed that the depletion of myeloid-cell secreted VEGF-A 

eventually resulted in accelerated tumor progression, correlating with a lower degree of tumor 

cell death and hypoxia(Stockmann et al., 2008). Even if such depletion did not cause an 

impressive reduction in the total amount of VEGF present in tumor context, it was nonetheless 

responsible of a significant decrease in vascular density and this latter event, surprisingly, did 

not hamper, but even favored, tumor progression. These data further confirm the multitasking 

behavior of TAMs, assessing their pro-tumorigenic action through a variegate paracrine effect. 

Importantly, these data also point toward a complex regulation a tumor angiogenesis, implying 

the involvement of different molecules, as well as different cell types. Remarkably, this does 

not mutually exclude the crucial role of BM-derived cells, and TAMs in particular, in tumor 

angiogenesis (reviewed in (Murdoch et al., 2008)) and metastasis(Luo et al., 2007). 

 

Tie-2 expressing monocytes (TEM): Recently, De Palma and coworkers have shown that Tie-2 

expressing monocytes are a distinct, hematopoietic lineage, that is selectively recruited to 

neoplastic sites, accounting for most of the angiogenic activity provided by myeloid cells in 

tumors(De Palma et al., 2005), where they represent around the 15% of total CD11b+ 

monocytic infiltrate. On the contrary, they are almost undetectable in the blood stream in 

physiological conditions(Venneri et al., 2007). 

In fact, TEMs appear to be and behave as a unique TAM sub-population, essentially 

characterized by a peculiar surface markers profile, a cluster localization and an exceptional 

pro-angiogenic activity(De Palma and Naldini, 2006). Strikingly, targeted TEM depletion has 

no effect on overall TAM recruitment(De Palma et al., 2005), while dramatically affects neo-
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vascuarization and eventually leads to tumor regression, thus confirming their different identity 

as compared to the other TAMs. TEMs administration into human cancer xenograft models 

resulted in fully vascularized tumors, displaying angiogenic phenotype in the whole mass, 

whereas mice injected with CD14+Tie2- cells had smaller tumors, with a scarce and superficial 

vascular network(Venneri et al., 2007) 

In addition, TEMs seem to be selectively recruited at malignant sites, mostly through 

chemoattraction by Ang-2. The fact that they represent a tiny population within the whole set of 

circulating monocytes, but are clearly abundant at tumor vascular hot spots, can be exploited to 

target the delivery of cancer therapeutics directly to neoplastic cells, avoiding indirect toxicity 

and dosage issues. Evident anti-tumor effect and nearly complete metastasis abrogation have 

been achieved, without affecting major physiological processes(De Palma et al., 2008). 

Despite major safety issues that hamper the clinical transfer of such approach, this clearly 

demonstrates the importance of extend the study of tumor beyond cancerous cells in order to 

develop novel anti-cancer therapies. 

 

Myeloid-derived suppressor cells (MDSC): Often confusingly defined as CD11b+Gr1+ cells, 

myeloid-derived suppressor cells represent a heterogeneous population comprising immature 

neutrophils, monocytes and dendritic cells (DCs). However, their molecular definition is still 

hazy, so it is unclear whether they represent a distinct cell lineage or are composed of a mixture 

of myeloid progenitors with partially overlapping features. So far, they are generally gathered 

in two broad groups, which differ in the levels of Gr1 expression: high levels of this protein 

(Gr1hi) are present on immature monocytes, whereas low levels (Gr1low) indicate a more mature 

monocytic phenotype(Murdoch et al., 2008). 

Similar to mice, MDSC are significantly mobilized in patients carrying large 

tumors(Kusmartsev and Gabrilovich, 2002; Shojaei et al., 2007b; Yang et al., 2004). More 

remarkably, circulating MDSC levels positively correlate with clinical stage in cancer 

patients(Diaz-Montero et al., 2009). Experimental data also show that CD11b+Gr1+ cells 

isolated from tumor-bearing mice promote angiogenesis and tumor growth when re-injected in 

vivo with tumor cells. Notably Gr1 is also expressed by TEMs. 

Their major hallmark of these cells consists in the ability to potently suppress both T cell and 

NK cell function, properties that may account for most of their tumor-promoting activity. In 
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addition, it has been proposed that they might actively support tumor angiogenesis. 

Consistently, when injected into a tumor, they seem to be specifically recruited at hypoxic 

sites(Du et al., 2008) and to increase vascular density(Yang et al., 2004). In this respect, MMPs 

secretion is likely the pivotal effector of their pro-angiogenic activity(Murdoch et al., 2008), 

although it has been recently proposed that MDSC might also be able to trans-differentiate into 

endothelial cells, thus directly contributing to neo-vascularization(Yang et al., 2004). 

 

Neutrophils: Polymorphonuclear neutrophil cells are the most abundant subpopulation of 

leukocytes in the blood and are crucially involved in acute inflammatory response(Murdoch et 

al., 2008). Their contribution to tumor angiogenesis is probably less significant compared to 

other myeloid populations but still, in patients affected by myxofibrosarcoma, their abundance 

correlates with intratumoral vessel density(Mentzel et al., 2001). Additionally, in RIPK1-Tag2 

mouse models of pancreatic carcinoma, pre-malignant lesions are characterized by neutrophil 

infiltration, and their presence correlates with an angiogenic phenotype. Conversely, neutrophil 

depletion by means of anti-Gr1 neutralizing antibody caused a reduction of the number of 

dysplastic angiogenic islets(Nozawa et al., 2006). Given their abundance both in the circulation 

and in the tumor microenvironment, they represent a major source of MMP9(Coussens et al., 

2000), a molecule playing a pivotal role in angiogenesis, as mentioned above. 

 

Mast cells: Although originating from the bone marrow, mast cells are not found in the 

circulation. Instead, their immature progenitors migrate to peripheral tissues and differentiate 

directly in situ. Their surface markers profile is not entirely defined, as they share many 

receptors with other phagocytic cells; therefore, they are usually identified by specific 

histological staining, such as Giemsa or toluidine staining(Murdoch et al., 2008). 

Mast cells are predominantly involved in allergic reactions and disorders, but have also been 

found in association with a variety of human cancers(Dirkx et al., 2006). 

Activated mast cells exert their activity through rapid degranulation, an event that causes the 

release of massive amount of inflammatory mediators into the microenvironment. Along with 

immunomodulators, they have been shown to release a series of angiogenic factors, such as 

VEGF, bFGF, MMP9, TNFa, TGFb and IL8(Murdoch et al., 2008). The relevance of this 

phenomenon to tumor angiogenesis has been witnessed by the observation that mast cell-
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deficient mice exhibit a delayed angiogenic response, which can be rescued by bone-marrow 

transplantation(Starkey et al., 1988). 

In a tumor context, mast cells often localize close to vessels, but are not able to trans-

differentiate into endothelial cells(Nico et al., 2008); conversely, they likely contribute to tumor 

angiogenesis accumulating next to blood vessels and then secreting a variety of factors able to 

influence the angiogenic process. 
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Figure 1.5: Origins and expression of cell surface markers by various myeloid cell types present in tumours. 

Macrophages, TIE2-expressing monocytes (TEM), hemangiocytes, neutrophils, eosinophils, mast cells and myeloid-derived 
suppressor cells (MDSC) differentiate from the same bone marrow-derived precursor cell, after environmental cues 
determine the fate of each cell type. Each committed cell exhibits a unique phenotype and circulates in peripheral blood until 
recruited to tissues by specific chemoattractants. Once there, the phenotype of each cell type may alter in response to local 
signals, although many characteristic cell surface markers are constitutively expressed. Surface markers for murine cells are 
shown in blue, those for human cells are in brown and those expressed by both mice and humans are in yellow. The markers 
highlighted in bold are ones that have been shown to be expressed by a given cell type in tumors. 
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Anti-angiogenesis based therapy 

 

Angiogenesis as anti-cancer target: since 1971, when the inhibition of angiogenesis was first 

proposed as an anti-cancer therapy, it has been thought that such an approach could represent 

an effective strategy to rob tumors of basic metabolic demands, ultimately inducing tumor 

starvation, and even regression(Ferrara and Kerbel, 2005).  

Preclinical studies have raised much hope since 1993, when an anti-human VEGF antibody was 

shown to potently inhibit the growth of several experimental tumors in mice, without affecting 

cell proliferation in vitro(Kim et al., 1993). Only ten years later, the humanized anti-VEGF 

antibody bevacizumab (Avastin®, Genentech) revealed its effectiveness in a phase III clinical 

study for the treatment of colon carcinoma(Hurwitz et al., 2004). Avastin was the first anti-

angiogenic drug approved by FDA in 2004, followed by VEGFR-2 kinase inhibitors, such as 

sunitinib and sorafenib(AA.VV., 2008): the latter molecules are not specific for VEGF 

receptor, but also inhibit other signaling pathways, and are already in the clinics for a variety of 

neoplastic malignancies (for a complete list: 

http://www.cancer.gov/clinicaltrials/developments/anti-angio-table). All anti-angiogenic drugs 

are mostly effective in combination with standard chemotherapy, with the only exceptions of 

renal cell carcinoma and hepatocellular carcinoma, where they work as monotherapy(Ellis and 

Hicklin, 2008).  

Despite these successes, the overall clinical usefulness of anti-angiogenic compounds has not 

fulfilled the initial hope, particularly in terms of long term survival(Mayer, 2004). A number of 

phase III studies with VEGF-targeted therapy has failed and, more importantly, resistance 

phenomena have been emerging, ultimately leading to refractoriness to the treatment in the vast 

majority of the patients(Ellis and Hicklin, 2008). Improvements in the molecular mechanism 

underpinning the angiogenic process are needed to identify the “responder” population as well 

as novel therapeutic targets. In this regard, the recent evidence that bone marrow-derived 

myeloid cells profoundly impact on tumor angiogenesis, renders these cells a novel, promising 

target in anti-angiogenic therapy(AA.VV., 2008). 

 

Tumor microenvironment and anti-angiogenic resistance: interestingly, the levels of PlGF in 

the plasma constantly increase upon VEGF blockade, both in preclinical and clinical 
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studies(Gerber and Ferrara, 2003; Hattori et al., 2001), thus suggesting that PlGF 

overexpression might represent a compensatory mechanism for the tumor. Indeed, anti-PlGF 

antibodies efficiently block tumor growth in mice(Hattori et al., 2002), through an inhibition of 

tumor-associated angiogenesis and, importantly, an inhibition of TAM recruitment, whose 

absence likely accounts for the lack of sustained neovessel formation. 

By screening a series of murine cancer cell lines, either responsive or refractory to anti-VEGF 

treatment, it has been possible to observe an interesting correlation between anti-VEGF 

refractoriness and the amount of CD11b+Gr1+ cells infiltrating the tumor(Shojaei et al., 

2007a). As already discussed, these cells are also referred as MDSC. Interestingly, when 

isolated from refractory tumors, but not from sensitive ones, they were able to confer anti-

VEGF resistance to other tumors(Shojaei et al., 2007a).  Likely, these cells trigger a 

compensatory angiogenic response in a paracrine fashion: in this respect, it has been 

demonstrated that a crucial role is played by the secreted protein Bv8(Shojaei et al., 2007b). 

Altogether, these data imply that infiltrating myeloid cells might represent a major player in the 

acquisition of resistance to anti-angiogenic therapy. Combination treatments, which on one side 

destroy tumor vessels, and on the other side modulate tumor cell infiltration by myeloid cells, 

may represent a potent therapeutic tool to prevent the acquisition of anti-VEGF refractoriness. 

