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RESUME 
 

Les cancers du rein à cellules claires (ccRCC) représentent 80% des cancers du rein. Environ 

80% des ccRCC présentent une inactivation/ mutation du gène de Von Hippel-Lindau (VHL), 

entraînant la stabilisation des facteurs inductibles d'hypoxie 1 et 2 alpha (HIF1 et 2α) et la 

surexpression de leurs gènes cibles tels que "le facteur de croissance vasculaire endothélial 

(VEGF)", le principal facteur d'angiogenèse.  

Ainsi les ccRCC sont les cancers les plus vascularisés et représentent un paradigme pour les 

traitements anti-angiogéniques (AAT). Aujourd'hui, 15 différents AAT ont obtenu l'approbation 

de la FDA et de l'EMA. Ils sont divisés en trois familles : 

- les anticorps ciblant les VEGFs 

- les inhibiteurs de tyrosine-kinase (TKi), qui ciblent les récepteurs impliqués dans la néo-
angiogenèse, tel que le sunitinib 

- les récepteurs « leurres » qui piègent le VEGFA et le PlGF tel que l’aflibercept. 

La surexpression du VEGF (impliqué dans l'angiogenèse), et des autres membres de la famille 

du VEGF, le VEGFC (impliqué dans la lymphangiogenèse) est un phénomène clé dans la 

tolérance immune. Ainsi, des inhibiteurs de points de contrôle immunitaire (anti PD-1, anti PD-

L1 et anti CTLA-4) ont aussi obtenu l'approbation des autorités de santé pour le traitement des 

ccRCC. 

En revanche, une rechute après quelques mois de traitement par les TKi est souvent observée 

et les inhibiteurs de points de contrôle immunitaire présentent une efficacité sur seulement 20% 

des patients. Ainsi, le ccRCC reste incurable chez une majorité de patients et de nouvelles 

stratégies thérapeutiques ciblant à la fois l'angiogenèse, la lymphangiogenèse et la tolérance 

immune sont nécessaires. 

Les Neuropilines (NRP1 et NRP2) sont des corécepteurs de VEGF et de VEGFC et sont 

exprimés sur les cellules endothéliales vasculaires et lymphatiques, sur les cellules tumorales 

et sur les cellules du système immunitaire. Ainsi, les Neuropilines sont de nouvelles cibles 

pertinentes pour le traitement du ccRCC. 

Ma thèse décrit la pertinence du ciblage des voies de signalisation NRP1 et NRP2 dans les 

ccRCC par une approche génétique (invalidation des deux gènes par CRISPR/Cas9) et par une 

approche pharmacologique (développement d’un inhibiteur des NRPs). Les résultats 

précliniques générés représentent une première étape essentielle pour l’initiation d’essais 

cliniques de phase précoce pour les patients en échec thérapeutique. 

Mots clés : Neuropilines, Micro-environnement tumoral, Oncologie, Immunologie, Cancers 
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ABSTRACT 
 

Clear cell Renal Cell Carcinoma (ccRCC) represent 80% of kidney cancers. Around 80% of 

ccRCC present an inactivation of the von Hippel-Lindau gene (VHL) gene, leading to the 

stabilization the Hypoxia Inducible Factors 1 and 2 alpha (HIF-1 and 2α) and to the 

overexpression of their targeted genes such as the « Vascular Endothelial Growth Factor 

(VEGF) », the principal angiogenic factor. Thus, ccRCC are one of the most vascularized 

cancers and represent a paradigm for anti-angiogenic treatments (AAT). Currently,15 different 

AAT have obtained FDA and EMA approval. They are divided in three different families: 

- antibodies targeting VEGF 

- tyrosine-kinase inhibitors (TKi) that target receptors involved in neo-angiogenesis such 

as the current reference therapy, sunitinib 

-  decoy receptors that trap VEGFA and PlGF such as aflibercept. 

Overexpression of VEGF (involved in angiogenesis) and of the other member of the VEGF 

family, VEGFC (involved in lymphangiogenesis) is also a key phenomenon of immune tolerance. 

Therefore, immune-checkpoint inhibitors (anti PD-1, anti PD-L1 and anti CTLA-4) also obtained 

an approval for the treatment of ccRCC. 

However, relapse on TKi are frequently observed after a few months and immune-checkpoint 

inhibitors present a long-lasting effect only in 20% of patients. Hence, ccRCC is still an uncurable 

disease and new therapeutic strategies targeting concomitantly 

angiogenesis/lymphangiogenesis and immune tolerance are urgently needed. Neuropilins 

(NRP1 and NRP2) are co-receptors of VEGF and VEGFC and are expressed on vascular and 

lymphatic endothelial cells, on tumor cells and on immune cells. Hence, they may represent 

ideal targets to inhibit the drivers of ccRCC aggressiveness. 

My thesis describes the relevance of targeting the NRP1 and NRP2 signaling pathways in 

ccRCC by a genetic (invalidation of the two genes by CRISPR/Cas9) and by a pharmacological 

approach (development of a NRPs inhibitor). The preclinical results generated represent an 

essential first step for the initiation of early phase clinical trials for patients with treatment failure. 

 

Keywords: Neuropilins, Tumoral microenvironment, Oncology, Immunology, Cancers 
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PDGF Platelet-derived Growth Factor  

PDGFR Platelet-derived Growth Factor Receptor  

PD-L1 Programmed Death Ligand 1  

PDX Patients Derived Xenograft 

PEI Polyethylenimine 

PFS Progression-Free Survival  

PlGF Placenta Growth Factor 

PPC Pericytes Progenitor Cells  

Prox1 Prospero homeobox 1  

qPCR quantitative Polymerase Chain Reaction 

RECIST Response Evaluation Criteria In Solid Tumors 

SDF1 Stromal cell-Derived Factor 1  

SEMA Semaphorin 

sgRNA single guide Ribonucleic Acid 

shRNA short-hairpin Ribonucleic Acid 

SI Selectivity Index 

T CD4+ Helper T cells 

T CD8+ Cytotoxic T cells 

TAM Tumor Associated Macrophages 

TBS Tris-Buffered Saline 

TCGA The Cancer Genome Atlas 

TGFβ Transforming Growth Factor beta 

TGFβR Transforming Growth Factor beta Receptor 

Tki Tyrosine Kinase inhibitor 

TNFα Tumor Necrosis Factor alpha 

Treg Regulatory T cells 

VEGF Vascular Endothelial Growth Factor 

VEGFR Vascular Endothelial Growth Factor Receptor 

VHL Von-Hippel Lindau 

WDFY1 WD-repeat and FYVE-domain-containing protein 1 

α SMA α Smooth-Muscle Actin 
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PART I: INTRODUCTION 
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INTRODUCTION 

 

I) Clear cell Renal Cell Carcinoma (ccRCC)   

 

1) Statistics 

Kidneys are mainly involved in blood filtration to eliminate waste and toxins from the organism. 

Only one form of pediatric kidney cancer exist: nephroblastoma or Wilms tumor, which concerns 

around 120 new cases every year in France. Then, most of kidney cancers developed in adults 

with around 12000 new cases per year in France and 350000 in the world, represent the seventh 

type of most frequent cancer and ninth cause of death from cancer. Two third of cases are men 

of 40 years old and more and the frequency of diagnoses increases with the age. Different forms 

of kidney cancers exist, among them the clear cell Renal Cell Carcinoma that represent around 

80% of kidney cancers [1]. ccRCC owns a clear cytoplasm resulting from accumulated glycogen, 

phospholipids and neutral lipids [2]. This accumulation of glycogen is notably correlated to 

patient’s poor prognosis [3]. 

 

2) Risk factors 

Different factors can increase a person’s cancer risk: 

- The personal history: renal failure or dialysis increase the kidney cancer’s risk of 

about 10 times [1];  

- Smoking (risk increased by 2) [1] or environmental factors: professional exposition 

to cadmium, hydrocarbon for example [1] 

- Family predispositions: most of kidney cancers has no hereditary origin but around 

1 to 2% of ccRCC involve heredity factors with the mutation of the Von Hippel-Lindau 

(VHL) gene [1]. 

 

3) Diagnosis 

The first stages of kidney cancer are asymptomatic. Thus, the diagnosis comes lately in the 

development of the disease and most of the time following abdominal echography carried out 

for another reason [1]. Later, imaging (scanner or magnetic resonance imaging) and 

pathological exams confirm the cancerous nature of the mass detected by imaging, the 

subgroup of RCC and the presence of metastases [1].  

 

4) Treatments 

For non-metastatic patients (M0), surgery by cyto-reductive nephrectomy is carried out followed 

by regular scanner monitoring [1].  
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ccRCC are radio- and chemo-resistant, which could be explained by the decrease, in most 

ccRCC,  of p53 (transcription factor involved in cell cycle regulation, autophagy and apoptosis) 

expression through the stabilisation of HIF-2α [4]. 

For patients with metastatic (M1) ccRCC (mccRCC), surgery was the rule since recently. 

However, the dogma is changing since surgery does not improve either progression free survival 

(PFS) nor overall survival (OS) [5]. Thus, M1 patients are treated by immunotherapies or anti-

angiogenics, that are chosen according to the patient’s prognostic [1]. This part will be 

developed later (II-4)Current anti-angiogenic treatments or immunotherapies for ccRCC). 
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II) Tumoral angiogenesis 

 

ccRCC is one of the most vascularized cancers. In around 80% of the cases, the von Hippel 

Lindau gene (VHL) is inactivated leading to the stabilization of Hypoxia Inducible Factor 1α and 

2α (HIF1/2 α). After dimerization with HIF1β, the resulting HIF stimulates the transcription of 

target genes such as the main pro-angiogenic factor Vascular Endothelial Growth Factor A 

(VEGFA), the immune suppressive Programmed Death Ligand 1 (PD-L1) and the Platelet-

derived Growth Factor (PDGF) (Figure 1). 

 

Figure 1. ccRCC one of the most vascularized cancers. A. In normal condition, the hypoxia 
inducible factor α (HIFα) is hydroxylated and the Von-Hippel-Lindau factor induces its 
degradation by the proteasome. B. In normoxic conditions (red crosses) or when the von Hippel-
Lindau gene is inactivated (black crosses), HIFα is no more hydroxylated or does not undergo 
polyubiquitination. Thus, HIFα is stabilized and forms a complex with HIFβ. The resulting active 
transcription factor induces the expression of its target genes such as VEGFA, PD-L1 and 
PDGFβ. 

 

1) Vascular organization 

Blood vessels are organized in arteries, veins and capillaries, that have different morphologies 

according to their functions. During early embryonic development, cells from the mesoderm 

differentiate into hemangioblasts: multipotent precursor cells of hematopoietic and endothelial 

cells forming the blood vessels [6]. Blood vessels are composed of endothelial and mural cell: 

blood vessels’ wall is composed of endothelial cells forming a monolayer. Their cohesion is 

mediated by VE-cadherins enabling cell-cell adhesion [6]. Endothelial cells are bound to a basal 

membrane and mural cells, such as pericytes covering the vessels, prevent hyperpermeability 
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and vascular leakage [7]. Already at this stage, capillaries differentiate in arteries or veins [6]. 

Arteries are formed by multiple concentric layers of vascular smooth muscle cells to support the 

high-pressure mediated by the transport of blood to the capillaries. However, veins, that are 

exposed to a lower blood pressure, are formed by thinner smooth muscle cells’ layers [7]. Blood 

vessels of a smaller diameter, such as arterioles, capillaries or venules, are covered by support 

cells such as pericytes. They are involved in the blood vessels’ maturation and stabilization and 

in endothelial cells’ differentiation and proliferation [7]. The formation of blood vessels is an 

essential physiological mechanism. During embryogenesis, tissue growth needs oxygen and 

nutrients. Thus, vasculogenesis is set up and enables the formation of the primary vascular 

network [7]. Blood vessels are also involved in organs morphogenesis and in the elimination of 

metabolic waste. The vascular network formation is also important during post-natal 

development and in adults during wound healing, menstrual cycle and placenta’s formation. 

However, it plays a key pathological role in cancers [7]. Two distinct mechanisms exist: 

vasculogenesis and angiogenesis.  

 

1.1 Vasculogenesis 

During the development, vasculogenesis is the formation of primitive blood vessels from 

angioblastic precursors. Vasculogenesis is the differentiation of hemangioblasts to angioblasts 

that will differentiate in endothelial cells. Endothelial cells will form a primary vascular plexus 

composed of blood vessels interconnected with homogenised size [6]. Vasculogenesis occurs 

in extra- and intra-embryonic tissues. The migration capacities of endothelial cells and of the 

angioblastic precursors are essential for the formation of the first blood vessels in the embryo. 

Vasculogenesis needs soluble growth factors such as VEGFA and the Fibroblast Growth Factor 

2 (FGF2). Vasculogenesis is not only observed during embryogenesis but it occurs also in adults 

physiologically and pathologically. Indeed, in the adults, new blood vessels originate from bone 

marrow endothelial progenitors. 

 

1.2 Angiogenesis 

Angiogenesis is the formation of new blood vessels from the existing vascular network during 

the development but also in adults. During embryogenesis, the primary vascular plexus is 

modified by budding to form a mature vascular network. In adults, physiological angiogenesis 

occurs during wound healing, menstrual cycle or muscular exercise. Thus, angiogenesis is a 

transient phenomenon that is regulated by a fragile balance between pro- and anti-angiogenic 

factors [6]. This balance is deregulated in ischemic heart diseases (decreased angiogenesis) or 
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in cancers (up-regulated angiogenesis). Angiogenesis is involved in around seventy different 

pathologies.  

The principal pro-angiogenic factor VEGFA induces angiogenesis by stimulating VEGF 

receptors (VEGFR1/2), and VEGF co-receptors, the Neuropilins 1 and 2 (NRP1/2). 

 

1.3 Principal mechanisms of angiogenesis 

 

1.3.1 Budding angiogenesis (Figure 2) 

Budding angiogenesis occurs through pro- and anti-angiogenic factors and through different 

cellular types. Neovessels’ growth necessitates four steps from pre-existing vessels’ sides or 

extremities. 

 

- Vasodilatation and vascular permeabilization 

The interactions between the endothelial cells, the extracellular matrix and the pericytes become 

weaker. Thus, endothelial cells are more sensitive to growth factors produced by cells, such as 

the VEGFA. The VEGFA induces vessels dilatation and vascular permeability by redistributing 

intracellular molecules like VE-cadherins. It enables endothelial cell migration through vascular 

wall. Furthermore, matrix metalloproteases and proteases from the plasminogen-protease 

activator system enable the degradation of the extracellular matrix and of the basal membrane. 

 

- Endothelial cell activation and proliferation 

The degradation of the extracellular matrix and of the basal membrane induces the release of 

FGF2 and VEGFA. They trigger cell proliferation and migration through a VEGFA gradient and 

chemotaxis [6]. The migration of endothelial cells also involves integrins (αvβ3, αvβ5, α5β1). To 

prevent the formation of an anarchic vascular network, only few endothelial cells initiate the 

angiogenic expansion from the capillaries. These “tip-cells” occupy the leading position to initiate 

angiogenesis. When tip-cells are stimulated by angiogenic factors, they acquire invasion and 

migration capacities but they secrete also proteases enabling the destruction of the adjacent 

basement membrane [6]. The selection of tip-cell is regulated by [6]: 

o VEGFA expression that will activate the angiogenic stimuli and affects endothelial 

cells 

o Tip-cells’ characteristics are obtained by endothelial cells that do not express 

Notch1. Indeed, the activation by Dll4 of endothelial cells expressing Notch1 inhibits 

their transition to the activated state and so limits the number of tip-cells to prevent 

anarchic vessel formation. Thus, Dll4 or Notch1 lower expression results in the 

formation, branching and fusion of newly formed vessels. Then tip-cells sprout 

towards VEGFA gradient.  
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- Vascular tubules formation 

Then, endothelial cells adhere to each other to form the new vessels. VEGFA and angiopoietin 

1 (Ang1) are involved in regulating the new tubule diameter. The integrins αvβ3 and α5β1 enable 

interactions between endothelial cells and the extracellular matrix. 

 

- Vascular stabilisation 

The new vessels are stabilized by the recruitment of accessory and mural cells (pericytes and 

smooth muscle cells) and by the formation of a common extracellular matrix between endothelial 

and mural cells [6]. Pericytes are present around the capillaries and smooth muscle cells next 

to arterioles and venules and inhibit endothelial cells proliferation and migration [6]. These two 

cell types form multiple layers around the endothelial lining and control the vasodilatation and 

the blood pressure [6]. Blood vessel stabilization is also regulated by several factors: PDGFβ, 

whose secretion is stimulated by VEGFA. It is highly expressed by tip-cells. The stimulation of 

its receptor PDGFR-β induces mural cell proliferation and migration [6]. TGFβ1 induces the 

contact between endothelial cells and pericytes. It inhibits tip-cells proliferation and migration 

and consequently the stabilization of the newly-formed vessels [6]. Ang-1, expressed by 

pericytes and smooth muscle cells, stimulates its receptor Tie2, present on endothelial cells. 

Tie2 activation stabilizes the interactions between mural and endothelial cells during the 

formation of the vascular tubule [6]. Finally, Notch is involved in the maintenance of vessel 

integrity by enabling the vessels’ coverage by smooth muscles cells [7]. 

 

1.3.2 Other mechanisms 

Some tumors develop in vascularized organs, like the brain. In this case, they do not rely on 

angiogenesis for oxygen and nutrient supply. Indeed, the astrocytoma surround the blood 

vessels and develop invasive but non-angiogenic tumors. The blood vessels in contact with the 

tumor are reduced and tumoral ischemic zones appear. The resulting hypoxia stimulates the 

production of the growth factors VEGFA and FGF2 and of classical angiogenesis. 
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Figure 2. Angiogenesis mechanisms. Stable vessels (A) undergo vascular permeability, 
which induces plasma proteins’ release (B). The degradation of the membrane (C) decreases 
pericytes and endothelial cells contact and releases growth factors. Tip-cells proliferate and 
migrate according to the VEGFA gradient (D) and new vessels are formed (E) and stabilized 
with mural cells. Adapted from B. A. Bryan et P. A. D’Amore [8]. 
 

1.4 Tumoral angiogenesis 

To grow over a few millimetres, tumors need oxygen and nutrients. By providing these essential 

elements, tumoral angiogenesis is an important contributor of tumor development [6]. Thus, peri-

tumoral angiogenesis stimulates tumor growth and dissemination and participates in the 

elimination of metabolic wastes. Angiogenesis enables the tumor to metastasize, but it does not 

give its malignant characteristic. Indeed, an aggressive tumor can present a low vascularization 

and a tumor of low grade can present an important vascularization. This suggests that after 

tumoral angiogenesis induction, the neo-vascularisation depends on a finely regulated 

production of pro-angiogenic factors by tumor cells and cells of the microenvironment [9,10]. 

During the angiogenic switch, tumor cells produce pro-angiogenic factors, such as VEGFA, 

FGF2, TGFβ, EGF or TNFα, that stimulate endothelial cell proliferation, migration and 

differentiation needed for vessel formation. The angiogenic switch occurs only when tumors 

produce more pro-angiogenic factors than anti-angiogenic factors (Figure 3). This imbalance 

occurs following genetic modifications of tumor cells (oncogene activation) or during 

environment changes (hypoxia or inflammation for example). 
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Figure 3. Tumoral angiogenesis. The production of pro-angiogenic factors by tumor cells 
deregulates the angiogenic balance. The resulting angiogenic switch enables the transport of 
oxygen and nutrients to the tumors leading to its growth and its metastatic spread through the 
newly formed blood vessels. 
 
 

2) VEGFA 

Several factors are known as positive activators of angiogenesis, but the VEGFA is the critical 

regulator [6]. In healthy people, VEGFs are involved in wound healing and vascular 

homeostasis. However, a high level of VEGFs promotes tumor angiogenesis and 

lymphangiogenesis (the formation of lymphatic vessels) and is synonymous of poor prognosis 

in cancers [11]. In most of ccRCC cases, inactivation of the VHL gene leads to the upregulation 

of HIF1/2 target genes such as, VEGFA. The VEGFA gene is composed of 8 exons: exons 1 to 

5 code for the binding domain to VEGFRs and exons 7 and 8 encode the binding domain to the 

co-receptors, Neuropilins (NRPs) [6]. Different splices occur in exons 6, 7 and 8 giving rise to 

different isoforms. Furthermore, exon 8a generates pro-angiogenic isoforms whereas exon 8b 

generates anti-angiogenic isoforms (Figure 4) [12]. Four predominant forms of VEGFA exist: 

VEGF121, VEGF189, VEGF206 and the more abundant and active in many cancers, the 

VEGF165 [6]. VEGF165 binds to VEGFR1 (Kd= 2-10pM) and to VEGFR2 (Kd= 75-125pM), 

expressed by endothelial cells in the tumor microenvironment. Their stimulation activates the 

MAP Kinase/Extracellular signal regulated kinase (ERK) and protein kinase B (AKT) signaling 

pathways that enhances proliferation and consequently angiogenesis [6]. VEGFA stimulates 
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also the differentiation of hemangioblasts to hematopoietic cells [6]. VEGFA also binds to NRPs 

and preferentially to NRP1 (Kd= 0.2nM) as compared to NRP2 (Kd= 0.5nM). Thus, many anti-

angiogenic treatments target the VEGFA/VEGFR pathway to reduce tumoral angiogenesis and 

to decrease tumor progression. The different existing anti-angiogenic treatments will be 

described later (4) Current anti-angiogenic treatments or immunotherapies for ccRCC).  

 

 

Figure 4. VEGFA’s different splicing. VEGFA undergoes different splicing in exons 6 to 8 
giving different forms of VEGFA, the main one being the VEGF165. A. VEGFA forms expressing 
the exon 8a are pro-angiogenic. B. VEGFA forms expressing the exon 8b are anti-angiogenic.  
 
 

3) The VEGF receptors 

Three VEGF receptors exist: VEGFR1 (Flt1), VEGFR2 (KDR) and VEGFR3 (Flt4). All of them 

participate in angiogenesis, but only VEGFR2 and 3 stimulate lymphangiogenesis.  

 

3.1 Receptor structure 

 

The VEGFRs are composed of [6]: 

 

- An extracellular domain formed by seven immunoglobulin-like loops on which 

VEGFA binds 

- A transmembrane domain mediating dimer formation 

- A tyrosine-kinase activity intracellular domain separated in two fragments TK-1 and 

TK-2 by an inter-kinase insert 

- A C-terminal extremity inducing signaling pathways activation 
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VEGFA binding on one of these receptors induces their homo- or heterodimerisation stabilized 

by contacts between the immunoglobulin-like domains. Dimerization stimulate trans-

phosphorylation of the intracellular domains and an optimal phosphorylation of the intracellular 

substrates [13,14]. These phosphorylation events activate different signaling pathways such as 

the ERK and AKT pathways involved in survival, proliferation or migration phenomena [15].  

 

3.2 VEGFR1 

VEGFR1 or Flt1 (fms-like tyrosine kinase) is expressed by the endothelial cells, monocytes, 

macrophages, dendritic cells and by different cancer cells such as breast cancers. VEGFR1 

knock-out (KO) mice die at the embryonic age of 9 days due to the formation of an anarchic and 

dysfunctional vascular network. The VEGFA, VEGFB and PlGF bind to the VEGFR1 but only 

the VEGFA can bind both VEGFR1 and VEGFR2.  

The VEGFA has a better affinity for VEGFR1 as compared to VEGFR2  [16]. However, VEGFA 

stimulates a very weak VEGFR1 autophosphorylation [6] and VEGFR1 tyrosine-kinase activity 

is less important [17]. Its high affinity for VEGFA, the presence of VEGFR1 soluble forms and 

the VEGFR1’s capacity to form heterodimers with the VEGFR2 make VEGFR1 a natural down-

regulator of the VEGFR2 signaling pathway [18]. After VEGFA binding to VEGFR1, two signaling 

pathways are activated: ERK involved in proliferation and in p53 phosphorylation and AKT 

implicated in reducing apoptosis, and consequently, in angiogenesis and inflammation. 

Following its stimulation, VEGFR1 is internalized and degraded. 

 

3.3 VEGFR2 

VEGFR2 or KDR (kinase insert domain receptor) or Flk1 (fetal liver kinase 1) is principally 

expressed by vascular endothelial cells, but also, at lower levels, by ductal pancreatic, retinal 

progenitor, hematopoietic cells and by some cancer cells, for example colon or breast cancers. 

VEGFR2 levels are 3 to 5 times more important in tumor vessels than in normal ones [19]. In 

endothelial cells, VEGFR2 gene expression is stimulated by VEGFA, which further enhances 

their proliferation [20]. A soluble form of VEGFR2, sVEGFR2, binds to VEGFC preventing its 

interaction to VEGFR3, which decreases lymphangiogenesis [21]. sVEGFR2 plasmatic levels 

decrease by 30% in ccRCC patients treated by one of the current reference therapies, sunitinib 

[22]. VEGFR2 KO mice die at the embryonic age of 8.5/9.5 days due to a hematopoietic system 

and endothelial cells defects [6]. VEGFR2-dependent signaling pathways are involved in 

mitosis, migration and survival [6].  

The third VEGFA receptor, VEGFR3, is mainly involved in lymphangiogenesis. Its role will be 

discussed in the corresponding chapter (3) VEGFC and VEGFR3).  
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Thus, ccRCC is one of the most vascularized cancer due to its overexpression of VEGFA factor 

involved in many steps on angiogenesis, as explained in this part. Thus, today ccRCC 

treatments are mainly anti-angiogenics, which are targeting the VEGF/VEGFR pathways. 

 

 

4) Current anti-angiogenic treatments or immunotherapies for ccRCC 

 

4.1 Choice of the treatments (Figure 6) 

Interleukin-2 and/or interferon α (IFNα) were the first treatments used to treat metastatic ccRCC 

(mccRCC) but only few patients (about 11 to 17%) were responsive [23]. They are considered 

now as “old” immunotherapies. Despite their high vascularization, ccRCC became eligible for 

anti-angiogenic drugs in 2007 after colon, lung and breast cancers. Different families of 

treatments including anti-angiogenics or next generation immunotherapies are approved for 

mccRCC: 

- Tyrosine-kinase inhibitors (TKi) 

- mTOR inhibitors 

- Anti VEGF antibodies (combined with immunotherapies) 

- Immunotherapies 

These treatments are used up to the fourth line after relapse and increase survival, but long-

term remissions are still rare. During the last 15 years, up to 15 treatments have been 

approved by the competent authorities (Figure 5). 

. 

 

 

Figure 5. Anti-angiogenics’s year of approval by the authorities. Food and Drug 
Administration (FDA) [24] (blue arrows) or European Medical Agency (EMA) [25] (red arrows) 
sites for the dates of approval. Black arrows indicate the same year of approval for both 
agencies.  
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The optimal treatment is chosen according to a score established by the International 

Metastatic Renal Cell Carcinoma Database Consortium (IMDC) [26]: 

- Karnofsky Performance Status Scale, which represents the patient’s capacity to 

carry out all the daily tasks 

- Less than a year passed between the diagnosis and the start of mccRCC treatment 

- Calcium rate is abnormally high 

- Number of blood cells lower than normal 

- Number of platelets superior to normal 

- Neutrophils rate abnormally high 

From these parameters, a good (0 parameter), intermediate (1 to 2 parameters) or bad (3 to 6 

parameters) prognostic is established.  

 

4.2 First-line treatments 

Patients with good or intermediate prognostic: bevacizumab treatment (monoclonal antibody 

targeting the VEGFA) combined to IFNα, or tyrosine-kinase inhibitors (sunitinib [27], pazopanib 

[28] and sorafenib [29]) increase progression free survival (PFS) compared to IFNα. Other 

options exist as a newly developed TKi, tivozanib [30] or high dose of interleukine-2 [31].  

Patients with a poor prognosis: temsirolimus (mTOR specific inhibitor) has an effect on overall 

survival (OS) in comparison to IFNα, with a median of 10.9 months against 7.3 months [32]. The 

TKi such as sunitinib, sorafenib or pazopanib are still an option [31]. 

