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Preface

This work has been accomplished in team "Cancer Targets and Experimental Therapeutics" of the research center UGA / Inserm U1209 / CNRS 5309 in the Institute Albert Bonniot. It was realized under the supervision of Jean-Luc COLL.

This work gave reason for the following publications and presentations.

Publications: Tumor angiogenesis refers to the ability of a tumor to stimulate new blood vessels formation.

• Ciccione J*
Angiogenesis strongly depends on cell surface receptors and integrin activation to promote tumor progression, local invasion and dissemination.

Intensive efforts have been made to block tumor angiogenesis by inhibiting integrins and VEGFR2 or its co-receptor Neuropilin-1 (NRP1) function. However, patients usually benefit modestly from this mono-therapy strategy, and their response varies greatly according to the dosage. These results can be understandable according to the biological complexity of tumors, which implies in particular the existence of several crosstalks among the different receptors and of numerous bypass systems.

The aim of my PhD project is to generate bi-functional macromolecules targeting the integrin α v β 3 and NRP1 simultaneously. We generated different kinds of silica-based NPs and targeted peptides (Fig. 1).

My work is summarized in four parts.

v Affinity of the different molecules for selected cell lines The vascular system has the critical function of supplying tissues with nutrients and clearing waste products. In the presence of a rapidly growing tumor, the formation of new blood vessels is necessary. The tumor will thus reactivate a physiological process called angiogenesis in emergency to form a new network of vessels for its irrigation. During angiogenesis, endothelial cells become activated, degrade local basement membranes, and the vessel begins to "sprout" with migrating tip cells leading a column of proliferating stalk cells.

Tumor angiogenesis

Tumor angiogenesis is very important to promote tumor initiation, progression and dissemination, and was initially listed as one of the six hallmark of cancer by R. A. Weinberg [START_REF] Hanahan | The hallmarks of cancer[END_REF]. Like normal tissues, tumor cells also need blood to provide nutrients and oxygen as well as to evacuate metabolic wastes and carbon dioxide. When compared to the "well controlled" physiologic angiogenesis, important during development, wound healing and female reproductive cycling, the "angiogenesis switch" activated during tumor progression is constitutively activated and remains "on".

Due to the specific hostile tumor microenvironment (hypoxia, low pH and high interstitial fluid pressure), the structure and function of tumor vessels are different from those of normal vessels (Fig. 2). Tumor neo-vasculature is marked by precocious capillary sprouting, convoluted and excessive vessel branching, distorted and enlarged vessels, erratic blood flow, micro-hemorrhaging, leakiness, inflammatory cells' infiltration, and abnormal levels of cell proliferation and apoptosis as well as variable cellular plasticity of endothelial cells and pericytes [START_REF] Hanahan | Hallmarks of cancer: the next generation[END_REF][START_REF] Carmeliet | Principles and mechanisms of vessel normalization for cancer and other angiogenic diseases[END_REF]. Notably, the tumors' blood vessels themselves are also strikingly heterogeneous regarding their organization, structure, and function. An excellent review about the classification of tumor vessel types is presented by H. F. Dvorak and coworkers [START_REF] Nagy | Heterogeneity of the tumor vasculature[END_REF]. Tumor angiogenesis is triggered and results from the activity of two groups of factors: activators and inhibitors. Activators include members of the vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF) families. Inhibitors include in particular thrombospondin-1 (TSP-1), interferons, angiostatin, endostatin, and many others [START_REF] Hanahan | Hallmarks of cancer: the next generation[END_REF]. When the balance between activators and inhibitors is in favor of endothelial cells activation, these activated cells will "sprout". To do so, these cells must be capable of "sensing" their microenvironment and will modify their pattern of cell surface receptors accordingly. This is true in particular for the VEGF receptors and for integrins that are transmembrane receptors necessary for cell adhesion and mobility. These changes in the presentation and quantities of receptors present on the surface of tumor-activated endothelial cells make perfect targets for the design of anti-angiogenic and anti-tumor drugs.

2.2 Integrins and cancer

Presentation of integrins

Integrins are heterodimeric cell adhesion receptors that bind to extracellular matrix ligands, cell-surface ligands, and soluble ligands. There are at least 18α and 8β subunits that can dimerize to form more than 24 combinations that yield functional cell surface receptors.

According to the ligand specificity, integrins can be classified in 4 groups: leukocyte-specific receptors, collagen receptors, laminin receptors and RGD receptors [5]. Individual integrins have unique ligand specificities (Table 1).

Integrins Ligands α 1 β 1

Laminin, collagen Table 1 Ligand-binding specificities of human integrins (modified from [START_REF] Takada | The integrins[END_REF])

Integrins are among the most abundant cell surface receptors and are expressed in all cell types apart from erythrocytes [START_REF] De Franceschi | Integrin traffic -the update[END_REF], but the expression of different types of integrins is specifically limited to certain cell types or tissues. A special attention was paid in mammals to particular integrins such as α IIb β 3 in platelets, α 6 β 4 on keratinocytes; α E β 7 for T cells, dendritic cells and mast cells in mucosal tissues, α 4 β 1 on leukocytes, α 4 β 7 in a subset of memory T cells [START_REF] Takada | The integrins[END_REF]. In the present work, we will focused largely on integrin α v β 3 , known as the vitronectin receptor, because it is selectively overexpressed on the surface of endothelial cells of growing blood vessels.

It must be emphasized that the expression of integrins varies spatially and temporally according to the cell type and lesion site. There are unique integrin profiles in myocytes versus fibroblasts or endothelial cells, in fetal versus adult myocytes [START_REF] Israeli-Rosenberg | Integrins and integrin-associated proteins in the cardiac myocyte[END_REF]. For example, the α 5 and α 7 subunits are significantly more expressed in ischemic conditions. As well aortic constriction can increase α 1 , α 5 , α 7 and β 1D expression [START_REF] Babbitt | Modulation of integrins and integrin signaling molecules in the pressure-loaded murine ventricle[END_REF]. Differential splicing can also occur and adds an additional level of complexity in the integrins' repertoire. The β 1 integrin has four isoforms, two of which are expressed in myocytes (β 1A and β AD). The A form is predominantly detected in embryos, while the D form is highly expressed in adult myocytes [START_REF] Israeli-Rosenberg | Integrins and integrin-associated proteins in the cardiac myocyte[END_REF]. They take different, but important functions in the development of the heart.

Integrin signaling

Integrin receptors have been well studied. They play vital functions in cell adhesion, signal transduction and cytoskeletal organization. Since they are presented on the cell membrane, they form a network of molecular signaling machinery between the cells and their environment through bi-directional signaling transmission. During their internalization, integrins associated trafficking is directly linked to molecular signaling cascades. This plays major roles in a number of pathological conditions, such as cancer [START_REF] De Franceschi | Integrin traffic -the update[END_REF]. How integrins orchestrate such a complex repertoire of functions is still a big and difficult question. For example, the exact nature of the conformational changes following the interaction of their cytoplasmic tail with intracellular activating proteins still remains controversial. A considerable variability in the composition of integrin-containing adhesion plaques is reported, and it is still unclear how the dynamics of integrins' assembly and turnover are determined [START_REF] Bridgewater | Integrin trafficking at a glance[END_REF]. Recently, Pere et al. emphasized that mechanical molecular pathways are also key regulators of cell function in addition to the better understood pathways that are activated biochemically [START_REF] Roca-Cusachs | Finding the weakest link: exploring integrin-mediated mechanical molecular pathways[END_REF]. More work still need to be done to explore the roles and functions of the integrins' network involved in the detection and transmission of mechanical forces, and to understand how this will impact on cell functions. I will introduce here only the classical biochemical view of the signaling and transduction pathways under control of the integrins' network.

Following ligand binding, integrins mediate an "outside-in" signaling. As well, integrins can also mediate an "inside-out" signaling. This is strongly related to the property of integrins to switch between high-and low-affinity conformations that control their affinity with the ligands.

From a functional point of view, the "outside-in" signaling can provide information to the cells such as their location, local environment, adhesive state, and quality of the surrounding matrix [START_REF] Bridgewater | Integrin trafficking at a glance[END_REF]. "Inside-out" signaling will provide additional capabilities and flexibility to the cells to adapt to its local environment and eventually also to modify it.

From a structural point of view, the bases of the "bi-directional" signaling are described in Fig. 3. In the resting condition, the extracellular domains of integrins have no ligands binding and exhibit a bent (inactive) conformation. Once they received activation signals from the cells, the extracellular domains will unfold and keep a stable, extended and active conformation. These conformational changes will expose their active binding sites to external ligands, allowing the transmission of signals from the outside. The detailed mechanisms that explain how the extracellular head domain changes to a high affinity status, and how these changes will impact on its affinity and specificity toward ligands still need to be further explored. To activate the "inside-out" signaling, a large number of cytoskeletal and signaling molecules are involved in the formation of the activation tail. In particular, two proteins, talin and kindlins, bind separately to distinct regions of beta integrin's cytoplasmic tails, but cooperatively act to separate the cytoplasmic tails and to activate the integrins [START_REF] Goksoy | Structural basis for the autoinhibition of talin in regulating integrin activation[END_REF][START_REF] Wegener | Structural basis of integrin activation by talin[END_REF][START_REF] Wegener | Transmembrane and cytoplasmic domains in integrin activation and protein-protein interactions (review)[END_REF] Fig. 3: Three different states indicating integrins conformational changes (R. Zent and A.

Pozzi (eds.), Cell-Extracellular Matrix Interactions in Cancer).

Integrin-mediated "outside-in" signaling is very complex and affected by various crosstalks and network regulation that implies additional receptors such as RTK. Integrins do not have intrinsic enzymatic activity, but due to ligands' binding, integrin clusters are formed, giving birth to focal adhesion (FA) complexes. This will activate downstream signaling pathways such as the Src-FAK, Ras-ERK/MAPK and PI3K/AKT cascades. Among the huge number of molecules contributing to this signaling, we can schematically isolate four different groups of signaling nodes (Table 2).

Signaling nodes Main Function

Focal adhesion kinase (FAK)

• FAK acts as a phosphorylation-regulated signaling scaffold.

• Activated FAK forms a complex with SFK, this complex initiates multiple downstream signaling pathway.

Src-family kinase (SFK)

• Recruited SFK activate downstream kinases and adaptors, and contribute to integrin-mediated cell adhesions.

• SFK can bind directly to beta integrin tails and control cell spreading.

Integrin-linked kinase (ILK)

• ILK functions as a signaling scaffold at integrin adhesions.

• ILK directly phosphorylates downstream molecules such as GSK-3 β.

Non kinase proteins:

Paxillin, Vinculin

• Paxillin: a FAK-and ILK-binding protein, functions as a signaling scaffold and mediates binding of kinases, phosphatases, actin-binding proteins and Rho family members.

• Vinculin directly interacts with FA proteins including F-actin, talin, α-actin etc. Going back to integrin-mediated cell signaling during angiogenesis, Guido, et al presented an excellent review that emphasized that angiogenesis is characterized by the existence of opposed autocrine and paracrine loops implying several growth factors and semaphorins.

These factors mediate the activation of integrins on the endothelial plasma membrane through a RTK and neuropilin/ plexin system [START_REF] Serini | Besides adhesion: new perspectives of integrin functions in angiogenesis[END_REF]. More detailed information about these loops will be presented in the following chapters.

Integrin α v β 3 as a target for cancer therapies

Integrins function as very important regulators of cells' migration and invasion. The expression of integrins α v β 3 , α v β 5 , α v β 6 , α 4 β 1 , α 5 β 1 and α 6 β 4 correlates well with tumor progression [START_REF] Desgrosellier | Integrins in cancer: biological implications and therapeutic opportunities[END_REF]. As already seen, α v β 3 is overexpressed in endothelial cells during angiogenesis, while it is not detected in quiescent endothelial cells of established blood vessels [START_REF] Weis | alphaV integrins in angiogenesis and cancer[END_REF]. In several types of cancers such as lung, breast, brain and skin cancers, α v β 3 is also highly expressed by the tumor cells [START_REF] Byron | Anti-integrin monoclonal antibodies[END_REF], as shown in Fig. 4 Because of its pattern of expression, α v β 3 is one of the hot receptors for cancer targeted therapies as can be seen after a PubMed literature search (Fig. 5). In the past 10 years, 1210 publications are coming out when searching for the keywords "integrin alphavBeta3 AND cancer", while 8697 are obtained with " integrin AND cancer". Thus, ±14% of the publications on "integrin and cancer" are concerning α v β 3 .

Fig. 5 Number of publications in PubMed

The crystal structures of the extracellular segment of α v β 3 allowed a good characterization of its ligand-binding domain that reacts with the tri-peptide sequence RGD (Arg-Gly-Asp) [START_REF] Xiong | Crystal structure of the extracellular segment of integrin alpha Vbeta3[END_REF][START_REF] Xiong | Crystal structure of the extracellular segment of integrin alpha Vbeta3 in complex with an Arg-Gly-Asp ligand[END_REF]. A very large series of peptides and peptidomimetics containing this sequence have been developed and used for cancer diagnosis and therapy. Of particular interest for antiangiogenic therapies, cyclic RGD peptide was shown to selectively target tumor vasculature but also to impair angiogenesis and solid tumors' growth and metastasis [START_REF] Buerkle | Inhibition of the alpha-nu integrins with a cyclic RGD peptide impairs angiogenesis, growth and metastasis of solid tumours in vivo[END_REF][START_REF] Haier | Inhibition of tumor progression and neoangiogenesis using cyclic RGD-peptides in a chemically induced colon carcinoma in rats[END_REF][START_REF] Ogawa | Direct electrophilic radiofluorination of a cyclic RGD peptide for in vivo alpha(v)beta3 integrin related tumor imaging[END_REF]. In our team, we developed an innovative molecule called RAFT-RGD, that presented a great potential for cancer targeted imaging and therapy [START_REF] Jin | Noninvasive optical imaging of ovarian metastases using Cy5-labeled RAFT-c(-RGDfK-)4[END_REF][START_REF] Jin | In vivo noninvasive optical imaging of receptor-mediated RGD internalization using self-quenched Cy5-labeled RAFT-c(-RGDfK-)(4)[END_REF]. In addition to its role as an excellent delivery vector, cyclic RGD was reported to affect integrin α v β 3 endocytosis by different pathways [START_REF] Castel | RGD Peptides and Monoclonal Antibodies, Antagonists of v-Integrin, Enter the Cells by Independent Endocytic Pathways[END_REF][START_REF] Cressman | Binding and Uptake of RGD-Containing Ligands to Cellular α v β 3 Integrins[END_REF] and thus to be a promising therapeutic candidate alone or in combination with other drugs to prevent tumor growth and metastasis. Recently, additional work proves that integrin trafficking contributes to cancer-related processes such as resistance to anoikis, anchorage independence and metastasis [START_REF] Alanko | Integrin endosomal signalling suppresses anoikis[END_REF][START_REF] Muller | Mutant p53 drives invasion by promoting integrin recycling[END_REF]. Multivalent RGD scaffolds were found to present augmented cancer targeting and curing efficiencies as compared to the monomeric peptide. I will give a detailed discussion about this point in the chapter "multifunctional targeting". VEGFR1, VEGFR2 and VEGFR3 [START_REF] Koch | Signal transduction by vascular endothelial growth factor receptors[END_REF] are listed in Table 4, and the correspondence between VEGFs and VEGFRs is summarized in Fig. 6.