 

Normalization of tumor vasculature: noteworthy, combination of anti-VEGF antibody with 

traditional chemotherapy has already been observed to produce a significative increase in 

survival in colorectal cancer patients(Hurwitz et al., 2004; Willett et al., 2004). Anti-angiogenic 

therapy also sensitizes patients to radiotherapy(Willett et al., 2004). These results might appear 

counterintuitive: destroying or impairing the vascular network should severely compromise 

drug delivery, inducing instead an hypoxic state that would feed tumor microenvironment and 

would render chemotherapeutics and radiation less effective. In an attempt to solve this 

apparent paradox, it has been proposed that anti-angiogenic agents might actually “normalize” 

the abnormal tumor vasculature, fixing an inefficient delivery system and thus allowing a better 

distribution of drugs and oxygen, indirectly enhancing cancer cell targeting(Jain, 2001). As 

already mentioned, tumor vascular network is highly pathological, being tortuous, dilated, 

saccular, leaky and having a haphazard pattern of interconnections. Its architecture further 

contributes to its inefficiency: increased interstitial pressure compresses the vessels, further 

impairing blood flow(Padera et al., 2004). As the fluid delivery is flawed, it does not matter 
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how much material is pumped into it, making useless even the increase of drug dosage. On the 

contrary, the judicious administration of anti-VEGF compounds seems able to fix the deviant 

vascular network, leading to immature vessel pruning, consistent with the strict VEGF 

dependency of newly born vessels(Jain, 1999, 2005). The overall result is a “normalized” 

vasculature, characterized by the presence of less leaky, less tortuous, less dilated vessels, with 

a thicker and regular basement membrane and greater pericyte coverage. Such morphological 

changes are mirrored by functional improvements, in terms of interstitial pressure, tumor 

oxygenation and blood flow(Hobbs et al., 1998; Inai et al., 2004; Lee et al., 2000; Winkler et 

al., 2004). Noteworthy, uncontrolled VEGF overexpression is known to induce the formation of 

abnormal and not functional blood vessels(Zacchigna et al., 2007) and, more recently, VEGF 

has been shown to act as pericyte negative regulator(Greenberg et al., 2008). 

However, such amelioration is expected to occur in a very limited therapeutic window, as 

prolonged anti-angiogenic therapy indeed compromises the whole vasculature, resulting in 

massive vessel pruning and ultimately to drug resistance due to inefficient delivery(Jain, 2005; 

Ma et al., 2001). 

Despite the emerging interest and potential of the ‘vessel normalization’ theory, we still lack an 

appreciable knowledge of the molecular mechanisms underlining the normalization process and 

further investigation is warranted in order to translate these concepts into effective anti-cancer 

therapies.  

 

  
 

Figure 1.6: Tumor vessel normalization 

(A) Tumor vasculature is structurally and 
functionally abnormal. Antiangiogenic 
therapiesinitially improve both the structure and 
the function of tumor vessels. However, 
sustained antiangiogenic regimens may 
eventually prune away these vessels, resulting 
in a vasculature that is inadequate for the 
delivery of drugs or oxygen. (B) Two-photon 
image showing normal blood vessels in skeletal 
muscle; subsequent images show human colon 
carcinoma vasculature in mice at day 0, day 3, 
and day 5 after administration of VEGR2-
specific antibody. (C) Diagram depicting the 
concomitant changes in pericyte (red) and 
basement membrane (blue) coverage during 
vascular normalization. 
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MATERIALS AND METHODS 
 

Real-Time PCR 

Total RNA from purified CD11b+ or CD11b+/Nrp-1+ cells 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 different mouse genes (using pre-designed 

primers&probe assay, Applied Biosystems); the housekeeping gene GAPDH was also 

amplified and used to normalize the results. All the amplifications were performed on a 7000 

ABI Prism Instrument (Applied Biosystems), using pre-developed assays (Applied 

Biosystems). 

 

Bone marrow transplantation studies 

Six-weeks-old male Balb/c mice were killed by cervical dislocation and tibiae and femurs were 

flushed with RPMI 1640 to collect bone marrow cell suspensions. Recipient, age-matched 

syngenic female mice were lethally irradiated with a total dose of 8.5 Gy; 2x106 cells, 

resuspended in 0.2 ml medium, were transplanted 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 confirmed by the quantification of 

a specific mouse Y chromosome sequences in DNA samples extracted from PBMC or bone 

marrow cells at 1, 2 and 6 months after transplantation, using primers Y-F 

(5’CATGCAAAATACAGAGATCA3’) and Y-R (5’TAAAATGCCACTCCTCTGTG3’), to 

produce a genomic segment of 181 bp.  

As a cellular reference gene, mouse β-globin was amplified by primers BG-F 

(5’CAGCCTCAAGGGCACCTTTG3’) and BG-R (5’AGCAGCAATTCTGAATAGAG3’) to 

generate a 238 bp fragment. Exact quantification was obtained using an established competitive 

PCR procedure that uses a synthetic DNA competitor for the quantification of both targets 

(Todorovic et al., 2005). 
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Primary cell cultures 

CD11b+ cells were isolated from total bone marrow (extracted by tibiae and femurs of Balb/c 

mice) using CD11b magnetic cell separation system beads (Miltenyi Biotec, Germany), and 

cultured in RPMI 1640 supplemented with 10% high quality fetal bovine serum (GIBCO). 

Transfection experiments with different siRNAs were performed using Lipofectamine 2000, 

according to manufacturer’s instructions. 

Coronary artery smooth muscle cells were purchased from Clonetics and cultured in their own 

medium, also provided by the manufacturer. 

 

Migration assay 

Migration assays were performed with the use of 5-µm (for CD11b+ cells) or 8-µm (for SMCs) 

pore size transwell permeable supports with a polycarbonate membrane (Costar, Corning 

Incorporated). 1 x 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 400x magnification. 

Results are expressed as the mean number of migrated cells ± standard deviation. 

 

Vessel wall permeability assay 

Analysis of vessel permeability was performed by an adaptation of the Miles assay (Miles and 

Miles, 1952) to rodent muscles. Mice or rats (n=6 per group) were injected in the jugular vein 

with 250 µl or 2.5 ml of 0.5% Evans blue (Sigma), respectively, and sacrificed after 30 

minutes. The tibialis anterior muscles were removed and weighted. The dye was extracted by 

incubation in 2% formamide at 55˚C and quantified spectrophotometrically at 610 nm. 

Absorbance values were converted, according to a standard curve, in Evans blue content and 

expressed as a ration 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. 
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Immunohistochemistry was performed on paraffin-embedded sections, with the use of the 

following antibodies: mouse monoclonal against α-SMA (clone 1A4, Sigma); goat polyclonal 

against CD31 (Santa-Cruz Biotechnology). Protocols were according to the Vectastain Elite 

ABC kit (universal or goat) from Vector Laboratories. After treatment, slides were rinsed in 

PBS and signals were developed using 3,3’-diaminobenzidine as a substrate for the peroxidase 

chromogenic reaction (Lab Vision Corporation). 

For immunofluorescence, frozen sections (5-µm thick) were fixed using a Zinc-fixative (10 

minutes at room temperature) and blocked for 30 min 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 (clone M1/70), anti CD31 (clone 390), anti Sca1 (clone 

E13-161.7), anti F4/80 (clone A3-1)(Serotec), Cy3-coniugated anti-α-SMA (clone 1A4) 

(Sigma), anti-Gr1 (clone 553124, BD). Anti-Nrp-1 (clone sc-7239, SantaCruz Biotechnology 

Inc.) was used diluted 1:50. 

Relative areas occupied by differently stained cells were quantified by the use of ImageJ 

software. Positivity values were evaluated as number of pixels exceeding a set threshold using 

ImageJ software. Vessel morphology parameters were assessed again using ImageJ software 

measurements on CD31-stained tumor sections. 

 

Immunofluorescence in situ hybridization (Immuno-FISH) 

Following immunofluorescent detection of CD31 or α-SMA antigens, tissue sections were 

postfixed by protein crosslinking using EGS (Sigma) at 50 mM in PBS for 30 min at 37°C 

(Brown et al., 2002). The EGS stock solution was made in DMSO and the final dilution in PBS 

was prepared just before use. After washing, DNA was denatured in 70% formamide by 

placing slides at 72°C for 10 min; alcohol-dehydrated samples were than hybridized over night 

at 42°C with a probe specific for mouse Y chromosome, labeled with FITC (Cambio). After 

low temperature washes, the tissue sections were mounted in an antifade medium containing 

DAPI as DNA counterstaining. Images were acquired using a Leica DMLB upright microscope 

connected to a Coolsnap CF CCD camera and processed by the MetaView 4.6 software. 
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Matrigel® sponge assay 

Recombinant VEGFxxx was added to ice-cold Matrigel® suspension (200 µL) to a final 

concentration of 50 ng/mL. Similarly, recombinant Sema3A was added to a final concentration 

of 200 ng/mL. Soaked Matrigel® solution was injected subcutaneously in the ventral area of 

C57 mice, using an ice-chilled syringe. Solidification occurred within few minutes after 

injection. After 4 days, mice were sacrificed and Matrigel® sponges surgically removed, 

minced and fixed in para-folmaldeyde 1% for 30 minutes. Subsequently, Matrigel® pieces 

were PBS-washed and then treated with Collagenase A (Sigma) 0,25% for 90 minutes at 37° C 

in order to recover entrapped infiltrating cells.  

The suspension was washed in PBS and resuspended in PBS-BSA 2%. Following PE-

conjugated antibodies were diluted 1:100 in PBS-BSA 2% for subsequent FACS analysis: anti-

CD45 (clone 553081, Biolegend), anti-CD11b (clone 101207, Biolegend), anti-Sca1, anti-

CD31, anti-Flk1 (clone 555308, Biolegend) 

 

Tumor xenograft models 

B16.F10 melanoma or B16.T24.1 fibrosarcoma cell lines were cultured in D-MEM medium 

(GibCo) supplemented with 10% fetal bovine serum (Sigma). 2x105 cells were opportunely 

resuspended in PBS and directly injected in tibialis anterioris of C57 mice. 

Tumor growth was measured by small caliper quantification (thickness and width of mouse 

leg) and calculated according to the formula: π/6 * (DimMax2) * (DimMin/2) 

 

Cell sorting 

Unfractioned bone marrow was extracted from C57 mice. Cell suspension was filtered, washed 

in PBS-FCS 1% and following primary antibody added to cell pellet: anti-Nrp-1 (clone sc-

7239; Santa Cruz Biotechnology Inc. and clone AF566, R&D) and anti-Gr-1 (clone 553124, 

BD). Incubation lasted 3 hours at 4° C, then cell suspension was washed and secondary 

antibodies (1:1000 in PBS-FCS 1%) were added (FITC-conjugated anti-rat and Alexa647-

conjugated anti-goat, both purchased from Molecular Probes), along with PE-conjugated anti-

CD11b (Biolegend). Incubation lasted 1 hour at 4° C. Cell suspension was subsequently 

processed using a BD FACS Aria II.  
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NEM purification from Sema3A-conditioned skeletal muscle 

C57 mice were bi-laterally injected with 30 µL of AAV-Sema3A stock in the tibialis anterioris. 

After 15-20 days mice were sacrificed and injected muscles harvested. Muscles were 

subsequently minced in PBS and Collagenase treated (Wortinton, final concentration 0,5%) for 

30 minutes at 37° C. The resulting sospension was filtered and recovered cells purified using 

either CD45- or CD11b-conjugated magnet beads (Miltenyi Biotec). Recovered cells were 

either lysed in Trizol® for RNA extraction or resuspended in PBS for intra-tumoral injection. 