However, a clinical study on 1096 patients with good or intermediate prognosis highlighted the 

efficacy of targeting two immune checkpoints, the nivolumab (anti PD-1) and the ipilimumab 

(anti CTLA-4), in comparison to sunitinib (longer progression free survival; 11.6 months against 

8.4 months) [33]. 

Two recent phase III clinical trial show the relevance of combining an anti-angiogenic (axitinib, 

VEGFR2 inhibitor) with an anti PD-1 (pembrolizumab) [34] or an anti PD-L1 (avelumab) [35]. 

The combination pembrolizumab/axitinib increases the PFS of 15.1 months as compared to 11.1 

months for the sunitinib and the combination with avelumab increased PFS of 13.8 months as 

compared to 7.2 months for sunitinib. Only the combination pembrolizumab/axitinib increases 

the OS.  

 

4.3  Second-line treatments 

Treatments targeting the VEGFA/VEGFR pathway became references for the first-line but also 

for the second-line with the axitinib [36], the cabozantinib [37] or the everolimus [38] with an 

important improvement of the PFS [31]. 
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Two clinical trials highlighted an improvement of the overall survival (OS) with the nivolumab (25 

months) or the everolimus (19.6 months), that can be used after TKi’s failure in comparison to 

everolimus [39]. 

 

4.4 Third-line treatments 

Everolimus is the most used third-line treatment but sunitinib, sorafenib, pazopanib, 

temsirolimus and axitinib are also proposed. Generally, patients with a good or intermediate 

prognosis have an OS extended by third-line treatments of, respectively, 29.9 months and 15.5 

months against 5.5 months for patients with poor prognosis [40]. 

The same treatments can be proposed in the fourth-line with benefits on the OS [41]. Another 

option is to include patients in clinical trials. 

 

 

Figure 6. ccRCC treatments choice. Summary of how treatments are chosen according to 
patient’s prognosis. 
 
 

4.5 Overview of the treatments’ efficacy and safety 

 

4.5.1 Anti-angiogenic treatments 

The existing anti-angiogenics treatments are presented in the order of their acceptance date by 

the authorities. 
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a) Sorafenib 

It targets VEGFR1, 2 and 3, PDGFRβ, stem cell growth factor receptor (c-Kit) and B-Raf. It was 

the first inhibitor approved by the FDA and the EMA for the treatment of advanced RCC in, 

respectively, 2005 and 2006 [42]. Its anti-tumoral efficacy is linked to its antiproliferative and 

anti-angiogenic effects. The sorafenib is an option for the first-line treatment. The clinical trial 

SWITCH-II on 377 patients highlighted that the treatment by pazopanib followed by sorafenib is 

more efficient than the treatment by sorafenib followed by pazopanib with a median PFS of 12.9 

months versus 8.6 months, respectively [43]. 

 

b) Sunitinib 

It inhibits VEGFR1, 2 and 3, PDGFRα or β, c-KIT, fms like tyrosine kinase 3 (FLT3), and Colony 

Stimulation Factor 1 receptor (CSF1R). It has been approved in 2006 by FDA and EMA [44]. In 

a combined retrospective study on 4543 mccRCC patients, a median PFS of 9.4 months and a 

median OS of 18.7 months have been obtained [45]. Three categories of patients (from the most 

to the less frequent) were identified: i) patients responsive to treatment but who relapse after 

approximatively one year, ii) patients unresponsive to the treatment and iii) patients who respond 

to treatment during many years. These characteristics illustrate the need to identify predictive 

markers to determine treatment efficacy in the different patients. 

 

c) Temsirolimus 

It is a derivate of rapamycin, a mTOR serine/threonine kinase inhibitor. It inhibits mTORC1 by 

binding the intracellular receptor protein FKBP12 [32]. Temsirolimus improved OS in patients 

with poor prognosis mccRCC in a phase III clinical trial compared to interferon α (10.9 months 

vs. 7.3 months). However, the combination of temsirolimus with interferon α did not improve 

survival [32]. 

 

d) Everolimus 

As temsirolimus, it is a derivate of rapamycin and it inhibits mTORC1 by binding the intracellular 

receptor protein FKBP12 but it is not converted to rapamycin in-vivo [46]. A phase II clinical trial 

highlights that everolimus is not efficient as first-line treatment. However, a phase III clinical trial 

demonstrated that everolimus, used as a second- or third-line therapy after the failure of 

previous therapies such as TKi, improves the median PFS of about 2 months compared to 

placebo [46]. More recently, the combination of everolimus plus lenvatinib has shown a better 

efficacy compared to everolimus alone (see paragraph h) Lenvatinib). Furthermore, the 

presence of S6RP, a downstream effector of mTORC1 signaling pathway, might be a good 

predictive marker of the patients’ positive response to everolimus [46]. Finally, compared to 

sorafenib and axitinib, everolimus presents a better safety profile [46]. 
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e) Bevacizumab 

This humanized monoclonal antibody targeting the VEGFA was one of the first treatment used 

for mccRCC in association with IFNα. Its efficacy is inferior to that of tyrosine-kinase inhibitors 

and it lost its approval in 2016. Today, it is used in combination with an immune checkpoint 

inhibitor (4.5.2 Immune checkpoints inhibitors) [47]. 

 

f) Pazopanib 

It targets the VEGFR1, 2 and 3, PDGFRα and β and c-Kit. It has been approved by FDA in 2009 

and by EMA in 2010 as first-line treatment for advanced ccRCC. It improves the PFS as 

compared to placebo, with median PFS and OS of, respectively, 8.3 to 13.7 months and 19 to 

29.1 months [44]. However, it induces asymptomatic hepatotoxicity in some patients. 

 

g) Axitinib 

It targets VEGFR1, 2 and 3, PDGFR and c-Kit. In 2010, the phase III Axis clinical trial 

(NCT00678392) highlighted that axitinib did not modify the OS but improved the PFS compared 

to sorafenib as second-line treatment for patients with advanced ccRCC [48]. Axitinib is, today, 

mainly combined with immunotherapies (4.6 Anti-angiogenics and immunotherapies 

combinations).  

 

h) Lenvatinib 

It targets VEGFRs, PDGFR, Fibroblast growth factor receptor (FGFR), c-Kit and RET receptor 

tyrosine-kinase. It was first developed for thyroid carcinoma non-responsive to standard therapy 

[49]. A phase II clinical trial was performed on 153 patients with advanced (metastatic or 

unresectable) ccRCC after a first treatment by anti-angiogenic therapy. Lenvatinib combined 

with everolimus, but also lenvatinib alone, increased patients’ PFS compared to everolimus 

alone (14.6 months vs. 5.5 months), in patients who have progressed after a first anti-angiogenic 

treatment [50]. 

 

i) Cabozantinib 

It targets the VEGFR2, the mesenchymal-epithelial transition factor receptor (cMET), and the 

AXL tyrosine-kinase receptor. It has been approved by EMA and FDA as a second-line 

treatment after progression under anti-angiogenic therapy [37]. A phase III clinical trial, on 658 

patients treated by one or more TKi, has highlighted an OS of 21.4 months for the cabozantinib 

against 16.5 months for everolimus. In patients with advanced ccRCC with poor or intermediate 

risk, the phase II clinical trial CABOSUN showed a benefit of the use of cabozantinib in the first-

line as compared to sunitinib with a median PFS of 8.6 months versus 5.3 months [51]. Thus, 
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the cabozantinib has been added to first-line treatments possibilities for patients with poor or 

intermediate risk. 

 

4.5.2 Immune checkpoints inhibitors 

In addition to being one of the most vascularized cancers, ccRCC is also immunogenic with the 

expression of immune checkpoints factors such as PD-L1 and CTLA-4 [52], immune checkpoint 

inhibitors are developed and tested on ccRCC. 

The programmed-death 1 receptor (PD-1) and the cytotoxic T lymphocyte associated protein 4 

(CTLA-4) are involved at different steps of the immune response. Their inhibition improves the 

intratumor infiltration of the CD8+ T lymphocytes and induces a more important antitumoral 

efficacy [44]. The phase III clinical trial CheckMate-214 highlighted the efficacy of the 

combination of nivolumab (anti PD-1) plus ipilimumab (anti CTLA-4) [33]. Thus in 2018, the FDA 

approved the use of the combination nivolumab/ipilimumab in the first line for patients with 

intermediate and high risk. The phase III clinical trial IMmotion-151, in patients with advanced 

ccRCC, showed the efficacy of the combination of atezolizumab with bevacizumab on PFS in 

PD-L1 positive patients as compared to sunitinib with, respectively, 11.2 months and 7.7 months 

[47]. 

 

4.6 Anti-angiogenics and immunotherapies combinations 

Several trials combining inhibitors of the VEGFA/VEGFR signaling pathways and of the immune 

checkpoints showed promising results. In patients with positive PD-L1 tumors, a median PFS of 

13.8 months was obtained with the combination avelumab/axitinib against 7.2 months for 

sunitinib and an OS of 11.6 months against 10.7 months for sunitinib [35]. For the association 

pembrolizumab/axitinib, a PFS of 15.1 months was observed versus 11.1 months for sunitinib. 

The estimated percentage of patients who were alive at 12 or 18 months after treatment was 

higher in the pembrolizumab/axitinib group (median survival not reached for both arms of 

treatment)  [34]. A phase III CLEAR study is evaluating the efficacy of the combination 

pembrolizumab/lenvatinib, which has already shown Phase I and II antitumor activity in ccRCC, 

compared to sunitinib as first-line therapy for advanced ccRCC [53]. 

 

4.7 Conclusion on current treatments 

Besides the multiplication of the therapeutics options that improved the kidney cancer care, 

mccRCC are still incurable with the relapse of patients after a few months of treatments and the 

different resistance mechanisms established by tumor cells.  
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The current challenges consist in:  

i) identifying predictive markers of treatments’ response to select the best one. These      

markers need to be easily detectable on samples obtained by a non-invasive method in 

the patients; 

ii) proposing new therapeutic options, other than VEGFA/VEGFR targeting agents and 

immune checkpoints inhibitors to prevent tumor cells’ resistance mechanisms 

establishment.  

See Appendix 1 for ccRCC treatments’ chemical structure. 

 

5) Resistance mechanisms to targeted therapies 

The response to targeted therapies is determined by the Response Evaluation Criteria In Solid 

Tumors (RECIST), which represents the disease progression during treatment. Two types of 

resistance to targeted therapies exist:  

i) intrinsic, which is the immediate failure of the treatment. It can be related to the 

presence of resistant tumor clones;  

ii) acquired, characterized by tumor growth after initial tumor regression. Thus, different 

factors involved in resistance mechanisms have been identified.  

This part on the resistance mechanisms to targeted therapies will particularly focus on sunitinib, 

the standard of care of mccRCC for the last ten years. 

 

5.1 Redundant angiogenic pathways 

Angiogenesis redundancy is one of the earliest mechanisms leading to resistance to anti-

angiogenic treatments. As explained before, VEGFA is the main pro-angiogenic factor, and, 

together with its receptors, the principal target of anti-angiogenic treatments. However, many 

other growth factors induce angiogenesis such as angiopoietins (ANG), epidermal growth factor 

(EGF), fibroblasts growth factor (FGF), hepatocyte growth factor (HGF), transforming growth 

factor (TGF), placental growth factor (PlGF) and stromal cell-derived factor 1 (SDF1) but also 

interleukine 6 and 8 (IL-6 and 8). PlGF binds to the VEGF receptors, but all the other growth 

factors bind to different receptors expressed by endothelial cells. This diversity of 

factors/receptors involved in angiogenesis gives tumors many available ways to form blood 

vessels. Indeed, when VEGFA or VEGFR are inhibited by anti-angiogenic treatments, these 

different pathways act as substitutes to maintain vessel formation [54]. Furthermore, anti-

angiogenic treatments targeting VEGFA and VEGFR increase the expression of these diverse 

growth factors inducing angiogenesis [55]. These growth factors, under anti-angiogenic 

treatments, are produced by different cells from the tumor microenvironment: tumor cells, bone 

marrow-derived cells, tumor associated macrophages, tumor-associated fibroblasts and cells 
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from healthy tissues (Figure 7). This angiogenic switch is responsible for the tumor 

revascularization and relapse under anti-angiogenic treatments [54].   

 

 

Figure 7. Redundant angiogenic pathways. The production of angiogenic factors and of 
CXCL cytokines by the cells from the microenvironment (immune cells) and by the tumor itself, 
enable to compensate the anti-angiogenic treatments effects by activating other proliferative 
and migrative signaling pathways that induce angiogenesis. Adapted from S. Giuliano [54]. 
 
 
As explained before, different splices of VEGFA exist, with pro- and anti-angiogenic forms. Thus, 

according to the presence of anti- or pro-angiogenic VEGFA forms, patients might relapse or 

not to their treatment [54]. For example, the presence of VEGFxxxb forms (anti-angiogenic forms) 

decreased bevacizumab anti-tumoral effects in ccRCC [56,57]. 

High IL-6 or 8 expression are markers of resistance to anti-angiogenic treatments, associated 

with shorter PFS and OS for patients receiving sunitinib or pazopanib [58]. On the one side, IL-

8 by binding to CXCR2 promotes VEGFA expression, which leads to autocrine activation of 

VEGFR2 and angiogenesis leading to treatment resistance [58]. Inhibition of IL-8 reduces tumor 

growth in sunitinib-resistant tumors [59]. On the other hand, IL-6 is overexpressed during 

sorafenib, sunitinib or pazopanib treatments, which induces activation of AKT/mTOR signaling,  

increases VEGFA expression and resistance to anti-angiogenic treatments [58]. 
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5.2 Hypoxia  

Anti-angiogenic drugs, by destroying the vascular network, may enhance hypoxia in the tumor 

microenvironment as an immediate early response. Hypoxia induces a hostile environment from 

which tumors try to escape by increasing tumor invasiveness and metastatic spread [54]. 

 

5.2.1 Aggressive cell selection 

HIF1 and 2α enable the cell adaptation to hypoxia [60] and as explained before, HIF1 and 2α 

are stabilized due to the mutation/inactivation of the VHL gene in most ccRCC cases. A selective 

HIF-2α antagonist, PT2399, targeting the PAS-B domain of HIF-2α subunit was developed and 

tested in human ccRCC. It inhibits tumor progression and is active in sunitinib resistant-cells. 

However, some ccRCC are still resistant to this combination, which could be explained by a 

mutation of HIF2α, preventing its dimerization, observed after long exposure with PT2399 [61] 

and also by mutations of the p53 gene, present in many cancers and generating pro-tumoral 

functions [60]. 

 

5.2.2 Cancer stem cells selection 

Hypoxia enables the maintenance of a cancer stem cells (CSC) niche. CSCs enable tumor’s 

adaptation to hypoxia induced by anti-angiogenic treatments and induce tumor invasiveness 

and metastasis spread. In glioblastoma and in breast cancer xenografts, hypoxia increases the 

CSC pool and tumor growth after sunitinib or bevacizumab treatment [54]. During treatment, 

most of CSCs stay in a TGFβ -mediated quiescent state in which they are undetectable. 

Moreover, treatments generally target the highly proliferative but not the quiescent cells. If the 

treatment is stopped, CSCs participate to the regeneration of the tumor and induce cancer 

relapse [62]. Different CSC targeted therapies are currently developed [63]: 

- The signaling pathways used by CSC (Hedgehog with vismodegib, Notch with 

demcizumab, Wnt with OMP54F28, TGFβ with fresolimumab): studies on the 

efficacy of these strategies and on stratification of patients that could benefit of them 

are ongoing;  

- The surface markers expressed by CSC with antibodies. However, the main issue is 

the presence of these markers on CSC but also on normal cells inducing adverse 

effects. Still, some treatments targeting, for example, CD123 (Talacotuzumab), 

CD44 (RO5429083), CD47 (Hu5F9-G4) or EpCAM (Catumaxomab) are in clinical 

trials; 

- Targeting the microenvironment like CXCR4 involved in CSC quiescent state 

(plerixafor), CXCR1 that binds to IL8 promoting self-renewal and tumor progression 

(reparixin), FAK which is maintaining stemness (defactinib); 
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- CSC’s metabolism by targeting the glutathione balance, Bcl2 (venetoclax) to reduce 

oxidative phosphorylation. 

 

5.2.3 Lysosomal sequestration of tyrosine-kinase inhibitors 

Lysosomes contain hydrolases that are active at an acidic pH between 4.6 to 5 [58]. Lysosomal 

sequestration is the phenomenon by which hydrophobic weak bases accumulate into the acidic 

lysosomes driven by the large pH gradient. The greater is the pH gradient, more basic drugs will 

be sequestrated. Their hydrophobic characteristic enables them to pass easily through the 

lysosomes’ membrane [58]. As soon as these weak bases enter the acidic lysosome, they 

become protonated and can no more exit the lysosome. This phenomenon is irreversible and 

induces therapy resistance. The hydrophobic weak base profile of several TKis, such as 

sunitinib, pazopanib and erlotinib provokes their lysosomal sequestration [58]. Such lysosomal 

trapping prevents their accessibility to the kinase domain of receptors present in the cytoplasm. 

Furthermore, cancer cells undergo, over again, formation of lysosomes upon chronic exposure 

to lysosomotropic drugs. Lysosomotropic drugs also stimulate the expression of ABCB1 (ATP-

binding cassette, sub-family B [MDR/TAP], member 1), enhancing the accumulation of the drug 

in lysosomes and its export out of the cells [64]. Therapies that undergo lysosomal sequestration 

have common physicochemical characteristics: ClogP > 2 and a basic pKa between 6.5 and 11.  

Sunitinib, which was the main reference treatment for years for mccRCC, with pKa of 8.95 and 

ClogP of 5.2 undergoes lysosomal sequestration [64]. As explained before, the pH gradient 

allows sunitinib to accumulate in lysosomes, by passing through their membrane thanks to its 

hydrophobic property. In the lysosome, sunitinib is protonated and becomes membrane 

impermeable, which results in lysosome sequestration and to the unavailability of sunitinib to its 

tyrosine kinase receptors target localised at the plasma membrane (Figure 8) [64]. Giuliano S 

et al. also observed that the amine group added to sunitinib to improve its solubility is responsible 

of its basic property [64]. An optimisation of sunitinib molecule was carried out by the chemist 

from Institute of Chemistry of Nice but it does not prevent its lysosomal trapping. The 

combination of lysosomal destabilizing agents and of an inhibitor of the ABCB1 transporter 

(overexpressed under sunitinib treatment) efficiently increases the death of cell lines but also of 

cells from patients who progressed under sunitinib. However, the important toxic effects of 

lysosomal destabilizing agents prevent their use in the clinic. However, ABCB1 transporter 

inhibition is currently tested in clinical trials [64]. The lysosomal sequestration of sunitinib leads 

to a NFB-dependent inflammatory response through the activation of MSK1 and the 

downstream of p38/MAPK and ERK signals [65]. One of the chemokines produced by this 

inflammatory response is CXCL5. CXCL5 represents a relevant marker for patients’ 

unresponsiveness. It could serve as a surrogate marker of resistance mechanisms enabling the 

administration of an optimal second-line treatments with non-lysosomotropic drugs [65]. 
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Figure 8. Lysosomal sequestration of tyrosine-kinase inhibitors. Hydrophobic weak base 
drugs, presenting ClogP > 2 and a basic pKa between 6.5 and 11, are sequestrated by 
lysosomes, which possess an acidic pH. Sequestrated drugs are then protonated which 
prevents their export out of the lysosomes. Thus, cells become resistant to the drugs. Adapted 
from Dr Sandy Giuliano. 
 
 

5.2.4 Recruitment of vascular progenitors  

Anti-angiogenic treatments enhance the production of inflammatory cytokines, which promotes 

tumor cell extravasation and the recruitment of angio-competent cells. Indeed, HIF1α promotes 

the production of pro-angiogenic factors such as VEGFA, VEGFR1, PDGFB, FGF2 and 

angiopoietins by healthy tissue and tumor cells [54]. These cytokines induce angiogenesis by 

activating vascular cell proliferation and migration, vascular progenitors and vascular modulator 

cells (tumor-associated macrophages and immature monocytes for example). These 

progenitors include: i) endothelial progenitor cells (EPC) that are present in the vasculature and 

differentiate into endothelial cells; ii) pericytes progenitor cells (PPC) that envelop blood vessels 

and mature into pericytes and vascular smooth muscle cells [54]. Pericytes’ infiltration 

participates in resistance mechanism to anti-angiogenic therapies. Indeed, an enhancement of 

pericytes’ infiltration increases endothelial cell survival and induces tumor growth [54].   

 

5.3 Increased lymphatic network 

Anti-angiogenic treatments destroy blood vessels. This stress stimulates the formation of a 

lymphatic network. Tumors from sunitinib-treated RCC patients present increased lymphatic 

vessels and increased lymph node invasion. These mechanisms depend mainly on the 

overexpression of VEGFC after sunitinib treatment [66]. This will be discussed more specifically 

in the next part.  



44 
 

III) Tumoral lymphangiogenesis 

 

1) Lymphatic system 

Lymphatic system has a major role in immunity, liquids homeostasis and absorption of dietary 

fats. Lymphangiogenesis is the formation of new lymphatics vessels from the existing lymphatic 

network. A genetical or traumatic lymphatic anomaly can induce oedemas, dysfunction in 

immunity defence and/or an accumulation of dietary fat. The systemic capillary endothelium is 

normally impermeable to big size proteins (> 70 kDa). However, a minimal protein leakage 

occurs and, if not compensated, leads to a protein accumulation in the extravascular media and 

an oncotic oedema [67]. In normal conditions, all the proteins that go out of the capillary 

endothelium are absorbed by the lymphatic network through the interstices between the 

endothelial cells [67]. Lymphatic capillaries have a thinner wall, do not contain pericyte and basal 

membrane. Their anatomic stability is maintained through anchor filaments between lymphatic 

capillaries and the extracellular matrix [67]. Lymphatic vessels also transport leucocytes, 

antigens and antigen presenting cells. Lymph nodes, on the path of lymphatic vessels, contain 

the immune cells and retain the different antigens. Thus, the immune response take place in the 

lymph nodes with the contact between naive T cells and antigen presenting cells [67]. 

 

2) Lymphangiogenesis 

Lymphangiogenesis is induced after the budding of lymphatic endothelial cells from existing 

lymphatic vessels. Like angiogenesis, normal lymphangiogenesis occurs during embryonic 

development and transiently in adult tissues during wound healing and the menstrual cycle. 

However, pathological lymphangiogenesis occurs during inflammation and metastatic 

dissemination. During embryonic development, the vascular system develops first. Then, 

lymphatic endothelial cells differentiate from the blood vascular endothelium by activation of 

lymphatic-specific transcription factors like prospero homeobox 1 (Prox1) [68]. Prox1 is 

necessary for the differentiation and the budding of lymphatic endothelial cells. Indeed, Prox1 

stimulates the expression of other lymphangiogenic factors such as VEGFR3 and integrin α9. 

The lymphatic endothelial cells expressing Prox1 migrate from veins to the adjacent 

mesenchyme where they can form the lymphatic plexus. This migration is modulated by VEGFC 

[68]. The primary lymphatic network, by VEGFR3- and VEGFC-dependent sprouting, enhances 

lymphangiogenesis and the formation of a bigger lymphatic network. The lymphatic vessels, 

thus formed, acquire basement membrane, smooth muscle cell coverage and valves through 

the expression of transcription factors Foxc2 and NAFTc1 [68]. 

The main lymphangiogenic factors are the VEGFA, B, C and D, the PlGF and their receptors 

VEGFR2 and 3. Activation of these receptors induces lymphatic endothelial cell migration, 

proliferation and survival. However, in normal and pathological conditions, the principal pro-
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lymphangiogenic factor is the VEGFC. The role of VEGFD is minor in lymphangiogenesis. After 

activation of the VEGFC/VEGFR3 signaling pathway, the FGF2, the IGF1 and 2 (insulin like 

growth factor), the HGF (hepatocyte growth factor), the lymphotoxin α (TNF family) and the 

PDGFβ also participate in lymphangiogenesis in different experimental models [67]. 

Angiopoietins 1 and 2 and their receptors Tie1 and 2 control blood vessels stability, permeability 

and survival [67].  

 

3) VEGFC and VEGFR3 

VEGFR3, the main pro-lymphangiogenic receptor, is expressed on blood vessels and is 

essential for the blood system formation. It limits excessive VEGFR2-induced angiogenesis. 

However, when the vascular system formation is completed, VEGFR3 is principally expressed 

in the lymphatic system and the binding to its ligand is necessary to be activated [68]. VEGFR3 

does not bind VEGFA but two other VEGF factors, VEGFC and D [6]. 

VEGFC is an important regulator of lymphangiogenesis. VEGFC is a protein that becomes 

active after proteolytic maturation at its N- and C-terminal domains. Its mRNA expression is 

negatively controlled by HIF1α and HIF2α, but HIF2α (HIF oncologic form) indirectly enhances 

VEGFC protein expression [69]. VEGFC also binds to VEGFR co-receptors, the Neuropilins 1 

and 2 that modulate the VEGFR signaling. VEGFC is also secreted by tumor and immune cells 

and cancer-associated fibroblasts. Its expression by tumor cells stimulates their proliferation, 

survival and metastatic dissemination. 

In ccRCC, VEGFC expression increased in tumor cells according to their ability to form tumors 

in nude mice. Furthermore, VEGFC expression correlates to mccRCC tumor aggressiveness 

[66]. 

 

4) Tumor lymphangiogenesis (Figure 9) 

Lymphatic vessels vehiculate the tumor cell antigens to lymph nodes where they activate naive 

T cells and the anti-tumor immune response. However, in advanced tumors, cancer cells invade 

the sentinel lymph nodes. Highly aggressive tumor cells produce VEGFC, which participates in 

the formation of new lymphatic vessels bypassing the sentinel lymph nodes, and in the migration 

of tumor cells to other organs [69]. Thus, the lymphatic network is involved, through VEGFC 

expression, in metastatic dissemination. The lymphatic network presents two roles: i) in the initial 

phase of tumor development, it has beneficial effects by bringing the tumor antigens to the lymph 

nodes and by presenting them to naive T cells to activate the immune system; ii) when the 

lymphatic vessels are transporting tumor cells, it has detrimental effects through the VEGF-

dependent formation of lymphatic vessels and the tumor dissemination. Tumor metastasis is the 

first sign of tumor progression. Furthermore, lymphatic vasculature correlates with metastasis. 

More precisely, the overexpression of VEGFC correlates with a more important lymphatic 
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network and with tumor dissemination through lymphatic vessels. Metastatic cells in the lymph 

node either enter in a dormant state or survive and proliferate [68]. VEGFC enables the dilatation 

of existing peritumoral lymphatic vessels and the sprouting of the new lymphatic vessels around 

the tumor [68]. 

However, ccRCC cells over-express VEGFC when they are exposed to an anti-angiogenic 

treatment.  

 

 

Figure 9. Tumoral lymphangiogenesis. A. Normal lymphatic drainage through the lymphatic 
capillaries and the lymph nodes. B. Primary tumor produces pro-lymphangiogenic factors 
(VEGFA/C/D and HGF for example) that are transported through the collecting lymphatics to 
the tumor-draining lymph node, where they induce lymphangiogenesis from the pre-existing 
lymphatic vessels in the lymph node. C. When tumor cells have started to metastasize in lymph 
node, they represent new sources of lymphatic factors, which induce the remodelling and 
smooth muscle cells rearrangement and lymphangiogenesis in distant lymphatic vessels and, 
thus, distant metastasis such as organ metastasis. Adapted from S. Karaman and M. Detmar 
[70].  
 
 

5) Lymphangiogenesis role in resistance to sunitinib  

As stated before, sunitinib targets the pro-angiogenic pathway VEGFA/VEGFR on blood 

vessels. Sunitinib improves PFS but not OS and most patients relapse after a few months of 

treatment with increased metastasis. 80% of solid tumors disseminate through the lymphatic 

vessels, while the 20% left disseminate through the blood vessels [66]. Sunitinib increases the 

density of peri- and intratumor lymphatics vessels inducing lymphangiogenesis. This 
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observation was obtained on experimental tumors in mice treated by sunitinib [66]. The 

overexpression of VEGFC by tumor cells might be one of the causes of this sunitinib-induced 

lymphangiogenesis. Indeed, this VEGFC overexpression correlates with lymph nodes 

metastasis, lymphatic vessel density and organ metastasis [66]. Sunitinib induces VEGFC by 

activating HuR (VEGFC mRNA stabilization) through the p38 MAP kinase stress pathway. This 

phenomenon is only observed in tumor but not in normal cells. 