Fig. 6 Presentation of the VEGF-VEGFR system and their functions in physiological and pathological processes [START_REF] Buerkle | Inhibition of the alpha-nu integrins with a cyclic RGD peptide impairs angiogenesis, growth and metastasis of solid tumours in vivo[END_REF] VEGF-A pre-mRNA alternative splicing generates at least VEGF 165 main biological activity is due to its predominant binding to VEGFR2 and its coreceptor, neuroplin-1 (NRP1) [START_REF] Plein | Neuropilin regulation of angiogenesis, arteriogenesis, and vascular permeability[END_REF]. Unlike VEGFR2, VEGFR1 has a ten time higher affinity for VEGF 165 , but its kinase activity is much lower [START_REF] Sawano | Flt-1 but not KDR/Flk-1 tyrosine kinase is a receptor for placenta growth factor, which is related to vascular endothelial growth factor[END_REF]. As we will see in the results part, 20ng/ml VEGF 165a can induce a very strong, rapid and long lasting phosphorylation of VEGFR2 and of its downstream effectors FAK and AKT within as little as 7min, while no activation of VEGFR1 could be detected in these conditions. On the contrary, in several tumor cell lines, treatments with up to 200 ng/ml VEGF 165a did not generate a detectable response in the VEGFR2-AKT pathway. This strongly suggests that the activity of VEGF on endothelial versus tumor cells will have variable impacts on the tumorigenesis process. Indeed, its activity will differ widely whether we consider tumor angiogenesis, cancer stem cells' function, tumor metabolism, etc. Two very important reviews are describing the distinctive roles of VEGF in the tumor microenvironment [START_REF] Cao | VEGF exerts an angiogenesis-independent function in cancer cells to promote their malignant progression[END_REF][START_REF] Ellis | VEGF-targeted therapy: mechanisms of anti-tumour activity[END_REF].

Presentation of Neuropilins

The NRP families are multifunction non-tyrosine kinase cell surface receptors involved in several fundamental signaling cascades. NRP1 and NRP2 are two conserved NRP family members in vertebrates. The structure of NRPs is containing briefly (Fig. 7): a N-terminal signaling peptide, two calcium-binding C1r/C1s/Uegf/Bmp1 (CUB) domains (a1a2), two coagulation factor V/VIII-like discoidin domains (b1b2), a Meprin/A5-antigen/ptp-Mu (MAM) domain (c), a single transmembrane helix, and a short intracellular domain [START_REF] Parker | Function of members of the neuropilin family as essential pleiotropic cell surface receptors[END_REF]. Posttranslational modifications are also critical for NRP functions. NRP1 and NRP2 can be modified both by N-and O-linked glycans [START_REF] Parker | Function of members of the neuropilin family as essential pleiotropic cell surface receptors[END_REF] and their glycosaminoglycan (GAG) modification improves VEGF binding to NRP in vascular smooth muscle cells (vSMCs) and endothelial cells (ECs). Interestingly, GAG modifications decrease VEGFR2 expression in vSMCs only [START_REF] Shintani | Glycosaminoglycan modification of neuropilin-1 modulates VEGFR2 signaling[END_REF]. Recently, Usman and colleagues proposed an experimental model in which glyocosylated-NRP1 is physically supporting the communication between myofibroblasts and soluble fibronectin. This could impact on the stiffness of the tumor matrix and participate to the formation of a favorable tumor microenvironment [START_REF] Yaqoob | Neuropilin-1 stimulates tumor growth by increasing fibronectin fibril assembly in the tumor microenvironment[END_REF]. Fig. 7 Neuropilin gene organization and protein structure [START_REF] Pellet-Many | Neuropilins: structure, function and role in disease[END_REF] The different domains of NRP present diverse signaling and adhesive functions (Table 3).

NRP was initially discovered as the semaphorin receptor involved in the axon guidance of neurons. Recently, more and more work emphasized NRP's pleiotropic roles, not only in VEGF-dependent angiogenesis but also in several VEGF-independent activities such as its critical positive capacity to regulate the hedgehog (Hg) signaling pathway [START_REF] Hillman | Neuropilins are positive regulators of Hedgehog signal transduction[END_REF][START_REF] Ge | Phosphodiesterase 4D acts downstream of Neuropilin to control Hedgehog signal transduction and the growth of medulloblastoma[END_REF].

Table 3 Summary of NRP1 interactions with extracellular ligands (modified from [START_REF] Chaudhary | Neuropilin 1: function and therapeutic potential in cancer[END_REF]).

NRP's expression in normal tissues and in cancer is summarized in Table 4. Due to alternative splicing, NRP also contains secreted isoforms that can function as autocrine (natural) inhibitors [START_REF] Panigrahy | Regulation of soluble neuropilin 1, an endogenous angiogenesis inhibitor, in liver development and regeneration[END_REF][START_REF] Fassold | Soluble neuropilin-2, a nerve repellent receptor, is increased in rheumatoid arthritis synovium and aggravates sympathetic fiber repulsion and arthritis[END_REF] like soluble VEGFR. Soluble NRP and VEGFR are now reported as possible biomarkers for cancer staging and prognosis [START_REF] Yang | Circulating soluble neuropilin-1 in patients with early cervical cancer and cervical intraepithelial neoplasia can be used as a valuable diagnostic biomarker[END_REF][START_REF] Parker | Structural basis for VEGF-C binding to neuropilin-2 and sequestration by a soluble splice form[END_REF][START_REF] Abbasi | Soluble VEGFR1 concentration in the serum of patients with colorectal cancer[END_REF][START_REF] Ock | The distinct signatures of VEGF and soluble VEGFR2 increase prognostic implication in gastric cancer[END_REF]. Whether soluble NRP1 could be harnessed for anti-angiogenesis and anti-tumors therapies is an interesting question, which is discussed in the chapter of " Anti-angiogenic therapies targeting NRP1".

Computational biology and modeling are now offering promising approaches to investigate the VEGF reactivity with VEGFR and NRP [START_REF] Clegg | Site-Specific Phosphorylation of VEGFR2 Is Mediated by Receptor Trafficking: Insights from a Computational Model[END_REF][START_REF] Mac Gabhann | Targeting neuropilin-1 to inhibit VEGF signaling in cancer: Comparison of therapeutic approaches[END_REF], but the evaluation of the quantity of each receptor is still a major issue in particular to be able to evaluate the angiogenic signaling balance. The quantification of VEGF receptors were reported by several groups, but the results are not reliable because of the use of different type of cells (non-human, clonal and transfected cells) [START_REF] Imoukhuede | Expression of VEGF receptors on endothelial cells in mouse skeletal muscle[END_REF], culture conditions (with or without serum), donor origin (single or pooled), and in vitro versus ex vivo analysis. The level of expression of these receptors is highly variable in particular in primary cells [START_REF] Napione | Unraveling the influence of endothelial cell density on VEGF-A signaling[END_REF]. In our model, VEGF downregulates VEGFR2 expression within 15min. This demonstrates that VEGF receptors are very sensitive to external changes. This is an extremely important notion to keep in mind since this phenomenon has to be considered very carefully when we investigate these pathways. As already discussed, VEGF-mediated signal transduction via extracellular Ig-like domains 2 and 3 of VEGFR2 results in a wide biological response of ECs. This will affect their proliferation, migration, survival and permeability. A signal is transmitted via a complex network involving PI3K/AKT, Ras/ MAPK, PLC, p38 and FAK (Fig. 8) [START_REF] Koch | Signal transduction by vascular endothelial growth factor receptors[END_REF].

VEGF

Fig. 8 VEGFR2-mediated signal transduction in response to VEGF on endothelial cells [START_REF] Koch | Signal transduction by vascular endothelial growth factor receptors[END_REF] Although we understand quite well the mechanisms of initiation of VEGF-VEGFR2 signaling, very little is known on the following cascades that actually control the final cell response.

VEGF generates an immediate clathrin-dependent endocytosis of VEGFR2. This is involving

Cbl ubiquitination [START_REF] Duval | Vascular endothelial growth factor-dependent down-regulation of Flk-1/KDR involves Cbl-mediated ubiquitination. Consequences on nitric oxide production from endothelial cells[END_REF][START_REF] Zhang | VEGF-dependent tumor angiogenesis requires inverse and reciprocal regulation of VEGFR1 and VEGFR2[END_REF][START_REF] Smith | VEGFR2 Trafficking, Signaling and Proteolysis is Regulated by the Ubiquitin Isopeptidase USP8[END_REF] and is considered as the "intrinsic feed-back" mechanism that will stop VEGFR2-mediated signaling. However, an increasing number of studies emphasize that the intracellular vesicles formed after internalization of activated RTKs, including VEGFR2, can continue to recruit and to activate intracellular signaling [START_REF] Fearnley | VEGF-A isoforms program differential VEGFR2 signal transduction, trafficking and proteolysis[END_REF][START_REF] Lemmon | Cell signaling by receptor tyrosine kinases[END_REF][START_REF] Simons | An inside view: VEGF receptor trafficking and signaling[END_REF][START_REF] Ballmer-Hofer | Neuropilin-1 promotes VEGFR-2 trafficking through Rab11 vesicles thereby specifying signal output[END_REF][START_REF] Zhang | Receptor tyrosine kinases endocytosis in endothelium: biology and signaling[END_REF]. Recently, Gareth and coworkers reported that different VEGF-A isoforms induce distinct patterns of VEGFR2 endocytosis [START_REF] Fearnley | VEGF-A isoforms program differential VEGFR2 signal transduction, trafficking and proteolysis[END_REF]. This will in turn generate specific and variable cell responses to VEGF-A isoforms via a unique VEGFR2 receptor controlled by its differential trafficking (Fig. 9). The crucial role of ECM and its communication with RTKs during the development of physiological and pathological vasculature is well established. In 1999, S. Raffaelle and coworkers presented the first experimental evidences and proved the direct physical interaction between integrin α v β 3 and VEGFR2 in the presence of VEGF 165a [START_REF] Soldi | Role of alphavbeta3 integrin in the activation of vascular endothelial growth factor receptor-2[END_REF]. They emphasized the fact that the full function of integrin α v β 3 contributes to the full activation of VEGFR2 triggered by VEGF, but they did not explore the participation of VEGFR2 in the bidirectional signaling of integrins. One year later, T.V. Byzova and coworkers provided the first experimental proof that VEGF signaling regulates integrin activation in tumor and endothelial cells [START_REF] Byzova | A mechanism for modulation of cellular responses to VEGF: activation of the integrins[END_REF]. Thus, the positive feedback-signaling loop between VEGFR2 and integrin α v β 3 looks well defined through the signaling node PI3K/AKT (Fig. 10). During Besides the crosstalk between VEGFR2 and integrin α v β 3 , more work highlighted that NRPs may play a central role in VEGF signaling since they regulate the function of VEGFR2 and of integrin α v β 3 [START_REF] Goel | VEGF targets the tumour cell[END_REF] [START_REF] Ellison | Suppression of beta3-integrin in mice triggers a neuropilin-1dependent change in focal adhesion remodelling that can be targeted to block pathological angiogenesis[END_REF]. Before, they had proved that β 3 integrin could regulate negatively VEGFR2 expression and VEGFmediated angiogenesis by limiting the interaction between NRP1 and VEGFR2 [START_REF] Robinson | Alphav beta3 integrin limits the contribution of neuropilin-1 to vascular endothelial growth factor-induced angiogenesis[END_REF].

Meanwhile, simultaneous targeting of VEGFR2 and integrin α v β 3 is also more efficient to block tumor migration, proliferation and angiogenesis, than individual single treatments [START_REF] Montenegro | Blocking alphavbeta3 integrin by a recombinant RGD disintegrin impairs VEGF signaling in endothelial cells[END_REF][START_REF] Nam | FAS1 domain protein inhibits VEGF165-induced angiogenesis by targeting the interaction between VEGFR-2 and alphavbeta3 integrin[END_REF][START_REF] Sugahara | Tumor-penetrating iRGD peptide inhibits metastasis[END_REF][START_REF] Zanella | Synthesis, Characterization, and Biological Evaluation of a Dual-Action Ligand Targeting alphavbeta3 Integrin and VEGF Receptors[END_REF]. As well, the combined use of antibodies targeting NRP1 and VEGFR2 to inhibit tumor growth has been proved 10 years ago [START_REF] Mac Gabhann | Targeting neuropilin-1 to inhibit VEGF signaling in cancer: Comparison of therapeutic approaches[END_REF].

Angiogenesis and cancer targeted therapies

As Folkman and coworkers proposed 40 years ago [START_REF] Hanahan | Patterns and emerging mechanisms of the angiogenic switch during tumorigenesis[END_REF], angiogenesis is a very important target in cancer. In particular the VEGF-VEGFR system has been intensively targeted and several pro-dugs and mAbs blocking their functions have successfully entered clinical phases in patients with various solid tumors including breast, lung, glioblastoma and colorectal cancers. Bevacizumab, a humanized neutralizing antibody targeting VEGF approved by FDA, was initially shown to extend survival of patients with advanced colorectal cancer [START_REF] Hurwitz | Bevacizumab plus irinotecan, fluorouracil, and leucovorin for metastatic colorectal cancer[END_REF]. It was then extended to the treatment of other type of solid tumors including non-small cell lung, breast and metastatic renal cell carcinoma. Despite its great success at the preclinical level, and with the exception of patients with renal cell carcinoma [START_REF] Jain | Lessons from phase III clinical trials on anti-VEGF therapy for cancer[END_REF], the curing efficiency of bevacizumab was observed only in patients under combination therapies (chemotherapy and/or radiotherapy). Combined chemotherapy or radiotherapy with anti-angiogenic therapies are promising for patients with solid tumors, yielding better overall survival (OS) than mono-therapies. Indeed, monotherapies could rather be assimilated to adjuvant therapies. This led to the recent development of agents targeting multiple pro-angiogenic factors in order to augment the anti-angiogenic efficacy and to overcome adaptive or intrinsic drug resistances. Successful cases of blocking pro-angiogenic factors' functions simultaneously are also discussed in the chapter of "crosstalk among VEGFR2 and NRP1 as well as integrin α v β 3 " and the chapter of "multifunctional targeting of tumors".