 

In vitro proliferation assay 

2x105 F10 or T24.1 cells were plated in each chamber of a 12-wells plate and cultured in D-

MEM (GibCo) supplemented with 10% FBS. Recombinant factors (hVEGF165, hVEGF121, 

hSema3A, produced in the lab using baculovirus-based technology) were added at the indicated 

concentration once a day for 3 days. 10% Alamar Blue (Rezasurin salt, Sigma) was then added 

to culture medium for 4-6 hours. Thereafter, cell supernatant was analyzed using a 

spettrophotometer in order to assess the rate of Alamar Blue metabolization, an index of cell 

count. Absorbance was measured at 570 nm, and values were subtracted for reference 

measurement assessed at 610 nm. 

 

Tumor infiltrate FACS analysis 

Pre-conditioned tumors were harvested and collagenase-digested for 1 hour at 37° C. Resulting 

suspension was subsequently filtered and red-blood cells were hypotonically lysed (in distilled 

water for 30 seconds). Lysing reaction was quenched with an excess of PBS and remaining 

cells resuspended in PBS-BSA 2%. Following antibodies were used for FACS analysis, using a 

1:100 dilution in PBS-BSA 2%: anti-CD11b (PE-conjugated, Biolegend) and anti-Nrp1 (goat 

anti-mouse, Santa Cruz Biotechnology Inc.). Cells were finally analyzed using a BD 

FACSalibur.  
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Statistical analysis 

One-way ANOVA and Benferroni/Dunn’s post-hoc test was used to compare multiple groups. 

Pair-wise comparison between groups was performed using the Student’s t test. P<0.05 was 

considered statistically significant. Graphs report ±SEM in each column.
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RESULTS 
 

AAV-mediated overexpression of VEGF isoforms and Sema3A in muscle tissue 

 

Local production of genes of interest in the skeletal muscle was achieved by using of Adeno-

Associated Viral (AAV) vectors, which are known to permit long term expression of ectopic 

genes in post-mitotic tissues(Arsic et al., 2003). 

AAV vectors encoding for VEGF165, VEGF121 or Sema3A were produced at the AVU Core 

Facility at ICGEB, Trieste (http://www.icgeb.org/avu-core-facility.html). Only vectors having a 

titer higher than 1012 viral genomes (vg)/ml were used for the in vivo experiments. Functional 

validation was achieved by in vitro transduction of 293 cells, followed by Western Blotting, 

which showed abundant production and comparable levels of all three proteins. (Figure 2.1)

 
 

Sema3A expression elicits a massive recruitment of mononuclear cells A bolus containing 

5x1010 particles of AAV-Sema3A was injected in the right tibialis anterior muscle of Balb/c 

mice (n=5). In order to monitor the biological effect of Sema3A in vivo over time, mice were 

sacrificed at different time points: injected and controlateral muscles were harvested, formalin-

fixed, paraffin-embedded and analyzed histologically. Surprisingly, Sema3A induced the 

recruitment of a notable amount of mononuclear cells, which massively infiltrated muscle 

fibers. This was observed in trasversal tissue sections upon hematoxylin staining and was 

clearly evident already at 7 days after AAV delivery, as shown in Figure 2.2. 

Considering the emerging role of Sema3A on endothelial cell biology, blood vessels in 

Sema3A-expressing muscles were analyzed by CD31 and α-SMA (markers of endothelial and 

smooth muscle cells, respectively) immunohistochemistry. Noteworthy, no change in the 

number of either capillaries or arterioles occurred in response to AAV-Sema3A transduction.  

Figure 2.1: AAV production 

Each AAV preparation yielded 4 vector fractions after Cesium-
column purification. Each fraction efficiency was assessed 
transducing 293 cells and evaluating gene production by 
Western Blotting. 
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VEGF isoforms differentially recruit mononuclear cells The cellular infiltration induced by 

Sema3A was strikingly reminiscent of the phenotype observed upon AAV-VEGF165 injection 

into skeletal muscle (Arsic et al, 2003). Indeed, hematoxylin staining revealed a similar 

infiltration of mononuclear cells, which were recruited to the muscle with a similar kinetics, as 

appreciable in Figure 2.3  

Notably different from Sema3A, VEGF165 induced the formation of an impressive number of 

vessels,and in particular of small arterioles (having a diameter in the range of 20-120 µm), as 

unveiled by α-SMA immunohistochemical staining (Figure 2.3).  

 

Figure 2.2: AAV-Sema3A induced the appearance of a massive cellular infiltration 

Tissue histology of mouse skeletal muscle upon AAV-Sema3A injection is shown. They are characteristically 
infiltrated by a large number of mononuclear cells in the interstitial space surrounding muscle fibers. Cellular 
infiltration is evident at 7 days after injection and lasts over months. Brownish color highlights vascular structures (α-
SMA). 

Figure 2.3: AAV-VEGF165 and AAV-Sema3A elicited similar cell recruitment 

Both VEGF165 and Sema3A overexpression promoted mononuclear cell attraction. These cells equally infiltrated 
myofibers interstitial space, with a similar kinetics, being appreciable already at 7 days after AAV injection. Differently 
from Sema3A, VEGF165 triggered the formation of several α-SMA positive vessels, clearly evident at 1 month after gene 
transfer. 
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Both phenotypes, namely increase in vascular density and cell recruitment, are in perfect 

agreement with previous literature data(Dvorak et al., 1987; Grunewald et al., 2006). 

Surprisingly however, when the shorter VEGF121 was used, no cell recruitment could be 

detected in the injected muscles, as shown in representative pictures in Figure 2.4. Of notice, 

the absence of cell recruitment was paralleled by an almost complete lack of arterial neo-

vessels, as assessed by α-SMA+ immunostaining. 

 
 

Thus, two unrelated and traditionally antagonistic molecules (Sema3A and VEGF165) shared 

the capacity to induce mononuclear cell infiltration, whereas two members of the same family 

(VEGF165 and VEGF121) markedly differed in their capacity to both recruit mononuclear cells 

and induce the formation of arterioles. 

 

To better investigate these apparent discrepancies, a new set of experiments was performed, in 

which mice were injected with AAV-VEGF165, AAV-VEGF121, AAV-Sema3A or an empty 

vector as control (n=5 each group). At 15 days after injection, mice were sacrificed and the 

injected muscles were harvested and frozen. Tissue cryosections, 5 µm-thick, were obtained 

from each sample and analyzed by immunofluorescence. In particular, the angiogenic response 

was characterized by α-SMA and CD31 staining: the former labeled preferentially large and 

more mature arterial vessels, whereas the latter stained all endothelial cells, thus unveiling also 

capillary micro-circulation. Cellular infiltration was assessed through DAPI nuclear staining. 

 

VEGFxxx and Sema3A have different effects on angiogenesis and cell recruitment Triple 

immunofluorescent staining was performed on all tissue samples, by staining arteriolae in red 

Figure 2.4: Absence of cell recruitment after AA-VEGF121 
gene transfer 

VEGF121 was unable to recruit an evident cellular infiltrate 
when overexpressed in the mouse skeletal muscle, as unveiled 
by tissue histology. Absence of cell recruitment was 
interestingly paralleled by lack of α-SMA+ neo-vessels 
formation. 
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(α-SMA), capillaries in green (CD31) and nuclei in blue (DAPI); representative pictures are 

shown in Figure 2.5. 

 
 

 

This analysis revealed that, different from what appreciated by immunohistochemistry on 

paraffin sections, VEGF121 was actually able to induce a massive angiogenic response, mainly 

composed of small capillaries, with no increase in the number of α-SMA+ vessels over control 

muscles. In accordance with the phenotype previously observed, VEGF121 did not recruit 

mononuclear cells. In contrast, VEGF165 was equally able to trigger capillary sprouting, but 

also to induce the formation of a high number of α-SMA-coated arterioles; in addition, again 

different from VEGF121, VEGF165 promoted a massive cellular infiltration. 

Finally, Sema3A was not angiogenic, as it did not induce the formation of neither α-SMA nor 

CD31 positive vessels, but was extremely potent in recruiting mononuclear cells, as revealed 

Figure 2.5: Comparison of VEGF165, VEGF121 and 
Sema3A biological effects 

Both VEGF isoforms promoted capillary sprouting (CD31 
immunostaining, green), whereas Sema3A did not. α-SMA 
immunostaining (red) revealed large vascular structures 
(arteriolaes): they were clearly abundant in VEGF165 
expressing muscles, unveiling arteriolae neo-formation. In 
control muscles only pre-existing arteriolae were 
appreciable: similar phenotype was seen in both AAV-
VEGF121- and AAV-Sema3A-injected mice. 

DAPI staining (blue) revealed cellular infiltration upon 
VEGF165- and Sema3A gene transfer only. 

All images were obtained from frozen sections of harvested 
skeletal muscles, belonging to mice previously injected with 
comparable amount of AAV vectors. 
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by DAPI staining; this result confirmed the phenotype observed after staining of paraffin 

sections. 

All quantifications were performed by both manually counting the number of cells and vessels, 

and by using the ImageJ software, and led to the same conclusions (Figure 2.6) 

Despite the poorly quantitative nature of immunofluorescent analysis, ImageJ estimations fully 

confirmed visual conclusions, as shown in Figure 2.6. 

 

 

Assessment of vascular leakiness As already mentioned, vascular permeability is a major 

feature of the known biological activities of VEGF. By using a modified Miles assay, vascular 

permeability was assessed in both VEGFxxx and Sema3A expressing muscles, two weeks after 

AAV injection.  

A bolus of Evan’s blue was injected intra-venously in anesthetized mice; whereas the dye 

normally stays intravascular, it promptly extravasates (within 10 minutes) from abnormally 

leaky vessels thus infiltrating the surrounding tissues. After 15-20 minutes, mice were 

sacrificed: injected and controlateral muscles were recovered and then formammide-treated for 

several hours in order to induce the release of the dye from the tissues. The measure of 

absorbance was considered as index of vascular leakiness and expressed as fold enhancement 

over the non-injected leg. As expected, both VEGF isoforms triggered strong vascular 

Figure 2.6: Quantification of VEGFxxx- and Sema3A-induced angiogenesis and cell recruitment 

Quantification of angiogenesis and cell recruitment was assessed using ImageJ software, measuring the percent of 
staining positivity over the relative area, in a significative immunofluoroscence dataset. Results were consistent with 
previous visual conclusions. 
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leakiness, whereas Sema3A did not significantly altered vascular permeability. Interestingly, 

VEGF121 was approximately 2-fold more potent in inducing permeability. Graphic 

representation of such data is shown in Figure 2.7. 

 

 

The following Table 2.1 summarizes the key features of VEGFxxx and Sema3A overexpression 

in the mouse skeletal muscle: 

  Marker  AAVVEGF165  AAVVEGF121  AAVSema3A 

CD31  ++  ++  No 
α-SMA  ++  No  No 

 
Angiogenesis 

Leakiness  +  ++  No 
Cell recruitment  DAPI  ++  No  ++ 

Interestingly, these data suggested that the presence of a cellular infiltratation could act 

synergistically with a pro-angiogenic stimulus on the endothelium to promote α-SMA coverage 

of the vessel wall. As already discussed in the introduction, this concept is perfectly consistent 

with recent evidences pointing toward a relevant role of accessory cells to sustain complete and 

functional angiogenesis. Interestingly, the pure capillarogenic trigger exerted by VEGF121 did 

not resulted in full vessel maturation, despite a clear increase in the overall vascular density.  