 

 

Many anti-angiogenic treatments are available to treat ccRCC but in most of the cases, these 

treatments have transient effects with the relapse of patients after a few months. These transient 

effects are mainly due to established resistance mechanisms: redundant angiogenic pathways, 

cancer stem cells selection, lysosomotropic sequestration or lymphangiogenesis for example. 

Thus, today’s objectives are either the development of predictive markers for patient’s response 

to treatments or the discovery of new therapeutic targets that are involved in many cancer’s 

hallmarks, which could prevent the establishment of resistance mechanisms. For that, we 

focussed on Neuropilins, which are the co-receptors of VEGF/VEGFR pathways.  
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IV) Neuropilins: Generalities 

 

1) Genomic organization and protein structure 

Neuropilins are type-1 membrane glycoproteins of 130-140 kDa. Two proteins of the same 

family coding by two genes on independent chromosomes (10p12 for NRP1 and 2q34 for 

NRP2), NRP1 and NRP2, share 44% of sequence homology. They are composed of a 

cytoplasmic domain of 43-44 amino acids, a transmembrane domain and a N-terminal 

extracellular domain composed of five subdomains: a1, a2, b1, b2 and c. The membrane and 

cytoplasmic parts are involved in the receptors’ dimerization. Co-receptors are known to be cell 

surface molecules that do not contain intrinsic catalytic activity and only involved in enhancing 

their ligands/receptors signal. However, NRPs’ cytoplasmic part contains a triplet of amino acids 

“serine, glutamic acid, alanine (SEA)”, which enables NRPs to bind to a PDZ domain through 

the GIPC1 protein [71]. This PDZ domain attracts signaling proteins that enable the NRPs to 

signal after ligand binding even without the presence of their receptor. Some alternative NRPs 

splices give soluble forms of NRP1 and NRP2: sNRP1 and sNRP2 without transmembrane and 

cytoplasmic domains, and an isoform of NRP2 without the SEA amino acid triplet (Figure 10). 

 

 

Figure 10. Neuropilins’ different isoforms. Neuropilins share 44% of sequence homology. 
Different isoforms of Neuropilins exist: soluble NRP1 without its transmembrane and its 
cytoplasmic form (sNRP1), NRP2 with the SEA domain (NRP2b) and a soluble form of NRP2 
(sNRP2). 
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2) The phenotype of knock-out mice  

NRP1 gene invalidation (KO) generates vascular, nervous and cardiac networks defects 

responsible of an embryonic lethality between 10 and 12.5 days [72]. On the other hand, its 

overexpression is also lethal for embryos of about 12.5 days due to cardiac defects [73]. 

Instead, NRP2 KO is not lethal but a decrease of lymphatic vessels and some abnormalities 

during the neural development are observed [74]. 

Finally, NRP1 and NRP2 double KO gives rise to more severe vascular abnormalities and earlier 

embryos lethality at 8.5 days [75] with the presence of important avascular zones . 

 

3) Neuropilins’ ligands and interactors 

Neuropilins bind to specific ligands and form heterodimers with ten different families of 

receptors. The ligands bind to NRPs homo- or heterodimers and to their receptors to form a 

complex that induces specific intracellular signals. 

 

3.1 SEMA3/Plexin 

NRPs were first described in neuronal guidance through their binding to semaphorins (SEMA), 

a family of proteins (seven classes) that guides axon growth and induces cell apoptosis, 

migration and tumor suppression. SEMA3A, less expressed during tumor development, is an 

angiogenic inhibitor and recruits pericytes to vessels [76]. SEMA3C is involved in cell apoptosis, 

invasion and metastasis and inhibits pathological angiogenesis. SEMAs bind to NRPs through 

the a1, a2, b1 and b2 domains and form a complex SEMAs/NRPs/Plexins (SEMA receptors) 

[77]. This complex enhances signal transduction during development, axon guidance and 

immunity. The SEMA3E/PlexinD1 pathway initiates the development of axon tracts in the 

forebrain and establishes functional neuronal networks. In axons that express plexinD1 but not 

NRP1, SEMA3E acts as a repellent. However, when axons express both plexinD1 and NRP1, 

SEMA3E acts as an attractant [78]. PlexinD1 is necessary for SEMA3E’s effects on axonal 

guidance and NRP1 is necessary, its extracellular part being sufficient, to control the gating 

response of SEMA3E to induce a repulsive or an attractive axon growth [78]. Thus, any defect 

in the NRP1/SEMA3E signaling during neurodevelopment may induce neural disorder as it was 

suggested in a mouse model of schizophrenia [79]. 

 

3.2 VEGF/VEGFR 

In healthy people, VEGFA-dependent effects are transient in physiological conditions. However, 

it is also involved in pathological angiogenesis and lymphangiogenesis. NRP1 binds the VEGFA 

and its receptors VEGFR1 and 2. VEGFA binding enhances this pathway leading to increased 

angiogenesis. NRP2 binds VEGFA and VEGFC, the main pro-lymphangiogenic factor, and 

forms a complex with its receptors VEGFR2 and 3 to induce angiogenesis and 
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lymphangiogenesis. The binding of VEGFA or C occurs through the b1 and b2 domains of the 

NRPs. Soluble NRPs are competitive forms for the binding of VEGFs to NRPs. VEGFRs’ 

activation by VEGFs binding does not require NRPs. However, in the absence of VEGFRs, as 

it is the case in many tumors, NRPs alone can still induce cell migration and angiogenesis in a 

VEGFR-independent manner. Indeed, the binding of VEGFA to NRP1, independently of 

VEGFRs, activates RhoA and Ras, that are effectors of different pathways [76].  

Thus, targeting the binding of VEGFs to NRPs is highly relevant in a therapeutic context. 

 

3.3 PlGF/VEGFR 

Placental growth factor (PlGF) belongs to the VEGFs family and binds to the VEGFR1. It was 

first described as an homodimeric protein produced by the placenta. Following different splices, 

three isoforms exist: PlGF1, 2 and 3. PlGF2 is the only form containing exon 6, coding for a 

heparin binding domain [80]. PlGF2 binds to NRP1 through exons 6 and 7 coding sequence, 

and PlGF1 binds to NRP1 through exon 7 coding sequence [80]. In breast cancer, 

overexpression of PlGF1 and NRP1 correlates with poor prognosis and cancer tissues 

overexpress PlGF2 as compared to normal tissues [81]. In melanoma, even in the absence of 

VEGFRs, the PlGFs/NRPs pathways are involved in tumor growth, angiogenesis, migration and 

metastasis [82]. Van Bergen et al. highlighted the relevance of targeting PlGFs in retinal 

diseases resistant to anti-VEGFs therapies [83]. In the Sonic Hedgehog medulloblastoma 

subgroup, PlGFs binds NRP1 resulting in the activation of the MAPK signaling and consequently 

to tumor growth and dissemination [84]. Finally, the PlGF/NRP signaling pathway plays a major 

role in the resistance to anti-angiogenic therapies [82].  

 

3.4 HGF/cMET 

Hepatocyte growth factor (HGF)/cMET (HGF receptor) signaling pathway stimulates endothelial 

cell survival, proliferation, migration and has a major role in tumor progression. NRP1 binding to 

cMET induces tumor invasion. HGF/cMET pathway also promotes immune tolerance by 

interacting with the programmed death ligand 1 (PD-L1) [85] and the interaction with NRP1 

enhances this immune tolerance.  

 

3.5 TGFβ1/TGFβR 

TGFβ1/TGFβR signaling pathway stimulates the SMAD2/3 signal involved in physiological 

development, host immunity, inflammation, tumor progression and metastasis [86]. TGFβ binds 

to NRP1 through its b1 domain and form a ternary complex with TGFβRI, II and III. Activation of 

TGFβ1/TGFβR/NRP1 induces angiogenesis in a VEGFR2-independent manner and promotes 

T regulatory lymphocytes activity and immune tolerance. 
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3.6 PDGF/PDGFR 

Four PDGFs’ variants exist: PDGF A, B, C and D that binds to their tyrosine-kinase receptors 

PDGFRα and β. According to the nature of the ligand, the receptors will homo- or hetero-

dimerize giving three possibilities: αα, αβ or ββ. PDGF/PDGFR complex activates MAPK/ERK 

and PI3K signaling pathways. Overexpression of PDGF and PDGFR on tumor vasculature 

enhances pathological angiogenesis [86], cell proliferation, differentiation and epithelial to 

mesenchymal transition [76]. NRP1 forms a complex with PDGF/PDGFR and enhances their 

downstream signaling pathways. 

 

3.7 FGF/FGFR2 

FGF/FGFR2 pathway induces cell migration, proliferation and angiogenesis. NRPs form a 

complex with FGFR2 amplifying the biological phenomena induced by FGF/FGFR2. 

 

3.8 Galectins 

Galectins, β-galactoside-binding proteins, induced the interaction between cell-cell and cell-

matrix. Galectin-1 (Gal-1) is involved in tumor-associated endothelial cell proliferation, migration 

and adhesion through VEGFR2 phosphorylation and increased by Gal-1/NRP1 binding [87]. 

Indeed, Gal-1 activation of NRP1/VEGFR1-dependent AKT signal decreases endothelial-

cadherin cell-cell junctions and increases vascular permeability [88]. 

 

3.9 EGF/EGFR 

Epidermal growth factor receptor (EGFR) is a monomeric transmembrane protein. Mutations 

are observed in several forms of cancers, such as breast or lung cancers and it is overexpressed 

in many tumors. NRP1 extracellular domain induces EGFR-endocytosis and AKT-dependent 

cancer cell viability and tumor growth [89]. Moreover, NRP2 is also required to activate EGFR 

endocytosis, through the WDFY1 motif (WD-repeat and FYVE-domain-containing protein 1), in 

cancer cells and to maintain its activity [90]. 

 

3.10 Hedgehog signaling pathway 

The Hedgehog signaling pathway is involved in embryogenesis, tissue healing, cell proliferation 

and differentiation but an overexpression or downregulation of its signal induces cancer 

development and epithelial-mesenchymal transition. SHH signaling pathway inhibition increases 

tumor cell differentiation [91]. NRPs are major regulators of the Hedgehog signaling pathway 

through a feedback loop existing between NRP1 and Hedgehog: Hedgehog induces NRP1 

expression, which, in turn, promotes the activation of Hedgehog target genes [76].  
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3.11 Integrins 

The α5β1 or α9β1 integrins expressed on endothelial cells, through their interaction with NRP2 

expressed by tumor or endothelial cells induce tumor spreading and metastasis spread in an 

integrin-dependent manner [92]. 

 

3.12 Conclusion on NRPs’ ligands (Figure 11) 

Neuropilins indirectly activate several pathways involved in cancer hallmarks such as: 

angiogenesis, lymphangiogenesis, tumor growth, migration or proliferation. TCGA analyzes 

highlighted that most of the actors involved in these different pathways are overexpressed in 

ccRCC confirming the implication of NRPs in cancer development. Therefore, NRPs represent 

relevant targets for the treatment of ccRCC. 

 

 
Figure 11. mRNA levels of NRPs’ ligands in ccRCC and in normal kidney tissues [93]. 
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V) Neuropilins and the immune system (Figure 12) 

 

Neuropilins are expressed on many immune cells and are involved in the activation or the 

inactivation of the immune response by interacting with its ligand or receptors. 

 

1) Dendritic cells (DC) 

Dendritic cells are recruited to tumor sites. After their contact with the antigen, they are 

maturated and they migrate to the lymphoid organs to activate naive T cells for the induction of 

the primary immune response. Two types of DCs exist: i) myeloid DCs (mDC), which present 

the antigen to naive T cells; ii) plasmacytoid DCs (pDC), principally involved in immune 

suppression. Activated pDCs also activate naive T cells but to a lesser extent as compared to 

mDCs.  

NRP1 is expressed on mature DC and on naive T cells. A NRP1/NRP1 homophilic interaction 

induces the formation of an immunological synapse between the two cell types. Thus, NRP1 

promotes the antigen presentation by DCs through this synapse and activates the primary 

immune response [94,95]. NRP1 also rearranges the cytoskeleton allowing dendritic cells’ 

transmigration to the lymphatics and lymphoid tissues to activate T cells. At a late T cell 

activation stage, SEMA3A is secreted. Its interaction with NRP1 expressed by T cells disrupts 

the formation of the immunological synapse with the DCs, decreasing naive T cell activation and 

increasing immune tolerance [96].  

NRP2 expression on DCs increases during their differentiation from monocytes to dendritic cells 

[97]. Its sialylation protects DCs during their migration to lymph nodes. Then, in the lymph nodes, 

the polysialic acid is eliminated of NRP2 and DCs activate naive T cells [98,99]. 

 

2) Macrophages 

They play a key role in the immune surveillance, cellular debris elimination and antigen 

presentation. Two types of macrophages exist: i) pro-inflammatory M1 macrophages; ii) pro-

angiogenic, immunosuppressive, thus pro-tumoral particularly in hypoxic zones M2 

macrophages. Hypoxia induces the overexpression of SEMA3A on tumor cells, which interacts 

with NRP1 and their receptors plexin A1 and A4, expressed on Tumor-associated macrophages 

(TAM). TAMs reside and exert their pro-tumoral role in the hypoxic zone. However, in a 

decreased NRP1 expression environment, TAM remain in the normoxic peripheric zones of the 

tumor, which suppress their pro-tumoral role [100,101]. In the microglia, NRP1 exerts an 

immune suppressive role by inducing a M2 phenotype but its expression on glioma-associated 

macrophages (GAM) has a pro-tumoral effect confirmed by NRP1 inhibition that decreases 

tumor growth and induces a macrophage polarization to an anti-tumoral role [102,103]. 
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In the inflammatory zones, NRP2 expression increases during the differentiation of monocytes 

to macrophages [97]. NRP2 sialylation reduces macrophages’ phagocytosis capacity [104], 

[105], promoting tumor progression [76].   

 

3) T cells 

T cells are involved in the adaptative immune response for the control and the elimination of 

pathogenic agents and of tumor cells. However, any dysfunctions or over-activation in their 

development induce auto-immune diseases and cancers. Four types of T cells exist: 

 

3.1 Cytotoxic T cells (T CD8+) 

T CD8+ recognize the specific antigen through the class I major histocompatibility complex 

(MHC) presented by infected cells and destroy them. This antigen recognition is enhanced 

through NRP1, whose expression is increased on effective T CD8+ and memory T cells [77]. 

Furthermore, NRP1 expression, which correlates with PD1 expression on T CD8+, represents a 

relevant biomarker to determine anti-PD1 immunotherapies efficacy. Indeed, patients with non-

small cell lung cancer invaded with PD1-positive T CD8+ are highly responsive to anti-PD1 

immunotherapies and present a longer survival [106]. 

 

3.2 Helper T cells (T CD4+) 

Helper T cells are non-cytotoxic but produce interleukin 2 and interferon gamma that stimulate 

T and B cell proliferation. NRP1 is expressed on CD4+ T cells and induces B cell differentiation 

[77].  

 

CD4+/CD8+ T cells over-express NRP2 but NRP2 expression is lower on T cells expressing only 

CD8 or only CD4. 

 

3.3 NKT cells 

NKT cells link innate and adaptative immunity. Activated NKT cells lyse their targets and 

produce anti- and pro-inflammatory cytokines. NRP1 role on these cells is not yet described 

[77]. 

 

3.4 Regulatory T cells (Treg) 

Treg are involved in immune homeostasis, allergic responses, auto-immune diseases, tumor 

immunity and graft rejection and their accumulation in tumors induces cancer progression and 

immune suppression [107]. NRP1 overexpression on activated Treg enhances their 

immunosuppressive role through its binding to SEMA4A expressed by dendritic cells. Indeed, 

NRP1/SEMA4A binding stabilizes Treg by recruiting PTEN (Phosphatase and tensin homolog) 
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and by inhibiting AKT phosphorylation and induces Treg migration to the tumors  by secreting 

IL-10 and IL-35 (anti-inflammatory cytokine) Furthermore, the stimulation by  tumors expressing 

VEGFA enhances NRP1+ Treg infiltration to tumors and their immunosuppressive response 

[108]. 

 

Thus, the NRPs have different roles in the immune system either in cell migration, cell-cell 

interaction or in the regulation of the immune response. 
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Figure 12. Role of NRPs in the activation or suppression of the immune system. A. Naive 
cytotoxic T cells’ NRP1/denditric cells’ NRP1 homophilic interaction prolonged antigen 
presentation and induces T cell activation. B. SEMA3A, expressed by mature cytotoxic T cells 
inhibits NRP1 localisation inducing T cell anergy. C. T reg cells’ NRP1/ Dendritic cells’ SEMA4A 
interaction maintains Treg functions. D. Treg cells’ NRP1/ Tumor cells’ VEGF interaction 
enables Treg cells infiltration into the tumor and immunosuppression. E. NRP1+ helper T cells 
induce immune response through B cells differentiation. F. Macrophages’ NRP1/ tumor cells’ 
SEMA3A induce the formation of tumor associated macrophages (TAM) and tumor progression. 
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VI) Neuropilins and cancers  

 

The level of NRPs correlates with tumor growth, invasiveness, angiogenesis and poor prognosis 

and their overexpression is often observed in carcinoma, melanoma, glioblastoma, leukemia 

and lymphoma. Thus, studying the different functions of the NRPs in cancers is relevant to 

understand their role in cancer progression. 

 

1) Functions of NRPs in cancer 

As stated before, to grow over a few millimetres, tumors set a pro-angiogenic environment that 

induces the formation of new blood vessels form the existing vascular network. This new 

vascular network supplies oxygen and nutrients needed for tumor growth and survival. NRPs 

expressed on tumor cells and on cells of the microenvironment influence tumor angiogenesis 

[76]. Animal studies on prostate, colorectal, kidney, lung and breast human cancers highlighted 

that NRP1 expression correlates with exacerbated angiogenesis and with a poor prognosis 

[109]. Only in pancreatic cancer, a high expression of NRP1 reduces vascularized areas, tumor 

growth and improves survival [110]. NRP2 expression is principally correlated to tumor 

progression. In most cancers, NRP1 and NRP2 co-expression induces tumor growth and 

invasiveness [111]. SEMA3C, binding with equivalent affinity to NRP1 and NRP2, targets 

immature vessels sprouting and inhibits tumor lymphangiogenesis. However, its cleaved form 

p65-SEMA3C induces NRP2+ cancer cells’ tumor lymphangiogenesis and metastatic 

dissemination [112].  

NRP1 expression on tumor cells stimulates cell viability, proliferation, migration, metastasis and 

enhances cancer cell stemness. Moreover, NRP1 promotes epithelial-mesenchymal transition 

through different pathways (TGFβ, Hedgehog, HGF…), which explains its pro-tumoral role. In 

breast cancer, NRP1 interaction with VEGFA inhibits apoptosis, which is counteracted by 

SEMA3B [109]. SEMA3F competes with VEGFA in binding to the NRPs and inhibits breast 

cancer cell migration. However, SEMA3F decreases membrane E-cadherin, promoting cell 

metastasis [109]. SEMA3A, expressed on endothelial cells, inhibits VEGFA effects and 

correlates with a good prognosis [113], but is generally lost during tumor progression [76]. Cells 

with a higher VEGFA expression compared to SEMA3A expression have pro-migratory 

characteristics, but in a VEGFA+/SEMA3A+ environment, NRP1 binds preferentially SEMA3A 

[114]. 

In colon cancer, NRP1 expression correlates with increased number of blood vessels and a poor 

prognosis. NRP2 over-expression stimulates tumor progression and its down-regulation 

reduces tumorigenesis and enhances apoptosis [115]. In prostate cancer, activation of VEGF-

NRP1-c-MET signaling induces cancer cell survival [116]. In ccRCC, NRP1 down-regulation 

decreases migration, invasion and tumorigenesis [91], and NRP2 down-regulation inhibits cell 
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extravasation and metastatic spread in the lymphatic network [92]. In experimental model of 

lung cancer, NRP1 down-regulation reduces cell migration, invasion and metastasis [117]. 

 

2) Role in cancer stem cells 

A tumor is composed of diverse cells with different morphologies, proliferation and metastatic 

capacities and resistance to therapeutic agents. Among these tumor microenvironment cells, 

only cancer stem cells (CSC) initiate a new primary tumor or metastasis. CSCs self-renew, 

induce the heterogeneous aspect of tumors and are resistant to chemo- and radiotherapies.  

The role of the VEGFA/NRP1 pathway on stemness have been studied in two types of breast 

cancer cell lines: the MDA-MB-231 (triple negative breast cancer) and the MCF-7 (hormone 

sensitive breast cancer). MDA-MB-231 cells have stemness characteristics, but MCF-7 have 

low stemness properties. In these breast cancer cell lines, the level of stemness has been 

correlated to VEGFA and NRP1 expression [118]. Down-regulation of VEGFA and NRP1 in 

MDA-MB-231 cells and overexpression of VEGFA and NRP1 in MCF-7 confirmed the role of 

the VEGFA/NRP1 pathway in driving stemness properties [118]. VEGFA/NRP1 induces CSCs 

in breast cancers through the Wnt/β-catenin pathway [118]. VEGFA/NRP1 implication in glioma 

[119] and in medulloblastoma stemness properties [120] was also highlighted. 

The VEGFC/NRP2 pathway is also involved in breast cancer stemness [121] through the 

activation of the YAP/TAZ signaling [122]. The interaction between NRP2 and α6β1 integrin 

induces the focal adhesion kinase (FAK) activation involved in tumorigenesis and associated to 

aggressive tumors [123].  

 

3) Role in cancer-associated fibroblasts (CAF) 

Fibroblasts are part of the tumor microenvironment and become myofibroblasts (normal 

activated fibroblasts) under tumoral conditions. The interaction between myofibroblasts and 

fibronectin induces fibronectin fibril assembly, a regulated determinant of matrix stiffness 

involved in tumor growth [124]. NRP1 induces fibronectin fibril assembly through α5β1 integrin. 

Indeed, NRP1 intracellular domain stimulates the intracellular kinase c-ABL, which activates 

small GTPases (Rac or Rho). These GTPases activate α5β1 integrin functions and increase 

fibronectin binding and assembly [124]. Furthermore, CAFs are one of the most prevalent cells 

in the tumor microenvironment and the principal source of TGFβ1. NRP1/TGFβ1 interaction 

induces endothelial-mesenchymal transition (EndMT), an important source of CAFs [125]. CAFs 

also induce tumor migration and invasion by promoting epithelial-mesenchymal transition (EMT) 

through Hedgehog signaling [126]. Thus, NRP1 expressed on CAF might also stimulate EMT, 

inducing tumor migration and invasion and worsening the prognosis. 
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4) Prognostic role of NRP1 and NRP2 pathways  

In many cancers, NRPs correlate with poor prognosis. Some studies are presented here. NRP1 

is overexpressed and correlates with poor prognosis in bladder cancer [127]. In osteosarcoma, 

NRP1 is a prognostic marker of shorter progression free survival (PFS) and of overall survival 

(OS) [128]. NRP2 is involved in laryngeal squamous cell carcinoma progression and represents 

a new therapeutic target [129]. In prostate adenocarcinoma, NRP2 is a marker of poor prognosis 

[130]. In non-metastatic kidney cancer, some activators of the NRP2 pathway, such as VEGFC, 

are described as markers of good prognosis. However, in metastatic kidney cancers, these 

activators are synonymous of shorter survival [69]. Thus, NRP2 and the level of expression of 

its partners must be determined to adapt a specific therapeutic strategy in kidney cancers at 

different step of their development: non-metastatic vs. metastatic. 

 

5) Role in the therapeutic response 

As stated before, one of the mechanisms of resistance to targeted therapies depends on the 

activation of alternative tyrosine-kinase signaling pathways mediated by the activation of several 

tyrosine-kinase receptors interacting with NRPs. 

 

5.1 Resistance to chemo- and radiotherapies 

In non-small cell lung cancer cells, a high NRP1 expression increases radio-resistance through 

an ABL-1-mediated up-regulation of RAD51 expression [131]. In pancreatic cancer, NRP1 

enhances resistance to gemcitabine and 5-fluorouracil through the activation of ERK/MAP 

Kinase signaling pathway [132]. 

The NRP2/VEGFC pathway inhibiting mTOR complex 1 activity activates autophagy, which 

helps cancer cells to survive following treatment [133]. In adenocarcinoma, SEMA3F induces 

NRP2 overexpression, which decreases integrin αvβ3 and increases cell sensitivity to 

chemotherapy [134].  

In some cancers, NRPs-targeted therapies decrease resistance to chemo/radiotherapies. 

 

5.2 Resistance to targeted therapies 

NRP1 activates the JNK signaling leading to the overexpression of EGFR and IGF1R, 

responsible of tumor growth and resistance to BRAF (melanoma targeted therapy), HER2 

(breast cancer targeted therapy) and MET (stomach and lung carcinomas therapy) inhibitors 

[135].  

NRP2 overexpression decreases EGFR expression in EGFR-addicted tumor cells, which 

reduces their resistance to MET-targeted therapies [136].  
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Thus, NRPs represent relevant biomarkers to determine patients’ responsiveness to radio- or 

chemotherapies or to targeted therapies. Indeed, patients with low NRP1 expression present a 

better overall survival (OS) than patients with high NRP1 level [137,138].  

 

 

To conclude, due to their implication in many hallmarks of cancer and in the immune response, 

targeting NRPs is a relevant therapeutic strategy, thus many inhibitors are developed. 
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VII) NRPs inhibitors 

 

See Appendix 2 for NRPs inhibitors’ chemical structure. 

 

1) MNRP-1685A antibody 

MNRP-1685A (vesencumab) is a humanized monoclonal antibody specific of the NRP1 b1 and 

b2 extracellular domains. It inhibits the interaction of NRP1 with VEGFA. It was selected by 

phage display (method of antibody selection based on the random expression of antibodies 

fragments or of multiple peptides by bacteriophages) [139]. In preclinical models, MNRP-1685A 

exerts anti-tumoral effects on tumor growth, which are enhanced in the presence of a VEGFA 

specific antibody [140]. MNRP-1685A decreases vascular integrity and the number of pericytes, 

which explains the sensitivity of blood vessels to anti-VEGFA antibodies. MNRP-1685A, alone 

or in combination with bevacizumab (Avastin ®), has been tested on solid tumors after 

therapeutic failure in phase Ia and phase Ib clinical trials [140,141]. MNRP-1685A was well 

tolerated during dose escalation trials, but presented some adverse effects that were reduced 

with dexamethasone premedication. However, a high proteinuria observed in patients who 

received the two antibodies was fatal and resulted in the arrest of the clinical trials. Today’s 

issue is to determine a therapeutic window for the administration of the anti-NRP1 antibody. 

 

2) Peptides and pseudo-peptides 

 

2.1 Structural basis to determine NRP1 and NRP2 chemical inhibitors 

Many crystallographic structures of the tuftsin (TKPR tetrapeptide sequence miming the VEGFA 

C-terminal extremity), of the VEGFA and of the VEGFC, interacting with the NRP1 and NRP2 

binding domains, have been obtained by X Rays [142]. The tuftsin and the VEGFA C-terminal 

extremities are binding to NRPs b1 and b2 domains through their terminal arginine. Other amino 

acids are involved in their binding through hydrogen bonds. Indeed, the asparagine in the 

position 320 (Asp-320) establishes two hydrogen bonds with the guanidinium motif on arginine’s 

lateral chain, the tyrosine Tyr-353, Tyr-349 and serine Ser-346 interact with the terminal carboxyl 

motif. The binding pockets of NRP1 and NRP2 are mostly similar excepting a few amino acids, 

thus these differences might enable the synthesis of specific inhibitors of only one form of NRPs.  

The VEGFC is secreted in the form of an inactive pro-protein, thus, as explained before, to 

acquire its biological activity it goes through a proteolysis of its N- and C- terminal extremities. 

This proteolysis gives C-terminal a basic property with two arginine (SIIRR) enabling the binding 

to NRPs. The obtention by crystallography of the binding of the proteolyzed form of VEGFC with 

NRP2, present similar interactions than those observed for VEGFA with NRP1. 