In the following chapters, I will firstly introduce current clinical trials of anti-angiogenic therapies targeting integrin α v β 3 , VEGF-VEGFR and NRP1 respectively, followed by a discussion about the advantages and disadvantages of anti-angiogenic therapies.

Anti-angiogenic therapies targeting integrin α v β 3

Brooks et al firstly reported that the expression of integrin α v β 3 correlates with tumor angiogenesis and that antagonists of integrin α v β 3 can induce tumor regression [START_REF] Brooks | Requirement of vascular integrin alpha v beta 3 for angiogenesis[END_REF][START_REF] Brooks | Integrin alpha v beta 3 antagonists promote tumor regression by inducing apoptosis of angiogenic blood vessels[END_REF].

Later, preclinical studies established that antagonists of integrin α v β 3 can suppress tumor angiogenesis and growth either alone or in combination with other therapeutics [START_REF] Desgrosellier | Integrins in cancer: biological implications and therapeutic opportunities[END_REF]. But until now, only few anti-integrin α v β 3 -based drugs have been tested as anti-angiogenic cancer therapies in clinical trials. Only MEDI-522 (a humanized antibody anti α v β 3 ), CNTO95

(a humanized antibody anti α v β 3 / α v β 5 ) and Cilengitide (an anti α v β 3 / α v β 5 peptide) were tested. Since they all target the extracellular domains of integrin α v β 3 / α v β 5 , they are interesting tools for integrin-targeted imaging and treatments [START_REF] Hood | Tumor regression by targeted gene delivery to the neovasculature[END_REF].

MEDI-522 (etaracizumab) was the first antagonist of integrin α v β 3 approved for clinical trials. brain, head and neck, glioblastoma, leukemia, melanoma, prostate, advanced non small cell lung cancer and sarcoma. Cilengitide exhibited significant promises in treating patients with glioblastoma by extending OS (overall survival) with minimal side effects [START_REF] Desgrosellier | Integrins in cancer: biological implications and therapeutic opportunities[END_REF]. However, a recent phase III in glioblastoma using Cilengitide failed because of a lack of anti-angiogenic activity [START_REF] Williams | Discontinued in 2013: oncology drugs[END_REF]. We are thus back to the preclinical level, to better understand the role of integrins, and especially beta3, as reviewed by S.D Robinson et al who emphasized the need we have to be more careful on the dosage of α v β 3 antagonists and that we need to pay more attention to the type of target cells as well as on the quality of their microenvironment [START_REF] Robinson | The role of beta3-integrins in tumor angiogenesis: context is everything[END_REF].

Anti-angiogenic therapies targeting VEGF-VEGFR

There are several approaches to inhibit VEGF signaling, including antibodies neutralizing the ligands or corresponding receptors, inhibitors blocking VEGFR activation and signaling. List of anti-VEGF agents and targets, which have entered clinical phase trials, is presented in Fig. 11.

Two excellent reviews concerning the current anti-angiogenic strategies are also presented [START_REF] Bridges | The angiogenic process as a therapeutic target in cancer[END_REF][START_REF] Grothey | Targeting angiogenesis: progress with anti-VEGF treatment with large molecules[END_REF].

Anti-VEGF therapy affects numerous cell types in the tumor microenvironment, including endothelial cells, tumor cells and dendritic cells. It also affects vascular function (flow and permeability) in addition to blocking tumor angiogenesis.

Considering the therapeutic outcomes of anti-VEGF therapy for various solid tumors, Lee M.

Ellis and coworkers emphasized that it is efficient as a single agent in renal cell carcinoma and hepatocellular carcinoma, whereas it must be combined with chemotherapy in patients with metastatic colorectal, lung or breast cancer [START_REF] Ellis | VEGF-targeted therapy: mechanisms of anti-tumour activity[END_REF].

Fig. 11 List of anti-angiogenic agents targeting VEGF-VEGFR currently in clinical phase trials [START_REF] Bridges | The angiogenic process as a therapeutic target in cancer[END_REF] (http://www.selleckchem.com/pathways_VEGFR-PDGFR.html).

Anti-angiogenic therapies targeting NRP1

As discussed previously, NRP1 plays a central role in VEGF signaling because it regulates both the RTKs' and integrins' function. And it is becoming a very promising cancer target, especially in solid tumors. In patients with non-small cell lung cancer (NSCLC), the expression level of NRP1 is an independent predictor of cancer relapse and of poor survival. Its inhibition by small interfering RNA (siRNA), soluble NRP1 (sNRP1) or peptides could significantly suppress tumorigenesis, cancer invasion and angiogenesis [START_REF] Hong | Targeting neuropilin 1 as an antitumor strategy in lung cancer[END_REF].

An anti-NRP1 mAb, MNRP1685A, was developed to target the b1/b2 domain of NRP1 [START_REF] Liang | Function blocking antibodies to neuropilin-1 generated from a designed human synthetic antibody phage library[END_REF][START_REF] Pan | Blocking neuropilin-1 function has an additive effect with anti-VEGF to inhibit tumor growth[END_REF]. Three phase I clinical trials proved its therapeutic efficacy [START_REF] Xin | Pharmacokinetic and pharmacodynamic analysis of circulating biomarkers of anti-NRP1, a novel antiangiogenesis agent, in two phase I trials in patients with advanced solid tumors[END_REF][START_REF] Weekes | A phase I study of the human monoclonal anti-NRP1 antibody MNRP1685A in patients with advanced solid tumors[END_REF][START_REF] Patnaik | A Phase Ib study evaluating MNRP1685A, a fully human anti-NRP1 monoclonal antibody, in combination with bevacizumab and paclitaxel in patients with advanced solid tumors[END_REF]. MNRP1685A alone was well tolerated in patients [START_REF] Weekes | A phase I study of the human monoclonal anti-NRP1 antibody MNRP1685A in patients with advanced solid tumors[END_REF]. But although it was especially effective when combined with bevacizumab (an anti-VEGF mAb) in patients with advanced solid tumors [START_REF] Xin | Pharmacokinetic and pharmacodynamic analysis of circulating biomarkers of anti-NRP1, a novel antiangiogenesis agent, in two phase I trials in patients with advanced solid tumors[END_REF],

MNPR1685A combination with bevacizumab was found to induce toxic grade 3 proteinuria [START_REF] Patnaik | A Phase Ib study evaluating MNRP1685A, a fully human anti-NRP1 monoclonal antibody, in combination with bevacizumab and paclitaxel in patients with advanced solid tumors[END_REF].

Gagnon et al firstly reported that soluble NRP1 exists and appears to function as a VEGF antagonist [START_REF] Gagnon | Identification of a natural soluble neuropilin-1 that binds vascular endothelial growth factor: In vivo expression and antitumor activity[END_REF]. NRP1 can be detected in the circulation (cNRP1) in mice, rats, monkeys, and humans in 2 forms: soluble NRP1 (sNRP1) that contains a1a2 and b1b2 extracellular domains and the complete NRP1 ECD shed from the membrane-bound NRP1. Circulating sNRP-1 is abundantly found in plasma of healthy donors (mean level of 200 ng/mL). It augments to 330 pg/mL in breast cancer and to 400 ng/mL in colorectal or non-small cell lung cancer [START_REF] Xin | Pharmacokinetic and pharmacodynamic analysis of circulating biomarkers of anti-NRP1, a novel antiangiogenesis agent, in two phase I trials in patients with advanced solid tumors[END_REF].

An augmentation of sNRP1 was also established for cervical cancer and cervical intraepithelial neoplasia [START_REF] Yang | Circulating soluble neuropilin-1 in patients with early cervical cancer and cervical intraepithelial neoplasia can be used as a valuable diagnostic biomarker[END_REF].

Administration of anti-NRP1 antibody increases the circulation levels of both soluble and full NRP1 proteins that could potentially sequester VEGF and augment the anti-tumor effects of anti-NRP1 antibody [START_REF] Lu | Identification of circulating neuropilin-1 and dose-dependent elevation following anti-neuropilin-1 antibody administration[END_REF]. Interestingly, the biodistribution of MNRP1685A is different in humans than in monkeys and in monkeys the increase of total cNRP1 seems to be driven by the accumulation of drug-cNRP1 complexes [START_REF] Xin | Anti-neuropilin-1 (MNRP1685A): unexpected pharmacokinetic differences across species, from preclinical models to humans[END_REF]. In humans, MNRP1685A treatment is associated with a 90% saturation of both NRP1 isoforms by the antibody.

Other anti-NRP1 therapies currently in preclinical studies are using peptides, small inhibitors, siRNA and sNRP1 (Fig. 12). Concerning peptides, iRGD is a very intriguing one. It presents a C-terminal consensus R/KXXR/K sequence (CendR) that interacts with the b1/b2 domain of NRP1, and induces NRP1-dependent cell internalization [START_REF] Ruoslahti | Tumor penetrating peptides for improved drug delivery[END_REF]. The CendR motif is masked within the iRGD tumor-homing peptide but it could be activated by protease(s) within the tumor microenvironment [START_REF] Sugahara | Tissue-penetrating delivery of compounds and nanoparticles into tumors[END_REF] that will expose the arginine residue of CendR. Besides its strong tumor tissue-penetrating capacity, iRGD inhibits tumor metastasis [START_REF] Sugahara | Tumor-penetrating iRGD peptide inhibits metastasis[END_REF] and can serve for drug delivery [START_REF] Yan | Molecular imaging-guided photothermal/photodynamic therapy against tumor by iRGD-modified indocyanine green nanoparticles[END_REF].

Another peptide that presents also a Cterm arginine residue, ATWLPPR (A7R), was discovered by a phage epitope library screening based on its affinity for VEGFR2 and its 

Pros and cons of anti-angiogenesis therapies

In this chapter, I will list some of the interests and in particular the limits of current antiangiogenic treatments in a perspective that will bring to the development of more effective and personalized therapies.

The initial objective of Folkman's theory was to starve tumors by inhibiting tumor vessels formation. Nowadays, we mainly try to stabilize the disease and keep tumorigenesis under control and to develop anti-angiogenic therapies that look more like pro-angiogenic and leading to remodeling of tumor blood vessels, which lead to transient increased of blood flow within the tumor and improved delivery of chemotherapeutic agents [START_REF] Bridges | The angiogenic process as a therapeutic target in cancer[END_REF]. This could explain in particular why combination of chemotherapy or radiotherapy with bevacizumab is usually performing better [111,112]. Recent reviews on the results obtained with VEGFtargeted cancer therapies clearly suggest the urge to develop combinations of rational combinations of anti-angiogenic agents [113,114] in agreement with the previous interrogation of P. Carmeliet and coworkers: should tumor vessels be destroyed to starve primary tumors from oxygen and to induce tumor shrinkage, or should they be normalized to reduce metastatic dissemination from oxygen-enriched tumors and to improve responses to conventional anticancer therapies? Alternatively, should we attempt to take advantage of both approaches combined? [START_REF] Carmeliet | Principles and mechanisms of vessel normalization for cancer and other angiogenic diseases[END_REF]. This seems to be successful for VEGF based treatments but also for RGD-based ones and lead to the idea that « vascular promotion therapy is a means to improve cancer treatment » as claimed by Wong et al. [115]. Another way to understand the limitation of VEGF-mediated anti-angiogenic is represented in Fig. 13. Clinical studies clearly proved that targeting angiogenesis is a valid therapeutic approach.

But at the same time they as clearly showed the emergence of resistance affecting the overall survival rate of patients. Resistance is a consequence of both the adaptive and intrinsic (pre-existing) non-responsive resistances of the tumors and if we want to improve the benefit for patients we will need to:

-Better understand the intracellular signaling crosstalks and intercellular networks in Nanotherapeutics have intrinsic properties that allow them to target heterogeneous and complex tumor microenvironments. This targeting can be passive via the so-called EPR (enhanced permeability and retention) effect or active when the NP is covered of ligands.

Ligands can be small molecules, peptides, proteins, sugars, nucleic acid or antibodies directed against selected tumor targets.

For passive targeting, stealth macromolecules with a MW >40 kDa (>5 nm) accumulate preferentially in the neoplastic tissues as a result of EPR phenomenon, which was firstly described by Yasuhiro Matsumura and Hiroshi Maeda in 1986 [117, 118]. The EPR effect could be over-simplified and explained by the presence of a fenestrated endothelium (permeability) and of the inefficient lymphatic drainage within tumors, which generates the retention effect [119]. But it is actually a complex phenomenon linked to several biological process including: angiogenesis, vascular permeability, hemodynamic regulation, heterogeneities of the genetic profiles of tumors, heterogeneities in the tumor microenvironment and lymphangiogenesis [120], in addition to the NPs' intrinsic properties, such as size, shape, rigidity, hydrophobicity and surface charge (Fig. 14) [119]. Interestingly, the difference of NPs' PK value between passive and active NPs was only detected in the size of 30 or 60nm, especially within the 60nm diameter range. Targeted NPs exhibited 5 times faster and approximately 2-fold higher tumor accumulation as compared to their passive counterparts (Fig. 15). This work is of great interest for us since we are using 40nm large silica NPs as a base for peptides' modification to generate multifunctional NPs 

Interest of RGD for cancer targeted therapies

The RGD peptide is probably the more widely investigated peptide ligand. RGD-based targeting is successful in the delivery of drugs, imaging agents, virus, and NPs to tumor vasculature [START_REF] Sugahara | Tissue-penetrating delivery of compounds and nanoparticles into tumors[END_REF], but its low ability to cross the vascular bed and to penetrate deeply into tumor lesions are main drawbacks. Notably, due to their long circulation time, RGD-NPs were targeting tumor endothelium more efficiently then the mixed Anx/RGD-NPs (Fig. 19B).

We must thus be very cautious when selecting the ligands, but also the in vitro and in vivo models and we should pay a particular attention to the trade-off that exists between the pharmacokinetic properties and the receptors' targeting efficiencies. • A-NP are naked silica NP grafted with cRGD and ATWLPPR respectively with a short linker of four Alanines between the peptides and the silica.

• B-NP are identical to A plus PEG2000 also added on the surface.

• For C-NP, the naked NP are grafted with PEG2000 but this time the peptides are separated from the silica by a spacer made of PEG3000.