Therefore, both the phenotype and the possible functional role of the infiltrating cells were 

further characterized. 

Figure 2.7: Quantification of vascular leakiness 

Vascular permeability was assessed using a modified 
Miles’ assay. Mice were injected with different AAV 
vectors and analyzed at 15 days after injection. Data are 
reported as a ration in the value of absorbance of the 
injected and untreated leg for each animal. Both VEGF 
isoforms induced a marked leakiness at 15 days after 
AAV gene transfer, whereas Sema3A did not significantly 
alter vessel wall permeability. 

Table 2.1: Summary of biological effects assessed after AAV-VEGF165, AAV-VEGF121 or AAV-Sema3A gene transfer 
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Both Sema3A and VEGF165 recruit BM-derived myeloid cells As a first step to characterize 

the origin and the identity of such cellular infiltration, a bone-marrow transplantation model 

was set up, as schematically described in Figure 2.8.  

 
 

Unfractionated bone marrow cells from male Balb/c donor mice were transplanted into lethally 

irradiated syngenic female recipients, thus creating a Y-Balb/c chimeric mouse. The efficiency 

of engraftment was assessed by quantifying the copy number of donor-specific Y chromosome 

sequences by a competitive PCR assay and resulted to be >90%. After one month, the right 

tibialis anterior muscle of recipient female mice was injected either with AAV-VEGF165 or with 

AAV-Sema3A. In this settings, the presence of bone-marrow native cells within injected 

muscles could be unequivocally assessed by FISH staining for the Y chromosome: indeed this 

experiments unveiled that the recruited cells essentially originated from the bone-marrow, as 

the positivity ranged between 60% and 80% of total infiltrating cells. (Figure 2.9)  

Figure 2.8: Bone marrow transplantation model 

Female mice were lethally irradiated and subsequently transplanted with 
male bone marrow in order to have the Y-chromosome as a marker of bone 
marrow cellular origin. One month after transplantation, the recipient 
females were injected with AAV-VEGF165 (or analogous AAV vector) into 
the tibialis anterioris skeletal muscle. The recruitment of BM-derived cells 
at injection sites were assessed by Fluorescence In Situ Hybridization 
(FISH). 
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Consistently, in both cases infiltrated cells were also positive for CD11b staining in 

immunofluorescence, unveiling their myelo-monocytic commitment, as clearly shown in 

Figure 2.10A. 

 

As the only known property shared by VEGF165 and Sema3A is their capacity to bind Nrp-1, we 

envisaged that cell mobilization might occur through Nrp-1 engagement: consistent with this 

hypothesis, immunofluorescence demonstrated an extensive positivity to Nrp-1 staining within 

the cellular infiltrates: even more interestingly, the vast majority of the infiltrating cells 

appeared to co-express Nrp-1 and CD11b.  (Figure 2.10B)

 

 

Figure 2.9: Both VEGF165 and Sema3A 
recruited cells from the bone marrow 

After bone marrow transplantation, either AAV-
VEGF165 or AAV-Sema3A was injected in the 
tibialis anterioris of female recipient mice. At 1 
month, FISH analysis for the Y-chromosome 
revealed an extensive infiltration of positive cells I 
both treatments. 

Figure 2.10: Both AAV-VEGF165 and AAV-
Sema3A recruited a CD11b+/Nrp-1+ cellular 
infiltrate 

A) AAV-injected skeletal muscles were stained for 
CD11b (red), a myeloid marker. Almost the whole 
cellular infiltrate appeared positive in both AAV 
treatments. B) CD11b+ cells were also positive at 
Nrp-1 immunostaining (green) 
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Biological relevance of Nrp-1 binding 

 

Nrp-1 mediates cell recruitment: to definitively confirm the above mentioned hypothesis 

regarding the role of Nrp-1 in CD11b+ cell recruitment from the bone marrow, an in vitro 

migration experiment was performed. CD11b+ cells were isolated from Balb/c bone marrow 

and seeded in the upper chamber of a Transwell® plate. Transwell migration was efficiently 

induced by both VEGF165 and Sema3A, but not by VEGF121, as shown in Figure 2.11A.  

In addition, RNAi-mediated Nrp-1 silencing in CD11b+ cells significantly inhibited migration 

in response to either ligands as reported in Figure 2.11B.  

 

 

 
 

Collectively, these data demonstrated that both Nrp-1 ligands (VEGF165 and Sema3A) were 

able to recruit a CD11b+ myeloid cell population, despite their differential capability to induce 

an angiogenic response. These cells were named NEMs, as for Nrp-1 Expressing Mononuclear 

cells and their role in angiogenesis-prone microenvironment regulation was explored hereafter. 

Figure 2.11: CD11b+ cell migration 
required Nrp-1 

A) Primary CD11b+ cells were 
isolated from total bone marrow using 
magnetic beads. In a Transwell assay 
they migrated in response to either 
recombinant VEGF165 or recombinant 
Sema3A, in a dose-dependent 
manner. Conversely, VEGF121 did not 
induce any significant migration at 
neither doses tested. B) Nrp-1 
silencing in CD11b+ primary cells 
were obtained through specific siRNA 
transfection. siNrp-1 significantly 
inhibited cell migration whereas 
siScrambled did not. 
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VEGF165 and Sema3A recruit a unique cell population: in order to better investigate whether 

both VEGF165 and Sema3A recruit the same NEM population, Matrigel® sponges soaked with 

either factor were implanted subcutaneously in C57 mice (n=3). After 4 days, mice were 

sacrificed and Matrigel® sponges removed and digested with collagenase. Recovered cells 

were labeled for a panel of surface markers, belonging to the endothelial and hematopoietic 

lineages. 

Consistent with their dissimilar angiogenic potential, VEGF165 and Sema3A recruited a striking 

different proportion of CD31+ and Flk-1+ cells, whereas they attracted a similar number of 

CD45+ and CD11b+ cells. Data are reported below, in the Table 2.2. 

 

 
 

 

 

Since many bone marrow-derived populations, variably characterized by the expression of a 

few cell surface markers, have previously been described for their ability to support 

angiogenesis, the expression of these markers by NEMs was investigated. First, the presence of 

Gr-1 was assessed by immunofluorescence staining and only a scanty positivity for Gr-1 was 

found in Sema3A-expressing muscles (Figure 2.13A). Gr-1 expression by NEMs was further 

ruled out by triple staining of unfractionated bone-marrow extracted from C57 mice for CD11b, 

Nrp-1 and Gr-1, followed by flow cytometry: this analysis confirmed that the vast majority of 

CD11b+/Nrp-1+ cells were negative for Gr-1 (Figure 2.13B). 

Figure 2.12: VEGF165 and Sema3A 
recruited a similar cellular 
infiltrate 

Despite differently able to attract EC 
marker-expressing cells, VEGF165 and 
Sema3A were strikingly able to 
recruit an overlapping amount of 
CD45+/Cd11b+ mononuclear cells 

Table 2.2: Marker profiling of VEGF165- or Sema3A-driven cellular infiltrate 
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Conversely, faint F4/80 positivity could be appreciated in muscles expressing either factor, as 

shown in Figure 2.14. Such weak expression might be associated to any intermediate state 

within the continuum of macrophage polarization, being unusually low for staining resident 

macrophages. 

 
 

Collectively, these data suggested that both Sema3A and VEGF165, by acting on the common 

receptor Nrp-1, promoted the recruitment of a peculiar cell population (NEMs), different from 

all the bone marrow-derived mononuclear populations involved in angiogenesis described so 

far.  

 

Figure 2.13: NEMs were Gr-1 a negative population 

A) By immunofluorescence, Gr-1 positivity (red) was seldom found 
in Sema3A-induced infiltrates (on skeletal muscle tissue sections). 
B) By triple staining FACS analysis, Nrp-1 positive population 
(labeled in green) was largely negative for Gr-1 staining (on 
unfractionated bone marrow). 

Figure 2.14: NEMs exhibit faint F4/80 
positivity 

In skeletal muscles expressing either 
VEGF165 or Sema3A, recruited Nrp-1+ cells 
express low levels of F4/80 as unveiled by 
immunofluorescent analysis, thus unveiling a 
monocyte/macrophage lineage commitment. 
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NEMs are required for arterioles formation Beside promoting new blood vessel sprouting, 

VEGF165 expression provoked the formation of α-SMA coated vessels, namely arteriolae, that 

are usually functionally distinct from capillaries as they are larger and more stable. Albeit 

equally able to trigger the activation of the resident endothelium, VEGF121 gene transfer did not 

result in a significant increase in arteriolae in mouse skeletal muscle. This feature interestingly 

mirrored respective ability to attract myeloid cells, precisely NEMs.  

An intriguing hypothesis was that NEMs acted on angiogenesis in a paracrine manner, by 

secreting one or more soluble factors able to sustain the maturation of growing vessels toward 

an arteriolar phenotype. To test this hypothesis, CD11b+ cells were purified from total bone 

marrow by means of antibody-conjugated magnetic beads. This technique permitted to obtain 

pure and viable cells that were subsequently injected in the tibialis anterioris of syngeneic mice 

together with AAV-VEGF121. Two weeks after injection, whereas mice injected only with the 

AAV-VEGF121 vector exhibited an angiogenic response exclusively composed by capillaries, the 

combined administration of same vector with NEMs determined the development of α-SMA 

coated vessels, phenotypically similar to the ones observed in AAV-VEGF165 injected mice. 

Representative images are shown in Figure 2.15. 

  
 

 
Figure 2.15: In vivo arterial formation by the co-injection of AAV-VEGF121 and CD11b+ cells 

While the injection of AAV-VEGF121 resulted in the well-known massive capillary sprouting, the simultaneous 
administration of purified CD11b+ cells determined the formation of several α-SMA coated vessel structures. Thus 
suggesting an important role of injected cells in arteriolar phenotype in vivo. 
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These data suggested that vessel maturation is not an intrinsic ability of all VEGF family 

members, but it is instead supported by the recruitment of accessory bone marrow-derived cells 

and crucially mediated by Nrp-1 engagement. Possibly, this pro-maturation activity is exerted 

in a paracrine fashion, leading to smooth muscle cell attraction and eventually to arterial 

formation. 

NEMs ability to affect local microenvironment was subsequently investigated. 

 

NEMs paracrine activity creates a vessel maturation-prone microenvironment As NEMs 

seemed to support the coverage of endothelial cells by pericytes and subsequent vessel 

maturation (see Figure 2.15), it was possible that they express molecules known to be involved 

in mural cell coverage and vessel stabilization, such as PDGFβ and TGFβ. To address this issue 

experimentally, primary CD11b+/Nrp-1+ NEMs were sorted directly from the bone marrow by 

fluorescence-activated cell sorting (FACS). In addition, muscle-infiltrating NEMs were 

recovered from AAV-Sema3A injected mice: treated muscles were harvested and collagenase 

digested to relieve entrapped cells, which were subsequently isolated by means of CD11b-

conjugated magnetic beads. In both cases, the recovered cells were lysed in Trizol® and RNA 

was extracted. Real-Time PCR quantification revealed abundant levels of expression of both 

PDGFβ and TGFβ, if compared to CD11b+/Nrp-1- cells. As shown in Figure 2.16A, gene 

expression levels in bone marrow-purified NEMs were compared with those obtained from 

total bone-marrow or from CD11b+/Nrp-1- cells: both genes were again significantly more 

expressed by NEMs. In Figure 2.16B, gene expression levels for an additional panel of relevant 

genes are shown for muscle-purified NEMs and expressed as a ratio over GAPDH expression. 
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These results were further confirmed by quantitative mRNA analysis in AAV-VEGF165 and 

AAV-VEGF121 injected mouse muscles. Whole treated muscles were lysed and the levels of the 

various mRNAs were evaluated by Real-Time PCR and expressed as fold enrichment over the 

controlateral untreated muscle. Also in these settings both PDGFβ and TGFβ were significantly 

upregulated only when the longer isoform is expressed, further suggesting that such 

overexpression is reasonably to the presence of NEMs infiltrating VEGF165-but not VEGF121-

expressing muscles. 