 



63 
 

2.2 A7R heptapeptide and its derivates 

The ATWLPPR (A7R) was the first peptide identified by phage display, inhibiting the interaction 

of the VEGFs to the NRPs. A7R inhibits VEGFA binding on VEGFR2, endothelial cell (HuVEC) 

proliferation and reduces tumoral vascular network, which blocks experimental breast cancer 

tumor growth [143]. The C-terminal arginine, the leucine in position 4 and the prolines in position 

5 and 6 (LPRR) are essential for its binding and efficacy. 

To label the A7R peptide, 99mTc (technetium 99m) has been introduced in its N-terminal part 

through a S-benzoyl-mercaptoacetic motif. In opposition to the original peptide, the labelled one 

could no more interact with NRP2, highlighting existing and important binding interactions 

between the N-terminal extremity of the peptide with NRP2.  

In-vivo stable forms of A7R have been developed to be used in dynamic phototherapies [144] 

or by magnetic resonance imaging [145]. 

 

2.2.1 Glycosylated peptido-mimetics 

Rigified peptido-mimetics derivates from A7R have been developed with a carbohydrate motif 

replacing the LPRR sequence [146]. The most efficient peptido-mimetic, owning a 

phenylsulfonamid motif and an arginine, inhibits VEGFA/NRP1 interaction and reduces 

tubulogenesis. Its stability in the NRP1 binding pocket is obtained by hydrogen bonds between 

its guanidinium motif and the Asp-320 of NRP1 and also by π-π or cation- π interaction involving 

its phenylsulfonamid motif. 

 

2.2.2 Rigidified pentapeptides 

Branched pseudo-peptides with the motif Lys(hArg)-AA2-AA3-Arg (AA stands for amino acids, 

and the number in superscript its position) have been developed [147]. The interactions between 

these pseudo-peptides and NRP1 are established through hydrogen bonds between the 

peptide’s Lys(hArg) part and NRP1 Asp-320, the central part of the pseudo-peptide, but also 

through AA2 and AA3. Initially, AA3 was a proline. Different optimisations have been carried out 

by replacing this proline by some of its isosteres. Its replacement by the 3,4-dehydroproline 

(ΔPro) or by the octahydroindole (Oic) induces the metabolic stability of the pseudo-peptide 

increasing its affinity to NRP1. Cyclic pseudo-peptides derivates from A7R, more stable in-vivo 

than linear peptides, have also been synthesized [147]. 

 

2.3 EG3287 and its derivates 

NRP1 pseudo-peptides inhibitors based on the VEGFA C-terminal structure have been 

developed. These pseudo-peptides are focused on the VEGFA sub-domain between Ser-138 

and Arg-165, stabilized by two disulfide bridges, an α helix and a β strand. EG3287, synthesized 

in 2006, is the bicyclic peptide corresponding to this sequence, [148]. EG3287 inhibits the 
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interaction between the VEGFA and NRP1+ porcine endothelial cells. A structural optimization 

of this bicyclic peptide gave a new “hit”: EG00229 [149]. This new peptide owns a guanidinium 

motif, miming the VEGFA C-terminal arginine, linked through a tiophen motif to a sulfonamide 

motif. The crystallographic structure showed that EG00229 is overlaying the tufstine binding 

mode in the NRP1 binding pocket [150]. The guanidinium motif forms hydrogen bonds with 

NRP1 Asp-320 and Ser-149. EG00229 inhibits the interaction between the VEGFA and the 

NRP1+ DU145 human prostate carcinoma cells, decreases pulmonary carcinoma cell viability 

and increases cytotoxic effects of paclitaxel and of 5-fluorouacil, first-line chemotherapies used 

in different cancers. EG01377, developed by the same team in 2018, is a NRP1 specific 

inhibitor. EG01377 inhibits HuVEC migration, VEGFA-induced microtubule formation and 

melanoma cell spheroids growth [151].  

 

3) Non-peptidic inhibitors selected by multi-step screening 

Multi-step screening, including virtual screening, use important compounds’ library to identify 

structures interacting with high affinity with the target. For NRP1, two screening have been 

carried out on 500000 compounds available in the Chembridge Compound Collection [152]. 

FAF-Drug2 software reduced the number of potential NRP1 inhibitors to 300000 by excluding 

molecules presenting toxic properties or bad pharmacological profiles.  

 

3.1 Identification of the Chembridge compound (ID: 7739526), not tested in-vivo  

Dockings from the crystallographic structure of tuftsin and NRP1 binding enabled the 

identification of 508 potential NRP1 inhibitors. Their inhibition capacity of VEGFA binding to 

NRP1 at 100µM was tested and 7 hits, with an inhibition over 40% were selected. Then, an in-

silico screening was carried out to identify new molecules presenting structural similarities with 

the 7 hits. The new candidates were then tested for their inhibitory effects at 100µM. This was 

repeated three times. The best compound obtained with this approach (Chembridge ID: 

7739526) inhibits VEGFA binding to NRP1 in a similar way as tuftsin [153]. As compared to the 

previous peptides, this molecule does not have a guanidinium motif. The binding prediction 

showed that the hydrogen from the hydroxyl motif of the inhibitor, forms a hydrogen bond with 

NRP1 Asp-320, and the oxygen of the inhibitor’s ether motif forms a hydrogen bond with NRP1 

Glu-348. The effects on cells have not been determined yet. 

 

3.2 NRPa-47 and NRPa-308, two non-peptidic NRP1 antagonists active in-vivo  

We will focus on this screening in the next part. Indeed, this study was carried out by the chemist 

from University Paris-Descartes, with whom we are working with on this project. 
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As stated before, NRPs might be relevant oncology target to treat ccRCC due to their implication 

in many cancer hallmarks, thus many groups are working on the development of NRPs 

inhibitors. However, most of them are still in development or have not yet shown their anti-

tumoral effects. Thus, our collaboration with the chemists from University Paris-Descartes gives 

us the opportunity to design NRPs inhibitors and improve their efficacy through biological tests. 
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VIII) NRPa-308  

 

1) Screening of NRPa-47 and NRPa-308 

During the virtual screening, 3000 potential candidates, small molecules without peptidic motif, 

were obtained. The in-vitro docking analysis of their binding to NRP1 selected 1317 molecules. 

A cellular-based screening carried out on endothelial cells reduced the list of potential 

antagonists to 158. A molecular screening selected 56 candidates according to their capacity to 

inhibit NRP1 and VEGFA interactions. Finally, the determination of these 56 compounds’ 

inhibitory concentration 50 (IC50) on human endothelial and on human breast cancer cells (MDA-

MB231) pointed out two promising NRP1 inhibitors, NRPa-47 and NRPa-308 [153,154,155]. 

NRPa-47 owns a benzimidazole core connected through a carboxythioured spacer arm to a 

benzodioxane core. This inhibitor does not have a guanidinium motif, and the nitrogen from the 

benzimidazole forms a hydrogen bond with NRP1 Asp-320. The sulfur of the spacer arm and 

an oxygen from the benzodioxane forms hydrogen bonds with Tyr-291 (for the sulfur), Tyr-353 

and Thr-349 (for the oxygen) from NRP1 binding pocket. The docking of NRPa-47 with NRP1 

enabled to optimize its structure and a new NRP1 inhibitor has been obtained, NRPa-48, which 

presents similar anti-proliferative effects compared to the parent one. 

The NRP1 inhibitor NRPa-308 will be described more precisely in the next part. 

NRPa-47, NRPa-48 and NRPa-308 have anti-angiogenic effects, decrease endothelial cell 

migration and have cytotoxic effects on many cancer cell lines. However, the membrane cell 

crossing mechanisms is not yet elucidated but it could depend on the carrier’s activity of NRPs. 

 

The first study conducted on this NRPs inhibitor was on breast cancers. The results of this study 

are presented here [154]. 

 

2) Screening that has led to the selection of NRPa-308 

NRPa-308 owns three aromatic cores. During the screening, NRPa-308 presents an IC50 of 

0.2µM in de-adhesion and viability assays on HuVEC.  It was next tested on triple negative 

breast cancer cells (MDA-MB-231) and it exerts effects ten times stronger than the other 

candidates with an IC50 of 0.6µM. Moreover, NRPa-308 inhibits VEGFA/NRP1 binding with an 

IC50 of 42µM. To confirm that NRPa-308 effects on viability depend on NRP1, it was tested on 

MDA-MB-231 cells down-regulated for the expression of NRP1 by shRNA. In these cells, the 

IC50 for NRPa-308 increased (IC50 of 9µM), which was not the case in shVEGFA MDA-MB-231 

cells used as negative control.  
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NRPa-308 effects on viability was tested on two triple negative breast cancer cell lines (MDA-

MB-231 and BT-549) and on two kidney cancer cell lines (786-O and A498), NRPa-308 effects 

on viability were correlated to NRP1 levels on the different cell lines. NRPa-308 was also tested 

against 22 kinases, comprising the different forms of the VEGFA/VEGFR axis. No inhibitory 

effect was detected upon them. 

 

3) Docking experiments of NRPa-308 

The docking suggests that the ethyl ether is inserted in NRP1 binding pocket and interacts with 

NRP1 through π-stacking and through hydrogen bonds with the aromatic cores of Tyr-297 and 

Tyr-353. Furthermore, the oxygen from the amide and the azote from the sulfonamide of NRPa-

308 establish hydrogen bonds with NRP1 Trp-301 and Glu-348.  

 

4) Functional evaluation of NRPa-308 

NRPa-308 exerts in-vitro anti-angiogenic (inhibition of HuVEC tubule formation under VEGFA 

stimulation) and anti-migration on HuVEC cells. NRPa-308 effects were also determined on 

MDA-MB-231 xenograft mouse model. The group treated by gavage with NRPa-308 at 50mg/kg, 

three times a week, presents a better survival and reduced tumor growth, vascular network, and 

metastasis. 
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PART II: OBJECTIVES 
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OBJECTIVES 

 

Clear cell Renal Cell Carcinoma (ccRCC) being one of the most vascularized cancer with 

VEGFA overexpression. Hence, anti-angiogenic therapies were a turning point for ccRCC 

treatment, whereas the majority of patients relapses after a few months of treatment and some 

of them are even unresponsive to these anti-angiogenics.  

Thus, the current main objectives for ccRCC treatment are: 

i) To develop predictive markers that should be easily detectable with a non-invasive 

method for the response to treatments for each patient  

 

ii) To develop new treatments that inhibit alternative proliferation mechanisms or/and 

that activate the immune system. 

 

Neuropilins, described as VEGFR co-receptors, are expressed on endothelial, tumor and 

immune cells, thus they are drivers of several hallmarks of cancer: angiogenesis, 

lymphangiogenesis, tumor cell proliferation and (in)activation of the immune system.  

Our principal objective was to determine the effects of each NRP (1 and 2) on ccRCC 

aggressiveness. For that purpose, we developed ccRCC cells down-regulated by shRNA and 

knocked-out by CRISPR-Cas9 for NRP1 and NRP2 genes. These methods enabled us to 

determine the specific role of NRP1 and NRP2 and to establish therapeutic strategies to target 

Neuropilins according to their expression level. 

Our collaboration with chemists from University Paris-Descartes and Institute of Chemistry of 

Nice enabled us to test the Neuropilins inhibitor, NRPa-308. NRPa-308 was obtained through a 

screening among 500000 molecules carried out by our colleagues at University Paris-Descartes. 

NRPa-308 exerts in-vitro anti-proliferative and anti-angiogenic properties and in-vivo anti-

tumoral effects in breast cancers.  

Thus, our objective was to determine if NRPa-308 exerts biological effects also in ccRCC. The 

NRPs knocked-out cells were also useful there to determine the specificity of the inhibitor for 

NRP1 and/or 2 but also to establish its efficacy according to the NRPs expression level of cancer 

cells.  

This study was important to determine if NRPa-308 might be a “hit” or if structure’s optimization 

is necessary to obtain better specificity and efficacy. My work paves also the way of a a 

therapeutic strategy for ccRCC treatment. 
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PART III: RESULTS 
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ARTICLE 1 

 

Synthesis, 3D-structure and stability analyses of NRPa-308, a new promising anti-cancer 

agent. 

Etienne Brachet*, Aurore Dumond*, Wang-Qing Liu*, Mari Fabre*, Mohamed Selkti, Françoise 

Raynaud, Olivier Hermine, Rachid Benhida, Philippe Belmont, Christiane Garbay, Yves 

Lepelletier, Cyril Ronco, Gilles Pagès, Luc Demange. 

*Co-first authors 

Article published in Bioorganic & Medicinal Chemistry Letters. 

 

I) Scientific context and objectives 

 

Our collaboration with the chemists from Université Paris-Descartes enabled us to work on the 

Neuropilin inhibitor, NRPa-308, obtained by a screening through 500000 molecules. Due to the 

orthogonality of the amide and sulphonamide bonds formation, NRPa-308 synthesis was 

challenging, 2 different synthesis were possible but both of them included 5 steps with different 

purification steps (Figure 13. NRPa-308 synthesis route. Reagents and conditions (a) ClSO3H, 

120°C, 4h; (b) 2N aq. HCl, nBu4N+Br-, toluene, reflux overnight; (c) p-toluidine, DIEA, DMAP, 

CH3CN, rt, overnight; (d) 2N aq. NaOH, MeOH, 3h, rt; (e) 2-ethoxyaniline, BOP, DIEA, DMF, rt, 

overnight; (f) SOCl2, DMF, rt, overnight.Figure 13). 

 

 

Figure 13. NRPa-308 synthesis route. Reagents and conditions (a) ClSO3H, 120°C, 4h; (b) 
2N aq. HCl, nBu4N+Br-, toluene, reflux overnight; (c) p-toluidine, DIEA, DMAP, CH3CN, rt, 
overnight; (d) 2N aq. NaOH, MeOH, 3h, rt; (e) 2-ethoxyaniline, BOP, DIEA, DMF, rt, overnight; 
(f) SOCl2, DMF, rt, overnight. 

 

The first limited step was step (a) with the sulfonylation of the methyl p-toluate which required 

time, our first approach was to carry this step with 1.1 equivalent of chlorosulfonic acic and 
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solvent-free at 120°C for 4 hours. However, a mix of three compounds: i) the expected sulfonyl 

chloride product 2, ii) the dechlorinated compound 3 and iii) the remaining methyl p-toluate in a 

1/1/3 ratio was obtained. Then the hydrolysation step (b) with 2N aqueous HCl in refluxing 

toluene, with tetrabutylammonium bromide as catalyst, were conditions that are supposed to 

hydrolyse selectively the carboxyl chloride compared to the sulfonyl chloride. However, a part 

of compound 2 has been totally hydrolysed giving the carboxyl-sulfonic diacid 4. After some 

isolations and separations, the non-purified compound 2 was mixed with p-toluidine in the 

presence of the catalyst DMAP to obtain the sulfonamide compound 5, acidification followed by 

saponification and some purifications give pure compound 6. Finally, compound 6 coupling to 

2-ethoxyaniline in presence of BOP/DIEA in DMF results in the final compound 1 NRPa-308 in 

73% yield.  

Compound 4 provided an alternative synthesis route, without any purification, but the yield was 

very low, not allowing any possible scale-up. 

Thus, NRPa-308 synthesis route had to be optimised to reduce timing and purifications, which 

have an ecologic impact and also production costs.  

 

II) Results 

 

1) NRPa-308 synthesis optimisation 

According to the synthesis route observed from compound 4, starting from the commercially 

available p-methylbenzoic acid, NRPa-308 might be obtained with a three-steps synthesis 

(Figure 14). 

 

 

Figure 14. Optimisation of NRPa-308 synthesis route. Reagents and conditions (a) ClSO3H, 

100°C, 12h; (b) p-toluidine-, DCM, 0°C – rt. 1h; (c) o-ethoxyaniline, EDCI, DIEA, DMF, rt, 

overnight. 

 



79 
 

The first step was the chlorosulfonylation of the p-methylbenzoic acid in chlorosulfonic acid at 

100°C overnight. After neutralization by ice-quenched of the unreacted chlorosulfonic acid and 

some filtrations, compound 9 was obtained and was directly reacted with p-toluidine at 0°C for 

1 hour to give the bi-aryl sulfonamide 6. No purification was necessary at this step. Compound 

6 was then mixed to 1.1 equivalent of o-ethoxyaniline with the presence of 1.1 equivalent of the 

coupling agent EDCI and 3.1 equivalent of the base diisopropylethylamine overnight to give, 

after treatment and purification, NRPa-308 in 64% yield. 

With this new synthesis route, NRPa-308 is obtained in a shorter time and at a gram scale. 

Furthermore, no purification step was needed during the intermediate steps, which enables to 

reduce ecologic impacts and production costs, aspects that must be considered for future 

large-scale production.  

 

2) NRPa-308 3D structure 

 

Figure 15. NRPa-308 chemical structure.  

Crystallography assay enabled to determine the 3D structure of NRPa-308. The two aromatic 

rings linked by the amide bond (red circle) are coplanar, while the third one linked by the 

sulphonamide part (blue circle) is perpendicular to the rest of the molecule.  

 

3) NRPa-308 stability 

As stated before, NRPa-308 anti-proliferative effects correlated to its incubation times with the 

tumor cells, thus our objective was to determine if these effects are totally due to NRPa-308 

itself or to one of its metabolites or degradation products. For that, NRPa-308 stability was 

determined by HPLC at three different pH (0.9, 7.4 and 8.4) and at two different temperatures 

(25°C and 37°C). After 16 days, NRPa-308 was fully stable under the different conditions. Then, 

we studied its stability in the cellular culture media in presence of the breast cancer cell lines, 

on which NRPa-308 exerts its anti-proliferative and anti-angiogenics effects: MDA-MB231 and 
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BT549 [154]. The two breast cancer cell lines were cultured in the presence of 2µmol/L of NRPa-

308 for three days and the HPLC analysis of the supernatant showed that NRPa-308 was also 

stable in these conditions.  

Thus, the anti-proliferative and anti-angiogenic effects observed previously on breast cancer cell 

lines [154] are totally due to NRPa-308 and not to its metabolite or degradation products. 

 

III) Conclusion and perspectives 

 

According to this study and to our collaboration with University Paris-Descartes, we optimized 

NRPa-308 synthesis route with a three-steps procedure that requires no intermediate 

purification and no expensive reactants. This result is highly interesting when thinking to future 

large-scale up production that will have its ecologic impact and its time of production reduced. 

Furthermore, we demonstrated NRPa-308 stability in different conditions, highlighting its striking 

cytotoxic effects against breast cancer cells.  

 

ccRCC expressing NRP1 and NRP2 and current anti-angiogenic treatments presenting a 

transient efficacy and even sometimes inefficacy, our objective was to determine if Neuropilins 

were relevant oncology targets in this type of cancer and if NRPa-308 had also biological effects 

in ccRCC. 
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ABSTRACT  
 
We report herein the synthesis of a newly described anti-cancer agent, NRPa-308. This compound antagonizes 

Neuropilin-1, a multi-partners transmembrane receptor overexpressed in numerous tumors, and thereby vali-dated 

as promising target in oncology. The preparation of NRPa-308 proved challenging because of the ortho-gonality of 

the amide and sulphonamide bonds formation. Nevertheless, we succeeded a gram scale synthesis, according to an 

expeditious three steps route, without intermediate purification. This latter point is of utmost interest in reducing the 

ecologic impact and production costs in the perspective of further scale-up processes. The purity of NRPa-308 has 

been attested by means of conventional structural analyses and its crystallisation allowed a structural assessment 

by X-Ray diffraction. We also reported the remarkable chemical stability of this molecule in acidic, neutral and basic 

aqueous media. Eventually, we observed for the first time the accumulation of NRPa-308 in two types of human 

breast cancer cells MDA-MB231 and BT549.  
 

 
Tumor neoangiogenesis supplies cancer cells in oxygen and nu-

trients. Moreover, the neoformed blood vessels promote also the dis-

semination of malignant cells to healthy tissues. Therefore, tackling 

angiogenesis proved to be a relevant therapeutic option in oncology 

since more than 30 years.1 
 

Tumor angiogenesis results from the over-expression of specific 

endothelial cell growth factors, among them the pro-angiogenic iso-forms of 

the Vascular Endothelial Growth Factor (e.g. VEGF-A165), which bind 

simultaneously to the tyrosine kinase receptors VEGF-R1 or VEGF-R2, and 

to neuropilins (NRPs).2 NRPs are multi-partners trans-membrane proteins 

with a non-catalytic cytosolic domain. Although  
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NRPs have been initially described for binding the semaphorins and for 

their role in neuronal guidance, their involvement in tumor aggres-

siveness, angiogenesis, lymphangiogenesis and immune escape is now 

evidenced.3 Moreover, NRPs overexpression is nowadays clinically re-

lated to a poor prognosis.  
The currently marketed anti-angiogenic drugs, such as Avastin® (a 

monoclonal antibody directed towards VEGF-A) and Sunitinib® (an ATP 

mimic targeting the cytosolic domain of tyrosine-kinase involved in 

angiogenesis), prevents the interaction between VEGF-A165 and its re-

ceptors VEGF-R1 or VEGF-R2 or directly inhibits their kinase activity, 

respectively. However, despite indisputable transient benefits for 
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Chart 1. Structure of NRPa-308, and its antiproliferative activity against two breast 

cancer cell lines (MDA-MB-231 and BT549) measured after 48 h and 72 h 

treatment and compared to these of the marketed drug Sunitinib®. These values 

have been reported by us in ref. [7]. 

 
patients, these therapies are not curative; tumors always relapse and 
become more aggressive, highlighting the real need for alternative 

therapeutic strategies.4 Thereby, in the continuation of our ongoing 

research in the development of new and potent anticancer agents,5 we 

have focused our attention on NRPs as targets,6 and we have recently 

disclosed NRPa-308 (Chart 1, Compound 1), a small-sized antagonist 

of the interaction between VEGF-A165 and NRPs.7 NRPa-308 exerts re-

markable anti-angiogenic and anti-proliferative effects in vitro (IC50 in the 

10 nM range against a large panel of solid and hematological ma-
lignancies). Moreover, in our experimental models of nude mice xe-

nografted with human triple negative breast cancer cells (MDA-MB231), 
NRPa-308 reduces the tumor growth by more than 60%, and enhances 

significantly animal survival. In addition, this molecule has no acute 

toxicity in treated animals.7 
 

Altogether, these results underline the high potential of NRPa-308 

for opening new avenues in anticancer strategies. Thus, we report 

herein a straightforward synthesis allowing a gram scale production of 

this molecule. Interestingly, this optimized process does not require 

intermediate time-consuming purification steps. We also demonstrate 

the chemical stability of this promising anticancer agent and its sig-

nificant accumulation in two types of human breast cancer cells (MDA-

MB231 and BT549).  
Although NRPa-308 may be described as a “simple” molecule (MW 

= 424 g/mol, three aromatic rings connected by sulphonamide and amide 

linkages), it is noteworthy that its large-scale synthesis faces difficulties. 

This challenge is mainly due to similar synthetic pathways for accessing 

amide and sulphonamide bonds. Therefore, we decided to smoothly 

condense successively the required substituted anilines to the central 

ring, using the commercially available methyl p-toluate as starting 

material.  
Our initial approach is outlined in Scheme 1; the first step consists in 

the sulfonylation of the methyl p-toluate. In fact, despite its apparent 

chemical simplicity, this reaction is poorly exploited due to its experi-

mental difficulty.8 To illustrate this paradox, one can mention the 
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recent work of Singh and co-workers who reported a three-steps process 

of p-toluate sulfonylation through a time-consuming pathway, in-cluding 

successive saponification and re-esterification.9 However, we decided 

to react commercially available methyl p-toluate with one equivalent of 

chlorosulfonic acid under solvent-free conditions to in-tend the mono-

sulfonyl chloride derivative 2. Different experimental conditions have 

been tested. We studied the influence of the load of chlorosulfonic acid 

(from 1.5 eq. until 0.5 eq.) and the influence of the temperature (from 50 

°C to 130 °C, since methyl p-toluate melts at 35 °C). The best conversion 

was observed by heating methyl p-toluate with 1.1 eq. of chlorosulfonic 

acid at 120 °C for 4 h. Nevertheless, this sulfonylation has always led to 

a mixture of compounds difficult to separate, which consisted of: (i) the 

expected sulfonyl chloride product 2; (ii) the dichlorinated compound 3, 

and (iii) the remaining unreacted methyl p-toluate. With these optimized 

conditions, the analytic mon-itoring allowed to estimate the ratio methyl 

p-toluate/2/3 as about 1/ 1/3.  
This crude material was hydrolysed overnight using 2 N aqueous HCl 

in refluxing toluene with tetrabutylammonium bromide as a phase-

transfer catalyst.10 Although this method is known to hydrolyse selec-

tively a carboxyl chloride vs a sulfonyl chloride, this was not the case 

here since a part of compound 2 has been fully hydrolysed, affording the 

carboxyl-sulfonic diacid 4, which was isolated from the aqueous layer 

(49% yield). On the other hand, evaporation of the remaining organic 

layer provided a mixture of a solid containing compound 2 and the 

unreacted methyl p-toluate (20% yield), and compound 3 as an oil. The 

two layers were separated by filtration. Unpurified compound2 was 

coupled with p-toluidine using catalytic amounts of DMAP to afford 

sulfonamide 5,11 which was then saponified to provide 6 after acid-

ification. The p-toluic acid resulting from the unreacted methyl p-tol-uate 

was removed at this step by repeated trituration in diethyl ether affording 

compound 6 as a pure white solid (31% yield). The coupling of 6 with 2-

ethoxyaniline using BOP/DIEA in DMF led to the final ex-pected 

compound 1 (NRPa-308) in 73% yield.  
According to this process, the recycling of 4 provided an alternative route 

to compound 1 (Scheme 1). Indeed, compound 4 was treated with o-

ethoxyaniline in presence of BOP/DIEA. The resulting compound 7 was 

obtained in 62% yield, and treated with thionyl chloride at room 

temperature;12 it afforded a chloro-sulfonic acid derivative, which was directly 

condensed with p-toluidine in the presence of catalytic DMAP. Following this 

pathway, compound 1 was obtained in 24% yield (over two steps). Although 

this process does not require any purification step, which is very important to 

speed up a synthesis, it does not allow any scale-up, since the desired 

product was obtained in less than 10% yield from the commercial starting 

material.  
Therefore, we have considered the alternative synthetic route out-lined 

in Scheme 2. According to this second pathway, the target com-pound 1 may 

be obtained in only three steps from p-methylbenzoic acid as commercially 

available starting material. The chlorosulfonylation has been conveniently 

performed by heating p-methylbenzoic acid in chlorosulfonic acid at 100 °C. 

The reaction occurs overnight, however the subsequent work-up requires a 

sustained attention. Indeed, the mixture should be cautiously ice-quenched 

to avoid an exothermic behaviour leading to the formation of side-products. 

After the 
 

 
 
 
 
 
 
 
 

 

Scheme 1. Reagents and conditions (a): ClSO3H, 120 °C, 4 h; (b): 2 N aq. HCl, nBu4N
+
Br

−
, toluene, reflux overnight; (c): p-toluidine, DIEA, DMAP, CH3CN, R.T. 

overnight; (d) 2 N aq. NaOH, MeOH, 3 h, R.T; (e): 2-ethoxyaniline, BOP, DIEA, DMF, R.T. overnight; (f): SOCl2, DMF, rt, overnight. 