• D-NP are like C-NP but without the PEG2000. WB was used to measure the total level of VEGF receptors in 5 tumor cell lines (Fig. 24). We then compiled our results with those of the literature to generate Table 8. small concentration of peptides seemed to prevent the non-specific binding rather than to provide an active ligand-mediated interaction. The positive action of the ligands was then visible as soon as 1000 peptides were grafted.

HUVEC reacted more sensitively and showed a very good specific interaction with the NPs.

While the percentage of stained cells was slightly augmented with only 10 peptides on the NPs, the pa-MFI was strongly reduced. This suggested that a "threshold level" of highly reactive receptors exist in HUVEC but not in the 2 tumor cell lines. This may be solely related to the higher amount of both receptors on HUVEC, but may also reflect a better reactivity of the receptors in these normal primary endothelial cells as opposed to the two tumor cell lines.

Despite their different basal sensibilities at low peptide-concentration, each cell type was then reacting proportionally to the number of peptides grafted on the NPs.

As we expected in regard to the level of expression of both receptors, the functional NPs were binding more efficiently on HUVEC cells then on the 2 others. H358 cells showed the lowest binding with the NPs. The 2 tumor cell lines have similar levels of integrin α v β 3 , but there is a seven times lower level of NRP1 in H358 than in MDA-MB-231 (Table 7). However the pa-MFI were quite similar. This may indicate that the binding of the peptides presenting-NPs was depending more on the cRGD interaction rather than on ATWLPPR's. This was confirmed when compared to HUVECs. The signal intensities of each NP in HUVEC cells was 10 times as much as that of MDA-MB-231, although the level of NRP1 in HUVEC cells is lower then in MDA-MB-231. However, the integrin level is twice as much as that of MDA-MB-231.

This strongly supports the notion that the integrin α v β 3 is the "driver" of the interaction with the NPs, while NRP1 seems to be of minor importance. We then tested their binding efficiency on H358 and MDA-MB-231 by FACS (Fig. 28, 29, 30, 32, 33 and 34). Confocal microscopy was also used to visualize their possible internalization (Fig. 31 and35).

All the NPs exhibited high binding efficiencies and internalization in both MDA-MB-231 and H358 cells. The binding intensities were quite similar among NPs with different ratio of peptides except when they were grafted with ATWLPPR only (0/100). In this case the binding was not as good, in agreement with our previous hypothesis on the poor efficiency of ATWLPPR. Also consistent with the previous data, we confirmed that more peptides on the surface of NP will bring better binding signal to both tumor cells. v The calculation of peptides on each NP:

• The NP's diameter is around 40 nm;

• The NP's surface is: S=5.02×10 3 nm 2 ;

• The NP's volume is: v=3.35×10 4 nm 3 ;

• The density of NP is: ρ=2.2 g/cm 3 ;

• The number of NP per gram is: 1/(v×ρ)≈1.36×10 16 

NP/g;

• A loading of 0.01 mmol/g represents 10 µmol of peptide for 1.36×10 16 NP;

• The number of peptides per particle is: (1.0×10 -5 × NA) /1.36×10 16 ≈443 peptides/NP;

The number of peptides per square nanometer is:443/S≈0.09 peptides/nm 2 .

Conclusion:

As compared with single-ligand grafted NPs, bifunctional NPs targeting integrin α v β 3 and NRP1 simultaneously exhibit a better binding efficiency, especially for NP 75/25 . This indicates that the two peptides cooperate to increase NPs' binding. And this "cooperative" superiority is more pronounced on HUVEC cells than on tumor cells, in agreement with the modest expression of both receptors in the tumor cells. Tables of summary of the receptors' level and the binding efficiencies of different NPs are presented. We then focused on the 100 and 1000 pM concentrations and compared the binding efficiency versus the scrambled ones in the presence of serum (Fig. 38B). As shown in Fig. 38B and C, at 0.1 nM, none of the different negative controls (RAD-, Scrambled ATW-or PEG-NP) were binding to the cells. When the concentration reached 1 nM, all NPs, except PEG-NP, were presenting a strong positive binding. RGD-NP were still B generating a 5 times higher Pa-MFI then the RAD-NP. In parallel, the Pa-MFI of ATW-NP was almost 2.5 times as high as that of its negative control presenting NRP1 scrambled peptides.

Notably, no differences were detected among the RAD and NRP1 scrambled peptides.

These results confirmed that bifunctional [anti integrin avß3] /[anti NRP1] NPs were binding more efficiently than monoligand-grafted NPs. However, a significant non-specific binding started to be observed when the doses reached 1 nM, except when these silica-based NP were coated with PEG.

VEGFR2 blocking activity and NRP1 internalization

We then tested the capacity of the NPs to prevent VEGF-induced-phosphorylation of VEGFR2

or integrins activation and their impact on the signaling cascades.

In the absence of NPs, a 10 min treatment of HUVEC cells with 1nM VEGF induced a strong phosphorylation of VEGFR2 on its tyrosine residues at positions 1175, 1054/59 and 1214 (Fig 39A). This was associated with an apparent decrease of the total amount of VEGFR2 suggesting a rapid degradation of the phosphorylated receptor. The VEGF treatment also induced p-AKT (Ser473) and P-FAK (Y397).

Fig. 39A HUVEC were incubated in the absence of serum during 20 hrs before treatment with 20ng/ml VEGF and their protein contents were analyzed using western blotting.

Activation of VEGFR2-FAK/AKT pathway was induced in the presence of VEGF for 10min.

As expected from previous binding results, none of the NPs was blocking VEGF-effect when used at 10 pM (Fig. 39B). This ATW specificity was not observed anymore when the NPs were used at 1 nM because in this case RGD-NPs also blocked VEGFR2.

In the presence of as little as 100 pM of NPs, we observed a significant ATW-specific inhibition of the phosphorylation of VEGFR2 on the 4 tyrosine residues. This inhibition was slightly stronger with the mixed RGD/ATW-NP than with ATW-NP on Tyr-1175, which was confirmed in fig. 40A. The Tyr-1054/1059 and 1214 residues were blocked efficiently by ATW-NP and this was associated with a stabilization of VEGFR2 (Fig. 39B and40A).

At 1 nM, all the peptide-loaded NPs including RGD-only-NP, nearly abrogated VEGFmediated phosphorylation of VEGFR2 on the four tyrosine residues (Fig. 39B).

Since ATWLPPR specifically binds to NRP-1, we examined its level of expression on the HUVEC's surface (Fig. 39C).

Fig. 39C NRP1 presence on the cell membrane was analyzed by FACS after contact with NPs at 0.1 nm (green) or 1 nM (purple).

As soon as the NPs are presenting 50% or more ATWLPPR, they induced a very significant reduction of NRP-1 present on the cell surface. This was observed with 0.1 nM of RGD/ATW mixed NPs (with ratios of 50/50 and 25/75 % respectively) as well as with ATW-only NP.

When 1 nM was used, all the tested NPs were reducing the level of NRP-1 down to ± 50% of its normal value. This was dramatically more pronounced when the 25/75 ratio of the mixed NPs were used, and a reduction of ±90% of the level of NRP-1 was measured.

Thus the presence of ATWLPPR, in particular when it is associated to 25% cRGD on the surface of NPs, increased the binding affinity of the NPs but also induced a very efficient and rapid internalization of NRP-1.

In parallel, western blot analysis showed that ATW-NP induced a more rapid decrease of NRP-1 after at least 60min, as compared to RGD-NP and RGD/ATW-NP treatments (Fig. 39D).

Fig. 39D ATW-NPs induced a more rapid decrease of NRP1 on whole cell extracts. HUVEC were incubated with 0.1 nM NPs for indicated times. Graph shows the quantification of total NRP1 levels after normalization of the values with the respective control group.

VEGFR2 expression was not affected by the presence of all the different NPs (data not shown), except after a 12h incubation with RGD-NP that was associated with a moderate decrease of its presence.

In summary, 100 pM NPs grafted with ATWLPPR (50 to 100%) specifically inhibit VEGFinduced phosphorylation of VEGFR2. This is associated with a very active internalization of NRP1. At 1000 pM, all NPs coated with peptides nonspecifically prevented VEGFR2 phosphorylation and induced an active internalization of NRP1 that was maximal with the 25/75 ratio of RGD/ATW.

AKT signaling

We investigated the capacity of the different NPs to block VEGFR2 and the associated AKT signaling cascades. As partly seen already, after a 10 min treatment, VEGF is inducing a strong phosphorylation of VEGFR2 on its tyrosine residues 1175 and 1054/59. This is followed by the activation of downstream cascades including AKT (Ser473), GSKß3 (Ser9) and eNOS (Ser1177) (Fig. 40A). As well, none of the negative control NPs were interfering with VEGFR2 or AKT nor blocking VEGF-activity (Fig. 40E). As well, concentrations of up to 100 µM of the free ATWLPPR or cRGD peptides in solution

were not blocking the VEGF-VEGFR2/AKT signaling (Fig. 40F). Thus as compared to free peptides at 100 nM, ATWLPPR presented by the NPs has a much potent and specific antagonist activity. Furthermore, this also occurred when NPs coated with negative control peptides were used (RAD-, LWR-or RAD/LWR-) (Fig. 41B). Even more surprisingly, all these NPs induced a phosphorylation of AKT despite their blockage of VEGFR2 and independently of the presence of VEGF (Fig. 41C andD). Interestingly, the different NPs were presenting variable impacts on the AKT/GSK/eNOS signaling axis as can be seen on the heat map raw normalized presentation (Fig. 41C). Mixed RGD/ATW-NP activated AKT at both vital sites 473 (Ser) and 308 (Tyr), as well as GSK ß3 and eNOS. ATW-NP were less efficient to stimulate the phosphorylation of AKT and GSK 3ß.

Finally, RGD-NP was even less active than ATW-NP. This resulted in a weaker phosphorylation of eNOS on its residue Ser 1177, which is strongly phosphorylated by mixed RGD/ATW-NP. In particular, 1nM RGD/ATW-NP were more active than 1nM VEGF on the downstream AKT, GSK 3ß and eNOS activation without passing through the activation of VEGFR2. Finally, it should be noted that PEG-NP were mostly inactive on these different events.

None of the tested

MAPK/ERK signaling

Next, we investigated NPs' effects on MAPK/ERK signaling in HUVEC cells. At 100pM and without VEGF, no direct activity on ERK phosphorylation was noticed with all the tested NPs including PEG and scrambled ones. In the presence of 20ng/ml VEGF for 10min, a very modest inhibition of p-ERK was detected in the presence of ATW-NP only (Fig. 42A). RGD/ATW-NP. This effect was very strong at 15min and not detectable after 3h.

Surprisingly, in the presence of negative control NPs such as RAD-NP, LWA-NP or mixed RAD/LWA-NP, a very strong phosphorylation of ERK is also observed, as strong as the one generated by the positive RGD/ATW-NP (Fig. 42C). This effect is transient and is not present after 3 hours.

Actually ERK stimulation is observed with all the NPs that specifically or non-specifically bind to HUVEC but not with RGD-NP. Pegylated NP that do not bind to these cells do not activate ERK either. As seen earlier, RAD-, LWA-or mixed RAD/LWA-NP are binding non-specifically to HUVEC at 1nM. This may come from the presence of one Arginine residue in these peptides. Because Arginine is presenting a positive electric charge it may interfere with the negative charges of the cell membrane such as GAGs and/or phosphatydilserine that may be exposed on our serum starved HUVEC cells.

RGD-NP is a strong binder. In this case, its binding to the integrins is dominant as compared to the low-non specific interaction of other peptides containing NPs. As already observed for the FAK, src, or P38 proteins, the RGD-NP is not activating ERK either.

ATW-NP binds to NRP1 and activates AKT and ERK. RGD/ATW-NP strongly binds integrin and NRP1 and strongly activates AKT and ERK in addition to others.

At 1 nM RAD-, LWA-or mixed RAD/LWA-NP binds via electrostatic interactions that leads to the transient activation of ERK.

This pattern was already observed with AKT, but ERK seems to be more sensitive and appears to work on an "on/off" mode as soon as a small stimulation is happening on these stressed HUVEC cells. AKT seems to have a broader spectrum of reactivity and may need a stronger input to be fully activated. This can be represented in Fig. 43: Very interestingly, the mixed RGD/ATW-NP was capable of inducing a long lasting level of p-AKT up to 3-6 hours, which resulted in the absence of caspase-3 activation. Blocking AKT activity using PI3K inhibitor (wortmannin) reversed RGD/ATW-NP's protective effect (Fig. 44C). As well, we verified that this sustained phosphorylation of AKT and the concomitant caspase-3 inhibition were not detected in the presence of 100 pM of mixed RGD/ATW-NP (Fig. 44C) or with 1 nM of each negative control-NP after one hour of incubation (Fig. 44D).

RGD/ATW-NP prevents HUVEC cell death

Cell viability tests were then performed at these two concentrations (100 pM and 1 nM) on HUVEC for 1 day in the presence or absence of VEGF (20ng/ml) or of FBS (1%). Without serum, HUVEC lose ± 10% cell viability after 24 hours. 20ng/ml VEGF 165a (VEGF) did not show protective effects in our serum-deprived conditions. Cell viability was not affected by the addition of 100 pM of the different NPs (Fig. 45A).

In contrast, 1nM of RGD-, ATW-or PEG-NP were highly toxic even in the presence of VEGF.

This was expected since these 3 NPs are activating caspase-3 in these conditions. Very interestingly, this toxicity was completely abrogated when the NPs were presenting the mixed RGD/ATW peptides certainly because of the sustained phosphorylation of AKT and inhibition of caspase-3. When this assay was prolonged for 3 days without VEGF or FBS (Fig. 45C), we observed that 0.1 nM of RGD/ATW-NP was helping HUVEC cells resisting the starvation-induced cell death.

PEG-NP showed no effects. Importantly, RGD-and ATW-NP exaggerated serum starvationcaused cytotoxicity, significantly in 2 days (Fig. 45C). As well, we confirmed that the presence of both peptides on the surface of the NP was also preventing the NP's toxicity at 1 nM.

Taken together, our results suggest that the RGD peptide is driving the binding strength onto the cells via the integrin α v β 3 , but it is not activating the FAK/Src/MAPK pathway(s) and has no protective effect on serum deprivation-induced cell death or cell proliferation. The ATWLPPR peptide is a weak binder but a strong inhibitor of VEGFR2 via NRP1. But despite its blocking activity on VEGFR2 it is activating a transient AKT/GSK3β/eNOS and ERK phosphorylation. This transient activity does not produce any detectable anti-apoptotic activity or any effect on cell proliferation.