 

 

 

Collectively, these results point to NEMs as a unique myeloid population, recruited by Nrp-1 

engagement, able to produce high levels of factors involved in blood vessel maturation. Indeed, 

their recruitment in vivo is essential for adequate mural cell coverage around vessel wall. 

Figure 2.16: purified NEMs expressed molecules that promote vessel maturation 

A) Levels of expression of PDGFβ and TGFβ were assessed in total BM, as well as in the CD11b+/Nrp-1- 
and CD11b+/Nrp-1+ fractions. Double positive population produced high quantities of both factors. B) The 
same two genes were significantly abundant in NEMs purified from Sema3A-expressing muscles, together 
with Thrombospondin-1 (TSP-1), a widely characterized angiogenesis endogenous inhibitor. 
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Effect of accessory cells and microenvironment on tumor growth 

 

Evaluation of the role of NEMs in cancer in a tumor xenograft model The observed 

capapcity of NEMs to promote vessel maturation was particularly interesting in the context of 

tumor growth. As already discussed in the Introduction, the stabilization of tumor vasculature 

might be detrimental for tumor growth and, interestingly, might lead to vessel normalization, 

allowing a better delivery of chemotherapeutics. In this respect, NEMs would provide a potent 

trigger for normalization, theoretically more effective than any other proposed vessel 

normalizer, as they represent the first evidence of the existence of an endogenous source of this 

activity. 

To better explore the potential involvement in tumor development and vessel normalization, a 

xenograft tumor model was established: 

• local microenvironment was pre-conditioned through AAV gene transfer, using vectors 

encoding for VEGF165, VEGF121 or Sema3A. Roughly 5x1010 particles were injected in 

the tibialis anterior of C57 mice. A control group of animals was injected with an empty 

vector. Cellular infiltration was assessed 10 days after injection through hematoxylin 

staining.  

• After 15 days, pre-conditioned mouse muscles were omolaterally challenged with 2x105 

B16.F10 melanoma cells. Tumor growth was quantified daily using a caliper. 

• After additional 15 days, mice were sacrificed and tumor mass harvested. Tumor tissues 

were fixed in paraformaldheyde 1% overnight at 4°C and snap frozen in liquid nitrogen. 

 

Schematic representation is shown here below: 

 
 

Control tumors arouse very rapidly, becoming detectable at visual inspection within 8-10 days 

and exhibited an exponential growth rate trend. Histologically, tumor samples showed an 
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intense black color and an impressive cellularity after hematoxylin staining (Figure 3.1). Tumor 

vascular network was characteristically haphazard, with vessels lacking evident mural cell 

association and aberrant vessel wall structure. 

Such xenograft models did not give rise to distant metastasis, since B16.F10 cells are highly 

metastatic only when injected intra-venously or in the mouse foot-pad. 

 

 
 

Effect of VEGFxxx and Sema3A on tumor growth Mice were divided into four experimental 

groups which were all injected in their right hindlimb with an equal amount of different vector 

preparations (AAV-empty, AAV-VEGF165, AAV-VEGF121 and AAV-Sema3A), in n=5 each 

group. Similarly they were all injected with equal amount of B16.F10 cells in a PBS 

suspension. In these settings, Sema3A expression clearly inhibited tumor expansion, resulting 

in about 70% growth inhibition at 15 days after melanoma cells challenging. Surprisingly, also 

VEGF165 pre-conditioning provoked a significantly slower tumor development, resulting in a ≈ 

50% inhibition at 15 days.  

Conversely, VEGF121 expression slightly enhanced tumor growth as compared with control 

mice, as expected for an angiogenic factor. Growing curves are reported in Figure 3.2, 

highlighting a clear different trend for animals pre-conditioned with both Nrp-1 ligands 

(VEGF165 and Sema3A). As the two factors have opposite activity on the endothelium, 

whereas they share a similar ability to recruit NEMs, it possible that NEMs presence at 

malignant site actually accounted, at least in part, for the inhibitory effect exerted by AAV-

Sema3A and AAV-VEGF165 gene transfer. 

To this respect it is worth noting that when AAV injection and tumor cell challenge was 

performed into different legs (contro-laterally), no effect on tumor growth could be appreciated, 

thus further suggesting a local inhibition occurring at AAV-injection site.

Figure 3.1: Hematoxylin staining on 
paraffin-embedded tumor samples 

Tumor histology revealed an impressive 
cellularity within the neoplastic mass, with a 
high degree of vascular density. 
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To rule out the possibility that either factor indeed inhibited directly tumor cell proliferation, an 

in vitro proliferation assay was performed, by treating B16.F10 cultured cells with 

physiological amounts of recombinant VEGF165, VEGF121 or Sema3A for three days the effect on 

cell count was finally assessed by adding Alamar Blue to culture medium and measuring its 

metabolization by absorbance after 4-6 hours. No differences in cell proliferation index were 

appreciable among the different treatments, nor in comparison with mock-treated cells. (Figure 

3.3) 

Figure 3.2: VEGF165 and Sema3A conditioning inhibited tumor growth 

Pre-conditioning of mouse skeletal muscles with either VEGF165 or Sema3A hampered tumor challenging slowing down 
tumor growth. While such inhibitory effect was somehow expected for Sema3A, this was quite surprisingly for VEGF165, as a 
shorter VEGF isoform, VEGF121 even accelerated tumor development, as conceivable for a well-known angiogenic factor. 
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Consistently, B16.F10 melanoma cells did not express Nrp-1, as revealed by Western Blot 

analysis on total cell lysates. Conversely, they expressed significant levels of Nrp-, which is not 

a Sema3A receptor. (Figure 3.4) 

 

Figure 3.3: Neither VEGFs nor Sema3A affected tumor cell 
proliferation 

In vitro proliferation assay unveiled that none recombinant factor 
(VEGF165, VEGF121 or Sema3A) affected B16.F10 cell multiplication 
rate directly. 

Figure 3.4: B16.F10 cells did not express Nrp-1 

Western Blot analysis on cultured B16.F10 cell lysates revealed 
no expression of Nrp-1. However, cell extract contained Nrp-2 
protein. 
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NEMs affect tumor growth 

 

Effect of VEGFxxx and Sema3A on tumor-associated cell recruitment Collectively, these data 

suggested that Sema3A, as well as VEGF165, but not the shorter VEGF121, settled a 

microenvironmental conditioning that unfavored tumor grafting and development. This effect 

was not due to a direct effect on tumor cells, and was not directly linked to angiogenesis 

inhibition, as a potent angiogenic factor, such as VEGF165 potently counteracted tumor growth. 

Most probably, NEM recruitment mediated such anti-cancer activity. To demonstrate that 

tumors pre-conditioned with VEGF165 or Sema3A, but not with VEGF121 were indeed enriched in 

NEMs, a flow cytometric analysis was performed. Briefly, tumors growing in mice previously 

injected with the different AAV stocks (n=2 each group) were harvested 10 days after 

challenging, disrupted by collagenase treatment and filtered. Single cell suspension was then 

stained for CD11b and the proportion of myeloid cells measured by FACS. Such analysis 

indeed demonstrates a 2-fold enrichment in CD11b+ cells by VEGF165 and Sema3A pre-

conditioned tumors (Figure 3.5A). Immunofluorescence for CD11b on tumor samples further 

confirmed this observation. (Figure 3.5C) 

Using FACS analysis, the number of Nrp-1 positive cells was similarly assessed in the 

differentially conditioned tumors, although it has to be clarified that Nrp-1 is also abundantly 

expressed by endothelial cells.  Indeed, the highest number of Nrp-1+ cells were found in 

VEGFxxx pre-treated tumors (Figure 3.5B). This was also confirmed by immunofluorescence, as 

shown in the representative images in Figure 3.5D. 
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Interestingly, tumor pre-conditioning had an opposite effect on TAM recruitment, which was 

significantly reduced upon both VEGF165 and Sema3A overexpression (Figure 3.6A). This 

decrease was expected to severely impair tumor-associated angiogenesis, as demonstrated in 

various experimental settings described in the introduction. 

Figure 3.5: AAV pre-conditioning affected tumor cellular infiltrate 

Tumors pre-conditioned with AAV-VEGF165, AAV-VEGF121 or AAV-Sema3A were harvested and A) stained for 
CD11b or B) for Nrp-1 after collagenase disgregation and subsequently analyzed by FACS. Alternatively, tumor 
samples were sectioned and immunostained for C) CD11b or D) Nrp-1. 

FACS analysis revealed an enrichment in the CD11b+ cellular infiltrate in tumors pre-conditioned with either NEMs 
recruiting factor (VEGF165 and Sema3A), as confirmed also by immunofluorescent analysis. 

Clearly, Nrp-1 predominantly labeled endothelial cells, thus being poorly informative as far as cellular infiltration is 
concerned. 
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In our model, TAM recruitment was determined by immunofluorescence for the macrophage-

specific marker F4/80 on tumor samples (n=2). This analysis clearly unveiled a reduced 

presence of TAM in tumor pre-conditioned with either Nrp-1 ligands (VEGF165 and Sema3A) if 

compared with AAV-VEGF121 or empty vector-injected mice (Figure 3.6B). 

 

 
 

 
 

This further identified NEMs as a unique cell population, phenotypically and functionally 

distinct from classical tumor associated TAMs, the activity of which likely affected local 

microenvironment toward vessel stabilization and tumor starvation.

 

Effect of Sema3A on alternative xenograft tumor growth To prove that the observed anti-

tumoral activity ascribed to NEMs was not limited to the peculiar experimental model set in 

previous experiments, an additional series of tumor-bearing mice were generated by intra-

muscular injection of T24.1 fibrosarcoma cell line, in C57 syngeneic mice. Again, Sema3A 

pre-conditioned muscles displayed a slower rate of tumor growth as compared to control, 

Figure 3.6: Tumor Associated Macrophages (TAMs) 
are differentially recruited to conditioned tumors 

In control tumors (empty vector injected), TAMs 
abundantly infiltrated growing tumors. TAM 
recruitment is maintained upon VEGF121 pre-
conditioning, but is significantly impaired upon both 
VEGF165 and Sema3A expression. A) This was in 
inverse relationship with CD11b+ cell recruitment and 
B) visual observation was confirmed by ImageJ 
quantification 
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empty-vector injected mice, , as shown in the growth curves reported in Figure 3.7. The extent 

of tumor growth inhibition was comparable to the one achieved upon grafting of B16.F10 

melanoma cells. 

Importantly, similar to what observed with B16.F10 cells, T24.1 proliferation rate was not 

affected by neitherVEGF165, VEGF121 nor Sema3A treatment in vitro, as revealed by Alamar 

Blue assay and shown in Figure 3.8. 