 
2 



83 
 

 

 

E. Brachet, et al. Bioorganic & Medicinal Chemistry Letters 29 (2019) 126710  
 
 
 
 
 

 
Scheme 2. Reagents and conditions (a): ClSO3H, 100 °C, 12 h; (b): p-toluidine

-
, DCM, 0 °C – rt. 1 h; (c): o-ethoxyaniline, EDCI, DIEA, DMF, R.T. overnight. 

 
neutralization of the unreacted chlorosulfonic acid, conventional fil-tration 

and water washing afforded9 as a white solid in 84% yield. The unpurified 

product was directly reacted at 0 °C in dichloromethane with p-toluidine 

for one hour to afford the bi-aryl sulfonamide 6. The ex-pected product 

was isolated as a pure solid after acidic treatment and extraction (78% 

yield). 1H NMR provided evidence that no purification was required at this 

step. Eventually, compound 6 has been reacted according to a 

conventional process with o-ethoxyaniline (1.1 eq.) in the presence of 

EDCI (1.1 eq) as coupling agent and diisopropylethy-lamine (3.1 eq.) as 

base. This last reaction has been completed over-night, and it afforded 

after treatment and purification by flash chro-matography the expected 

NRPa-308 (1) as a pure white solid (64% yield).  
To summarize, this second synthetic route afforded NRPa-308 1 in 

shortened reaction times and at the gram scale (global yield from the 

commercially available starting material: 42%). Another key feature is 

the absence of intermediate purifications, which reduces the ecologic 

impact and the production costs of the synthesis (no use of large amount 

of toxic solvents requiring recycling).  
In addition, single crystals of NRPa-308 1 were obtained from hot 

toluene, and a suitable one was selected for X-Ray 3-D structure de-

termination. The experimental procedure is depicted in the Supporting 

Information section. Briefly, the structure was solved by direct method 

using SHELXS13 refinement, based on F2 was carried out by full matrix 

least squares using SHELXL-201814 software with anisotropic dis-

placement parameters for all non-hydrogen atoms. Hydrogen atoms 

were located on a difference Fourier map and introduced into that 

calculations as a riding model with isotropic thermal parameters. All 

calculations were performed by using the Crystal Structure crystal-

lographic software package WINGX.15 
 

NRPa-308 1 has a molecular structure built from entities, depicted in 

Fig. 1.16 The crystal data collection and refinement parameters are 

collected in Table S1 (Supporting Information section). CCDC-1939102 

contains the supplementary crystallographic data for this paper, which 

can be obtained free of charge from the Cambridge Crystallographic 

Data centre.  
Briefly, at the single molecular level, the two aromatic rings linked 

thanks to the amide bond appear rather coplanar, while the third one, 

connected by the sulphonamide linker, is twisted, rather perpendicular 

to the central aromatic ring. At the supramolecular architecture level, 

neutral molecules are associated in the crystal essentially via NeH…O 

hydrogen bonds in a three-dimensional way. More precisely, two hy-

drogen bonds involving three close molecules are evidenced in this 

structure: (i) the first involves the NH “amide” of the “central” mole-cule, 

and an oxygen of the sulfoxide linker belonging to an adjacent molecule; 

(ii) the second takes place between the NH “sulfonamide” of the “central” 

molecule and the oxygen of the amide belonging to a third molecule. In 

the continuation of this structural analysis, we plan now to crystalize 

NRPa-308 1 with NRP-1 to decipher the close contacts be-tween the 

antagonist and its receptor.  
We next focused our attention on NRPa-308 1 chemical stability. 

Interestingly, we reported formerly that the anti-proliferative activities of 

NRPa-308 are deeply related to its incubation times with the tumor cells 

(Chart 1).7 Thus, our purpose was to unambiguously demonstrate that 

these anti-proliferative effects are solely due to NRPa-308, and not to 

one of its potential metabolites or one of its degradation products.  
First, the chemical stability of NRPa-308 was assayed by HPLC analysis 

at three different pH (0.9, 7.4 and 8.4) and at two temperatures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1. Structure of NRPa-308 1 analysed by X Ray. Please refer to reference [16], 

and to the Supporting Information section for more details. A: Single crystal of Nrp-

a308 1; B: Supramolecular arrangement of Nrp-a308 1. 
 
 
(25 °C and 37 °C). After 16 days, the compound proved fully stable 

under all these conditions (Fig. 2, the detailed experimental procedures 

are given in the Supporting Information section).  
Next, we studied the stability of NRPa-308 in cellular culture media, in 

presence of malignant cells. To this end, MDA-MB-231 and BT-549 breast 

cancer cells were cultured in the presence of 2 µmol of NRPa-308 for three 

days, and the HPLC analyses of the supernatant revealed that NRP-a308 

was not degraded (Fig. S1, Supporting Information section). Then, the cells 

were washed and lysed with methanol. The lysates were extracted with 

CHCl3/MeOH, 9/1, v/v and quantitatively analysed by HPLC. In both cases, 

NRPa-308 proved stable, with no other peak de-tected (Fig. 3, the detailed 

experimental procedures are given in the Supporting Information section). 

Therefore, the in vitro antiproliferative activities, already measured by us 

(Chart 1), are due to compound 1 and not due to one of its metabolites or 

degradation products.  
In addition, the quantitative dosage revealed a significant accu-

mulation of NRPa-308 in cells, with respectively 5.14 ± 0.06.10−9 mol 

and 1.40 ± 0.01.10−9 mol calculated in MDA-MB231 and BT549 cells, 

after three days. Indeed, NRPa-308 mimics the interaction be-tween 

NRP-1 and the endogenous tetrapeptide TKPR, so-called tuftsin. 
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Fig. 2. Chromatograms showing the stability of NRPa-308 in aqueous buffers at pH 0.9, 7.4 and 8.4 after 16 days incubation at 37 °C. 

 
Tuftsin has been used as model for the development of penetrating 

peptides able to interact with the VEGF-A165/NRP-1 hotspot.17b The 

tufstin-derivative penetrating peptides respect the C-terminus sequence 

R/K/XXR/K (so called: C-end rule or CendR). They interact thereby with 

NRP-1, and are internalized into the cells thanks to the NRP-1 

transmembrane trafficking. Based on this mechanism, peptide carriers 

(iRGD peptides) for selective drugs delivery have been recently dis-

closed. The iRGDs carriers are short-sized cyclic peptides, whose clea-

vage by integrins deliver a “C-end rule” sequence, able to be inter-

nalized into cells by NRP-1.18 The iRGDs are used to selectively address 

inside malignant cells potential therapeutic agents, such as small-sized 

molecules (e.g. doxorubicin) or siRNAs.19 However, at the best of our 

knowledge, non-peptidic small-sized NRP-1 antagonists have ever been 

reported for a potential “iRGD” like vectorization process. Thus, this 

result might constitute a way for the development of a new class of non-

peptidic compounds able to selectively address therapeutic agents into 

the tumor cells through NRP-1. 

 

To conclude, we report herein an expeditious synthesis for the newly 

identified anti-cancer agent NRPa-308. Our strategy is based on a three 

steps procedure, and it requires neither intermediate purification nor use 

of expensive reactants, which is of utmost interest for the de-velopment 

of further large-scale production. The structure of this mo-lecule has 

been unambiguously characterised thanks to X-Ray crystal-lography, 

and the three-dimensional supramolecular architecture of the crystal is 

granted by NeH…O hydrogen bonds between three adjacent molecules. 

We also observed the acute stability of this molecule in different media, 

which proved that its remarkable cytotoxic effects against cancer cells is 

not imputable to any of its potential metabolites. Lastly, we report the 

significant accumulation of NRPa-308 into cancer cells, which might be 

related to the transmembrane trafficking prop-erties of NRP-1. 
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Fig. 3. Chromatograms showing the metabolism of NRPa-308 in MDA-MB231 and BT549 cells after three days incubation at 37 °C. 
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Chemistry. 
General procedures.  

Chemical reagents and solvents were purchased from Sigma-Aldrich, Fluka and Carlo Erba. 

Reactions were monitored by TLC using Merck silica gel 60F-254 thin layer plates. Column 

chromatographies were performed on SDS Chromagel 60 ACC 40-63 µM. Melting points were 

determined on a Köfler hot-stage (Reichert) and are uncorrected. NMR spectra were recorded 

on a Bruker Avance 250 MHz at 300 K, or on a Bruker Avance 400 MHz (100 MHz for 13C NMR) 

at 300K. Chemical shifts were reported as  values (ppm) indirectly referenced to the solvent 

signal, or to tetramethylsilane (TMS) as internal standard. Data are reported in the conventional 

form. Mass spectra were recorded on a ZQ 2000 Waters using a Z-spray (ESI-MS). HRMS 

spectrum was recorded on a ThermoFisher Q Exactive (ESI-MS) at a resolution of 140 000 at 

m/z 200.  HPLC spectra were monitored with analytical reversed-phase HPLC on a Vydac C18 

column (4.6×250 mm) with acetonitrile/water gradient containing 0.1% trifluoroacetic acid.  

Synthetic procedures: 

Pathway A (Scheme 1). 

 

Methyl 3-(chlorosulfonyl)-4-methylbenzoate (2); 3-(chlorosulfonyl)-4-methylbenzoyl 

chloride (3); 4-methyl-3-sulfobenzoic acid (4).  

Methyl p-toluate (12.7 g, 84.4 mmoles) was heated at 120°C in absence of solvent. When the 

solid material melted, the chlorosulfonic acid (6 mL, 90 mmoles) was added dropwise. The 

mixture was stirred at 120°C for 4 hrs, then cooled to room temperature and hydrolysed with 

200 mL of cold water. Crude material was extracted with ethyl acetate (3 x 75 mL). The organic 

layers were collected and washed with water and brine, dried with Na2SO4, and concentrated in 

vacuo. The resulting mixture consisted in a solid in dispersion in oil, containing the unreacted 

starting material (methyl p-toluate), and the compounds 2 and 3. At this point it was not possible 
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to isolate separately these products. Therefore, this crude material was solubilized in a mixture 

of 100 mL of toluene and 20 mL of brine, and treated with 50 mL of aqueous HCl (2N) in 

presence of a catalytic amount (3%) of tetrabutylammonium bromide. The mixture was refluxed 

overnight and then cooled to room temperature and the two layers were separated cautiously. 

The organic layer was washed twice with water and brine, dried with Na2SO4, and concentrated 

in vacuo. The crude material consisted in a solid in dispersion in oil. Successive cooling to 0°C 

and filtration led to compound 2 (4.2 g, about 20% yield, contaminated by starting methyl toluate) 

isolated as white solid, and compound 3 as an oil (2.1 g, 10% yield). Compound 2 has yet been 

described in the literature. The 1H NMR spectra and the ESI-MS analysis of the white solid 

containing compound 2 and unreacted methyl p-toluate allowed us to identify unambiguously its 

presence.  

Compound 2: 1H NMR (250 MHz, CDCl3)  (ppm): 8.70 (s, 1H), 8.34 (d, J = 8.5 Hz, 1H), 7.55 

(d, J = 8.5 Hz, 1H), 4.10 (s, 3H), 2.90 (s, 3H). ESI-MS: m/z calcd for C9H9ClO4S [M+H]+: 248.9 ; 

found 248.9. 

The aqueous layer was precipitated with brine and filtrated, and compound 5 was obtained as 

a white solid (8.9 g, 49% yield).  

Compound 4: 1H NMR (250 MHz, CDCl3)  (ppm): 8.49 (s, 1H), 8.34 (d, J = 8.5 Hz, 1H), 7.67 

(d, J = 8.5 Hz, 1H), 2.64 (s, 3H). ESI-MS: m/z calcd for C8H8O5S [M+H]+: 216.2 ; found 216.1.  

4-Methyl-3-(N-(p-tolyl)sulfamoyl)benzoate (5).  

Impure compound 2 (4 g, about 16 mmol) was dissolved into acetonitrile (20 mL), p-toluidine 

(8.5 g, 89 mmol) and a catalytic amount of DMAP were added. The mixture was stirred overnight 

at room temperature, then water was added (75 mL) and extracted with ethyl acetate (4 x 45 

mL). The organic extract was collected, washed twice with a solution of KHSO4 (1M) and brine, 

dried with Na2SO4, and concentrated to give 4.3 g of compound 5 as crude product. 1H NMR 

(250 MHz, CDCl3)  (ppm): 8.6 (s, 1H), 8.1 (d, 1H) 7.3 (d, 1H), 7.0 (dd, 4H), 6.85 (s, 1H), 3.95 

(s, 3H), 2.6 (s, 3H), 2.2 (s 3H). 
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4-Methyl-3-(N-(p-tolyl)sulfamoyl)benzoic acid (6).  

Without purification, the crude compound 5 (4.3 g) was dissolved in methanol (50 mL) and 

treated with NaOH 2M (50 mL) to hydrolyse the carboxylate ester function. The mixture was 

stirred at room temperature for 3 hrs, and then methanol was evaporated by concentration. The 

crude resulting product was diluted in ice-water (50 mL) and the unsoluble impurities were 

filtered off. The aqueous solution was then acidified by HCl 12 N till pH 1, and extracted with 

diethyl ether (5 x 45 mL). The organic phases were collected, washed twice with a solution of 

KHSO4 (1M) and brine, dried with Na2SO4, and concentrated in vacuo. The crude product was 

triturated several times with diethyl ether and filtered to give pure compound 6 as a white solid 

(1.5 g, 31% yield). 1H NMR (250 MHz, DMSO-d6)  (ppm): 13.30 (s, 1H), 10.41 (s, 1H), 8.40 

(d, J = 8.3 Hz, 1H), 8.05 (d, J = 8.3 Hz, 1H), 7.55 (d, J = 8.3 Hz, 1H), 7.00 (m, 4H), 2.6 (s, 3H), 

2.09 (s, 3H). ESI-MS: m/z calcd for C15H15NO4S [M+H]+: 306.4 ; found 306.3. 

5-((2-ethoxyphenyl)carbamoyl)-2-methylbenzenesulfonic acid (7). Compound 4 (4.3 g, 20 

mmol) was dissolved in DMF (80 mL), then diisopropylethylamine (10 mL, 60 mmol), o-

ethoxyaniline (3 g, 24 mmol) and BOP as coupling agent (8.8 g, 20 mmol) were successively 

added. The resulting mixture was stirred at room temperature for 48 hrs, and then the DMF was 

partly evaporated and the solution adjusted to pH = 2 by a solution of KHSO4 1M. The solution 

was then diluted with brine (25 mL) and extracted several time with ethyl acetate. The organic 

extracts were collected, washed twice with a solution of KHSO4 (1M) and brine, dried with 

Na2SO4, and concentrated in vacuo. The crude material was triturated several times with 

methanol, and the resulting precipitate was filtered. This operation was repeated several times 

until the pure compound 7 was obtained (4.1 g, 62% yield). 1H NMR (250 MHz, DMSO-d6)  

(ppm): 9.3 (s, 1H), 8.30 (s, 1H), 7.92 (d, J = 8.3 Hz, 1H), 7.82 (d, J = 8.3 Hz, 1H), 7.15-7.35 (m, 

4H), 4.10 8.05 (d, J = 8.3 Hz, 1H), 7.55 (d, J = 8.3 Hz, 1H), 7.00 (m, 4H), 2.6 (s, 3H), 2.09 (s, 3 

(q, J = 7.4 Hz, 2H), 2.60 (s, 3H), 1.31 (t, J = 7.4 Hz, 3H). ESI-MS: m/z calcd for C16H17NO5S 

[M+H]+: 336.4 ; found 336.1. 
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N-(2-ethoxyphenyl)-4-methyl-3-(N-(p-tolyl)sulfamoyl)benzamide (1, NRPa-308).  

Compound 6 (1.3 g, 4 mmol) was dissolved in DMF (5 ml), then diisopropylethylamine (2 ml, 

12.7 mmol), o-ethoxyaniline (0.7 g, 4.8 mmol) and BOP as coupling agent (1.8 g, 4.2 mmol) 

were successively added. The resulting mixture was stirred overnight at room temperature, and 

then diluted with ethyl acetate (20 mL), washed twice with a solution of KHSO4 (1M) and brine, 

dried with Na2SO4, and concentrated in vacuo. The resulting crude material was purified by flash 

chromatography (ethyl acetate/hexane 1:3). The solid obtained after evaporation was further 

recrystallized from ethanol to afford compound 2a as a pure pale pink powder (1.23 g, 73% 

yield).  

Alternatively, compound 7 (0.5g, 1.49 mmol) was dissolved in DMF (2 mL), thionyl chloride (0.3 

mL, 3 mmol) was added and the mixture was stirred at RT overnight. SOCl2 was then evaporated 

and the residue was added with DIEA (1.6 mL 9 mmol), catalyst DMAP and o-ethoxyaniline (0.2 

g, 1.79 mmol). The mixture was stirred at RT overnight, then was diluted with water (75 mL) and 

the solution was extracted with ethyl acetate several times. The organic phases were combined 

and washed with 1 M KHSO4, brine, dried with Na2SO4 and evaporated, to obtained an impure 

product as yellow gel with worse quality of crude 2a. Purification by flash chromatography gave 

0.15 g pure compound 2a (24% yield). 

Mp 176°C. 1H NMR (400 MHz, DMSO-d6) δ 10.57 (s, 1H), 9.80 (s, 1H), 8.65 (s, 1H), 8.28 (d, J 

= 7.9 Hz, 1H), 7.95 (d, J = 7.7 Hz, 1H), 7.75 (d, J = 7.9 Hz, 1H), 7.40 (t, J = 7.8 Hz, 1H), 7.31 (d, 

J = 8.1 Hz, 1H), 7.28 – 7.10 (m, 5H), 4.31 (q, J = 6.9 Hz, 2H), 2.86 (s, 3H), 2.38 (s, 3H), 1.56 (t, 

J = 6.9 Hz, 3H). 13C NMR (101 MHz, DMSO) δ 163.95, 151.45, 140.85, 138.55, 135.10, 133.55, 

133.31, 133.01, 131.75, 130.10, 129.25, 127.21, 126.49, 125.00, 120.70, 120.20, 113.07, 64.42, 

20.70, 20.23, 15.07; ESI-HRMS: m/z calcd for C23H24N2O4S [M+H]+: 425,15295 ; found 

425.15308. HPLC analysis: (Shimadzu CBM-20A, column Phenomenex Luna 5µ, C18, 100 Å, 

250×4.6 mm. A: H2O with 0.1% TFA, B: 70% acetonitrile with 0.09% TFA. Flow 1 mL/min, UV 
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detection at 214 and 254 nm), gradient: 70% B to 100% B in 30 minutes; Rt: 27.96 min, purity 

up to 99%. 

 

Pathway B (Scheme 2): 

 

3-(chlorosulfonyl)-4-methylbenzoic acid (9). 

A solution of 4-methylbenzoic acid (1.6g, 11.7mmol) in 13mL of chlorosulfonic acid was stirred 

at 100°C overnight. After cooling to room temperature, mixture was added on ice very slowly 

occurring precipitation of the desired product. Precipitate was filtered, washed with water and 

dried under reduced pressure to afford 2.3g of the compound 9 (84% yield) which was not 

purified for the next step.  

 

4-methyl-3-(N-(p-tolyl)sulfamoyl)benzoic acid (10). 

To a cooled solution (0°C) of compound 9 (1g, 4.3mmol) in 40 mL of DCM was added portion 

wise p-toluidine (6.9g, 64.5mmol). Reaction is warmed back to room temperature and check by 

TLC until consumption of the starting material (1 hour). Reaction was then quench by the 

addition of AcOEt (100mL) and HCl 3M (100mL). Organic layer is separated and successfully 

washed with 100mL of HCl (3M), 50mL of Brine. Organic layer is then dried on MgSO4 and 

concentrated under reduced pressure to afford 1.0 g of pure compound 6 (3.3 mmol, 78%). 

Compound 10: 1H NMR (400 MHz, DMSO-d6) δ 13.17 (s, 0H), 10.34 (s, 0H), 8.38 (s, 0H), 7.99 

(d, J = 7.9 Hz, 0H), 7.49 (d, J = 8.0 Hz, 0H), 7.02 (d, J = 8.2 Hz, 1H), 6.95 (d, J = 8.3 Hz, 1H), 

2.62 (s, 1H), 2.15 (s, 1H). 

 

Compound 1 (NRPa-308) 

Compound 10 (0.5 g, 1.54 mmol) was dissolved in 2 mL of DMF at room temperature. To this 

solution was successfully added o-ethoxyaniline, EDCI (0.31 g, 1.62 mmol) and 
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diisopropylethylamine (770 µl, 4.88 mmol). The resulting mixture was stirred overnight at room 

temperature, and then diluted with ethyl acetate (20 mL), washed twice with a solution of 

saturated NaHCO3 and brine. Organic layer is then dried with Na2SO4, and concentrated in 

vacuo. The resulting crude material was purified by flash chromatography to afford NRPa-308 

as a white powder (0.43 g, 1.0 mmol, yield 65%). Compound was recrystallized from hot toluene.  
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NMR spectra for compound NRPa-308 
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X-Ray analyses of NRPa-308 crystal. 

Experimental procedure: 

The X-ray diffraction data for the compound was collected by using a VENTURE PHOTON100 

CMOS Bruker diffractometer with Micro-focus1 S source Cu K  radiation. Crystal was mounted 

on CryoLoop (Hampton Research) with Paratone N (Hampton Research) as cryoprotectant and 

then flashfrozen in nitrogen gas stream at 100K. The temperature of crystal was maintained by 

means of 700 series Cryostream cooling device to within accuracy of 1K. The data was corrected 

for Lorentz polarization, and absorption effects.  

Table S1. Crystal data and structure refinement for NRPa-308. 

Temperature/K 100(2) 

Crystal system orthorhombic 

Space group P212121 

a/Å 7.8694(2) 

b/Å 14.9423(5) 

c/Å 17.9015(5) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 2104.98(11) 

Z 4 

ρcalcg/cm3 1.339 

μ/mm-1 1.597 

F(000) 896.0 

Crystal size/mm3 0.200 × 0.090 × 0.030 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 7.706 to 133.216 

Index ranges -9 ≤ h ≤ 8, -16 ≤ k ≤ 17, -21 ≤ l ≤ 21 

Reflections collected 23575 

Independent reflections 3719 [Rint = 0.0396, Rsigma = 0.0264] 

Data/restraints/parameters 3719/1/271 

Goodness-of-fit on F2 1.042 

Final R indexes [I>=2σ (I)] R1 = 0.0252, wR2 = 0.0608 

Final R indexes [all data] R1 = 0.0272, wR2 = 0.0617 

Largest diff. peak/hole / e Å-3 0.26/-0.28 

Flack parameter 0.026(5) 
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Tables of crystal analyse:  

Table S2. Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 
Parameters (Å2×103) for NRPa-308. Ueq is defined as 1/3 of of the trace of the orthogonalised 
UIJ tensor. 
  

Atom x y z U(eq) 

C1 10743(4) 3009.1(18) 6270.1(14) 37.7(7) 

C2 11062(3) 3319.3(16) 5479.0(12) 24.1(5) 

C3 11819(3) 4147.4(15) 5345.0(12) 22.8(5) 

C4 12104(3) 4446.1(15) 4623.7(12) 18.7(5) 

C5 11606(2) 3930.1(14) 4016.5(11) 14.5(4) 

C6 10886(3) 3092.0(15) 4136.0(12) 19.2(5) 

C7 10630(3) 2798.6(16) 4862.6(13) 22.8(5) 

C8 9618(2) 3795.1(15) 2199.8(11) 14.5(4) 

C9 8938(2) 2939.6(14) 2119.8(11) 13.8(4) 

C10 7280(2) 2831.8(14) 1864.3(10) 13.6(4) 

C11 6349(3) 3590.7(14) 1667.2(11) 16.6(4) 

C12 7046(3) 4434.5(15) 1742.8(12) 19.2(5) 

C13 8686(3) 4568.2(15) 2019.4(11) 16.8(4) 

C14 9326(3) 5508.8(15) 2115.3(14) 24.6(5) 

C15 6612(2) 1901.3(13) 1752.9(10) 13.8(4) 

C16 3972(2) 1094.4(15) 1460.4(11) 16.4(4) 

C17 4344(3) 219.1(16) 1631.7(14) 24.9(5) 

C18 3501(3) -468.4(17) 1257.8(17) 34.2(6) 

C19 2264(3) -270.1(18) 740.9(15) 33.3(6) 

C20 1814(3) 607.9(16) 595.3(13) 25.4(5) 

C21 2669(3) 1300.0(15) 953.7(12) 17.3(4) 

C22 1058(3) 2453.6(17) 348.7(12) 23.0(5) 

C23 1189(3) 3452.2(16) 276.2(13) 26.9(5) 

N1 11811(2) 4334.5(11) 3303.6(10) 15.6(4) 

N2 4899(2) 1824.6(12) 1763.0(10) 16 

O1 12621.5(18) 4482.8(11) 2001.3(8) 18.9(3) 

O2 12402.0(16) 2973.0(9) 2559.4(8) 17.4(3) 

O3 7589.1(17) 1271.3(10) 1639.5(8) 18.1(3) 

O4 2416.3(19) 2188.4(11) 835.0(8) 21.2(3) 

S 11773.1(5) 3869.7(3) 2492.0(3) 13.90(12) 
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Table S3. Anisotropic Displacement Parameters (Å2×103) for NRPa-308. The Anisotropic 
displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…].  

Atom U11 U22 U33 U23 U13 U12 

C1 64.5(18) 28.0(16) 20.7(13) 6.4(11) 5.8(13) 5.0(13) 

C2 31.6(13) 21.8(13) 18.9(11) 5.1(9) 0.5(9) 8.2(10) 

C3 28.6(12) 21.6(13) 18.1(11) -4.2(9) -2.8(9) 4.1(9) 

C4 20.9(11) 16.5(12) 18.8(10) -2.0(8) -0.5(8) -1.3(8) 

C5 12.6(9) 15.1(11) 15.7(9) -0.7(8) 0.4(7) 2.5(8) 

C6 24.1(11) 14.5(12) 19.0(10) -2.0(9) -0.6(9) -0.6(9) 

C7 30.1(12) 12.9(12) 25.4(12) 3.6(9) 1.8(10) 2.1(9) 

C8 12.4(9) 18.6(12) 12.5(9) -0.9(8) 1.1(7) 1.4(8) 

C9 15.8(10) 14.7(11) 10.8(9) -0.4(8) 0.8(8) 3.4(8) 

C10 15.3(9) 15.5(11) 10.1(9) -0.8(7) 1.2(7) 1.3(8) 

C11 15.4(10) 19.1(12) 15.4(10) -1.3(8) -2.3(8) 2.5(8) 

C12 18.8(10) 17.3(12) 21.5(11) 0.9(9) -1.8(9) 5.8(8) 

C13 18.0(10) 15.6(12) 16.8(10) -1.7(8) 2.3(8) 2.0(8) 

C14 20.3(10) 16.8(13) 36.8(13) -1.5(10) -3.3(10) 0.8(9) 

C15 15.5(9) 17.4(11) 8.3(9) 1.1(8) -1.0(8) 1.9(8) 

C16 14.3(9) 15.5(11) 19.3(10) 0.2(9) 5.7(8) -1.0(8) 

C17 17.2(10) 19.7(13) 37.7(14) 5.1(10) 7.8(10) 0.8(9) 

C18 22.5(13) 13.6(13) 66.5(18) -1.1(12) 15.5(12) -2.2(9) 

C19 22.4(12) 23.8(15) 53.6(17) -13.0(12) 10.4(11) -10.7(10) 

C20 19.6(10) 26.6(14) 29.9(12) -8.2(10) 0.9(10) -8.6(10) 

C21 16.6(10) 17.1(12) 18.2(10) -1.8(8) 4.0(8) -5.2(8) 

C22 20.4(11) 32.5(14) 16.3(11) -1.1(9) -6.0(9) 0.6(9) 

C23 28.2(12) 32.4(15) 20.1(12) 6.6(10) -5.0(10) 6.6(10) 

N1 20.8(8) 11.4(9) 14.7(8) -0.7(7) -1.0(7) -2.6(7) 

N2 14 15 18 -2 0 2 

O1 16.1(7) 23.8(9) 16.8(7) 1.0(6) 2.1(6) -1.2(6) 

O2 15.5(6) 17.3(8) 19.5(7) -4.2(6) -1.8(6) 4.0(6) 

O3 16.5(7) 13.2(8) 24.5(8) -0.5(6) 0.5(6) 2.4(6) 

O4 22.4(8) 17.7(9) 23.3(8) 1.9(6) -10.1(6) -2.7(6) 

S 12.1(2) 16.1(3) 13.4(2) -2.0(2) -0.2(2) 0.86(18) 
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Table S4. Bond Lengths for NRPa-308. 
  