The mixed RGD/ATW share the advantages of RGD in terms of binding and of ATWLPPR in terms of inhibitor of VEGFR2 signaling. But its action is stronger, as observed on the internalization of NRP1, and level of activation of AKT/GSK3β/eNOS phosphorylation. In particular, this action if prolonged on AKT and this is clearly protecting the cells from dying in the absence of serum.

Our data emphasize the importance of NPs' concentration in deciding their function as an antagonist or agonist, or non-effector. In our system, at 100pM, ATW-NP presents the better VEGFR2 antagonist activity with a strong inhibition of VEGF-AKT signaling; RGD/ATW-NP functions as an agonist of AKT. At 1nM, all NPs (including PEG-NP) function as AKT agonist, and RGD/ATW-NP is the strongest. At the same time, all of them, except PEG-NP, also function as non-specific VEGFR2 antagonists.

To be emphasized, NPs-mediated signaling integration process are quite complex not solely depending on the particular input of signal transmitted from single antagonist or agonist. As presented in Fig. 43, more work is required to clarify the NPs' effects on different signaling nodes and additional functional studies also need to be conducted such as cell migration, angiogenesis, 3-D culture, etc. A systematic analysis and understanding of the relationship that exist between different signaling nodes and their corresponding functional (phenotypic) changes would undoubtedly accelerate the understanding of NPs' effects in complex biological micro-environments.

In vivo evaluation

Two of these NPs were preliminary investigated in vivo using a subcutaneous model of glioblastoma (U87MG). This model was selected for preliminary tests because we know that it is EPR positive and also integrin α v β 3 positive [121].

Five million U87MG cells, suspended in 100µL PBS, were injected subcutaneously into female NMRI nude mice (6 weeks old). After 5 weeks, the animals were randomized into 2 groups (n=4 per group). The first group was continuously administered for 2 days: PEG-NPs (n=2; 8mg/ml; 200ul i.v; daily) and RGD/ATW-NPs (n=2; 8mg/ml; 200ul i.v; daily). The second group was continuously administered for 4 days with the same treatment. After 1 hour of the final i.v injection of NPs, mice were sacrificed. It is presented in Fig. 46. As can be seen in the figure (d1), cell proliferation (Ki67 immunostaining) and p-AKT are strongly induced one day after an injection of mixed NP but not with PEGylated NP. This is more obvious in the first layers of tumor cells in contact with the peri-nodular stroma.

The inner layers of tumor cells are not activated as can be seen at a higher magnification (Fig. 48): In parallel, the CD31 staining shows larger blood vessels in the treated tumors. We did not established a direct correlation, but it may be important to understand whether this vasodilatation effect can be connected to the capacity of these RGD/ATW-NP to induce eNOS.

Two days later, the staining look very similar, but PEGylated NPs are also inducing Ki67 and p-AKT although to a lower extend than found in the mixed NPs treated tumors (Fig. 49). This is confirmed after counting the number of Ki67 positive cells and a clear augmentation of the proliferation index is visible one or three days after Mixed-NP injection as compared to the PEG-NP treated group (Fig. 50).

Fig. 50 The Ki67 index was calculated as the ratio of number stained cells reported to total number of cells for each tumor section, excluding necrotic areas. Five sections per animal were analyzed.

CD31 immunostaining shows that the number of endothelial cells is not affected by the treatment (Fig. 51):

Fig. 51 The ECs staining percentage was calculated as the ratio of CD31 staining surface to total cells' surface, excluding necrotic areas. Five sections per animal were analyzed.

However, although the number of blood vessels remains identical, their size is largely augmented in the presence of mixed-NP in particular after one day (Fig. 52).

Fig. 52 The Lumen surface per microvessel was calculated by random selection (vessels' number is ≥100)

At day 3 the difference in shape and certainly on functionality of blood vessels is identical in all animals. This may explain also the standardization of the number of proliferating cells.

Protein extracts obtained from the same tumors confirmed the strong and rapid induction of p-AKT and p-ERK in the mixed treated tumors at day 1 (Fig. 53). No particular impact was detected with an anti active caspase-3 antibody staining. Although these in vivo results are still incomplete and preliminary, they sustain those obtained in vitro concerning the induction of p-AKT and p-ERK. In addition it is suggesting that mixed NP are inducing a vasodilatation which, combined or not with a direct effect of the mixed-NP on the activation of tumor cell proliferation and eNOS, leads to a stimulation of tumor cells proliferation.

However, because we are still missing the appropriated non-treated controls, we cannot rule out the opposite hypothesis, i.e. that PEGylated NP may induce a vasoconstriction and thus an inhibition of tumor cell proliferation at day 1.

In order to understand how mixed NP can induce p-AKT and p-ERK, we then looked for the phosphorylation levels of other transmembrane receptors. We thus started to investigate how inhibitors of IGF1R (R1507, Linsitinib) or of RTKs (Sorafenib) could interfere. Importantly, R1507 is a monoclonal antibody that block the IGF1R from the outside, preventing its activation by exogenous ligands. Linsitinib is a small-molecule dual IGF-1R/insulin receptor (IR) kinase inhibitor and Sorafenib a small molecule multiple VEGFR, PDGFR and Raf kinase inhibitor (Fig. 56). 6.9 Confirmation of these results on HDMEC

The activation of the pathways described in HUVEC were also tested in another primary endothelial cell type, HDMEC: Another difference can be seen also using 1 nM RGD/ATW-NP. In HDMEC, this NP can directly phosphorylate VEGFR2 in the absence of VEGF. In this chapter, we reported how different cell types (ECs and tumor cells) respond differently to VEGF. This can not be explained solely by the amount of receptors per cells but it may also comes from functional differences of receptors activities. This is obvious between tumor and normal primary cells that present important differences of reaction to VEGF, and to serum-deprivation. In tumor cells, their unstable metabolic reprogramming also confers variability in response to VEGF. PANC-1 cells look more sensitive to the treatment of VEGF based on AKT phosphorylation. A summary of our results is listed in the following table 9.

Table. Collectively, these studies show how VEGF functions differently among primary ECs, and tumor cells. The impact of NPs treatment on tumor cells is more complex then that observed on primary ECs. In particular, preliminary data obtained in vivo suggest that in subcutaneous tumors, the proliferation of U87MG tumor cells is strongly stimulated by an IV injection of RGD/ATW-NP. This may come from a direct effect of this NP and/or a consequence of the vasodilatation activity of these mixed NP one day after injection. This confirms that the mixed presentation of both peptides is always the strongest combination in terms of binding and AKT activation and that the type B NP is the more active. and H358 that express different levels of integrin αvβ3 and NRP1 (Fig. 75). We firstly reevaluated the importance of total number of peptides grafted on each NP, and in a second time we looked for the impact of a fine-tuning of the ratio of each peptide. As expected based on their level of receptors (Fig. 76), ECs are targets of choice while the negative fibroblast cells are not recognized. Importantly, knocking out of integrin α v subunit abrogates the binding the B-NP in M21 cells, which emphasizes the vital role of integrin α v β 3 in determining the interaction of B-NP with M21 cells. B-NP 1000 0/100 coated with ATWLPPR only are very poorly binding the tested cells. Interestingly, a very weak but still positive binding of PEG-NP 0/0 was detected exclusively on a small percentage of HUVEC cells (Fig. 76). In addition, binding of ATWLPPR (anti-NRP1) grafted NP (B-NP 1000 0/100 ) presents the highest correlation with the level of NRP1. The introduction of 25% ATWLPPR to RGD peptides significantly reduced the PCC of their binding with the expression level of the integrin. This implies that the relationship is not linear between the ligand's proportion and the corresponding receptor-dependent binding efficiency. The presence of 50% cRGD and 50% ATWLPPR correlates well with the level of integrin α v β 3 but not with NRP1's.

Conclusion and discussion:

Our data indicate that the addition of PEG2000 on the surface of A NPs generates a more efficient binding efficiency on all the tested cell lines. Thus the presence of PEG polymers between the peptides may force them to be properly presented and accessible. We hypothesize that on type A NPs the peptides may stick to the negatively charged silica via their positive Arginine residues in particular. The presence of PEG may force them to remain exposed and accessible on the NP's surface.

In type C, we replaced the ßAla spacers below the RGD and ATWLPPR peptides by PEG3000. This PEG3000 spacer seems optimal for a correct presentation of ATWLPPR but not for RGD.

This may be related to a larger degree of liberty of the peptides at the extremity of this long spacer or also to an unexpected folding of RGD within the PEG that will mask it partially.

Oppositely, the larger flexibility and/or interaction with PEG may be beneficial for ATWLPPR.

In terms of cell signaling, a strong hyperactivation of RTK-AKT-GSK3β/eNOS was detected in the presence of type B and C NPs in HUVEC cells. As already observed with type A mixed-NPs, AKT activation seems to be a consequence of the co-recruitment of other cell surface 

C

receptors such as IGF1R and EGFR. This is also happening with type B and C NPs but in these cases, both peptides alone are also functioning well. This suggests that the co-recruitment is firstly depending on the avidity of the interaction between the NP and the cell membrane. If the avidity is elevated, many receptors are rapidly engulfed in multivalent complexes and these brutal lateral movements of proteins and lipids may directly activate a cell's response proportional to the avidity of the NP.

Interestingly, the hyperactivation of AKT/ERK caused by B/C-NP did not change the levels of cleaved caspase-3 as RGD/ATW-type-A-NP did. This may indicate that caspase activation and HUVEC cell survival is finely adjusted to the avidity of the NP, itself linked to the level and duration of the induction of the molecular cascades. A too weak or transient activation of AKT/ERK will not protect HUVEC cells from dying under serum deprivation. As well, if the activation is too strong it does not prevent the cells from dying and may actually participates to the toxicity of these NPs. This will need further investigations. Influence of NPs' type on their binding efficiency on H358 and MDA-MB-231 cells.

9 Final conclusion and perspective:

As I discussed in the introduction on integrin-mediated signaling, integrins do not have intrinsic enzymatic activity, but due to ligands' binding, integrin clusters are formed, giving birth to focal adhesion (FA) complexes. This will activate downstream signaling pathways such as the Src-FAK, Ras-ERK/MAPK and PI3K/AKT cascades.

Canonically, when integrin α v β 3 is binding to (RGD) ligands in the ECM, it recruits and activates FAK via phosphorylation of its tyrosine residue 397 [153]. Active FAK then functions as phosphorylation-regulated signaling scaffold that forms a complex with the Src-family kinase (SFK) or other membrane-proximal signaling molecules such as PKC and p38.

Remarkably, they are all depending on both integrin α v β 3 and VEGFR2 signaling.

In HUVEC, all the functional NPs (RGD-, ATW-and RGD/ATW-) activate AKT at both vital sites This might explain why RGD-NP, which induced receptor clustering, but also scramble NP that binds to HUVEC at 1nM without directly occupying integrins, may transiently aggregate several receptors and activate AKT.

Interestingly, K. M. Yamada also presented differences between non-ligand aggregator and targeted ligand aggregator. Indeed, combining receptors occupancy plus receptors clustering would induce the accumulation of seven cytoskeletal proteins. This was not detected with non-ligand aggregators which induced a receptor clustering only, without receptors occupancy. In our case, this might explain the different signal output we observed between RGD-NP and scrambled-NP in terms of ERK activation. We propose that the RGD-NP that occupies integrins would bypass the receptor clustering-induced effect on ERK but not on AKT. The activation of AKT alone might be related with receptor occupancy-induced accumulation of specific cytoskeletal proteins (Fig. 83). nm large NPs, we generate intermediate forms of presentation that we need to better characterize in order to control their activity in vivo.

5. Mixed NP actually blocks their target receptors very efficiently but they activate specific pathways that promote cell survival in vitro (on endothelial cells) and stimulate cell proliferation in vivo (at least on tumor cells). These mixed nanocarriers could now be loaded with small inhibitors of key signaling events (such as AKT, IGF1R/IR, EGFR, mTOR…) and could present strong killing effects. Thus we should investigate the impact of co-treatments based on the injection of mixed NP containing inhibitors.

10 Materials and Methods 

EA.hy926

The human umbilical vein cell line 

Particle binding efficiency Assay by FACS

After sonication of NPs for 3 cycles of 2 min, they were added in adherent HUVEC cells at indicated concentrations at 37°C in 5% CO 2 . Samples were rinsed thoroughly 3 times with PBS, and harvested with 0.05% typsin-EDTA. Cells were then transferred to full medium for analysis by flow cytofluorometry (BD Biosciences).

NRP1 receptor quantitative determination by FACS

After NPs' incubation at 37°C for 1hour, HUVEC cells were rinsed gently twice with PBS and incubated in 5mM EDTA (Gibco) for 5min on ice. Hanks (Gibco) buffer with 1% FBS (Gibco) was then added. After centrifugation, cells were incubated with 1%FBS in Hanks for 5 min on ice, followed by staining with APC anti-Nrp1 (Miltenyi Biotec, Auburn, CA) for 10min with shaking in the dark on ice. After washing twice, cells were resuspended in 400ul Hanks buffer for analysis by flow cytofluorometry.

Immunohistochemical labeling

Tumor slices (7 µm) were placed at room temperature, fixed in acetone for 10 min and washed twice in TBS with 0.1% Tween 20 (TBS/T). Endogenous peroxidases were blocked with 1% H 2 O 2 / ethanol, and slices were rinsed in distilled water and TBS/T for 5 min. Tumor 

v

  Fig.1 Schematic presentation of the molecule

Fig. 2

 2 Fig. 2 Tumor vessels are structurally and functionally abnormal. A) In healthy tissues, a regularly patterned and functioning vasculature is formed (upper panel), with a normal vessel wall and endothelium (lower panel). B) In established tumors, the vasculature (upper panel), as well as the endothelium and vessel wall (lower panel) exhibit structural and functional abnormalities, leading to regions of severe hypoxia (represented by blue shading) [3].
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 4214 Collagen α V β 1 LAP-TGF-en fibronectin, osteopontin, L1 α L β 2 ICAM, ICAM-ICAM, iC3b, factor X, fibrinogen, ICAM-4, heparin α X β 2 ICAM, iC3b, fibrinogen, ICAM-4, heparin, collagen α D β 2 ICAM, VCAM-1, fibrinogen, fibronectin, vitronectin, Cyr61, plasminogen α IIb β Fibrinogen, thrombospondin,, fibronectin, vitronectin, vWF, Cyr61, ICAM-4, L1, CD40 ligand α V β 3 Fibrinogen, vitronectin, vWF, thrombospondin, fibrillin, tenascin, PECAM-1, fibronectin, osteopontin, BSP, MFG-E8, ADAM-15, COMP, Cyr61, ICAM-4, MMP, FGF-2, uPA, uPAR, L1, angiostatin, plasmin, cardiotoxin, LAP-TGF-β, Del-Laminin α V β 5 Osteopontin, BSP, vitronectin, CCN3, LAP-TGF-β

  [START_REF] Schnell | Imaging of integrin alpha(v)beta(3) expression in patients with malignant glioma by [18F] Galacto-RGD positron emission tomography[END_REF]. A more detailed analysis confirmed that α v β 3 expression is elevated in the active (central) part of the tumor (zone B).