 
 

 

 

 

 

Figure 3.7: NEMs recruitment affected T24.1 fibrosarcoma xenograft tumor growth 

Sema3A pre-conditioning inhibited tumor growth in an alternative xenograft model. Inhibition 
(measured as percent of conditioned-tumor volume over control) reached roughly 60% at 20 days after 
AAV injection. 

Figure 3.8: T24.1 cell proliferation was not affected in vitro 

In vitro proliferation assay confirmed that T24.1 cell line did not alter its proliferation index upon 
treatment with any recombinant factors tested, thus ruling out possible direct inhibitory effects by VEGF 
isoforms and/or Sema3A. 
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Characterization of NEMs 

 

Since most of the inflammatory cells commonly found in tumors appeared to foster tumor 

angiogenesis and growth, whereas NEMs exerted a previously unrecognized inhibitory effect, 

these cells were further characterized to eventually define them as a novel cellular tool for anti-

angiogenic cancer therapy. 

 

Expression profile of NEMs The fact that NEM inhibited tumor growth, whereas other 

myeloid populations had been previously described as pro-angiogenic and pro-tumorigenic, 

strongly resembled the dichotomy observed in macrophages polarization. To assess whether 

NEMs could be similar to either M1 or M2 polarized macrophages(Mantovani et al., 2004), the 

expression profile of a panel of cytokines, chemokines and their receptors was investigated in 

NEMs purified from AAV-Sema3A injected muscles, particularly focusing on those molecules, 

already known to be differentially expressed by M1 and M2 macrophages. Interestingly, NEMs 

expressed high levels of CCL2, CCL4, CXCL9, CXCL10 (chemokines traditionally associated 

to M1 macrophages, with antitumoral properties), whereas produced minimal quantities of 

CCL1, CCL17, CCL22 (traditionally abundant in M2 macrophages), as highlighted in Figure 

3.9.  Additionally, they also were found to express PDGFβ, TGFβ (major players in pericyte 

recruitment and vessel maturation) and TSP-1 (a well-known angiogenesis endogenous 

inhibitor) (see Figure 2.16B).  

Similar results were observed also in NEMs captured by laser microdissection of muscle 

sections from AAV-Sema3A injected mice. (data not shown) 

 

 

Figure 3.9: Purified NEMs resembled M1 macrophages 
expression profile 

NEMs were purified from Sema3A-expressing muscles and their 
expression profile investigated by Real-Time PCR. They did not 
express cytokines characteristically produced by M2-polarized 
macrophages (underlined as MΦM2), whereas abundantly 
expressed several M1-associated molecules (underlined as 
MΦM1 in the figure). This unveiled a putative tumorigenic pro-
inflammatory potential typical of M1 macrophages and 
functionally distinct from usually tumor-associated M2 
macrophages (Mantovani et al, Trends Immunol, 2004). 
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By using a double antibody staining, CD11b+/Nrp-1+ cells were estimated to correspond 

roughly to the 4% of total bone marrow. In order to assess whether such population 

corresponded, at least in term of secreted factors, to the NEMs recruited to skeletal muscle by 

Sema3A, the CD11b+/Nrp-1+ double positive population was purified by fluorescence 

activated cell sorting and its expression profile subsequently evaluated by Real-Time PCR. If 

compared to total bone marrow or to CD11b+/Nrp-1- population, the double positive 

population again showed abundant levels of CCL2, CCL4, CXCL9, CXCL10, PDGFβ and 

TGFβ. Conversely, low levels of CCL1, CCL17, CCL22 as well as MMP9 and Ang-2 were 

detected, similar to what observed in muscle-derived NEMs. (Figure 3.10) 

 

 
 

Figure 3.9: Purified NEMs resembled M1 macrophages expression profile 

NEMs were purified from the mouse bone marrow through double cell sorting. A) CD11b+/Nrp-1+ fraction exhibited a strong 
upregulation of M1-associated genes (underlined as MΦM1 in the figure) if compared to its CD11b+ counterpart. Similarly, 
genes linked to M2 polarization (MΦM2 in the figure) were downregulated. B) On the other hand, double positive population 
exhibited enhanced expression of several genes involved in vessel maturation and mural cell recruitment. Conversely, if 
compared to total BM or CD11b+ population, NEMs expressed lower levels of genes associated to vessel remodeling, 
including C) Angiopoietin-2 (Ang-2) 
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Mechanism of NEMs tumor-inhibitory activity 

 

NEMs induced vessel maturation in a paracrine manner As previously discussed, vessel 

maturation might be an unfavorable event for tumor progression, thus partially accounting for 

the inhibitory activity exerted by NEMs in xenograft tumor model. As already discussed, this is 

mainly due to the shut down of the hypoxic stimulus.  

NEM expression profile revealed abundant levels of expression of molecules involved in 

vascular stabilization, most importantly PDGFβ and TGFβ. To assess whether this feature 

might influence tumor vasculature, it seemed interesting to investigate whether structural and 

functional changes occurred in response to tumor infiltration by NEMs. To this purpose,  

Sema3A represented the most intriguing molecule since it was the most efficient in recruiting 

NEMs, as well as the most potent inhibitor of tumor growth in both xenograft models (see 

Figure 2.6, 3.2 and 3.8). 

Quite surprisingly, no significant reduction in the number of vessels could be observed by 

CD31 immunofluorescence in Sema3A pre-conditioned tumors compared to mock-injected 

animals (Figure 3.11A). This was accompanied by a modest decrease in the overall positivity 

for CD31 (≈ 20% reduction), measured as number of pixels exceeding a set threshold, as shown 

in Figure 3.11B. This might suggest a minimal negative effect on EC activation. 

                     

Figure 3.11: Sema3A-tumor inhibition was not strongly linked to angiogenesis inhibition 

Given the ability of Sema3A to antagonize VEGF-induced angiogenesis (zacchigna et al,JCI,2008 & Acevedo et 
al,Blood,2008), microvessel density in Sema3A conditioned tumors was assessed by CD31 immunostaining. A) 
Surprisingly, vessel count (measured as CD31 positive spots per field of magnification) was not different from the 
control group and B) the overall CD31 positivity (measured as pixels positive over a set threshold) was modestly 
reduced. This suggested that observed tumor inhibition upon NEM recruitment was not strictly linked to angiogenesis 
repression. 
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Nonetheless, tumor vessels aroused in Sema3A expressing muscles showed a higher degree of 

α-SMA+ coverage (0.33 in control vs 0.43 in Sema3A, measured as ratio of α-SMA and CD31 

positivity: Figure 3.12A) and a thicker vessel wall (6 vs 12.5, measured as ratio of α-SMA 

positivity over vessel area: Figure 3.12B).  
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Figure 3.12: NEMs recruitment promoted vessel maturation 

Although the effect on endothelial proliferation was minimal, various evidences suggested an effect of Sema3A 
conditioning on vessel structure and maturation. As unveiled by α-SMA/CD31 immunostaining, AAV injection-driven 
NEM recruitment increased mural cell coverage on vessel wall. This was assessed by A) quantification of α-SMA/CD31 
ratio in a set of tumor section. B) Consistently, vessel wall thickness was also increased in Sema3A-treated tumors in the 
same sample set. C) Representative images are shown. 



  65 

 

Interestingly, vessel area was not significantly different in the two groups, but, strikingly, 

vessel perimeter was markedly reduced in Sema3A-conditioned tumors (Figure 3.13). This 

discrepancy was likely ascribable to changes in the overall architecture of the vascular network, 

and was consistent with a decrease in tumor vessel tortuosity in the Sema3A group.   

 

 

      

 

Collectively, these data suggested that Sema3A expression in the local microenvironment 

antagonized tumor growth through the induction of vessel maturation, possibly driven by the 

local recruitment of NEMs. 

Figure 3.13: NEM recruitment affected tumor vascular structure 

A) The area of tumor-associated vessels was not severely decreased upon Sema3A conditioning, as assessed by ImageJ 
quantification. B) Conversely, vessel perimeter was markedly reduced in the same sample set. This discrepancy was 
consistent with a reduction in the tortuousity of vascular network. 



 

NEMs administration to growing tumors To definitely assess the actual role of NEMs in the 

observed anti-tumorigenic activity of Sema3A and, in particular, in tumor vessel maturation, 

they were purified either form the bone-marrow by FACS or from Sema3A-expressing muscles 

by the use of magnetic beads, as described above. Previous gene expression data suggested an 

overlapping phenotype for bone marrow-sorted and muscle-derived NEMs (see Figures 3.9 and 

3.10).  

NEMs sorted from the bone marrow (2x105) were administered at day 0 along with B16.F10 

challenging. Two additional control groups were considered: i) mice challenged with 

melanoma cells only, ii) mice challenged with tumor cells combined with bone marrow 

CD11b+/Nrp-1- cells (n=5 each group). Quite surprisingly, no major differences in tumor 

growth rate were observed over 15 days after challenge among the three groups. Similar results 

were achieved when BM-derived cells were administered three times (day 0, day 3 and day 9) 

to tumor bearing mice. Growing curves of the two sets of experiments are reported in Figures 

3.14A & 3.14B respectively. 

 

 

 

Figure 3.14: Uncommitted NEMs did not significantly affect tumor growth 

Naïve CD11b+/Nrp-1+ (uncommitted NEMs) cells were purified from the bone marrow. A) Co-injection of purified naïve 
NEMs with B16.F10 melanoma cells into syngeneic C57 mice did not cause any tumor inhibition if compared to control 
groups (melanoma cells-only injection mice and co-injection of tumor cells and unfractionated bone marrow). B) Triple 
NEMs intra-tumoral administration did not affect tumor growth as well. 
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To check whether anti-tumoral activity required NEM conditioning by Sema3A, NEMs were 

derived from AAV-Sema3A expressing muscles (2x105) and administered to syngeneic mice 

(n=5) along with B16.F10 challenge (day 0). Initially, tumor sizes didn’t significantly differ 

from the control group (melanoma cell only); however, tumor growth rate was significantly 

reduced at later time points (≈25% reduction at day 13, Figure 3.15A).  

A similar experiment was performed, administering muscle-derived NEMs twice (day 0 and 

day 6 from tumor challenge). 2x105 cells were injected each time, while the control group was 

PBS-injected (n=4). Strikingly, tumor growth rate was further reduced in these settings, 

resulted in 50% reduction of tumor volume at day 14 in NEMs-treated mice, as shown in 

Figure 3.15B. 

 

 

 

Analyzing the tumor vasculature by immunofluorescent staining for α-SMA and CD31, it could 

be appreciated that NEM injection caused an increase in mural cell coverage (Figure 3.16A) 

and similarly, an increase in medial thickness (Figure 3.16B), thus confirming a direct 

involvement of this cell population in inducing vessel maturation.  

  

Figure 3.15: Sema3A-primed NEMs slow down late tumor growth rate 

NEMs were extracted from Sema3A-conditioned mouse skeletal muscles. A) Co-injection of Sema3A-primed with 
melanoma cells did not provoke a strong reduction in tumor volume. However, single NEMs administration successfully 
slow down tumor growth velocity at late time points (growth rate measured as percentual ratio of tumor volume over the 
volume measured at day 7) B) Double committed-NEMs administration resulted in an augmented tumor inhibition. 
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Figure 3.16: NEM administration elicited vessel maturation 

A) α-SMA (red) and CD31 (green) immunostaining of untreated 
and NEM-treated tumor sections (double administration). B) By 
ImageJ quantification, the degree of mural cell (α-SMA+) coverage 
was estimated in both sets of tumors, revealing an increase in NEM-
treated samples. C) Similarly, medial thickness was evaluated, as a 
ratio between α-SMA positivity and vessel area or D) vessel 
perimeter: in both cases NEM administration resulted in a 
significant increase of vessel wall thickness. Collectively, these data 
suggested a contribution of NEMs to tumor vessel maturation 
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Moreover, NEM administration resulted in a series of features indicative of vessel 

“normalization”, namely a reduction both in vessels area (Figure 3.17A) and perimeter (Figure 

3.17B), and a more circular shape (Figure 3.17C), consistent with a normalized vasculature. 