Atom Atom Length/Å  Atom Atom Length/Å 

C1 C2 1.511(3)  C13 C14 1.503(3) 

C2 C7 1.392(3)  C15 O3 1.232(2) 

C2 C3 1.394(3)  C15 N2 1.353(3) 

C3 C4 1.384(3)  C16 C17 1.375(3) 

C4 C5 1.389(3)  C16 C21 1.403(3) 

C5 C6 1.391(3)  C16 N2 1.420(3) 

C5 N1 1.421(3)  C17 C18 1.394(3) 

C6 C7 1.387(3)  C18 C19 1.375(4) 

C8 C9 1.393(3)  C19 C20 1.384(4) 

C8 C13 1.406(3)  C20 C21 1.391(3) 

C8 S 1.7781(19)  C21 O4 1.359(3) 

C9 C10 1.392(3)  C22 O4 1.434(3) 

C10 C11 1.395(3)  C22 C23 1.501(3) 

C10 C15 1.500(3)  N1 S 1.6107(17) 

C11 C12 1.381(3)  O1 S 1.4341(15) 

C12 C13 1.397(3)  O2 S 1.4334(15) 

  
 
Table S5. Bond Angles for NRPa-308. 
  

Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 

C7 C2 C3 117.6(2)  O3 C15 C10 120.77(17) 

C7 C2 C1 122.1(2)  N2 C15 C10 115.20(17) 

C3 C2 C1 120.3(2)  C17 C16 C21 120.5(2) 

C4 C3 C2 121.1(2)  C17 C16 N2 122.45(19) 

C3 C4 C5 120.3(2)  C21 C16 N2 117.0(2) 

C4 C5 C6 119.63(19)  C16 C17 C18 119.5(2) 

C4 C5 N1 115.75(19)  C19 C18 C17 120.1(2) 

C6 C5 N1 124.55(18)  C18 C19 C20 120.8(2) 

C7 C6 C5 119.2(2)  C19 C20 C21 119.6(2) 

C6 C7 C2 122.1(2)  O4 C21 C20 125.7(2) 

C9 C8 C13 121.99(18)  O4 C21 C16 114.97(18) 

C9 C8 S 117.01(16)  C20 C21 C16 119.3(2) 

C13 C8 S 120.91(16)  O4 C22 C23 106.01(18) 

C10 C9 C8 120.00(19)  C5 N1 S 128.65(14) 

C9 C10 C11 118.75(19)  C15 N2 C16 124.87(18) 

C9 C10 C15 118.64(18)  C21 O4 C22 118.29(17) 

C11 C10 C15 122.42(17)  O2 S O1 119.20(9) 

C12 C11 C10 120.59(19)  O2 S N1 108.71(9) 

C11 C12 C13 122.13(19)  O1 S N1 105.58(9) 

C12 C13 C8 116.49(19)  O2 S C8 107.19(9) 

C12 C13 C14 118.96(19)  O1 S C8 107.69(9) 

C8 C13 C14 124.55(18)  N1 S C8 108.05(9) 

O3 C15 N2 124.00(19)      
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Table S6. Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 
(Å2×103) for NRPa-308. 
  

Atom x y z U(eq) 

H1A 10587.85 3530.53 6595.08 57 

H1B 11717.06 2658.21 6444.74 57 

H1C 9717.22 2637.56 6283.42 57 

H3 12144.1 4512.58 5755.13 27 

H4 12642.91 5006.84 4543.56 22 

H6 10573.63 2724.94 3725.01 23 

H7 10144.31 2224.3 4942.03 27 

H9 9605.88 2429.82 2239.6 17 

H11 5226.77 3526.54 1479.39 20 

H12 6387.62 4940.18 1602.16 23 

H14A 9619.05 5610.53 2640.56 37 

H14B 8440.32 5932.19 1963.36 37 

H14C 10337.65 5597.09 1804.34 37 

H17 5169.23 83.84 2002.24 30 

H18 3781.45 -1074.5 1360.07 41 

H19 1711.92 -741.72 480.58 40 

H20 925.28 737.16 252.63 30 

H22A -53.96 2282.65 564.36 28 

H22B 1178.4 2163.84 -145.87 28 

H23A 253.05 3673.83 -34.01 40 

H23B 2275.38 3608.3 42.48 40 

H23C 1123.76 3726.26 772.68 40 

H1 11980.5 4916.61 3305.97 19 

H2 4320(30) 2294(11) 1856(12) 19 
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NRPa-308 Stability assays. 

 

HPLC analyses 

HPLC analyses were performed on a JASCO PU-2089 apparatus with Supelco analytical 

column Ascentis Express C18, 100 mm × 46 mm 5 μ. Eluent A: water with 1‰ formic acid. 

Eluent B: CH3CN with 1‰ formic acid. Method used: 0%B to 100%B over 4 min, then 100%B 

for 4 min (8 min in total).  

 

Chemical stability in buffered solutions. 

1 mg of NRP-a308 was dissolved in 200 μL DMSO and diluted in the corresponding buffer 

solution, pH 0.9, 7.4 and 8.4 (1.8 mL). These solutions were stored at 25°C or 37°C and 

analysed by HPLC at 0, 1, 2, 5, 6, 7, 12 and 16 days. The areas of the compound peak at 280 

nm were reported at the different times and pH. 

 

NRPa-308 stability and accumulation in cancer cells. 

MDA-MB231 and BT549 cells were purchased from the American Type Culture Collection. Cells 

were grown in DMEM supplemented with 7 or 10% FCS plus 1% of non-essential amino-acid at 

37°C in a humidified atmosphere containing 5% CO2 in the presence of 2µM of NRPa-308. After 

three days, the supernatant was discarded, the cells were washed with 10mL of PBS from 

Dutscher and they were then lysed with 1mL of methanol. The methanolic lysates were extracted 

with CHCl3/MeOH, 9/1, v/v, dried with MgSO4 and the solvents were evaporated. The residues 

were dissolved in 1 mL MeOH and quantitatively analysed by HPLC thanks to a calibration 

curve. 
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Figure S1. Stability of Nrp-a308 in outside environment of MDA and BT after three days 
incubation at 37°C. 
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ARTICLE 2 

 

Neuropilin 1 and Neuropilin 2 gene invalidation or pharmacological inhibition reveals 

their relevance for the treatment of metastatic renal cell carcinoma.  

Aurore Dumond*, Etienne Brachet, Jérôme Durivault, Valérie Vial, Anna K. Puszko, Yves 

Lepelletier, Christopher Montemagno, Marina Pagnuzzi-Boncompagni, Olivier Hermine, 

Christiane Garbay, Nathalie Lagarde, Matthieu Montes, Luc Demange, Renaud Grépin and 

Gilles Pagès. 

*First author 

Article in revision at Cancer Letters. 

 

I) Scientific context and objectives 

 

The transient efficacy or the refractoriness to the current anti-angiogenic therapies approved for 

the advanced ccRCC is a major concern. The discovery of new targets involved in different 

hallmarks of cancer is urgently needed to develop new efficient treatments. During the last 

years, the role of Neuropilins (NRPs) in driving the aggressiveness of different cancers was 

described in several publications. In reviews published in Frontiers in Oncology [156] and in 

Medecine/Sciences [157], we compiled the results of pivotal studies that highlight the role of 

Neuropilins in tumor cells and in cells from the microenvironment.  

Indeed, NRPs expressed by immune cells can either activate or inactivate the immune system. 

For example, the homophilic interaction between NRP1, expressed on naive T cells, and NRP1, 

expressed by dendritic cells, prolonged the antigen presentation by dendritic cells to T cells 

resulting in T cell activation. However, at a later stage, cytotoxic T cells express SEMA3A that 

inhibits NRP1 homophilic interaction and antigen presentation to T cells. In this case, NRP1 

inactivates immune system cells. The expression of NRP1 by Treg is another example: i) its 

interaction with SEMA4A, expressed by dendritic cells, maintains Treg function and 

immunosuppression; ii) its interaction with VEGF expressed by tumor cells induces Treg 

infiltration in the tumor and also immunosuppression.  

Many studies have highlighted the role of NRPs expressed on tumor cells and cells of the 

microenvironment in the induction of angiogenesis [76]. Indeed, exacerbated angiogenesis and 

poor prognosis are correlated to NRP1 expression in different animal models [158]. The opposite 
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phenomenon was only observed in pancreatic cancer [110], in which NRP2 expression is 

correlated to tumor progression. NRPs’ expression is also correlated to the stemness of cancer 

cells mediating their self-renewal, their heterogeneity and their resistance to chemo- and 

radiotherapies. NRP1 stimulates the proliferation of cancer-associated fibroblasts (CAFs) which 

favors tumor progression. NRP1 and NRP2 enhance the resistance to chemo-, radio- and 

targeted therapies.  

The long-term disappointing efficacy of current anti-angiogenics for ccRCC treatments, incited 

us to evaluate the relevance of targeting NRP1 and NRP2. Cao Y et al., by using a genetic 

approach with shRNA for down-regulating both NRPs, highlighted the role of NRP1 in ccRCC 

cell migration, invasion and tumor growth and the role of NRP2 in ccRCC tumor cell 

extravasation and metastasis [91,92]. In my study, I deciphered more precisely the role of each 

NRP by a genetic approach using the same shRNA as Cao’s team but also by knocking-out 

NRPs’ expression by CRISPR/Cas9. We also demonstrated the pivotal role of NRPs by a 

pharmacological approach with the NRPs’ inhibitor NRPa-308.  

 

II) Results 

 

1) NRPs’ down-regulation by shRNA 

Cao et al. did not observe any changes induced by NRP1 or 2 down-regulations on cell 

proliferation at short term (24h). Our long-term experiments (72 to 96h) showed that NRP1 

down-regulation slightly decreased cell proliferation and NRP2 down-regulation stimulated cell 

proliferation. Cao et al. stated that NRP1 or NRP2 down-regulation did not impact cell migration 

evaluated after 2 hours in Boyden chambers.  We carried out migration experiments for 10 hours 

by measuring wound closure on a cell monolayer every hour to determine a migration velocity. 

We determined that NRPs’ down-regulation decreased ccRCC cell migration but had no impact 

on the production of their ligands (VEGFA and VEGFC). 

shRNA down-regulated NRPs’ expression by only 60%. We hypothesized that the remaining 

proteins give discrepant results. Therefore, we knocked-out NRPs’ genes by the CRISPR-Cas9 

method to evaluate the effects of a full invalidation of NRPs.  
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2) NRPs knock-out by CRISPR/Cas9 

We compared the effects of a down-regulation by shRNA versus a knock-out (KO) (60% 

decrease with shRNA vs. 100% with CRISPR/Cas9) in ccRCC on cell proliferation, migration 

and the production of NRPs’ ligands. The NRP1 KO slightly reduced ccRCC cell proliferation, a 

result consistent with those obtained with the down-regulation by shRNA. However, the NRP2 

KO decreased cell proliferation more efficiently than NRP1 KO, an opposite effect as compared 

to its down-regulation. Thus, stronger the inactivation of NRP2 is, better the proliferation of 

ccRCC cell is reduced. NRPs’ down-regulation or KO consistently inhibited cell migration. 

Whereas NRPs down-regulation did not affect the production of their respective ligands, NRP1 

KO increased VEGFA and slightly VEGFC expression, and NRP2 KO increased VEGFC and, 

inconsistently, VEGFA expression.  

. In immunodeficient mice, NRPs’ KO delayed tumor growth and the tumor volumes were smaller 

as compared to tumors generated with control cells. Furthermore, in immunocompetent mice, 

tumors did not develop after grafting NRPs’ KO cells. Thus, NRPs expressed by ccRCC tumor 

cells stimulate tumor growth and inactivate the anti-tumor immune system. 

These results prompted us to test pharmacological inhibitors of NRPs in collaboration with the 

chemists from University Paris-Descartes. The relevance of the NRPs inhibitor, NRPa-308, was 

investigated.  

 

3) NRPs inhibition by NRPa-308 

NRPa-308 showed a better therapeutic profile as compared to sunitinib, with a better IC50 and 

reduced toxic effects on normal cells. 

The wide range of sensitivity of primary RCC cells to NRPa-308 correlated with NRP mRNA 

levels. This result was confirmed by measuring the effects of NRPa-308 on NRP KO ccRCC 

cells. NRPa-308 effects on ccRCC cell proliferation mainly depend on NRP2 rather than on 

NRP1. These experiments highlighted the importance to determine the level of expression of 

each NRP in the tumor before using NRPs inhibitors in patients.  

Finally, in-vivo experiments highlighted that NRPa-308 decreased ccRCC tumor growth, weight 

and tumor’s functional blood vessels in a reverse dose-dependent manner. The best effect was 

obtained at 5 µg/kg corresponding to the in-vitro concentration at which NRPa-308 decreased 

cell proliferation and migration without increasing pro-angio/lymphangiogenic and pro-

inflammatory factors (NRPa-308 stimulates VEGFA and -C, CXCL5 and -8 expression at high 

dose (2µM) but not a low doses (0. 2µM). At this low dose, NRPa-308 decreased most of the 
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pro-tumoral factors. The same results were obtained in immunocompetent and immunodeficient 

mice.  

These different experiments highlight the major role of the NRP2 pathway in the aggressiveness 

of ccRCC, confirmed by TCGA patients’ study showing the importance of NRP2 pathway’s 

members in mccRCC. 

 

III) Conclusion and perspectives  

 

This study highlighted the importance of NRPs in the aggressiveness of ccRCC. Notably, the 

experiments on the down-regulation (shRNA) and the KO (CRISPR/Cas9) highlighted that the 

level of inactivation of NRPs directly correlates with the anti-tumoral effects. This phenomenon 

is particularly striking for NRP2 for which down-regulation or KO resulted in opposite results. 

This result was confirmed by using NRPa-308 that inhibits NRP2/VEGFC binding more 

efficiently as compared to NRP1/VEGFA binding. However, in cells expressing NRP 1 and 2, 

targeting both NRPs remains the best strategy. Indeed, we tried several times to obtain ccRCC 

cells with a double NRPs KO without any success. This result strongly suggests that ccRCC 

cells are addicted to the NRPs’ pathways and therefore their inactivation is lethal.  

In the context of ccRCC, expressing NRP1 and NRP2, NRPa-308 is a “hit” molecule, reducing, 

at a low dose (0.2 µM), in-vitro ccRCC cell proliferation, migration without enhancing the 

expression of NRPs’ ligands. At this low dose, corresponding to an in-vivo concentration of 5 

µg/kg in the mice, NRPa-308 decreased tumor growth, the expression of pro-tumoral genes 

such as VEGFs or VEGFRs and stimulated the expression of genes related to an active immune 

system, for example CD69 or ARG1.  

Thus, in ccRCC expressing NRP1 and NRP2, NRPa-308 is a “hit” molecule. Our results pave 

the way toward its use in early phase clinical trials. 
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Abstract 

 

Despite the improvement of relapse-free survival, metastatic clear cell Renal Cell Carcinoma 

(mccRCC) remain incurable. Hence, new relevant treatments are urgently needed. The VEGFs 

coreceptors, Neuropilins 1, 2 (NRP1/2) are expressed on several tumor cells including ccRCC. 

We analyzed the role of the VEGFs/NRPs signaling in ccRCC aggressiveness and evaluated 

the relevance to target this pathway with the competitive inhibitor of NRPs, NRPa-308. 

Invalidation of the NRP1 and NRP2 genes inhibited cell proliferation and migration and 

stimulated the expression of VEGFA or VEGFC, the natural ligands of NRP1/2 respectively. 

NRPa-308 decreased the proliferation and migration of ccRCC cells more efficiently than 

sunitinib, the reference treatment of ccRCC and, than the commercially available NRP inhibitor 

EG00229. NRPa-308 inhibited the growth of experimental ccRCC in immunocompetent and 

immunodeficient mice. Such inhibition was associated with a decreased expression of several 

pro-tumoral factors. Analysis of the TCGA database showed that in metastatic patients, the 

NRP2, more than the NRP1 pathway correlates with tumor aggressiveness. Our study suggests 

that inhibiting NRPs is a relevant therapeutic strategy for mccRCC patients in therapeutic 

impasses and NRPa-308 represents a relevant hit. 

 

Keywords ccRCC, Neuropilins, oncology, immunology, cancer 
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Abbreviations 

 

ATCC: American type culture collection;  

BSA: bovine serum albumin; 

ccRCC: clear cell Renal Cell Carcinoma;  

CXCL: C-X-C motif chemokine; 

DNA: deoxyribonucleic acid; 

EMT: epithelial/mesenchymal transition;  

GFP: green fluorescent protein; 

HDF: normal dermal fibroblast;  

HGF: hepatocyte growth factor;  

HIF: hypoxia inducible factor;  

HRP: horseradish peroxidase; 

IC50: half maximal inhibitory concentration;  

KO: knock-out; 

Luc: luciferase; 

mccRCC: metastatic clear cell Renal Cell Carcinoma;  

MET: c-MET tyrosine-kinase receptor; 

mRNA: messenger ribonucleic acid;  

NRP: Neuropilin; 

PBS: phosphate buffered saline;  

PEI: polyethylenimine; 

qPCR: quantitative polymerase chain reaction;  

sgRNA: single guide ribonucleic acid; 

shRNA: short-hairpin ribonucleic acid;  

SI: selectivity index; 

TBS: tris-buffered saline;  

TCGA: the cancer genome atlas;  

TKi: tyrosine-kinase inhibitor; 

VEGF: vascular endothelial growth factor; 

VEGFR: vascular endothelial growth factor receptor;  

VHL: Von-Hippel Lindau; 

α SMA: α smooth muscle actin; 
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Highlights 

 

1- NRP2 knock-out impacts more importantly RCC cell proliferation as compared to 

NRP1 knock-out. 

2- The competitive NRPs inhibitor, NRPa-308, efficiently inhibits the growth of 

experimental RCC 

3- The presence of both NRPs is necessary for the efficacy of NRPa-308 at a low dose. 

4- Genes related to the NRP2 pathways are of good prognosis in low grade, but of poor 

prognosis in high grade RCC 
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1. Introduction 

 

Clear cell Renal Cell Carcinoma (ccRCC), the most frequent form of RCC, are inactivated for 

the von Hippel-Lindau gene (VHL), leading to Hypoxia Inducible Factor-1 and 2 alpha (HIF-1, 

2α) stability [1]. HIFs participate in tumor aggressiveness through Vascular Endothelial Growth 

Factor-A (VEGFA)-dependent angiogenesis and VEGFC-dependent lymphangiogenesis [1]. 

VEGFA exerts its activity through its receptors VEGFR1/2 and its coreceptor Neuropilin 1 

(NRP1) and VEGFC through VEGFR2/3 and Neuropilin 2 (NRP2) [2]. Tyrosine-kinase inhibitors 

(TKi) targeting the kinase domain of VEGF receptors such as sunitinib (Sutent ®) are reference 

treatments [3]. Immunotherapies, alone or combined with TKi [4, 5] were approved more 

recently. Sunitinib increases median survival length from few months to few years [6]. This 

transient effect is related at least to a VEGFC-dependent development of a lymphatic network 

favoring metastasis [7]. Despite the improvement obtained with the current treatments, 

mccRCC remains incurable. Therefore, alternative therapies are needed. NRPs were 

described as mediators of neuronal guidance. NRP1 and NRP2 share 44 % amino acid 

sequence and close domain structures. They form ternary complexes with VEGFR tyrosine 

kinase domains. They represent key actors of the pro-angiogenic and pro- lymphangiogenic 

signaling pathways and they play a key role in the immune response [8]. NRPs overexpression 

in cancer cells correlates to a poor prognosis [9]. Down-regulation of NRP1 by shRNA in ccRCC 

cells decreases experimental tumor growth [10], while NRP2 down- regulation results in 

reduced metastasis [11]. Thus, targeting NRPs in ccRCC appears as a relevant therapeutic 

strategy. Therefore, we developed a NRPs inhibitor, NRPa-308, which exerts anti-angiogenic 

and anti-proliferative effects, and prevents the growth of experimental triple negative breast 

cancers [12, 13]. The aim of this study was to validate the relevance of NRPs targeting in 

experimental ccRCC generated in immunodeficient and immunocompetent mice. Genetic and 

pharmacological approaches were used to this end. 
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2. Materials and methods 

 

2.1 Genomic disruption of Neuropilins using CRISPR-CAS9 

It was performed as described [14]. The sgRNA sequence used to target the NRP1 gene was: 

5’-CGGGTACCTTACATCTCCTG-3’; the sgRNA sequence targeting the NRP2 gene was: 5’- 

TTCAAACGACCTCCGCACGG-3’. Sequencing of human genomic DNA to confirm the 

mutations leading to NRP1 or NRP2 invalidation was performed using the following primers: 

Forward NRP1 5’- CACGAAGGACTTACGGGG-3’ and Reverse NRP1 5’- 

AGACAGGCGTGACCAGTAG-3’, and  Forward NRP2 5’- 

TGAGCCGGAATAATCTCTTCCAC-3’  and  Reverse  NRP2 5’- 

GGTGCTTACTTGCAGTCGTG-3’. 

 
 
2.2 Protein level measurement by flow cytometry analysis (FACS) 
 
Knock-out (KO) cells were incubated for one hour with: i) polyclonal anti-human NRP1 antibody 

(sheep IgG; AF3870; R&D systems); ii) polyclonal anti-human/Mouse/Rat NRP2 antibody (goat 

IgG; AF2215; R&D systems). After washing with PBS, the cells were incubated for 30min with 

secondary antibodies: i) Donkey Anti-Sheep IgG H&L, Alexa Fluor 594 (Abcam); ii) Goat anti-

Human IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 (Thermo Fisher). 

Cells were washed with PBS and resuspended in the FACS medium (PBS 

+ 2.5mM EDTA). NRP1 and NRP2 levels were determined using a fluorescence-activated cell 

sorter (FACS Melody BD Biosciences) with a 488nm and a 594nm laser beam. 

 

3. Results 

3.1 NRP1 or NRP2 gene invalidation inhibited cell proliferation and migration 

Our team [15] and Cao Y et al [10, 11] reported that ccRCC cells did not express VEGFR 1, 2 

and 3. Moreover, VEGFA and VEGFC exert autocrine proliferation loops via NRPs. Cao Y et al 

showed that neither NRP1 or NRP2 knock-down by shRNA impacted ccRCC cell proliferation 

and migration [10, 11]. These results were surprising since the NRPs-mediated signaling 

pathways were associated with cell proliferation and migration in several cancers [16]. By using 
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the same shRNA, we obtained comparable knock-down levels (Fig. S1A and B) and we showed 

that NRP1 knock-down decreased NRP2 expression suggesting a crosstalk between the NRP1 

and NRP2 signaling pathways (Fig. S1A and B). A small but significant inhibition of cell 

proliferation for the shNRP1 cells and an increased cell proliferation for the shNRP2 cells were 

obtained (Fig. S1C). Migration was also inhibited for shNRP1 and shNRP2 cells (Fig. S1D). 

VEGFA and VEGFC were not affected by the knockdowns (Fig. S1E). These discrepancies with 

the results of Cao Y et al incited us to decipher the role of NRP1 and NRP2 by knocking-out 

(KO) their genes in human (786-O) and mouse (RENCA) ccRCC cells. Two independent KO 

clones for NRP1 and NRP2 genes were obtained for 786-O (Fig. 1A and B), and one KO clone 

for NRP1 and NRP2 genes for RENCA (Fig. S2A) cells. NRP1 and NRP2 protein levels were 

undetectable in the KO clones (Fig. 1C and Fig. S2B). However, NRP1 KO tends to increase 

NRP2 levels whereas NRP2 KO decreased NRP1 levels in 786-O cells (Fig. 1C). Although the 

trend in decreased NRP1 levels were observed in NRP2 KO cells, the NRP1 KO resulted in 

decreased expression of NRP2 in RENCA cells (Fig. S2B). We obtained opposite results 

between KO and down-regulation of NRP1 by shRNA for NRP2 expression in 786-O cells. 

These results (Table S2) suggest a fine-tuned crosstalk between NRP1 and NRP2 signaling, 

which mediates an equilibrated expression of each protein compatible with proliferation/survival. 

In 786-O cells, NRP1 KO moderately impacted cell proliferation while NRP2 KO decreased cell 

proliferation more importantly (Fig. 1D). These results were consistent between NRP1 down-

regulation and KO. However, NRP2 KO inhibited whereas NRP2 down-regulation stimulated 

cell proliferation (Fig. 1D and Fig. S1C). A moderate but non-significant inhibition of cell 

proliferation was observed in NRP1 KO but NRP2 KO resulted in inhibition of RENCA cell 

proliferation (Fig. S2C). Except for one NRP1 KO clone, NRPs KO decreased the migration of 

786-O cells which is consistent with the results obtained by down-regulating NRP1 and NRP2 

(Fig. 1E and Fig. S1D). Since the NRPs signaling depends on the stimulation by VEGFA and 

VEGFC, we tested their expression in KO cells. NRP1 KO increased VEGFA levels without 

consistently affecting VEGFC expression in 786-O cells. NRP2 KO induced VEGFC expression 

with inconsistent effects on VEGFA (Fig. 1F). VEGFA levels decreased in NRP1 and NRP2 KO 
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RENCA cells and VEGFC was down-regulated only in NRP2 KO cells (Fig. S2D). Table S3 

recapitulates the impact of the KO or the knock-down on VEGFA and VEGFC levels in the 

different cells. These results suggest a steady state level of autocrine loops involving the 

NRP1/VEGFA and NRP2/VEGFC signaling pathways. 
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Fig. 1. NRP1 or NRP2 gene invalidation results in inhibition of cell proliferation and 

migration. (A) The locus of the NRP1 gene was sequenced in control (NRP1 Ctrl) and in two 

independent clones (#NRP1 2.2 and #NRP1 2.7) KO for NRP1. (B) The locus of NRP2 was 

sequenced in control (NRP2 Ctrl) and in two independent clones (#NRP2 2.3 and #NRP1 2.28) 

KO for NRP2. (C) NRP1 and NRP2 protein levels were evaluated by flow cytometry in control 

(786O), in two independent clones (#NRP1 2.2 and 2.7) KO for NRP1, and in two independent 

clones (#NRP2 2.3 and 2.28) KO for NRP2. (D) The proliferation of NRP1 and NRP2 KO cells 

were tested by counting the cells at the indicated time points. (E) The migration of NRPs KO 

cells was determined in scratch assays by measuring the time of wound closure. (F) VEGFA 

and VEGFC expression was tested in control (Ctrl) and KO clones by ELISA. *p < 0.05; 

**p<0.01; *** p<0.001. 
 

 
 
3.2 NRPs KO inhibited ccRCC growth in immunocompetent and immunodeficient 

mice  

Considering the importance of the immune system for the development of mccRCC, we 

tested the impact of NRPs on tumor growth in immunocompetent and immunodeficient 

mice. The NRP1 and NRP2 786-O KO clones generated smaller tumors in nude mice as 

compared to the controls (Fig. S3). NRP1 or NRP2 KO in RENCA cells delayed tumor 

development in nude mice (Fig. 2A). The same cells in immunocompetent mice did not 

generate tumors (Fig. 2B). These results suggest that NRPs expression by tumor cells 

prevents the efficacy of immune cells to inhibit tumor development. 
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Figure 2: Dumond et al. 
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Fig. 2. NRPs KO inhibits experimental RCC growth in immunocompetent and 

immunodeficient mice. (A) Experimental tumors in nude mice (5 mice per condition) were 

obtained after injection of 3x105 control (Ctrl) or NRPs KO RENCA cells. Two independent NRP1 

(4.1 7 and 4.2 8) and two independent NRP2 (5.1 7 and 5.1 8) clones were injected. Tumor 

incidence (percentage of mice with tumors) at the indicated times is presented. (B) Experimental 

tumors in immuno-competent Balb-C mice (5 mice per condition) were obtained after 

subcutaneous injection of 3x105 control (Ctrl) or the above-mentioned NRPs KO RENCA cells. 

The tumor volume is represented for the indicated time. 