Fig. 4 :

 4 Fig. 4: IH studies of α v β 3 (A-C) within the different parts of a tumor: center of the tumor next to a necrotic area (zone A), the vital central part of the tumor (zone B), and the infiltrating zone (next to the normal brain tissue, zone C) [19]. Scale bar is 100μm.

2. 3

 3 VEGFRs, Neuropilins and cancer 2.3.1 Presentation of VEGFRs Vascular endothelial growth factor (VEGF) was firstly identified as a mitogen promoting physiological and pathological angiogenesis. The family includes five members: VEGF A (known as VEGF), VEGF B, VEGF C and placenta growth factor (PIGF). Their classical receptors,

Fig. 9

 9 Fig.9 VEGF-A isoform-specific VEGFR2 trafficking and downstream signaling. Upon ligand binding (1) VEGFR2 undergoes dimerization and either differential (Y1175) or comparable (Y1214) trans-autophosphorylation of specific tyrosine sites, depending on the VEGF-A isoforms used. (2) This results in distinct levels of receptor ubiquitylation (3) and internalization into EEA1-positive early endosomes. (4) Differential levels of VEGF-A isoforms-induced VEGFR2 internalization impact on AKT and ERK1/2 activation in combination with VEGFR2-Y1175 phosphorylation. (5) From early endosomes VEGFR2 is send to late-endosomes where it undergoes VEGF-A isoform-specific proteolysis prior to lysosome degradation. (6) VEGF-A isoform-specific VEGFR2 activation and receptor

step 1 ,

 1 Fig. 10 VEGF induces positive signaling loops between VEGFR2 and integrin α v β 3 to promote cell proliferation, migration and survival.

  According to the database of clinical trials (A service of the US. National institutes of Health, https://clinicaltrials.gov/ct2/search/index), there are 10 phase 1 or 2 studies of MEDI-522 alone or combination with anti-VEGF therapies (Bevacizumab) or chemotherapeutic drug (Dacarbazine an alkylating agent) in patients with melanoma, refractory solid tumors, renal cancer, prostate cancer, colorectal cancer or Lymphoma. A Phase II study proved the efficiency of MEDI-522 in the treatment of metastatic melanoma[START_REF] Hersey | A randomized phase 2 study of etaracizumab, a monoclonal antibody against integrin alpha(v)beta(3), + or -dacarbazine in patients with stage IV metastatic melanoma[END_REF].CNTO 95 (intetumumab) was also evaluated in combination with anti-VEGF therapies (Bevacizumab) or with Dacarbazine in patients with melanoma, refractory solid tumors (https://clinicaltrials.gov/ct2/search/index). There are 3 phase 1 or 2 studies of CNTO 95 alone or with Avastin or Dacarbazine in patients with solid tumors, stage 4 melanoma or metastatic hormone refractory prostate cancer. A recent phase I in patients with advanced solid tumors proved that bevacizumab plus intetumumab can be administrated safely, and the combinational treatment resulted in changes in the plasma levels of several extracellular matrix interacting proteins and angiogenic factors, which is a promising signal to move to next phase studies[START_REF] Uronis | A Phase I/biomarker study of bevacizumab in combination with CNTO 95 in patients with advanced solid tumors[END_REF].As repeated in the former chapter, Cilengitide is also an inhibitor of both integrin α v β 3 and α v β 5 . It has been tested in dozens of clinical trials (phase 2 or 3) in America or Europe. 30 studies of US. National institutes of Health (https://clinicaltrials.gov/ct2/search/index) and 8 studies of EU Clinical Trials Register (https://www.clinicaltrialsregister.eu) have been performed using Cilengitide alone, or in combination with chemotherapies (Temozolomide, platinum) or RTK inhibitors (Cetuximab) with concomitant radiation therapy in patients with

  capacity to compete with an anti-VEGF neutralizing monoclonal antibody [100]. Because it can inhibit VEGF 165 interaction with NRP1 but not with VEGFR2 [101], it blocks tumor angiogenesis and induces apoptosis in NRP1-expressing tumor cells [102, 103]. Similar antitumor effects were also reported in another three type of peptides, V3 (ATWLPPRAANLLMAAS) [104], DG1 and DG2 [88]. DG1 treatment nearly abrogated tumorigenicity in mice with CL1-5 lung tumor xenografts. Recently, Kamarulzaman et al presented that four pentapeptides (DKPPR, DKPRR, TKPPR and TKPRR) and one hexapeptide CDKPRR exhibit an excellent inhibitory activity against NRP-1 in vitro [105]. Coupling of DKPPR to a photosensitizer may provide potential anti-angiogenic and anti-tumor targeted peptides [106].Small molecule inhibitors of NRP1 (EG00229), small interfering RNA (siRNA) targeting NRP1 and secreted sNRP1 were also developed to reduce tumor growth in mouse models where they significantly impaired tumor vascularization[START_REF] Hong | Targeting neuropilin 1 as an antitumor strategy in lung cancer[END_REF][107][108][109][110].

Fig. 12

 12 Fig. 12 Current anti-tumor therapies targeting NRP1 in preclinical and clinical studies. Red box indicates that MNRP1685A has moved to phase I clinical trial.

Fig. 13 A

 13 Fig.13 A summary of mechanisms contributing to the tumor suppressive or promoter effects of therapies targeting the VEGF system

  the tumor micro-environment -Better understand the vascular biology of different tumors to explore their intrinsic differences -Better understand the principles and mechanisms of tumor vessel normalization -Develop appropriate predictive biomarkers and select the appropriate strategy for each type of patient -Generate agents targeting multiple pro-angiogenic molecules but also precisely adjust their pharmacokinetic and pharmacodynamics parameters in order determine the optimal duration and scheduling of such agents. This is actually why I started my PhD work. And in particular we wanted to take advantage of the large size of nanoparticles to generate such multifunctional drugs. 4 Nanoparticles and cancer therapy 4.1 Passive targeting of nanoparticles to cancer Nanoparticles (NPs) are routinely defined as objects with sizes between 1 and 100 nm, which exhibit specific chemical and physical properties like unexpected optical properties, high surface area to volume ratio and so on. Anti-cancer nanotherapeutics are rapidly progressing since they could overcome many limitations of conventional drug such as: nonspecific biodistribution and targeting, lack of water solubility, poor oral bioavailability and low therapeutic indexes [116].

Fig. 14

 14 Fig. 14 Physicochemical properties of the ligand and the NP affect their blood circulation profiles, their biodistribution and their ability to be internalized by cancer cells [120].

Fig. 15

 15 Fig. 15 Illustration of the proposed mechanism for passive and active gold NPs tumor targeting, and the comparative PK studies of NPs with different diameters (15, 30, 60 and 100nm). (A) Schematic representation of passive NPs with poly (ethylene glycol) is presented on the left, the right figure shows the active NPs with transferrin. Systemically circulating NPs enter the tumor space through leaky blood vessels and may sequester in cancer cells (beige) or in vascular pools (purple) of the interstitial matrix. Insets demonstrate that passive particles (B) do not directly associate with cancer cells, while active particles (C) are capable of endocytosis through surface-bound targeting ligands (green). (D) Kinetic profiles depict the relative tumor fluorescence for mice injected with passive (dotted) and active (solid) AuNPs over 48 HPI. Tumor fluorescence (% ID) indicates the relative difference in tumor signal to opposing mouse flank expressed as a percentage of tumor fluorescence immediately after injection (Modified from [124]).

Fig. 16

 16 Fig. 16 RGD-targeted cancer theranostics [127].

  .

Fig. 17

 17 Fig.17 Schematic representation and design of the tetraspecific ligand and AuNPs

Fig. 18

 18 Fig. 18 Binding avidity studies of a NP-based multivalent targeted drug delivery platform. (A) Comparison of the model study using SPR and the in vitro study using FACS of the effect of the number of FA (vitamin folic acid, a ligand for FAR) per dendrimer upon binding constant. (B) Association and dissociation rate constants of dendrimers with varying numbers of folic acid as measured by SPR.

Fig. 19

 19 Fig. 19 In vivo studies of dual-targeting NPs. (A) Schematic representation of functionalized NPs is presented on the left. The right figure shows NPs' accumulation into the retina after intravenous administration. (B) Schematic representation of functionalized NPs is presented on the left, blood clearance kinetics of NPs is presented by changes in the longitudinal relaxation rate (ΔR1) compared to the baseline over time (modified from [143-145]).

Fig. 20 1

 201 Fig. 20 Multivalent targeting of integrin receptors activates signaling. Phase 1, the cargo bearing ligands approaches the plasma membrane bearing receptors; Phase 2, the ligands bind the recognition domain of the receptors and triggers their polymerization; Phase 3, the spatially segregated intracellular domains of the receptors initiate downstream signaling;

Fig. 21

 21 Fig. 21 Schematic presentation of four different series of silica NPs

Fig. 23 :

 23 Fig. 23: αvβ3 (green) and NRP1 (gray) expression levels in the different cell lines.

Fig. 24 WB

 24 Fig. 24 WB analyses of VEGF receptors expression in five tumor cell lines

Fig. 25

 25 Fig. 25 Binding efficiencies of naked-NP on MDA-MB-231, 4T1, H358, A549 and HUVEC cells after an incubation of 30 min at 37°C.

Fig. 26 .

 26 Fig. 26 . Influence of the ligands' amount on binding efficiencies of type A NP 50/50 in HUVEC, MDA-MB-231 and H358 cells. Flow cytometry analysis of H358, MDA-MB-231 and HUVEC cells incubated with the different NPs for 30 min at 37°C in 5% CO2.

Fig. 27

 27 Fig. 27 Row normalized sorting of the values of Pa-MFI and the percentage of positive cell populations. Influence of the ligands' amount on the binding efficiency of type A NP 50/50 in HUVEC, MDA-MB-231 and H358 cells.

Fig. 28

 28 Fig. 28 Binding of type A NP x y/z on MDA-MB-231 cells. X indicates the loading amount of peptides on each NP, and y/z indicates the ratio of ligands. Flow cytometry analysis of MDA-MB-231 cells incubated with the different NPs for 30 min at 37°C in 5% CO2. Influence of the ratio y/z.

Fig. 29

 29 Fig. 29 Binding of type A NP x y/z on MDA-MB-231 cells. X indicates the loading amount of peptides on each NP, and y/z indicates the ratio of ligands. Flow cytometry analysis of MDA-MB-231 cells incubated with the different NPs for 30 min at 37°C in 5% CO2. Influence of the ratio y/z.

Fig. 31

 31 Fig. 31 Confocal microscopy studies of MDA-MB-231 cells incubated with the different type A NP x y/z for 60 min at 37°C in 5% CO 2 . X indicates the loading amount of peptides on each NP, and y/z indicates the ratio of ligands. Green means FITC staining of NP, blue means the staining of cell nuclei. Influence of the ratio y/z.

Fig. 32

 32 Fig. 32 Binding efficiency studies of type A NP x y/z on H358 cells. X indicates the loading amount of peptides on each NP, and y/z indicates the ratio of ligands. Flow cytometry analysis of H358 cells incubated with the different NPs for 30 min at 37°C in 5% CO2.Influence of the ratio y/z.

Fig. 35

 35 Fig. 35 Confocal microscopy studies of H358 cells incubated with the different type A NP x y/z for 60 min at 37°C in 5% CO 2 . X indicates the loading amount of peptides on each NP, and y/z indicates the ratio of ligands. Green means FITC staining of NP, blue means the staining of cell nuclei. Influence of the ratio y/z.

6 Results Part 2 :

 2 Fig. 38A Flow cytometry analysis of HUVEC incubated with the RGD-, ATW-or RGD/ATW-NPs at 10 pM, 100 pM or 1000 pM for 15min at 37°C in 5% CO2 in serum free medium.

  Fig. 38B RGD-or ATW-NPs were compared to their negative controls RAD-or Nrp1 S1-NPs on HUVEC after a 30 min incubation in serum containing medium at 0.1 nM concentration or 1 nM. Negative controls NPs coated with PEG are also presented.

Fig. 38C

 38C Fig. 38C Quantification of the NPs' binding efficiency of Fig. 38B. Pa-MFI indicates the percentage of augmentation of the Mean Fluorescence Intensities (MFI) as compared to the auto-fluorescence levels.

Fig

  Fig. 39B NPs' impact on VEGF-VEGFR2. The inhibition of the VEGF-induced phosphorylation of VEGFR2 can be blocked by a preincubation with 0.1 nM and 1 nM NPs but not with 0.01 nM. The different NPs were added 5 min before VEGF. At a concentration of 0.1 nM, ATW containing NPs (ATW-and RGD/ATW-) specifically inhibit the phosphorylation of VEGFR2.

Fig. 40A ATW

  Fig. 40A ATW containing NPs (ATW-and RGD/ATW-NP) significantly inhibited the VEGF activity on VEGFR2-AKT-GSK3β signaling. HUVEC were serum starved for 20 hours, followed by the treatment with the different NPs at 0.1 nM for 5 min prior to the treatment with VEGF (20 ng/ml) for another 10 min.

Fig. 40B

  Fig. 40B Semi-quantification of the results presented in Fig. 40A. The inhibition of the phosphorylation of the different proteins in HUVEC cells treated by different NPs was normalized versus that of only VEGF-treated cells.

Fig

  Fig. 40C&D RGD/ATW-NPs activates AKT, with no effects on VEGFR2, Src and FAK activation at 0.1 nM. Histogram indicates the semi-quantification of p-AKT levels versus the values of the control group (n=2).

Fig

  Fig. 40E Scrambled NPs show neither activation of AKT nor inhibition of VEGF induced VEGFR2 and AKT phosphorylation at 0.1 nM. ATW-NPs were used as positive control of specific antagonist of VEGF.

Fig. 40F

 40F Fig. 40F Free monomeric ATW and cRGD (0.1 μM, 1 μM, 10 μM and 100 μM) showed no blocking effects on VEGF/VEGFR2/AKT signaling.