 

 

 

 

More importantly, NEM administration markedly lowered tumor-associated vascular 

permeability, as assessed by a modified Miles’ assay, as shown in Figure 3.18. 

 

 
   

Figure 3.17: NEM administration promoted vessel normalization 

Using ImageJ software, important morphological vessel features were evaluated in either untreated or NEM-treated tumors 
(double injection). Sample set was the same analyzed in Figure 3.16. A) Vessel area was reduced upon NEM administration, 
as well as B) Vessel perimeter. C) Conversely, circularity was augmented. These were all feature of a normalized tumor 
vasculature. 

Figure 3.18: NEM administration reduced 
vascular leakiness 

Using a modified Miles’ assay, tumor 
vasculature permeability was assessed. Mice 
(n=4 each group) were either PBS-injected or 
NEM-injected 3 days after tumor 
challenging. After additional 10 days, tumors 
were removed and analyzed for Evan’s blue 
extravasation. NEM administration 
significantly reduced tumor-associated 
vascular leakiness.  
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DISCUSSION 
 

The work described in this thesis has explored the therapeutic potential of Sema3A as a novel 

anti-cancer molecule. We have performed several experiments, which collectively support the 

therapeutic potential of Sema3A as a novel anti-tumorigenic factor, particularly for its ability to 

modify local microenvironment and vascular organization within a tumor mass. 

Consistent with the work recently published by other groups, we have previously demonstrated 

a potent anti-angiogenic effect of Sema3A, particularly evident against VEGF-induced 

angiogenesis (Acevedo et al., 2008; Zacchigna et al., 2008b), although the precise mechanisms 

of this activity have not been fully elucidated. The original interpretation proposed an indirect 

activity of Sema3A on endothelial cells, mainly acting as a mere impediment for VEGF 

binding to its receptors. However,  recent findings point toward an active and relevant 

participation of class 3 semaphorins in angiogenesis, in particular in the context of 

tumors(Kigel et al., 2008; Neufeld and Kessler, 2008). 

As other axon guidance cues, semaphorins are now recognized to direct vessel growth during 

development, either attracting or repelling sprouting vessel tips. In adulthood, angiogenic 

events are predominantly associated to severe pathological conditions that hamper a clear 

definition of the underlying molecular mechanisms. This has led to contradictory results on the 

role of Sema3A in tumor-associated angiogenesis and definitive evidences of its anti-

angiogenic role in vivo have emerged only during the last two years. Still, its actual 

contribution to tumor progression is highly debated.  

Also considering the results presented in this thesis, it is possible that so many controversial 

findings mainly stemmed from the fact the most of the previous studies did not adequately 

consider the role of the microenvironment in tumor progression. Neoplastic cells per se are not 

able to fully sustain malignant development, and increasing evidences show that they 

invariably hijack host components to favor disease progression and metastatic spread. In this 

respect, inflammatory cells co-option seems to be a crucial event for the acquisition of an 

angiogenic potential, a crucial step in cancer development.  

In this thesis, we have demonstrated that Sema3A importantly modifies tumor local 

microenvironment, mainly through the recruitment of a novel population of myeloid cells. We 

have easily recognized such cell-attracting ability using a gene transfer approach that has long 
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been exploited in our laboratory. In particular, we obtained a prolonged  Sema3A 

overexpression in the mouse skeletal muscle by simply injecting an AAV-Sema3A vector. This 

ectopic expression triggered a series of morphological changes to the injected muscles, the 

most striking of which was the appearance of massive cellular infiltration. 

AAV vectors are widely known for their poor immunogenicity and their administration has 

never been associated to any inflammatory reaction in immunocompetent animals(Zaiss and 

Muruve, 2005). Thus, we could reasonably rule out that such a cellular infiltration indicate an 

immune response to vector injection. In contrast, it was likely that Sema3A was responsible for 

the recruitment of the mononuclear cells. Consistent with this interpretation, the cellular 

infiltration was stiil evident, and even increased, at 3 months after Sema3A gene transfer, a 

time by which any acute response to vector injection should be disappeared. 

Sema3A-recruited cells have been named NEMs, for Nrp-1 Expressing Mononuclear cells. 

Nrp-1 appeared indeed the key receptor in NEM mobilization. Indeed, both Nrp-1 ligands, 

Sema3A and VEGF165, are equally able to attract the same NEM population. Strikingly, these 

cells are able to affect tumor growth by their own, when directly administered into growing 

tumors. Interestingly,  they seems to exert such activity through a paracrine action targeting 

tumor vasculature, as further discussed in the following paragraphs. 

 

Nrp-1 ligands are able to recruit circulating cells 

 

Most of the factors involved in the molecular regulation of angiogenesis are also able to 

potently co-opt inflammatory cells, which in turn sustain vessel formation in a paracrine 

fashion. In keeping with this concept, we have observed that VEGF165 overexpression by the 

skeletal muscle induces a potent angiogenic response, accompanied by the recruitment of 

circulating mononuclear cells(Arsic et al., 2003). The contribution of these accessory cells to 

new blood vessel formation at the site of VEGF overexpression has recently been shown also 

by other groups(Grunewald et al., 2006). This clearly supports the notion that angiogenesis 

represents a complex biological process, which extends far beyond the simple activation of 

endothelium. 

Strikingly, when we compared the cells infiltrating muscles injected with either AAV-VEGF165 

or AAV-Sema3A, we realized that the two factors likely recruited the same cellular population. 



  72 

Indeed, the number of the recruited cells, their morphology and the kinetic of their recruitment 

are markedly comparable, thus suggesting the existence of a common mechanism underpinning 

cell mobilization observed upon AAV-mediated delivery of both factors.  

Quite interestingly, VEGF165 and Sema3A share the capability to bind the trans-membrane 

receptor Nrp-1(Neufeld et al., 2002). A set of experiments demonstrated that such recruitment 

is indeed mediated by Nrp-1 engagement. First, silencing of Nrp-1 in CD11b+ cells by siRNA 

transfection inhibited cell responsiveness to both Sema3A and VEGF165 as appreciated by a 

Transwell® migration assay. Second, we considered and analyzed the angiogenic response 

driven by an alternatively spliced VEGF isoform, VEGF121. This shorter isoform lacks exon 7 

of the VEGF-A gene and therefore cannot bind Nrp-1. AAV-VEGF121 injection into the mouse 

muscle did not determine any cell recruitment in vivo; consistently, in vitro VEGF121 was not 

able to induce myeloid cell migration, different from the longer isoform VEGF165 and Sema3A. 

Collectively these data demonstrate that Nrp‐1 is indeed responsible for NEM 

recruitment, a significant biological event following both AAV‐VEGF165 and AAV‐Sema3A 

gene transfer. This would tend to support other published data, showing that Nrp‐1 can 

activate its own signal transduction pathway, possibly involved in endothelial cell 

migration(Pan et al., 2007; Valdembri et al., 2009). 

 

Despite a similar capacity of VEGF165 and Sema3A to recruit cells, these two factors exhibit an 

opposite effect on the vasculature, as VEGF165 is a potent angiogenic inducer, while Sema3A 

has no major effects on exiting vasculature and can even inhibit VEGF-induced angiogenesis. 

Therefore, it was not so expected that these two unrelated factors indeed recruited the same cell 

population. However, we provided several evidences supporting this concept. First, we showed 

that cell recruitment in both cases is mediated by a shared receptor, namely Nrp-1. In addition, 

we deeply investigated the origin and the phenotype of the infiltrating cells, both in VEGF165- 

and Sema3A-expressing muscles. To accurately accomplish this task, we exploited different 

techniques whose results ultimately converged toward the identification of a unique cell 

population of Nrp-1 expressing mononuclear cells (NEMs). In particular, we showed that, 

consistent with their leukocyte-like morphology, in both VEGF165- and Sema3A-injected 

animals, the infiltrating cells derive from the bone marrow, as assessed by FISH after cross-

gender bone marrow transplantation. Subsequently, we also investigated their lineage 
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commitment, and found that, in both sets of injected mice, recruited cells are myeloid-

committed (i.e. they express the pan-leukocytic marker CD45 and the myeloid marker CD11b). 

Notably, by immunofluorescence, all infiltrating CD11b= cells also co-expressed Nrp-1. Of 

notice, a few infiltrating cells scored positive for the macrophage marker F4/80. 

Taken together, these data support the concept that both VEGF165 and Sema3A recruit a sub-

population of bone marrow-derived monocyte-like cells, characterized by the expression of 

Nrp-1, which is actively required for thier mobilization from the native bone marrow 

compartment.  

Fluorescent immunostaining, followed by FACS analysis, on unfractionated bone marrow 

estimated that the double positive CD11b+/Nrp-1+ population corresponded to roughly the 4% 

of total bone marrow. This further attested the existence of a small population of NEMs, 

already pre-determined in the bone marrow and likely mobilized into the circulation upon 

peripheral VEGF165 or Sema3A up-regulation. 

To further strengthen this conclusion, we exploited alternative approaches, such as Matrigel® 

sponge implantation, followed by FACS analysis. Consistent with our previous results, we 

again determined that VEGF165 and Sema3A were equally able to recruit CD45+/Cd11b+ cells, 

despite their different ability to attract endothelial marker-expressing cells (CD31+ and Flk-1+, 

probably representing endothelial cells or their progenitors, specifically activated by VEGF165). 

We finally complemented such extensive characterization of NEMs by partially assessing their 

expression profile at the mRNA levels. For this analysis, we considered both CD11b+/Nrp-1+ 

cells purified from the bone marrow by Fluorescent Activated Cell Sorting, and NEMs 

harvested from Sema3A-injected muscles. This analysis revealed an overlapping gene signature 

between the two NEM populations, located in the bone marrow and in Sema-3A expressing 

muscles, respectively. 

 

Collectively, our findings strongly support the existence of a unique and previously 

unrecognized cell population of mononuclear cells expressing Nrp-1 (NEMs), and indicated 

that this receptor is not only a marker but is actively involved in their mobilization. 
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NEM activity on vessel stabilization 

NEMs produce abundant levels of PDGFβ and TGFβ, two molecules involved in vessel 

stabilization, possibly inducing and α-SMA+ cell recruitment pericyte coverage of the newly 

formed vessels(Carmeliet, 2000). We found that both factors were also up-regulated in 

VEGF165-, but not in VEGF121-expressing mouse muscles.  

These data suggest that NEMs likely contribute to angiogenesis by secreting a cocktail of 

molecules required for blood vessels maturation, thus acting at the later stages of the 

angiogenic process. 

Of notice, AAV-VEGF121 injection caused a massive capillary sprouting, due to an excessive 

proliferation of endothelial cells from the pre-existing local vasculature. This was unveiled by 

immunofluorescence for the endothelial marker CD31 and was perfectly consistent with the 

long-established evidences of the potent mitogenic activity of all VEGF family members on 

endothelial cells. However, we also realized that VEGF121 expressing muscles did not present 

any enrichment of α-SMA-coated vessels over control mock-injected muscles. Strikingly, 

VEGF165, which was conversely able to attract NEMs, efficiently recruited α-SMA+ cells and, 

when over-expressed in the mouse skeletal muscle, caused the de novo formation of a high 

number of mural cells-coated vessels, namely small caliber arterioles (ranging in diameter 

between 20 and 120 µm). 