 

 
3.3 NRPa-308 inhibited ccRCC cell proliferation more efficiently than sunitinib and 

EG00229 

The therapeutic impact of NRPa-308 on different parameters of ccRCC cells aggressiveness 

was compared to sunitinib and to the NRPs inhibitor EG00229. EG00229 modestly inhibited the 

proliferation of ccRCC cells (Fig. 3A and B). Sunitinib inhibited ccRCC cell proliferation more 

efficiently in 786-O as compared to A498 cells. NRPa-308 inhibited cell proliferation to a better 

extent as compared to sunitinib. Moreover, the IC50 of NRPa-308 was superior for normal cells 

(HDF) (Fig. 3C). The selectivity index (SI) for which normal cells (HDF) served as the reference, 

was inferior to 1 which indicates that NRPa-308 is more efficient on tumor cells and that its 

toxicity is low. he lower SI of NRPa-308 as compared to sunitinib suggested higher anti-

proliferative and less toxic effects (Fig. 3D). Hence, NRPa-308 presents, at least in vitro, a better 

therapeutic profile than sunitinib. 
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Fig. 3. The NRP inhibitor NRPa-308 inhibits ccRCC cell proliferation more efficiently than 

sunitinib and EG00229. The effects of NRPa-308, sunitinib and the commercially NRP inhibitor 

(EG00229) measured by XTT assays, were tested in (A) 786-O cells, (B) on A498 cells and (C) 

on HDF cells. (D) Determination of the IC50 for each treatment in the different cell lines and their 

selectivity index. *p < 0.05; **p<0.01; *** p<0.001. 

 

 
3.4 NRPa-308 exerted a wide range of anti-proliferative effect on primary ccRCC cells 

Resistance to treatments especially to sunitinib is a critical concern for mccRCC patients [7]. 

NRPa-308 was ineffective on sunitinib-resistant 786-O cells (786R) [17] (IC50 > 2 M), which 

is consistent with reduced NRP1 and NRP2 mRNA levels (Fig. 4A and B). Primary RCC cells 

presented a wide range of sensitivity to NRPa-308 as compared to 786-O cells (Fig. 4C) [18] 

which was consistent with variable mRNA levels (Fig. 4D). The influence of NRPs expression 

on NRPa-308 efficacy suggests that the determination of NRPs levels is a prerequisite for the 

utilization of NRPs inhibitors in the clinic. 
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Fig. 4. NRPa-308 exerts a wide range of anti-proliferative effect on primary ccRCC cells. 

 
(A) The effects of NRPa-308 on cell viability were tested on 786-O (786O) and 786-O cells 

resistant to sunitinib (786R). (B) The relative expression of NRP1 and NRP2 mRNA in 786O 

and 786R cells were evaluated in a RNA seq analyzis and confirmed by RT qPCR. (C) The 

sensitivity of NRPa-308 were tested on already described primary cells by XTT assays. (D) The 

relative mRNA levels were evaluated in the reference 786 cells which served as reference 

values (100%) and in the different primary cells. 

 

 
3.5 NRPa-308-dependent inhibition of cell proliferation relied on NRP2 in 786-O cells 

NRP1 and NRP2 KO cells constitute valuable tools to test the specificity of NRPa-308. 

Although increased in NRP1 and NRP2 KO clones, the IC50 of NRPa-308 was superior for 

the NRP2 KO clones. These results suggest that NRPa-308 exerts its anti-proliferative effects 

mainly via NRP2 (Fig. 5A). Moreover, NRPa-308 inhibited VEGFA/NRP1 binding in a dose- 

dependent manner but inhibited VEGFC/NRP2 binding in a reverse dose-dependent manner. 

Hence, low doses of NRPa-308 were sufficient to prevent VEGFC binding to NRP2 which also 

suggests a stronger affinity for NRP2 (Fig. 5B). 
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Fig. 5. NRPa-308-dependent inhibition of cell proliferation relies mainly on NRP2 in 786- 

O cells. (A) Effects of NRPa-308 on cell viability of 786-O cells, of two independent NRP1 

(#NRP1 2.2 and #NRP1 2.7) KO clones and of two independent NRP2 (#NRP2 2.3 and #NRP2 

2.28) KO clones, measured by XTT assays, are represented to determine NRPa-308 specificity 

to NRP1 and/or to NRP2. (B) The percentage of inhibition by NRPa308 of VEGFA binding to 

NRP1 and of VEGFC binding to NRP2 at different concentration is presented. *p < 0.05; 

**p<0.01. 
 
 

 
3.6 NRPa-308 binding mode was different between NRP1 and NRP2 
 
The selectivity of NRPa-308 for NRPs was assessed by docking studies (Fig. 6A). The 

orientation of NRPa-308 into NRP1 binding site is flipped relatively to those obtained into the 

NRP2 binding site. NRPa-308 is stabilized in the binding site through hydrogen bonds, π- 

stacking and hydrophobic interactions (Fig. 6B), but the main interacting residues are distinct 

for NRP1 and NRP2. Few residues involved in these interactions are conserved in NRP1 and 

NRP2 (W301/304, S346/349, E348/351, Y353/356) but they establish interactions with different 

part of NRPa-308. Comparison of NRP1 and NRP2 structures revealed that the residues 

forming each binding site and the NRP1 and NRP2 binding sites properties differ (Table S4). 

This result explains the docking studies and the difference of affinity experimentally obtained 

(Fig. 5B). 
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Fig. 6. NRPa-308 binding mode is different between NRP1 and NRP2 

 
NRPa-308 (colored in orange) predicted binding mode into the NRP1 (A and B in cyan, left 

panels) and NRP2 (A and B in blue, right panels) binding sites. Hydrogen bonds are depicted 

as yellow dashed lines and π-stacking are depicted as magenta dashed lines. 
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3.7 NRPa-308 inhibited 786-O cell migration more efficiently than sunitinib 
 
NRPs down-regulation and KO inhibited cell migration. NRPa-308 reduced 786-O cell 

migration more efficiently than sunitinib at a very low concentration (0.02µM compared to 2µM 

for sunitinib, Fig. 7A and B). This result suggests an anti-metastatic effect of NRPa-308 in 

ccRCC equivalently to those described for breast cancers [13]. 
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Fig. 7. NRPa-308 inhibits 786-O cell migration velocity more efficiently than sunitinib. (A) 

Photographs of scratch assay on cell monolayers in different experimental conditions; untreated, 

treated by NRPa-308 and by sunitinib. (B) The effects of NRPa-308 and sunitinib on 786-O cell 

migration at different concentrations by quantifying the above-mentioned experiments. **p<0.01; 

*** p<0.001. 
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3.8 High doses of NRPa-308 stimulated the production of NRPs ligands and of pro- 

angiogenic/pro-inflammatory cytokines 

NRPs KO increased the production of VEGFA/VEGFC (Fig. 1) that can stimulate 

angio/lymphangiogenesis and immunotolerance. Hence, we evaluated the impact of NRPa-308 

on the cell secretome. We also tested the effects of equivalent concentrations of sunitinib that 

have no impact on cell proliferation. NRPa-308 increased the expression of VEGFA and VEGFC 

at the highest concentration (2 µM). The lowest concentration (0.2 µM) stimulated modestly the 

expression of VEGFC (Fig. 8A and B). The expression of CXCL5 and CXCL8 was also evaluated 

since they participate in resistance to bevacizumab and sunitinib [19, 20]. A high dose of NRPa-

308 increased CXCL5 and CXCL8 while a low dose modestly induced CXCL8. Sunitinib low 

concentrations (below the IC50 [17]), had no influence on VEGFA and VEGFC (Fig. 8A and B) 

but increased CXCL5 and CXCL8 expression (Fig. 8C and D) [19]. Hence, a low dose of NRPa-

308 induced the best beneficial/detrimental ratio for ccRCC. 
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Fig. 8. High NRPa-308 concentration stimulates the production of NRPs ligands and of 

pro-angiogenic/pro-inflammatory cytokines. The effects of NRPa-308 and sunitinib on the 

production of different cytokines were evaluated by ELISA; (A) VEGFA, (B) VEGFC, production 

(C) CXCL8, (D) CXCL5. *p < 0.05; **p<0.01; *** p<0.001. 
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3.9 NRPa-308 decreased ccRCC growth in a reverse dose-dependent manner 
 
Possible paracrine effects of high concentrations of NRPa-308 incited us to perform a dose 

response (5 µg/kg, 500 µg/kg and 50 mg/kg) on the growth of experimental ccRCC in 

immunodeficient and immunocompetent mice. Considering a full distribution in the blood and a 

1.5 ml of blood in a mouse of 25 grams, a rough estimation of NRPa-308 blood concentration at 

5 µg/kg, 500 µg/kg and 50 mg/kg should be around 0.2, 20 and 2000 mol/L. The lowest 

concentration was in the range of concentration inhibiting cell proliferation and migration without 

affecting the production of pro-angio/lymphangiogenic and pro-inflammatory cytokines. No effect 

of the highest NRPa-308 dose was observed. However, tumor growth was inhibited by the lower 

amounts in both mouse models (Fig. 9A and B). The number of blood vessels (CD31 labelling) 

and of pericytes (αSMA labelling) per cm2 was high in the control group and increased in a dose-

dependent manner (Fig. 9C and D). However, functional blood vessels (CD31/αSMA co-

labelling) decreased with high NRPa-308 concentrations (Fig. 9E and F). Hence, a low dose of 

NRPa-308 represents a relevant therapeutic strategy for ccRCC associating efficacy and low 

toxicity (no modification of mouse weight) (Fig. S4). 
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Fig. 9. NRPa-308 decreases experimental ccRCC growth in a reverse dose-dependent 

manner. (A) Experimental tumors in nude mice (5 mice per condition) were obtained after 

injection of 3x106 786-O cells. Treatment (NRPa-308) was given trice a week by oral gavage. 

Three concentrations of NRPa-308 were tested (5µg/kg, 500µg/kg and 50mg/kg) and was diluted 

in carboxymethyl cellulose, the control group (Ctrl) received carboxymethyl cellulose. Tumor 

volume fold increase from the beginning of the treatment is presented. (B) Experimental tumors 

in immunocompetent mice Balb-C (5 mice per condition) were obtained after injection of 3x105 

RENCA cells. Treatment (NRPa-308) was given trice a week by oral gavage. Two concentrations 

of NRPa-308 were tested (5µg/kg and 50mg/kg) and was diluted in carboxymethyl cellulose, the 

control group (Ctrl) received carboxymethyl cellulose. Tumor volume fold increase from the 

beginning of the treatment. The tumor vasculature in each experimental group was detected by 

immuno-staining for CD31 (endothelial cells, green) and α-SMA (pericytes, red). Tumor sections 

were counterstained with 40,6-diamidino-2- phenylindole (DAPI) (nucleus, blue). (C) 

Quantification of the blood vessels. (D) Quantification of pericytes and smooth muscle cells. (E) 

Quantification of mature blood vessels (blood vessels covered with pericytes, yellow labeling). 

(F) Representative images of the dose-dependent decrease in mature blood vessels. *p < 0.05; 

**p<0.01; *** p<0.001. 
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3.10 Efficient NRPa-308 doses decreased the expression of pro-tumoral factors 
 
To decipher the molecular mechanism associated with NRPa-308 efficacy, we evaluated the 

expression of genes involved in proliferation, angio/lymphangiogenesis, epithelial/mesenchymal 

transition (EMT) and immune tolerance. The small size of the tumors obtained with the lowest 

dose of NRPa-308 forced us to assess the expression of the above- mentioned genes by qPCR 

(Fig. 10). Genes associated with lymphangiogenesis including human (h) NRP2, Prox1 and 

VEGFC and murine (m) Prox1 and VEGFC in the immunodeficient model (Fig. 10A) and NRP2, 

Prox1 and VEGFC in the immunocompetent model were the most downregulated (Fig. 10B). 

Only mProx1 and mVEGFC were downregulated by the intermediate dose in the 

immunodeficient model (Fig. 10A). hNRP2, hProx1, hVEGFC and mNRP2 were upregulated by 

the highest dose in the immunodeficient model (Fig. 10A). hNRP1, hVEGFA and mNRP1, 

mVEGFA, mVEGFR1 and mVEGFR2 were downregulated by the highest dose in 

immunodeficient mice (Fig. 10A). Some of them (hVEGFA and hVEGFR1 and mNRP1, 

mVEGFR1 and mVEGFR2) were downregulated by the lowest/intermediate dose (Fig. 10A). 

hNRP1 and hVEGFR1, and mVEGFA and mVEGFR2 were upregulated by using the lowest or 

the highest dose (Fig. 10A). In the immunocompetent model, mNRP1 and mVEGFR1 were 

downregulated for the two doses (Fig. 10B). mPDL1 was downregulated by the lowest and 

intermediate doses, it was unchanged for the highest dose in immunodeficient mice (Fig. 10A) 

and it was downregulated by the two doses in immunocompetent mice. hMET and hHGF and 

mMET and mHGF were downregulated by the lowest and the intermediate doses in 

immunodeficient mice (Fig. 10A). mMET was downregulated by the highest dose, hMET and 

hHGF and mHGF were upregulated by the intermediate and the highest doses (Fig. 10A). In the 

immunocompetent model mMET and mHGF were downregulated by the two doses (Fig. 10B). 

In the immunodeficient model, mCD69, a marker of the lymphocytes’ activation, was upregulated 

(Fig. 10A). The M2 macrophages marker mARG1 was decreased (Fig. 10A). We gave an arbitrary 

value of +2 when a gene of poor prognosis decreased and a value of -2 when it increased and 

vice versa for a gene of good prognosis. The score for the lowest concentration of NRPa-308 

was of 18 in the immunodeficient (Fig. 10A) and of 12 in the immunocompetent models (Fig. 
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10B). It was of 20 for the intermediate dose in the immunodeficient model (Fig. 10A) and of 2 

and 6 respectively for the highest dose in the immunodeficient (Fig. 10A) and the 

immunocompetent models (Fig. 10B). This evaluation, in addition to the reduced tumor growth 

favored the notion that a low dose of NRPa-308 had the best therapeutic efficacy. 
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Fig. 10. Efficient NRPa-308 dose decreases the expression of pro-tumoral factors. 

Detection by qPCR of pro-tumoral genes in tumors generated in (A) immunodeficient and (B) 

immunocompetent mice with wild-type and with NRPs knock-out cells. *p < 0.05; **p<0.01; 

*** p<0.001. 
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3.11 The NRP2 associated pathway was determinant for the aggressiveness of mccRCC 

The results showing that a high dose of NRPa-308 was the most efficient on experimental breast 

cancers [13] whereas it has no effect on ccRCC were puzzling. Analysis of the TCGA data base 

showed that VEGFA and NRP1 were expressed at high levels in most of the ccRCC and and 

breast cancer cell lines, especially in 786-O and MDA-MB-231 (Fig. 11A and C). VEGFC and 

NRP2 were expressed by all the ccRCC cells. However, VEGFC levels were very low in three 

out of five breast cancer cell lines and NRP2 levels were very low in all the breast cancer cell 

lines including MDA-MB-231 (Fig. 11B and D). The very low levels in MDA-MB-231 and the more 

specific effects of NRPa-308 on NRP2, partly explained the difference in the efficient 

concentrations for experimental ccRCC and TNBC. The prognostic role of NRP1 and NRP2 and 

of their known partners VEGFA, VEGFR1, VEGFR2, Semaphorin 3A (Sema3A) and plexin A1 

(PLXNA1) (NRP1 partners) and VEGFC, VEGFR3, Semaphorin 3F (Sema3F), plexin A2 

(PLXNA1) and Prospero homeobox protein 1 (Prox1), a master transcription factor of 

lymphangiogenesis (NRP2 partners) was analyzed. For each gene, we defined the best cut off 

that determines a survival difference. 425 samples were from M0 and 103 from M1 ccRCC 

patients. 115 samples were from TNBC patients. For M0 ccRCC patients, expression of 

VEGFR2, NRP2, VEGFC, VEGFR3, PLXA2 above their best cut off was of good prognosis for 

disease-free survival ((DFS) trend (T, p between 0.08 and 0.06) for NRP2, VEGFC) and 

significant (S) for VEGFR2, VEGFR3, PLXA2). Expression above the best cut off for Sema3A (S), 

PLXNA1 (T) and Prox1 (S) was of poor prognosis for DFS. Expression above the best cut off for 

NRP1 (T), VEGFR1 (S), VEGFR2 (S), NRP2 (S), VEGFC (T), VEGFR3 (T), Sema3F (S) and 

PLXA2 (S) was beneficial for overall survival (OS), whereas it was detrimental for Sema3A (S), 

PLXNA1 (S) and Prox1 (S). For M1 patients: Only Sema3F (T) was correlated with a longer 

progression-free survival (PFS). NRP1 (S), VEGFR2 (S), Sema3A (S), NRP2 (S), VEGFC (S), 

VEGFR (S)3, PLXA2 (T) and Prox1 (S)) were correlated to a shorter PFS. NRP1 (S), VEGFR1 

(S), VEGFR2 (S), Sema3F (S) and PLXA2 (S) were correlated with a longer OS while Sema3A 

(S), PLXA1 (S), NRP2 (S), VEGFC (S) and Prox1 (S) were correlated to a shorter one. 

For TNBC, VEGFA was correlated with a longer PFS (T) but NRP1 (S), VEGFR1 (S), PLXNA1 
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(S), NRP2 (T), VEGFC (T), Sema3F (S) and PLXNA2 (T) were correlated with a shorter one. 

NRP1 (S), VEGFR1 (S), VEGFR2 (T), PLXNA1 (S), VEGFC (T), Sema3F (S) 

and PLXNA2 (T) were correlated with a shorter OS. NRP2 was not correlated to survival in that 

case. A relative weight of -2 was given for a gene associated with a significant poor prognosis 

and a relative weight of -1 for a trend. A relative weight of +2 was given for a gene associated 

with a significant good prognosis and +1 for a trend. NRP1 and NRP2 pathways were considered 

separately. For the NRP1 pathway, a -1 score was obtained for DFS and OS of M0 ccRCC 

patients, -6 and +2 scores for PFS and OS of M1 ccRCC patients, and -5 and -7 scores for the 

PFS and OS of TNBC patients. For the NRP2 pathway, a score of +4 and +6 were obtained for 

the DFS and OS of ccRCC patients, -8 and -2 scores for M1 ccRCC patients and -5 and -7 

scores for the PFS and OS of TNBC patients. These results suggest that NRP1 targeting is more 

adapted for TNBC while NRP2 targeting is better for ccRCC. 
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Figure 11: Dumond et al. 
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Fig. 11. The NRP2 associated pathway is more determinant for the aggressiveness of 

mccRCC but not for triple negative breast cancers. 

Analysis of cbioportal database highlighted the relative levels of VEGFA (A), VEGFC (B), NRP1 

(C) and NRP2 (D) mRNA in a panel of RCC (769 (769P), 786-O (786), ACHN (A), Caki1 (C1), 

Caki2 (C2), RCC10 (R10)) and TNBC (BT474 (BT), MDAMB231 (231), MDAMB134 (134), 

MDAMB436 (436), MDAMB468 (468)). Correlation between genes of the NRP1 and NRP2 

pathways and survival (DFS/PFS/OS) in M0 and M1 RCC patients (E) and TNBC (F) patients. 

The tested genes of the NRP1 pathway were the following: NRP1 (N1), VEGFA, VEGFR1 (R1), 

VEGFR2 (R2), Semaphorin 3A (Sema3A), Plexin A1 (PLXNA1). The tested genes of the NRP2 

pathway were the following: NRP2 (N1), VEGFC, VEGFR3 (R3), Semaphorin 3F (Sema3F), 

Plexin A2 (PLXNA1) and PROX1. The p- values of genes associated with shorter DFS/PFS/OS 

appear white on a black background; the p-values of genes associated with a longer 

DFS/PFS/OS appear black on a gray background. Significant p-values are given; a trend to 

significance is indicated by a “T”. Specific cut-off are indicated (First, second or third quartile (1°, 

2°, 3° Q). A score was established as follows: a positive point was given for a gene with a trend 

to good prognosis; two positive points for a gene associated with good prognosis and with a 

significant p-value; a negative point was given for a gene with a trend to poor prognosis; two 

negative points were given for a gene associated with poor prognosis and with a significant p-

value. Positive scores were obtained for DFS and OS of M0 RCC patients and the NRP2 

pathway (respectively 4 and 6) and for the OS of M1 RCC patients and the NRP1 pathway (2). 

Negative scores were obtained for obtained for the DFS and OS of M0 and PFS of M1 RCC 

patients and the NRP1 pathway (respectively (-1), (-1) (-6), for the PFS and OS of M1 RCC 

patients and the NRP2 pathway. Negative scores were obtained for the NRP1 and NRP2 

pathways for PFS and OS. 
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4 Discussion 

 

NRPs, through their effects on tumor cells and on cells of the microenvironment are key 

signaling molecules stimulating ccRCC growth and metastasis. However, the multi partnerships 

of NRPs render difficult the determination of the relative importance of each pathway. 

Moreover, NRP1 and NRP2 signaling cross-talked to establish a steady state. Depending on 

the level of inhibition, compensatory mechanisms mediated by the production of VEGFA and 

VEGFC occur and inflammatory cytokines compensate for the inhibition of NRPs pathways. 

These mechanisms are key for an optimized targeting of NRPs in the context of ccRCC 

treatment. Our results had to be compared to those of Cao Y et al who showed that inhibition 

of experimental tumor growth generated with cells down-regulated for NRPs only relies on 

microenvironment shaping [10, 21]. Modifications of the secretomes depend on a partial or 

complete inhibition by KO of the NRPs’ signaling, an important concern if NRPs’ inhibition 

enters in a therapeutic strategy. The importance of NRP1 or NRP2 signaling depends also on 

the cancer type. NRP1 is a better therapeutic target for TNBC and NRP2 is a better one for 

ccRCC. This result suggests that specific NRP1 or NRP2 inhibitors are more relevant for a 

specific cancer. The relevance of the double targeting was investigated by invalidating both 

genes in 786-O cells. Several attempts were unsuccessful suggesting that the double KO is 

lethal. Hence, an inhibitor of NRP1 and of NRP2 should present a maximal therapeutic efficacy. 

Our results suggest that resistance to anti-angiogenics especially sunitinib, involved a down- 

regulation of NRPs. Therefore, NRPs inhibitors do not represent a second line treatment at 

relapse on sunitinib. However, NRP inhibitors represent an alternative following relapse on 

immunotherapies [4]. Adjuvant treatment for M0 ccRCC patients is a debated issue. While 

some trials showed that an adjuvant treatment by anti-angiogenics is not relevant, another trial 

demonstrated its importance for advanced M0 patients [22, 23]. Our results showed that the 

NRP2 pathway is correlated with a good prognosis for M0 patients and NRP1 did not correlate 

with shorter survival rates. Our results emphasized the relevance of NRPs targeting in M1 

ccRCC patients and administration of anti NRPs in an adjuvant setting is probably not a good 
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strategy. Specific drugs and evaluation of NRPs expression is determinant to validate NRPs 

targeting to reach the “golden age” of the therapeutic arsenal of ccRCC [24]. 
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Supplementary information 

 

1. Supplementary methods 

 

1.1 Cell lines 

786-O, A498 and RENCA cell lines were purchased from the American Tissue Culture Collection 

(ATCC). They were cultured as indicated by ATCC and as already described [1]. 

 

1.2 Reagents 

NRPa-308 has been synthesized at Université de Paris. Sunitinib was purchased from 

Selleckem and prepared as a 2.5 mmol/L stock solution in dimethyl sulfoxide (Sigma, 472301) 

and stored at -20°C. EG00229 was purchased from Tocris. 

 

1.3 Quantitative Real-Time PCR (qPCR) experiments 

It was performed as already described [2]. For oligo sequences, see Table S1. 

 

1.4 Competitive NRP1/2 VEGFA/VEGFC binding assay 

The flat bottom surface of a 96-well plate was coated with 100 μL (200 ng/well) recombinant 

human NRP1 or NRP2 and incubated overnight at 4°C. Non-specific binding was blocked by 

the incubation with 0.5% BSA in PBS. 50 µL of NRPa-308 dissolved in range concentrations 

and 50 µL (400 ng/mL) of human (bt)-VEGFA or VEGFC in PBS containing 4 µg/mL of heparin 

were mixed. After two hours incubation at room temperature, the (bt)-VEGFA plate was washed 

and treated with streptavidin-horseradish peroxidase (HRP) conjugate in PBS (1:8000). The 

VEGFC plate was incubated with (bt)-anti-VEGFC for one hour and then revealed using HRP 

conjugate. Luminescence was quantified immediately after addition of 100µL chemiluminescent 

substrate. In a positive control, only (bt)-VEGFA was present in wells, while, in negative control 

(NS), wells were not coated with NRP1. Percentages of inhibition were calculated by the 

following formula: 100% − [[(S − NS)/(P − NS)]∙100%], where S is the signal intensity measured, 

NS is the signal measured in negative control, and P is the signal measured in positive control. 

Presented data are the mean ± SEM of two or three independent experiments, each performed 

in triplicate. 
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1.5 Measurement of cytokines 

CXCL8 cytokines and VEGFA were detected by using PeproTech ELISA kits according to the 

manufacturer’s indication as already described [3]. VEGFC and CXCL5 were measured using 

R&D systems ELISA kits according to the manufacturer recommendations. 

 

1.6 Docking study 

NRP1 (PDB ID : 6FMF) and NRP2 (PDB ID : 5DN2) structures were retrieved from the Protein 

Data Bank (PDB) [4]. The NRP2 structure was aligned with the NRP1 structure and both 

structures were prepared using MGL tools (https://www.ncbi.nlm.nih.gov/pubmed/19399780. 

(Accessed: 1st February 2019). Three-dimensional conformations of NRPa-308 were generated 

using iCon, the LigandScout v.4.3 conformer generator [5] (defaults settings of the BEST option 

were used, except for the maximum number of conformations generated that was set to 50 

instead of 25). Protein – ligand docking of compound NRPa-308 into the NRP1 and NRP2 

structures was performed using AutoDock Vina v.1.1.2 [6]. The x, y, z grid centre coordinates 

used are 12.045, 21.518, 15.783 and the size of the search space was set to 20 Å x 20 Å x 20 

Å. Only the pose associated with the best score was considered for each run. 

 

1.7 Measurement of cell migration velocity 

At confluency, a wound was created on the cell monolayer and its width was measured every 

hour for 10 hours to determine the migration velocity. At the end of the experiment, the cells 

were counted to verify if cell death or proliferation had not influenced the wound closure. 

 

1.8 Tumor xenograft formation, size evaluation and treatment 

786-O cells expressing luciferase (Luc 1) or RENCA cells expressing luciferase (Luc 2) were 

injected subcutaneously into the flanks of 5 weeks old nude female mice or Balb-C mice. 

Treatment by NRPa-308 in carboxymethyl cellulose was carried out by oral gavage trice a week; 

the control group was treated with carboxymethyl cellulose. Tumors measurements were carried 

out once a week with a caliper and by luciferase measurements with IVIS chamber as previously 

described [7]. This study was carried out in strict accordance with the recommendations in the 

Guide for the Care and Use of Laboratory Animals. Our experiments were approved by our 

internal ethic committee. 

 



149 
 

1.9 Immuno-fluorescence 

Tumor sections (5µm cryostat sections) were incubated with anti-rabbit LYVE-1 polyclonal 

(Ab14917, 1:200; Abcam) or rat monoclonal anti-mouse CD31 (clone MEC 13.3, 1:1000; BD 

Pharmingen) and monoclonal anti- mouse α-smooth muscle actin (αSMA A2547, 1:1000; 

Sigma) antibodies. Preparations were mounted and analyzed with a Leica microscope, and 

counted at a 10x magnification. 

 

1.10 Statistical analysis 

Statistical significance and P values were determined with the two-tailed t-test. The Kaplan–

Meier method was used to produce survival curves and analyses of censored data were 

performed using the log-rank test. 

 

1.11 Patients online data 

Normalized RNA sequencing (RNA-Seq) data of The Cancer Genome Atlas (TCGA) were 

downloaded from cBioportal (www.cbioportal.org, TCGA Provisional; RNA-Seq V2). Data were 

available for 534 RCC tumor samples or from 1020 different cell lines. The results published 

here are in whole or in part based upon data generated by the TCGA Research Network: 

http://cancergenome.nih.gov/ [8, 9]. 
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3. Supplementary figures and tables 
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Fig. S1. Study of down-regulation of NRPs by shRNA in 786-O cells. (A-B) Effects of the 

downregulation of NRP by shRNA on NRP1 and NRP2 mRNA expression measured by qPCR. 