Fig. 41A 1nM

  Fig. 41A 1nM of functional NPs (RGD-, ATW-, RGD/ATW-) augment AKT, GSK3β and eNOS phosphorylation despite their strong inhibition of VEGF-VEGFR2 and independently of the presence of VEGF. HUVEC were incubated with 1 nM NPs for 15 min in the absence of VEGF or in the presence of VEGF added 5 min before.

Fig. 41C At 1

 1 Fig. 41C At 1 nM, peptide-coated NPs induce the AKT signaling, with no effect on VEGFR2 and integrin activation. The cells were treated with 1 nM NPs for 15 min. VEGF was used as a positive control for the activation of VEGFR2 and integrin signaling. The levels of each protein phosphorylation was quantified and displayed as heat map of row-normalized sorting. Number indicates the fold changes of phosphorylated levels after normalizing its grey value versus their respective controls.

Fig

  Fig. 41D 1nM scrambled NPs non-differentially activated AKT. The cells were treated with 1 nM NPs for 15 min. VEGF was used as a positive control for VEGFR2-AKT activation.

  NPs influenced the integrin-mediated phosphorylation cascade including p-FAK (Tyr 397), p-Src (Tyr 418), p-PKC (Thr 505) or p-P38 (Thr 180/Tyr 182). They did not affect either the phosphorylation of VEGFR2 (Tyr 1175, 1214 and 1054/59).

Fig

  Fig. 42A All NPs at 0.1nM did not impact on the phosphorylation of ERK, nor did they prevent its phosphorylation under VEGF treatment. Cells were treated either with 0.1 nM NPs for 15 min or with 0.1 nM NPs 5 min prior to the treatment with VEGF (20 ng/ml) for another 10 min.

Fig. 42C

 42C Fig. 42C The negative controls NPs coated with RAD or LWR-peptides also stimulated a strong and transient ERK phosphorylation at 1 nM, similar to that obtained with 1nM

Fig. 43

 43 Fig. 43 AKT and ERK show different capacity in response to NPs' treatments on HUVEC. At higher concentration 1nM, all peptides-grafted NPs show non-differential blocking effects on activation of VEGFR2 with non-differential activation of ERK in the presence of VEGF. While, all NPs induce AKT activation but in a distinctive manner. ATW containing NPs (especially RGD/ATW-NP) induce high RTK-AKT activation either in the presence of VEGF or not. NPs'

Fig. 45A

  Fig. 45A no FBS ± VEGF: Cells were treated with 0.1 nM or 1 nM NPs in serum free medium for 15 min prior to the addition of VEGF (20 ng/ml) and incubated for 1 day. One-way ANOVA was studied, followed by Student's t test. Data are presented as mean ± SD (n≥3), *P< 0.05, **P< 0.01, ***P< 0.001.

Fig

  Fig. 45B 1% FBS: Cells were treated with 0.1 nM or 1 nM NPs in serum free medium for 15 min prior to the addition of 1% FBS and incubated for 1 day. One-way ANOVA was studied, followed by Student's t test. Data are presented as mean ± SD (n≥3), *P< 0.05, **P< 0.01, ***P< 0.001.

Fig. 45C

  Fig. 45C no VEGF and no FBS: Cell viability assay in serum free medium during 3 days in the presence of NPs 0.1 nM or 1 nM of NPs. Data are represented as mean ± SD (n≥3).

Fig. 46

 46 Fig. 46 Procedures of i.v injection of NPs in U87MG subcutaneous mice model. Detailed information is depicted in main text.

Fig. 47

 47 Fig. 47 One day after two times of intravenous administration of the 2 different NPs a very strong staining of Ki67 (dark brown) and p-AKT (dark brown) is observed in RGD/ATW-NP treated U87MG subcutaneous tumors as compared to the PEG-treated ones. The immunostaining of CD31 (dark brown), also known as Platelet Endothelial Cell Adhesion Molecule (PECAM-1) provides a visualization of the blood vessels. An augmented surface of the lumen of the vessels was detected in RGD/ATW-NP treated U87MG samples. Scale bar: 200 μm.

Fig. 48

 48 Fig.48 The impact of RGD/ATW-NPs on the Ki67 staining is mainly observed in the first layers of tumor cells that are in contact with the peri-nodular stroma. The red arrows indicate tumor endothelial cells. The red arrows illustrate the fact that endothelial nuclei are Ki67 negative while the tumor cells at the periphery of each nodule are mostly positive. Scale bar: 200 μm.

Fig. 49

 49 Fig. 49 Three days after four times of intravenous administration of the 2 different NPs a strong staining of Ki67 (dark brown) and p-AKT (dark brown) is observed in both PEG-and RGD/ATW-NP treated U87MG subcutaneous tumors, while Ki67 staining show much stronger in RGD/ATW-NP treated group. An augmented surface of the vessel lumen was detected in all U87MG samples treated with 3 days of NPs, as compared to 1 day i.v injection of PEG-NP. Scale bar: 200 μm.

Fig. 53

 53 Fig.53 In d1 group, an elevated phosphorylation of AKT and ERK was observed in the RGD/ATW-NP treated tumors. In d3 group, all tumor samples show non-differential augmentation of AKT and ERK phosphorylation, as compared to 1 day of PEG-NP treated U87MG subcutaneous tumors.

6. 7

 7 Fig. 54 1 nM ATW containing NPs (especially RGD/ATW-NP) significantly induced Met, EGFR and IGF 1R/IR phosphorylation, but not that of VEGFR1. HUVEC were serum starved for 20 hours, followed by 1nM NPs' treatment of 15min.

Fig. 56

 56 Fig. 56 Schematic representation of the action of the antibody antagonist and tyrosine kinase inhibitors of IGF 1R/IR and other RTKs. Detailed information is depicted in main text.

Fig. 57 IGF1R

 57 Fig. 57 IGF1R/IR specific and RTK nonspecific inhibitors prevent RGD/ATW-NPs induced IGF1R/IR-AKT activation, while being dramatically less efficient on ERK phosphorylation. HUVEC were treated with R 1507 Ab (100 nM), Linsitinib (1 μM) or Sorafenib (1 μM) during 15 min prior to the incubation with 1 nM NPs for another 15 min.

Fig. 58

 58 Fig. 58 Proposed model of RGD/ATW-NPs' reactivity on HUVEC under serum-deprived condition. Detailed information is depicted in main text.

Fig. 59

 59 Fig. 59 Confirmation on HDMEC. HDMEC were treated with 0.1 nM or 1 nM of NPs for 5 min prior to the treatment with VEGF (20 ng/ml) for another 10 min. VEGF was used as a positive control of VEGFR2 associated signaling activation. Left panel: The ATW-and more importantly the RGD/ATW-NPs are activating VEGFR2 and IGF 1R/IR cell signaling in a dosedependent manner. Right panel: in the presence of 20 ng/ml VEGF, the RGD-, ATW-and dual RGD/ATW-NPs are actively blocking VEGFR2 at 1 nM, but at this concentration the dual NPs is still inducing the phosphorylation of IGF 1R/IR, AKT, ERK and GSK-3β.

7 Results Part 3 :

 3 Fig. 61 VEGF does not mediate AKT activation in MDA-MB-231 cells. MDA-MB-231 cells were serum starved for 20 hours before the treatment of 1nM VEGF 165a and VEGF 165b , as well as 10nM ATW-NP for 15min.

Fig. 62

 62 Fig. 62 VEGF mediates AKT phosphorylation in tumor cells. (A) Kinetic studies of 10nM (200 ng/ml) VEGF's effects on VEGFR2-AKT/ ERK signaling in PANC-1, M21 and MDA-MB-231 cells from 10min to 60min. All cells were serum starved for 20 hours before VEGF's treatment for the indicated time. (B) Quantitative analysis of p-AKT was performed by ImageJ. Graph shows the quantification of p-AKT levels after normalizing the values to their respective control group.

Fig. 64

 64 Fig. 64 PANC-1 cells proliferation in serum-free medium. Cells were treated with the indicated NPs (0.1 and 1nM) for 3 days. Data are representative of two different experiments conducted in quadruplicates and expressed as mean ± SEM.

  [START_REF] Babbitt | Modulation of integrins and integrin signaling molecules in the pressure-loaded murine ventricle[END_REF] VEGF-mediated activation of AKT phosphorylation in different cell types of 0.1 nM NPs, only ATWLPPR grafted-NPs inhibits VEGF-induced AKT phosphorylation in PANC-1 cells. When we augment the NPs' concentration to 1nM, AKT is only activated by RGD/ATW-NPs' treatment. Meanwhile, we did not detect any signal of activation of cell-proliferation at 1nM. More work need to be done to evaluate the phenotypic changes of these tumor cells, such as cell migration.

7. 6

 6 Supplementary data:v NPs' effects on AKT signaling were also tested in U87 cells. Even in U87 subcutaneous tumor-bearing mice injected with RGD/ATW-NPs, activation of AKT was detected as compared with that in mice injected by PEG-NPs. All NPs (1nM) exhibited no activation of AKT in U87 cells grown in vitro 2-D cell culture condition.

Fig. 65

 65 Fig. 65 NPs do not mediate AKT activation in U87 cells. U87 cells were serum starved for 20 hours before the treatment with 1nM NPs for 15 and 30min. Analysis of p-AKT changes was performed by western blotting. 10nM VEGF was used to check its effect on AKT signaling in U87 cells at 15 and 30min. Also shown is a blot for β-actin as a loading control.

Fig. 66 VEGFFig. 71

 6671 Fig. 66 VEGF does not mediates AKT activation in EA.hy 926 cells. EA.hy 926 cells were serum starved for 20 hours before 1nM VEGF's treatment for 15min and 60min. Analysis of p-AKT and AKT changes induced by VEGF was taken by western blotting.

Fig. 73

 73 Fig. 73 Comparative studies of type A, B and C NPs' effects on RTK-AKT/ERK associated signaling in HUVEC cells. PEG-NP was used as negative control. HUVEC cells were serum starved for 20hours before the treatment of 1nM NPs for 1hour. VEGF was used as a positive control for VEGFR2/AKT activation.

Fig. 75

 75 Fig. 75 Heat map studies of type A, B and C NPs' binding efficiency (Pa-MFI) on H358 and MDA-MB-231 cells. A, B, C indicate the type of NPs. 10, 100, 1000 indicate the amount of peptides grafted on NPs. X axis indicates the peptides' ratio of [anti integrin] and [anti NRP1] targeting ligands. Left figure indicates row normalized sorting of the value of Pa-MFI, right figure indicates dataset-normalized sorting of the values of Pa-MFI. Flow cytometry analysis of H358 and MDA-MB-231 cells incubated with different NPs for 30min at 37 o C in 5%CO 2 .. Data represents two independent experiments.

Fig. 76

 76 Fig. 76 Binding of B-NP 1000 y/z and PEG-NP 0/0 on 9 cell lines. Left column indicates the expression level of the receptors. In gray: NRP1, and green: integrin α v β 3 . The 9 cell lines were incubated with the different B NPs during 30min at 37 o C in 5%CO 2 . The influence of the peptides ratio y/z is also presented.

Fig. 77

 77 Fig. 77 Heat map studies of the binding of B-NP 1000 y/z . X-axis indicates the peptides' ratio of [anti integrin] and [anti NRP1] targeting ligands. Y-axis indicates three types of cells: somatic cells, endothelial and tumor cells. Left heat map indicates dataset-normalized sorting of the values of Pa-MFI, right heat map indicates row normalized sorting of the values of Pa-MFI.

Fig. 78

 78 Fig. 78 Pearson correlation coefficient (PCC) study of B-NP 1000 y/z and PEG-NP 0/0 's binding efficiency with the level of integrin α v β 3 and NRP1 receptors.

Fig. 79

 79 Fig. 79 Comparative studies of NPs' effects on RTK-AKT/ ERK associated signaling in EA.hy 926 cells. EA.hy 926 cells were serum starved for 20 hours before the treatment of 1nM NPs for 1hour.

Fig. 80

 80 Fig. 80 Comparative studies of type A, B and C NPs' binding efficiency in EA.hy 926 cells by FACS. A, B, C indicate the type of NPs. The amount of targeting peptides on each type of NPs is 1000. PEG-NP was used to be a negative control. Flow cytometry analysis of EA.hy 926 cells incubated with different NPs without serum for 60 min at 37°C in 5% CO2.

Fig. 81

 81 Fig. 81 Parallel comparative studies of NPs' binding efficiency and AKT activity in EA.hy 926 cells. A, B, C indicate the type of NPs. The amount of targeting peptides on each type of NPs is 1000. The binding efficiency signal was recorded and quantified by the value of Pa-MFI. Left histogram indicates the Pa-MFI of each NP in EA.hy 926 cells. Quantitative analysis of p-AKT changes in NPs' treatment was performed by Imgae J according to Fig. 79. Right histogram shows quantification of p-AKT level after normalizing the data to respective control group. Row normalized sorting of the value of Pa-MFI and p-AKT was performed to do parallel comparative study of NPs' binding efficiency with their biological activity in EA.hy 926 cells.

  of serine 473 and threonine 308. Nevertheless, we did not detect positive signals of FAK, Src, PKC and p-38. This indicates that our silica NPs targeting integrin α v β 3 , NRP1 or both do not activate the canonical integrin and VEGFR2 mediated-signaling. Recently, M. Benezra reported that 7.0 nm core-shell silica NPs grafted with RGD can induce the AKT pathway in integrin positive M21 cells [151]. However, their data indicated an extremely weak augmentation of p-FAK and p-Src signals (1.2 and 1.4 times respectively), suggesting that RGD-NP induced AKT activation promoted M21 cell migration. Surprisingly, PF-228 (an inhibitor of FAK) was unable to prevent RGD-NP's activity. Similar effects on cell migration were also described in HUVEC but we did not find a description of the impact of RGD-coated NP on FAK-AKT signaling in HUVEC in the literature. Thus, more work still needs to be done in both ECs and tumor cells to understand the exact contribution of FAK/Src to RGD-NP mediated AKT signaling. In our hands, the recruitment and activation of other RTK, especially IGF-1R/IR, seems to contribute greatly to NPs (ATW-and RGD/ATW-NP)-induced AKT activation in HUVEC and HDMEC. While a transient AKT activation was weakly but significantly detected with RGD-NP, neither FAK/Src nor RTKs activation was seen with these NPs. Since integrin receptors are quite sensitive to mechanical stress [154], we propose that RGD-NPs-triggered mechanical signals are directly transduced through AKT and independently of FAK/Src or RTK activation. Notably, the platelet endothelial cell adhesion molecule-1 (PECAM-1), has already been describe as capable of transducing mechanical forces directly to AKT/ERK via tyrosine phoshorylation [155, 156]. Other mechano-sensors like ions channels may also contribute to silica NPs-regulated AKT/ERK activation, since they are abundant in ECs and involved in the regulation of macromolecules trafficking by endocytosis and transcytosis [157].Also already discussed in the chapter of "Pros and cons of heteromultivalent targeting", many signaling receptors are modular, with binding and signaling performed by distinct and spatially segregated domains. Direct or indirect clustering of receptors might activate cell signaling cascades via still unknown mechanisms. Twenty years ago, experimental proofs were reported by K. M.Yamada and coworkers[158] who reported that the simple aggregation alone can trigger integrin signaling. This was performed using beads coated with non-inhibitory mAbs (non-ligand aggregator) that function like RGD grafted beads in terms of accumulation of tensin, FAK and tyrosine phosphorylation. These results demonstrated that the receptor occupancy was not necessary for the initiation of a biochemical signaling.