The observed association between NEM recruitment and the development of an arteriogenic 

phenotype immediately suggested that full vessel maturation could be largely ascribed to NEM 

activity at the site of ongoing angiogenesis. In accordance with this interpretation, VEGF121 

failed in promoting a arterial maturation, in spite of its remarkable capacity to increase the 

overall number of endothelial cells when overexpressed in mouse skeletal muscle.  

Additional data obtained in our laboratory also demonstrated that VEGF121-conditioned 

muscles display a higher degree of vascular leakiness as compared to VEGF165 -injected 

muscles. Notably, such increase in vascular permeability could be reverted through the 

combined administration of AAV- VEGF121 with CD11b+ cells.  
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A prominent involvement of myeloid cells in arteriogenesis had long been theorized(Pipp et al., 

2003), primarily stemming for the observation that monocyte depletion in mice abrogated the 

PlGF-induced formation of arterioles. Noteworthy, PlGF is not an exclusive ligand of VEGFR-

1, but is known to bind Nrp-1 as well. 

We added further evidence to such a concept, by defining a receptor (Nrp-1) that can mediate 

myeloid cell recruitment and subsequently by characterizing one specific subset of myeloid 

cells (NEMs), particularly acting in promoting arterial vessel formation. 

To ultimately prove the direct involvement of NEMs in vessel maturation, we co-injected 

AAV-VEGF121 and purified CD11b+ cells; NEMs administration was indeed able to switch a 

pure capillarogenic stimulus (VEGF121) into an arteriogenic trigger. As a matter of fact, large 

α-SMA-coated vessels appeared in muscles co-injected with injected AAV-VEGF121 and 

NEMs. 

This latter experiment represents the most striking evidence of the biological activity of NEMs. 

Noteworthy, whilst many other myeloid sub-populations have been extensively involved in the 

promotion of angiogenesis, to our knowledge this was the first evidence that a specific and 

unique bone marrow-derived cell population might act at a later step during the angiogenic 

process, probably stopping excessive endothelial cell proliferation and recruiting pericytes 

around growing capillaries, thus allowing vessel maturation toward an arterial phenotype. 

 

 

Figure 4.1: Effect of NEMs on VEGF121-induced vascular permeability 

Data are presented as ratio of absorbance measured from the treated and from the controlateral tibialis anterioris 
muscle. A clear reduction in vascular leakiness was appreciable when CD11b+ cells were co-injected with AAV-
VEGF121 if compared to vector injected alone 



  76 

NEMs affect tumor progression 

The pro-maturation properties of NEMs are particularly appealing in the context of tumor 

development. Tumor vessels stabilization has been indeed associated with increased therapeutic 

effectiveness and even with tumor starvation(Jain, 2005). It is now well established that tumors 

require neo-vessel formation to uphold their exponentially increasing metabolic demand, but 

this statement, originally proposed long time ago, has been progressively adjusted according to 

novel experimental and clinical evidences. Compelling data seems to indicate that a flawed 

blood delivery system might provide a selective advantage to the tumor, as it keeps the tumor 

in a hypoxic condition, thus inducing the massive secretion of hypoxia-induced growth factors, 

and impairs efficient drug delivery. This topic has now attracted the attention of many 

investigators as it may account, at least in part, for the limited success achieved by anti-

angiogenic drugs since their approval for clinical practice. Recently, anti-angiogenic therapy 

has been paradoxically associated to accelerated tumor growth and increased invasiveness(Ebos 

et al., 2009; Paez-Ribes et al., 2009; Wang et al., 2009). 

In this perspective, fixing (or “normalizing”) tumor vasculature would subtract the hypoxic 

environmental stimulus to tumor instability and growth, thus exerting a favorable impact on 

disease progression. 

To check whether NEM recruitment may indeed support such a normalizing activity, we chose 

a well-established xenograft tumor model, in which C57 mice were challenged intra-muscularly 

with B16.F10 melanoma cells. All mice had previously been injected with different AAV 

preparations, coding for VEGF165, VEGF121, Sema3A, or empty vector as a control. . In such a 

way, muscles have been conditioned previous to tumor injection with three factors differing in 

their ability to induce angiogenesis and NEM recruitment. The major biological effects of each 

vector are summarized below: 

• AAV-empty: no evident morphological changes after AAV injection  

• AAV-Sema3A: massive recruitment of NEMs in the absence of any angiogenic 

response 

• AAV-VEGF165: massive recruitment of NEMs along with a prominent angiogenic 

response, consisting of both capillaries and arteries  

• AAV-VEGF121: strong angiogenic trigger, limited to capillary sprouting, without NEM 

recruitment  
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Importantly, by measuring tumor growth rate, we unveiled that NEM presence significantly 

hampered tumor growth, independent from the angiogenic potential of the transgene, and 

resulting in a reproducible reduction of tumor mass at 15 days after challenge. Interestingly, 

VEGF121, different from its longer isoform VEGF165, did not slow down tumor progression, but 

even slightly fostered it, as expected for an angiogenic factor. We could reproduce these results 

in an additional tumor model, using an alternative tumorigenic cell line. 

Whilst Sema3A effect on tumor growth was quite predictable considering its anti-angiogenic 

potential, VEGF165-triggered tumor inhibition was largely unexpected. Nonetheless, we 

realized that high levels of VEGF expression had recently been shown to be detrimental for 

tumor progression by other groups (Stockmann et al., 2008). Still, the discrepancy with the 

behavior of the shortest VEGF isoform was striking and, to our understanding, attributable only 

to the lack of NEM recruitment in VEGF121 -expressing muscles. 

 

Such inhibitory effects on tumor behavior are strongly reminiscent of those exhibited by M1-

polarized macrophages. To check whether the expression profile of NEMs matched, at least in 

part, the one of M1 macrophages, we analyzed by real time PCR, the expression levels of a few 

key molecules involved in macrophage polarization. Indeed, NEMs expressed high levels of 

genes traditionally associated to M1-polarized macrophages (CCL2, CXCL9, CXCL10), 

whereas they do not express the main genes linked to M2 cell fate, such as CCL1, CCL17, 

CCL22. 

This data highlight some functional similarities between NEMs and M1 macrophages, widely 

known for their anti-tumor activity, whereas clearly distinguish NEMs from M2 polarized 

macrophages, which, in contrast, are involved in tumor angiogenesis and vascular remodeling. 

In addition, NEMs also expressed abundant levels of PDGFβ and TGFβ, two pro-maturation 

factors, but undetectable levels Ang-2, a well-characterized vascular remodeling factor. 

Therefore, we could collect a wide set of evidences, all pointing toward a crucial and 

previously unrecognized ability of NEMs to induce vessel wall coverage by pericytes and thus 

vasculature maturation, different from what has been described so far for the majority of tumor-

associated myeloid cells. 

We better characterize this activity on NEMs by assessing vascular morphology by 

immunofluorescence in Sema3A-pre-conditioned tumor samples. Whereas the reduction in 
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CD31 positivity was modest, Sema3A conditioning caused a higher degree of α-SMA coverage 

of tumor-associated vessels. In addition, morphometric analysis has unveiled that these vessels 

were also less enlarged and less tortuous, consistent with a normalized vascular network. This 

effect could account for the observed decrease in tumor growth, as, according to the theory of 

vessel normalization, an improved vascular system should decrease the hypoxic stimulus to 

neoplastic cells, ultimately resulting in reduced tumor progression. It seems unlikely that these 

effect derive entirely from the anti-angiogenic properties of Sema3A, since microvasculature 

density was not clearly affected and the overall reduction in the blood vascular bed was 

minimal. In this respect, it is worth mentioning that vessel count has been often misleading 

when assessing tumor progression and its actual correlation with tumor growth rate is highly 

controversial(Stockmann et al., 2008; Wang et al., 2009; Weidner, 2008). Conversely, in our 

settings most of the effect stems from the capacity of the infiltrating NEMs to normalize tumor 

vasculature and, consistently, NEM-induced inhibition was particularly evident at late time 

points, when tumor masses are usually large and display several hypoxic and/or necrotic areas. 

Even though this statement might look counterintuitive, it is worth noting that hypoxia arms 

tumor cell proliferation through multiple and complementary mechanisms mediated by the HIF 

transcription factors(Burke et al., 2003; Jain, 2005; Wang et al., 2009). 

This concept was further corroborated by the administration of purified NEMs into growing 

tumors. Through the direct injection of NEMs, purified from Sema3A-expressing muscle, we 

could achieve a significant decrease in tumor growth rate, which correlated with the amount of 

NEMs injected.  

In order to experimentally prove our hypothesis regarding vascular normalization, we again 

assessed some important morphological and functional features by immunofluorescence and 

permeability assay. Strikingly, vessels in NEM-treated tumors were less enlarged, less leaky, 

less tortuous and with a higher degree of mural cell coverage. These modifications represent 

clear signs of vascular normalization and can reasonably account for the diminished growth 

observed in NEM-administered tumors. 

 

Interestingly, bone marrow purified naïve CD11b+/Nrp-1+ cells do not affected tumor growth 

at the same extent, even if periodically injected into tumor mass. These data might suggest the 
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requirement of a specific cell activation trigger, to which naïve BM-extracted cells had not 

been exposed. Additional experiments will be performed to assess this possibility. 

An alternative possible explanation is that the double positive selection, based on CD11b and 

Nrp-1, might not be sufficient to purify NEMs, as this pattern may overlap with other 

populations exerting different biological activity. To this regard, a better molecular 

characterization of NEMs will be mandatory. 

 



CONCLUSIONS 
 

Collectively these data suggest that NEMs represent a unique population of bone marrow 

origin, which assists endothelial cell in the maturation of new blood vessels.  

It is widely accepted that a strictly controlled molecular balance finely tunes angiogenesis: in 

normal conditions, physiological inhibitors play a predominant role, whereas when such a 

balance tips in favor of molecular activators, then angiogenesis can occur. Our findings propose 

the existence of a parallel equilibrium at a cellular level, according to which different cell types 

concur to the angiogenic balance fate. Many (and probably overlapping) subsets of myeloid 

cells have been extensively described for their role in activating the angiogenic process. NEMs 

would be the first cell population displaying a stabilizing function during angiogenesis. Their 

presence would be required at the site of neo-vessel formation in order to stop excessive 

endothelial proliferation and to promote subsequent vessel maturation, thus explaining why 

their recruitment is mediated by two well-known angiogenic regulators, such as VEGF165 and 

Sema3A. 

 

The described biological effects of NEMs on vascular network is likely mediated in a paracrine 

fashion by the secretion of various factors, among which PDGFβ and TGFβ, but further 

experiments are needed to support this hypothesis.  

 

The discovery and extensive characterization of NEMs might be particularly interesting for its 

applicability to novel anti-cancer strategies. In fact, tumor vasculature normalization has been 

shown to provide a significant increase in therapeutic effectiveness of traditional 

chemotherapeutic drugs. However, normalization has been difficult to achieve and restricted to 

a limited time window. NEMs might sustain a more comprehensive action toward vessel 

normalization through the physiological secretion of a broader “normalizing” set of soluble 

factors.  

 

Although its clinical relevance is still hard to envisage, pre-clinical studies are worth 

performing in order to assess whether such intriguing novel anti-cancer strategy might provide 

significant improvements to drug delivery and overall effectiveness.
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