Fig. 83

 83 Fig. 83 Proposed model of the difference between type A RGD-NP and Scrambled-NP on their reactivity on HUVEC. Detailed information is depicted in main text.

Fig. 84 Fig. 85

 8485 Fig. 84 Proposed mechanisms of silica-NP-mediated RTK-independent AKT/ERK activation in ECs. Detailed information is depicted in main text.

Fig. 86

 86 Fig. 86 Proposed model of the different action (Chemistry) induced by different type of silica-NPs on HUVEC. Detailed information is depicted in main text.

  derived from fusing human umbilical vein endothelial cells with the human lung carcinoma cell line A549; wt p53

11 AppendixFig. 88 :

 1188 Fig. 88: Fluorescence spectrometry and absorbance spectrum studies
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Table 2 :

 2 Integrin signaling nodes and main functions.

  9 VEGFxxx variants with proangiogenic functions (VEGF 111 , VEGF 121 , VEGF 145 , VEGF 148 , VEGF 162 , VEGF 165 , VEGF 183 , VEGF 189and VEGF 206 ). But anti-angiogenic (VEGFxxxb) isoforms also exist that differ only from their VEGFxxx counterparts at the level of six amino acids in the C-terminal part of the protein owing to the selection of a distal splice site in the last exon 8. Several studies reported the differential pattern of expression of VEGF 165b in cellular[START_REF] Merdzhanova | The transcription factor E2F1 and the SR protein SC35 control the ratio of pro-angiogenic versus antiangiogenic isoforms of vascular endothelial growth factor-A to inhibit neovascularization in vivo[END_REF] and tumor models (Boudria et al.

submitted).

With the exception of VEGF 111 / VEGF 111b , all VEGFxxx/ VEGFxxxb contain exons 1-5 and differ by the inclusion/ skipping of exon 6a, 6b, 7, 8a or 8b. Importantly, exons 6a and 7 confer affinity for heparin-containing proteoglycans and they will stick to the ECM. Schematically, short VEGF-A isoforms (C-terminal part) are diffusible, while larger are not. Fifty to seventy percent of VEGF 165 molecules are presented to the cell surface via the ECM. Importantly, at the molecular level, it has been shown that matrix-bound VEGF 165 induces different signaling patterns than soluble VEGF 165 . Therefore, the activity of VEGF-A splice variants will change if they are presented as freely diffusible ligands that can be internalized or as membranebounds factors that will not be easily internalized. Furthermore, VEGF-A splice variants also present distinct affinities for various target receptors and co-receptors. To date, the signaling networks that differentially control the expression of various VEGF-A splice variants in tumors remains largely unknown.

Table 5

 5 

Examples of cellular targeting strategies in cancer therapeutics [126].

Table 7

 7 Pa-MFI values of integrin α v β 3 and NRP1 in 9 cell lines

5.1.3.2 WB analysis of VEGFR1/2 and NRP1/2 expression in 5 tumor cell lines

Table 11 .

 11 Cell lines tested in this study

	Cell line	Description	Source or	Media
			Reference	
	3T3	Mouse embryo fibroblast cell line	ATCC	DMEM+10% FBS
	4T1	Mouse mammary gland cancer cell line	ATCC	RPMI+10% FBS
	A549	Human lung carcinoma cell line	ATCC	RPMI+10% FBS

Table 13 .

 13 Chemicals tested in this studyWestern blotting was performed as previously described[165]. 300,000-50,000 cells were planted in 6-well plate for 24 hours followed by NPs' treatments, which were indicated in the main text. The working medium volume is 1ml /well. Since HUVEC are very sensitive, all medium must be pre-warmed, and the maximum serum-starvation time is 20 hours. For in vitro cells samples, 10-20 μg of protein were loaded onto SDS-polyacrylamide gel (8% or 12%), or NuPAGE 4-12% gel (Life technologies, USA). For in vivo tumor tissue samples, 40 or 60 μg of proteins were loaded. Antibodies were listed in Table12. The intensity of each band was measured by Image J (NIH software). Time-course exposure of proteins to chemiluminescence was used to perform semi-quantification of signal, as indicated in the main text.

	Chemical	Working concentration	Source or Reference
	VEGF 165a	20/100/200ng/ml	R&D systems #293-VE-010
	Collagen I	1.33ug/cm 2	Corning #354236
	(Rat Tail)		
	Matrigel	300ul/well (24 well plate)	Corning #356237
	Wortmannin	0.2uM	CST #9951s
	R 1507	100nM	Dr. Amandine Hurbin
	Linsitinib	1uM	Dr. Amandine Hurbin
	Sorafenib	1uM	Dr. Amandine Hurbin
	NPs	10/100/1000 pM	Prof. Gilles Subra
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Active targeting of nanoparticles

Active targeting is utilizing high or low affinity-ligands on the surface of NPs for specific retention and uptake by targeted disease cells [120]. Ligands are selected to bind cell surface proteins overexpressed in the damaged organs, tissues, cells or subcellular domains, and are introduced on the surface of NPs. But the design of actively-targeted NPs is very complex, since a lot of factors will affect their avidity, including NPs' architecture, ligand conjugation chemistry, ligand density, or the choice of targeting ligand (Fig. 14) [119].

Concerning the choice of receptors and ligands used for active targeting, an excellent summary was made by Xu et al (Table 5) [126]. Since my PhD work is focused on two peptides, ATWLPPR and RGD targeting NRP1 and integrin α v β 3 / α v β 5 respectively, I will only present nanotherapeutics that were already described using these two ligands.

Interest of ATWLPPR for cancer targeted therapies

The ATWLPPR peptide was used in different systems (table 6). Coupling ATWLPPR to the surface of NPs can significantly and selectively improves their binding on cells that express elevated levels of NRP1 (HUVEC or MDA-MB-231), especially in vitro. But their low affinity and poor penetration within the tissues added to a fast wash-out, are still limiting their use in vivo.

Table 6 Use of ATWLPPR for targeted delivery

Our in vitro results also demonstrate that NPs with the highest number of ligands present the strongest binding efficiency on all cells. This is mainly depending on the integrin α v β 3 than on NRP1 expression. Finally, the binding rapidly leads to the internalization of all NPs. effects on RTK are studied in the following chapter. As compared to the ERK signaling on HUVEC, AKT shows a much higher up-threshold to arrive signal saturation.

RGD/ATW-NP protects HUVEC from cell death

In order to better understand the impact of AKT/ERK activation, we extended our study from 15 min to 9 hours of incubation with high concentrations of NPs (1nM). This was performed on HUVEC cultured at 37°C in the absence of serum (starvation of 10 hours). While RGD-, ATW-or PEG-NP were still inducing the expected phosphorylation of AKT (Ser 473) at 15 min (Fig. 41A andC), this phenomenon was extremely transient and not detectable at later time points (Fig. 44A&B). Because of the serum starvation, these cells A B Despite these differences that may come from a higher expression/activity of VEGFR2 in HDMEC than in HUVEC or crosstalk (reciprocal phosphorylation) between IGF-1R/IR and VEGFR2 in HDMEC [152], the rest of the IGFR1R/IR, AKT, ERK, GSK3β is activated with similar patterns. This is summarized and semi-quantified in the graph below (Fig. 60): Fig. 60 Semi-quantification of phosphorylation level (Fig. 59) after normalization with the control group.

Then we selected 200ng/ml of VEGF to test the blocking efficiency of different NPs on PANC-1 cells. Consistent with studies of NPs' effects on VEGF-VEGFR2 signaling in HUVEC cells, ATWLPPR only grafted NPs nearly abrogated VEGF-induced activation of AKT at the lower concentration of 100pM (Fig. 63), while no significant inhibition of AKT was detected in the presence of the other NPs.

At 1nM, RGD/ATW-NP activates AKT on PANC-1 cells

We next tested NPs "intrinsic" effects on AKT signaling at the higher concentration of 1nM.

Only RGD/ATW-NP augments the phosphorylation of AKT at 15min on PANC-1 cells (Fig. 63). 

Perspectives

My work is raising a lot of issues that still need to be investigated.

1. Concerning the NPs, we observed that the amount of ligands, ratio of the 2 peptides and more importantly the chemistry used to load them onto the silica NP are very strongly affecting their properties. It would be of the outmost importance to see whether our model applies to other type of NPs such as liposomes, dendrimers, block-copolymers, nanogold, etc… It would be also important to test this model with other ligands. Finally, we show that the silica backbone itself may generate an important toxicity on stressed endothelial cells in vitro. This should be further investigated since silica is a very commonly used nanomaterial.

2. We established that the reactivity of different cell types varies a lot, and it will be important to investigate this phenomenon on a larger set of cell lines in 2D cell cultures but also in 3D (mixed) spheroids containing the tumor cells and their stroma.

3. Our preliminary data obtained in vivo are very surprising and should be further investigated. In priority, we need to evaluate the biodistribution of the different NPs.

Then, we need to verify the phenotypes we obtained on a larger series of animals and tumor models. Mechanical and biochemical studies need to be performed in order to understand the impact on vasodilatation and on the cell proliferation.

4. Altogether, our initial idea was to generate anti-angiogenic NP. Our result suggests that we obtained the opposite. Nonetheless, we ended up in a situation that mimic the contradictory results described in the different clinical trials using cilengitide or other anti-angiogenic therapies. Our NPs may thus help to understand the very complicated networks of stimuli/cell responses that are generated in vivo when a (RGD or anti-NRP1) peptide reaches a target cell already engaged in multiple interactions with ECM components. It is well known that multivalency will affect the ligand activity and, in addition, this ligand may reach its receptor as a free and soluble molecule or as an ECM-bound growth factor that will not diffuse freely nor be internalized easily once engaged with its receptor. Because we are working with 50

Preparation of NPs

All NPs were dissolved in PBS at a stock concentration of 8mg/ml (around 200nM NPs) and stored at -20 o C. They were diluted to the required concentration with corresponding cell culture medium when needed. Prior to treatment, all NPs were sonicated for 3 cycles of 2 min with 2 seconds interval of gentle vortex.

Since introducing PEG2000 or PEG3000 to silica NPs will significantly increase their molecular weight (MW), in order to equilibrate all NPs at the same working concentrations (pM), we used fluorescence spectrometry to equilibrate the final quantities. Importantly, since the absorbance at the excitation wavelength should be around 0.1 or less (otherwise the fluorescence signal might not be proportional to the NP's concentration), I always performed gradient dilutions of each NPs down to 1.6 mg/ml (5x dilution of stock solution), then dilute another 1000 times for fluorescence studies. Finally, we used naked-NPs' fluorescence to homogenize the amounts of type A, B and C NPs as well as PEG-NP.

Cell Culture

All cells were maintained in American Type Culture Collection recommended cell culture media and conditions, which are listed in Table 11. Cells were all cultured at 37°C in a humidified atmosphere containing 5% CO 2 .

Cell Viability Assay

The cell viability was measured in vitro according to MTS-based cell viability assay (Promega).

We tested the viability of HUVEC cells in the presence of different concentrations of NPs with or without 1% Full medium (Lonza) or VEGF (20ng/ml, R&D systems) at different times.

The indicated treatments are described in the main text. After treatment, the cell medium was aspirated and cells were washed with PBS. Then, 10 μl of WST-1 reagent was added to each well. The plates were mixed gently and the cells were incubated at 37°C for 2 to 4 hours. After the incubation period, the plates were mixed gently on an orbital shaker for one minute and the absorbance of each sample was measured at 492 nm using Beckman

Coulter AD 340s (Fullerton, CA, USA). The labeling was detected with DAB for 5 min (#K3467; Dako, San Antonio) and rinsed with water for 5 min. Cell nuclei were stained with Gill's hematoxylin for 2-3 sec and washed with water for 5min. Samples were dehydrated with 2 baths of 100% ethanol and one with xylene before the addition of mounting medium (M-GLAS, #1.03973.001; Merck Millipore). Images were taken using AxioImager M2 microscope, and quantified by Image J (NIH software).

Animals

Female Naval Medical Research Institute (NMRI) nude mice (5wk-old) weighting 24.0 ± 0.5 g were purchased from Janvier (Le Genest). Before the beginning of the experiment, the animals were acclimatized in a temperature-controlled environment for 1 wk. Facility rooms were maintained at constant temperature (25°C), humidity (30-50% relative humidity), and Importantly, integrin α v ß 3 and NRP1 can physically and functionally interact.

The use of dual targeted drugs that block the integrin α v ß 3 and the NRP1 receptor simultaneously is thus expected to augment the anti-angiogenic and anti-tumor activities, as compared to each "mono-therapy" separately. During my PhD studies, in collaboration with the group of chemists leaded by Pr G. Subra, we generated different batches of bifunctional cRGD/ATWLPPR peptides coated nanoparticles (NPs) targeting integrin α v ß 3 and NRP1 simultaneously. We introduced different ratio of cRGD and ATWLPPR peptides (100/0, 25/75, 50/50, 75/25 and 0/100), and we also increased the amount of total ligands on the surface of the silica NPs. Systematic studies including molecules' affinity, selectivity, and biological activity as well as anti-angiogenic and anti-tumoral effects were performed on primary endothelial cells (ECs), immortalized ECs and several tumor cells. NPs properties were also evaluated in vivo in a mouse tumor model. We report here that these NPs present highly variable biological activities in ECs and tumor cells depending on the peptides ratio, surface coating of the NPs and on their concentration. In particular, "elevated" concentrations of NPs, which actually correspond to usual concentrations of peptides, can activate an unexpected IGF1-R/IR-AKT signaling pathway that could lead to a counter-productive proangiogenic activity (agonist instead of antagonist). This could mimic the conflicting results obtained in clinical trials using Cilengitide, an RGD-presenting peptide, and thus provide new areas of investigations and new possibilities to design active nano-drugs.