(C) Effects on cell proliferation measured by MTT assays. (D) Down-regulation of NRPs 

decreased cell migration. Bevacizumab increased this effect for NRP1 down-regulation. (E) 

Down-regulation of NRPs had no effect on VEGFA and VEGFC production measured by ELISA. 

*p < 0.05; **p<0.01; *** p<0.001. 



154 
 

 



155 
 

Fig. S2. Effects of NRP1 or NRP2 gene invalidation in RENCA cells. (B) NRP1 and NRP2 

protein levels were evaluated by flow cytometry in control (RENCA), in two independent clones 

(#NRP1 4.1 7 and 4.2 8) KO for NRP1, and in two independent clones (#NRP2 5.1 7 and 5.1 8) 

KO for NRP2. (C) Effects of NRPs KO on RENCA cell proliferation measured by MTT assays. 

(D) Effects of NRPs KO in RENCA cells on the VEGF-A and VEGF-C protein levels measured 

by ELISA. *p < 0.05; **p<0.001. 

 

 

Fig. S3. NRPs KO in 786-O tumor cells inhibited experimental RCC growth in 

immunodeficient mice. Experimental tumors in nude mice (5 mice per condition) were obtained 

after injection of 3x106 wildtype (Ctrl) or NRPs KO 786-O cells. One NRP1 (#NRP1 2.7) clone 

and one NRP2 (#NRP2 2.3) clone were injected. Tumor volume is presented. *p < 0.05; 

**p<0.001. 
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Fig. S4. In-vivo effects of NRPa-308 on mice weight. Mice weight was evaluated once a 

week. 
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Table S1. List of oligonucleotides used in qPCR experiments 

Forward (5' to 3') Reverse (5' to 3')

36B4 CAGATTGGCTACCCAACTGTT GGCCAGGACTCGTTTGTACC

m-RPLP0 AGATTCGGGATATGCTGTTGGC TCGGGTCCTAGACCAGTGTTC

GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG

h-NRP1 GGCGCTTTTCGCAACGATAA TCGCATTTTTTCACTTGGGTGAT

m-NRP1 GACAAATGTGGCGGGACCATA TGGATTAGCCATTCACACTTCTC

h-VEGF-A TTTCTGCTGTCTTGGGTGCATTGG ACCACTTCGTGATGATTCTGCCCT

m-VEGFA GCACATAGAGAGAATGAGCTTCC CTCCGCTCTGAACAAGGCT

h-VEGFR1 ATGGAAAACGCATAATCTGCA AAATGCCCATTGACTGTTGCT

m-VEGFR1 TGGCTCTAC GACCTTAGACTG CAGGTTTGACTTGTCTGAGGTT

h-VEGFR2 CATGTTGGTCACTAACAGAAG GTGATCGGAAATGACACTGGA

m-VEGFR2 TTTGGCAAATACAACCCTTCAGA GCAGAAGATACTGTCACCACC

h-NRP-2 GCTGGCTATATCACCTCTCCC TCTCGATTTCAAAGTGAGGGTTG

m-NRP-2 GCTGGCTACATCACTTCCCC CAATCCACTCACAGTTCTGGTG

h-Prox AGTTCAACAGATGCATTACC TCTCTGGTTATAGACAGCTC

m-Prox AGAAGGGTTGACATTGGAGTGA TGCGTGTTGCACCACAGAATA

h-VEGFC TTACGGTCTGTGTCCAGTGTA TTCTCTGTTATGTTGCCAGCC

m-VEGF-C CTCTGTGGGACCACATGGTAA TCCTCTCCCGCAGTAATCCA

h-VEGFR3 TGCACGAGGTACATGCCAAC GCTGCTCAAAGTCTCTCACGAA

m-VEGFR3 CGAGTCGGAGCCTTCTGAGG GCAGTCCAGCAATAGGGGGT

m-PDL1 CCAGGATGGTTCTTAGACTCCC TTTAGCACGAAGCTCTCCGAT

h-MET AGCGTCAACAGAGGGACCT GCAGTGAACCTCCGACTGTATG

m-MET AGCGTCAACAGAGGGACCT GCAGTGAACCTCCGACTGTATG

h-HGF GCTATCGGGGTAAAGACCTACA CGTAGCGTACCTCTGGATTGC

m-HGF ATGTGGGGGACCAAACTTCTG GGATGGCGACATGAAGCAG

m-CD69 AAAAGGACATGACGTTTCTG CAGCTGTTAAATTCTTTGCC

m-iNOS TCACCTTCGAGGGCAGCCGA TCCGTGGCAAAGCGAGCCAG 

m-TNF CTATGTCAGCCTCTTCTC CATTTGGGAACTTCTCATCC

m-ARG1 GATTATCGGAGCGCCTTTCT CCACACTGACTCTTCCATTCTT 

Macrophages M2 genes

Angiogenesis genes

Lymphangiogenesis genes

Immune tolerance genes

Lymphocyte activation

Macrophage M1 genes
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Table S2. Recapitulative table of the expression of NRP1 and NRP2 in KO and knock-

down cells. Three (-) mean a statistically significant decrease, three (+) mean a statistically 

significant increase. A (-) appearing on a grey background means a trend toward a decreased 

expression of the examined gene. 

 

 

Table S3. Recapitulative table of the expression of VEGFA and VEGFC in KO and knock-

down cells. Three (-) mean a statistically significant decrease, three (+) mean a statistically 

significant increase. A (-) appearing on a grey background means a trend toward a decreased 

expression of the examined gene. A (+) appearing on a grey background means a trend toward 

an increased expression of the examined gene. 

NRP1 NRP2

KO NRP1 --- +++

786-O

KO NRP2 - ---

KO NRP1 --- ---

RENCA

KO NRP2 - ---

SH NRP1 -- -

786-O

SH NRP2 - --

VEGFA VEGFC

KO NRP1 +++ +

786-O

KO NRP2 - +++

KO NRP1 --- -

RENCA

KO NRP2 --- ---

SH NRP1 - -

786-O

SH NRP2 + -
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 NRP1 (6FMF) NRP2 (5DN2) 

Volume (Å3) 317.632 284.096 

Surface (Å2) 319.52 302.24 

Depth (Å) 14.1421 14.1365 

Nb of HBA 16 15 

Nb of HBD 15 12 

Hydrophobicity 0.707317 0.706667 

Nb of negative AA 3 3 

Nb of positive AA 1 1 

Nb of polar AA 12 8 

Nb of apolar AA 3 5 

Total nb of AA 19 17 

 

Table S4. NRP1 and NRP2 binding site descriptors computed with DogSite Scorer (Nb: number, 

HBA: Hydrogen Bond Acceptor, HBD: Hydrogen Bond Donor, AA: amino acids) 
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PART IV: DISCUSSION 
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Discussion 

 

I) Current ccRCC treatments 

 

ccRCC is one of the most vascularized tumors. Thus, reference treatments are anti-angiogenics 

targeting the VEGF/VEGFR pathways, but today immune checkpoints inhibitors are also used 

more often as first lines treatments. However, these treatments have either transient effects or 

are even ineffective in some patients. These transient effects are mainly explained by the fact 

that tumor cells adapt by activating other proliferation or angiogenic pathways or by 

sequestrating weak base drugs. Thus, our objective was to find new targets involved in other 

tumoral pathways and targeting other hallmarks of cancer. 

 

II) Hallmarks of Cancer 

 

Cancer’s hallmarks are characteristics acquired during tumor development that give the tumor 

survival, resistance and aggressiveness capacities. The hallmarks comprise six characteristics 

[159]:  

- Sustaining proliferative signaling: in normal conditions, normal cells control the 

production of growth factors to ensure a homeostatic cell number. However, cancer cells 

have the capacity to deregulate this homeostasis enabling them to survive and proliferate 

sustainably.  

 

- Evading growth suppressors: cell proliferation is also negatively controlled by different 

growth suppressor factors, such as the RB or TP53 proteins and TGFβ, thus, cancer 

cells must evade these factors by defecting their signals.  

 

- Resisting cell death: cancer cells are bypassing apoptosis by losing the TP53 tumor 

suppressor factor function and by increasing anti-apoptotic factors of the Bcl family or 

decreasing the pro-apoptotic ones such as Bax or Bim. Autophagy mediates tumor cell 

death, but also in some conditions, autophagy can be beneficial for tumor survival. 

Finally, necrosis, compared to the two other cell death, produces pro-inflammatory 

factors, enabling the recruitment of inflammatory cells from the immune system. In this 

case, the immune system plays a tumor-promoting role. 
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- Enabling replicative immortality: senescence and apoptosis are two anti-proliferative 

defences. Cancer cells manage to bypass these two phenomena by upregulating 

telomerase, which prevents telomeric shortening responsible of the limited replicative 

potential of cells and consequently apoptosis and senescence.  

 

- Inducing angiogenesis: tumor angiogenesis is sustained by the production of pro-

angiogenic factors such as VEGFA or FGF. This part was more precisely described 

previously (1.3 Principal mechanisms of angiogenesis). 

 

- Activating invasion and metastasis: expression of EMT factors, such as Snail or Slug, 

the loss of E-cadherin, decreasing cell adhesion, and the up-regulation of N-cadherin, 

increasing migration, in many carcinomas, induce invasion and metastasis.  

 

More recently, four other characteristics involved in cancer survival and resistance, have been 

added [160]: 

- Genome instability and mutation: in normal conditions, genome’s ability to detect and 

repair DNA defects enables to maintain spontaneous mutations at a very low number. 

However, cancer cells acquire the capacity to increase the rate of mutations by defecting 

and being insensitive to different genomic maintenance components such as detecting 

or repairing DNA damage. These high rates of DNA mutations in cancer cells induce the 

acquisition of the different hallmarks responsible of cancer survival and proliferation. 

 

- Tumor-promoting inflammation: many tumors are densely infiltrated by immune cells. 

However, these immune cells do not induce anti-tumoral response but their tumor-

associated inflammatory response is involved in tumorigenesis and progression by 

supplying the tumor with proliferative, survival and proangiogenic growth factors. 

 

- Reprogramming energy metabolism: cancer cells reprogram their energy metabolism by 

up-regulating glucose transporters, such as GLUT1, to focus on glycolysis resulting in 

increased cell proliferation.  

 

- Avoiding immune destruction: tumors have the capacity to avoid immune system anti-

tumoral effects by, for example, secreting TGF-β and other immune-suppressive factors 

to reduce cytotoxic T cells and natural killer cells effects. 

 



165 
 

Thus, cancer’s hallmarks are not only due to cancer cells, but also to the contribution of cell from 

the tumor microenvironment. Hence, our work on NRPs is relvant as they are expressed on 

many cells from the microenvironment and involved in many cancer’s hallmarks. 

 

III) Neuropilins: new target involved in many cancer hallmarks 

 

Our focus was on NRPs, the VEGF co-receptors already known to be involved in stimulating the 

VEGF/VEGFR signaling pathway resulting in exacerbated angiogenesis and 

lymphangiogenesis. Cao et al. already highlighted the role of NRPs in ccRCC proliferation, 

migration and invasion [91,92]. NRPs are not only expressed on endothelial cells but also on 

cancer and immune cells. Hence, they play a key role not only in angiogenesis and 

lymphangiogenesis but also in tumor growth and immune system (in)activation. Indeed, Cao et 

al. showed that NRPs are expressed on ccRCC cancer cells compared to the VEGFs receptors 

[92]. This highlights why NRPs might be relevant targets for ccRCC.     

Our first objective was to determine the effect of NRPs’ inactivation on ccRCC by genetic 

disruption (by shRNA and by CRISPR/Cas9). 

 

IV) Genetic modulation by shRNA and CRISPR/Cas9 

 

1) NRPs genetic down-regulation by shRNA 

Though shRNA only partially decreases gene expression, we still wanted to use the same 

shRNA sequences as Cao’s team to decipher NRPs’ role in ccRCC at longer time points. Indeed, 

after 48 hours, we showed that the partial disruption of NRP1 slightly decreased cell proliferation 

and the partial disruption of NRP2 increased cell proliferation (Cao’s team obtained no effect at 

48h). Furthermore, though Cao’s team obtained no effect on ccRCC migration after 24 hours 

[92], we decided to measure NRPs’ partial disruption effects during 10 hours to avoid cell 

proliferation and death’s impact on their migration. At 10 hours post seeding, NRPs’ partial 

disruption decreases cell migration velocity, which was not observed after 24 hours.  

Thus, though shRNA only disrupts NRP expression by 60%, these different experiments 

enabled us to decipher more precisely the role of NRPs in ccRCC as compared to Cao’s team 

[91,92]. An interesting observation is that targeting NRP1 decreases cell migration and slightly 
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cell proliferation. However, targeting NRP2 decreases cell migration but increases cell 

proliferation. Thus, according to these results, NRP1 should be targeted but not NRP2. 

However, we still wanted to confirm these results with CRISPR/Cas9 technology, which totally 

invalidated the NRPs genes. 

 

2) NRP genetic invalidation by CRISPR/Cas9 

With CRISPR/Cas9, we managed to obtain a total disruption of NRPs. In our mind, by carrying 

the same experiments as the ones carried out for the shRNA down-regulation, we should obtain 

consistent results, but the effects should have been exacerbated. Surprisingly, a total disruption 

of NRP1 did not decrease further cell proliferation as compared to its down-regulation. 

Moreover, NRP2 total disruption decreased instead of further increased cell proliferation. Thus, 

the level of down-regulation (partial versus complete) of NRP2 had opposite effects on cell 

proliferation: 60% down-regulation increased ccRCC cell proliferation, whereas a complete 

invalidation inhibited ccRCC cell proliferation more efficiently than NRP1 invalidation. This 

important difference between NRP2 partial and total disruption might be explained by the 

overexpression of VEGFC induced by NRP2 total disruption. Indeed, we previously, showed in 

the laboratory that VEGFC expression in ccRCC decreases cell proliferation [69]. 

As NRPs have an impact on the (in)activation of the immune system [156,157], we decided to 

determine NRPs’ role in tumor growth on two mice models: immunodeficient (nude mice) and 

immunocompetent (Balb/C). First, in immunodeficient mice NRPs’ disruption on ccRCC delayed 

the initiation of tumor growth and decreased tumor volume and weight as compared to tumors 

generated with control cells. The same experiment was carried out on immunocompetent mice 

to highlight the role of the immune system on tumor growth. NRPs’ disruption in ccRCC cells 

totally inhibited tumor growth compared to tumors generated with control cells. The use of 

immunodeficient and immunocompetent mice will be discussed later (Paragraph VI)  

 

3) Conclusion 

First of all, shRNA gave conflicting results as compared to CRISPR/Cas9. These results 

highlighted the necessity to completely inhibit NRPs’ expression for a maximal therapeutic 

effect. In my opinion, in addition to CRISRP/Cas9 technology, the partial disruption experiments 

are relevant: 

- to assess the role of the NRPS. Indeed, as NRPs are expressed by different cells, our 

first objective was to determine if disrupting NRPs could enable to target different cancer 
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hallmarks and if NRPs could be a relevant target to treat ccRCC. We deciphered their 

implication in cell migration, proliferation, tumor growth and in the immune system 

response. 

- to determine the best inhibition strategy. Indeed, the use of these two disruption 

techniques enabled us to highlight the difference between a partial and a total inhibition. 

Of course, we could only have carried out CRIPSR/Cas9 disruption and observed the 

effect of a 100% NRPs’ disruption on ccRCC cells. However, as we know, chemical 

inhibitors do not inhibit their target at 100%. Thus, the two techniques highlighted the 

specific impact of the level of NRPs’ inhibition. A partial or total inhibition of NRP1 

resulted in the same effects. For NRP2, gene invalidation resulted in decreased ccRCC 

cell proliferation, but down-regulation (60%) had the opposite effect. 

These two disruption techniques (partial/complete) allowed to reach to the conclusion that 

complete inhibition of NRP2 represents the best therapeutic strategy for the treatment of 

ccRCC by inhibiting different cancer hallmarks: proliferation, migration, tumor growth, 

immune tolerance. Genetic invalidation cannot be implemented for patient’s treatment. 

Therefore, our objective was to mimic this invalidation with pharmacological inhibitors.  

NRPa-308 was developed as a NRP1 inhibitor by the chemists from University Paris-

Descartes and was already tested on breast cancers. As for the breast cancers, NRPs’ 

expression was correlated to ccRCC aggressiveness. Hence, we tested the relevance of 

NRPa-308 on experimental models of ccRCC.  

 

V) Inhibition by NRPa-308 compound 

 

1) NRPa-308 in-vitro efficacy on ccRCC cells 

One of the objectives was to compare its efficacy to those of sunitinib, one of the current 

reference treatments. We highlighted that NRPa-308 inhibited cell proliferation and migration 

more efficiently than sunitinib and was less toxic on normal cells. As presented before (2.3 

EG3287 and its derivates), a NRP1 inhibitor, EG00229, already exists but its anti-proliferative 

effects are less important than those of NRPa-308. The availability of ccRCC cell lines knock-

out by CRISPR/Cas9 for each NRP, allowed determining the specificity of NRPa-308 for each 

NRP. Thus, we highlighted that NRPa-308 acts preferentially through NRP2 and inhibited 

NRP2/VEGFC binding in a reverse dose-dependent effect compared to NRP1/VEGFA binding 

that is inhibited at higher dose. Furthermore, we highlighted the anti-tumoral effects of NRPa-

308 at low dose with in-vivo studies on immunodeficient and immunocompetent mice.  
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2) NRPa-308 in-vivo effects on breast cancer cells 

The first studies with NRPa-308 were conducted on breast cancers [154]. Xenografts of triple 

negative breast cancer cells (MDA-MB231) were carried out on immunodeficient mice treated 

trice a week with NRPa-308 at 50mg/kg. NRPa-308 at 50mg/kg (corresponding approximately 

to a concentration of 2000µmol/L) reduced tumor growth and weight. Thus, we decided to 

conduct the same in-vivo experiments with ccRCC cells. 

 

3) NRPa-308 in-vivo effects on ccRCC cancer cells 

Based on the in-vivo results obtained with breast cancer cells and the in-vitro efficacy of NRPa-

308 on ccRCC cells, our first idea was to carry out the same in-vivo experiment as for breast 

cancer, on immunodeficient mice, treated trice a week with 50mg/kg of NRPa-308. However, 

the 50mg/kg dose had no effect on experimental ccRCC. The in-vitro experiments showed that 

NRPa-308 more efficiently inhibited NRP2 at low doses. Therefore, we decided to perform an 

escalation dose in-vivo with the following concentrations: 5µg/kg, 500µg/kg and 50mg/kg. At 

5µg/kg (corresponding approximately to a dose of 0.2µmol/L), NRPa-308 decreased tumor 

growth, weight and the expression of different pro-tumoral, pro-angiogenic, pro-

lymphangiogenic and immunosuppressing factors. The same experiment was carried out in 

immunocompetent mice to decipher the effects of NRPa-308 in presence of the immune system. 

We will talk about this experiment later (Paragraph VI). 

Thus, NRPa-308 is more efficient in reducing ccRCC growth as compare to breast cancers.  

This result was exciting since it combined high efficacy with a low (less toxic) concentration. 

However, our goal was to understand the discrepancy related to the efficient concentrations.  

 

4) On what depends NRPa-308 efficacy? 

To understand why NRPa-308 was less efficient in breast cancers, we focussed on the 

expression of the two NRPs and their principal ligand VEGFA and -C in breast and ccRCC cell 

lines. VEGFA (Figure 16A), -C (Figure 16B) and NRP1 (Figure 16C), are mainly expressed in 

all the breast and ccRCC cell lines. However, we highlighted that in all breast cancers, NRP2 

(Figure 16D) was not expressed as compared to ccRCC.  
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Figure 16. mRNA levels of VEGFA, VEGFC, NRP1 and NRP2 in kidney and breast cancer 
cell lines. Analysis of cbioportal database highlighted the relative levels of VEGFA (A), VEGFC 
(B), NRP1 (C) and NRP2 (D) mRNA in a panel of RCC (769 (769P), 786-O (786), ACHN (A), 
Caki1 (C1), Caki2 (C2), RCC10 (R10)) and TNBC (BT474 (BT), MDAMB231 (231), MDAMB134 
(134), MDAMB436 (436), MDAMB468 (468)). 

 

Furthermore, recent clonogenicity studies showed that NRPa-308 exerts its cytotoxic effects 

through NRP2. Indeed, after one week of treatment at 0.2µmol/L of NRPa-308, cells with NRPs’ 

disruption and control cells seemed to die (Figure 17A and B). After removing the treatment for 

one week, cells with NRP2 disruption proliferated again as compared to cells that are still 

expressing NRP2 (Control and NRP1 disrupted cells) (Figure 17C). Furthermore, the 

proliferation properties after NRPa-308 treatment were correlated in a reverse dose dependent 

manner to the expression of NRP2 (Figure 17C). Thus, NRPa-308 exert cytotoxic effects mainly 

through NRP2 and was less efficient when NRP1 is present.  
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Figure 17. Influence of NRP2 protein level on NRPa-308 effects. (A) Clonogenicity assays 
on untreated 786-O control or with NRPs disruption cells after 6 days. (B) Clonogenicity assays 
on 786-O control or with NRPs disruption cells after 6 days of NRPa-308 treatment at 0.2µM. 
(C) 786-O control or with NRPs disruption cells were treated for 6 days with 0.2µM and then left 
15 days without treatment. Cells number were then determined and compared to the level of 
NRP2 protein in each type of cells. 

 

This result could explain the better efficiency of NRPa-308 in ccRCC as compared to breast 

cancers that do not express NRP2. Indeed, we showed in-vitro that NRPa-308 exerted its anti-

proliferative effects through NRP2 and at low doses.  

Thus: 

- Cancer cell expressing NRP2, such as ccRCC: NRPa-308 acts through NRP2 and is 

efficient at a low dose, as shown in-vivo. 

- Cancer cells that are not expressing NRP2, but NRP1, such as breast cancers: NRPa-

308 can act only through NRP1 and, as shown previously when cells are expressing only 

NRP1, NRPa-308 is less efficient. Hence, we observed in-vivo in breast cancers that 

NRPa-308 is efficient at higher doses. 
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5) Conclusion 

Through these in-vitro and in-vivo studies on ccRCC, we highlighted that NRPa-308 is a “hit” 

molecule with an anti-tumoral role at low dose for cancers expressing only NRP2 or NRP2 and 

NRP1. However, for cancers expressing only NRP1, NRPa-308 is poorly efficient at low doses. 

Higher antitumor efficient doses that could present toxicity. Hence, more specific NRP1 

inhibitors must be developed.  

As described before, NRPs are involved in the (in)activation of immune response, thus, our next 

objective was to determine the effects of NRPa-308 on the immune system response. 

 

VI) Effects of NRPa-308 on the immune system response 

 

1) In-vivo tests with NRPa-308  

As explained before, cancer cells can inactivate the immune cell response to survive and invade. 

Thus, our objective was to determine the effects of NRPs on the immune system. We are the 

first to have carried out in-vivo experiments using the ccRCC cells with disruption of NRPs in 

immunodeficient but also in immunocompetent mice. Indeed, immunodeficient mice enable to 

highlight the direct anti-tumoral effects of NRPs alone without considering the effect of the 

immune system. However, as NRP are involved in the activation and inactivation of the immune 

system, it was important to determine the NRPa-308’s effects in the presence of the immune 

system. Thus, we carried out the same in-vivo experiments performed in immunodeficient and 

in immunocompetent mice. As soon as one NRP is invalidated by CRISPR/Cas9, the tumors 

did not developed as compared to control cells. This result highlighted that NRP expressed on 

tumor cells might be involved in the inactivation of the immune system.  

The CRISPR/Cas9 clearly showed NRPs-dependent involvement of the immune response and 

the subsequent inhibition of tumor development. Hence, our next objective was to determine if 

NRPa-308 re-activate the immune system response. Indeed, NRPa-308 is targeting the NRPs 

present in tumor cells but also in all the mouse cells. Of course, the invalidation of tumor cells’ 

NRPs influenced the (in)activation of the mice immune response, as shown in the experiments 

performed in immunocompetent mice resulting in the total inhibition of tumor growth. Thus, in-

vivo experiments in immunodeficient and immunocompetent mice were carried out with NRPa-

308. We observed in both cases a decreased tumor growth. Further experiments are required 

to demonstrate that it re-activates the immune response and to determine if a combination of 

NRPa-308 with an immune checkpoint inhibitor might increase NRPa-308 anti-tumoral effects 
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(VII) Combination of NRPa-308 with immune checkpoints inhibitors). Experiments should also 

be performed to identify the main anti-tumoral target of NRPa-308; the NRPs expressed by 

tumor cells or by immune cells. Conditional NRPs’ KO mice will be an asset to answer this 

question. 

 

2) Conclusion 

In-vivo studies in immunodeficient and immunocompetent mice showed that NRPs expressed 

on tumor cells are responsible of tumor growth but also of the inactivation of immune system 

response. We also highlighted, with both in-vivo experiments, that NRPs inhibition by NRPa-

308 is efficient to disrupt tumor growth and the pro-tumoral effects of the immune system.  

Thus, these experiences with NRPs inhibited by CRISPR/Cas9 and by the NRPa-308 inhibitor 

highlight that targeting NRPs is a relevant strategy to treat ccRCC as it enables to target different 

cancer hallmarks: tumor growth, migration and immune system.  

 

VII) Combination of NRPa-308 with immune checkpoints inhibitors 

 

As stated before, NRPs are involved in the regulation of immune checkpoints such as PD-L1 

through HGF/c-MET (3.4 HGF/cMET). Thus, after in-vivo experiments we decided to measure 

the mRNA expression of different immune checkpoints in the tumors gathered from the mice 

(immunodeficient and immunocompetent) after the treatment by NRPa-308. All the pro-tumoral 

immune factors are decreased after NRPa-308 treatment. However, analysis of the tumors’ 

infiltrated cells by flow cytometry must be performed to deep insight in the global mechanism of 

action of the drug, which can put forward the relevance of a combination between NRPa-308 

and an immune checkpoints inhibitor. 

Several immunotherapies alone or combined with anti-angiogenics showed promising results 

(4.6 Anti-angiogenics and immunotherapies combinations). With most of these combinations, 

PFS and OS are increased compared to the current reference treatment, sunitinib.  

Thus, combining NRPa-308 with either nivolumab (anti PD-1), ipilimumab (anti CTLA-4) or 

atezolizumab (anti PD-L1) would be interesting. However, the availability of syngeneic models 

is limited (only RENCA cells can be used). Hence, in-vivo experiments are poorly demonstrative. 

Moreover, the “mice” antibodies to perform these combinations in immunocompetent mice are 

very expensive. An alternative is to inactivate these immune checkpoints by siRNA in RENCA 
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cells before injecting them to immunocompetent mice and then treat mice with NRPa-308 

treatment. 

 

VIII) In-vivo ccRCC metastatic models 

 

In-vivo studies are an important step to assess the efficiency of a drug in a complete organism 

including tumor microenvironment effects, and so to mimic in the best way the effects that will 

be obtained in the clinic. Furthermore, advanced ccRCC is mainly metastatic and metastasis 

are the main causes of death linked to ccRCC. Thus, it would be important to assess the effects 

of NRPa-308 on the formation and on the growth of metastases. Different in-vivo models of 

metastasis are the following: 

Cell line xenografts injections enable to test rapidly drug’s effects on the primary tumor. This 

technic enables to study the early stages of tumor development and the effects of a drug on 

these early stages of tumor development. However, its effects on metastasis cannot be 

determined this way. Different technics exist with cell lines to evaluate metestatic dissemination: 

i) injection of tumor cells in the blood stream to observe lung metastasis; ii) orthotopic injection 

in the kidney or tumor cell xenografts. When the limit point is reached, the kidney or tumor 

xenograft is removed and measured. Mice are still monitored for several days before observing 

lung metastases. Another option is to reiterated injections of cell from primary tumor in the kidney 

or the lung to generate more aggressive cells as suggested by Cooley’s team [161]. For my in-

vivo experiments, (xeno)grafts were preferred since we considered it mimics a metastatic 

situation. However, in immunodeficient and in immunocompetent experiment, most of the mice 

in the control and in the high doses (500µg/kg and 50mg/kg) were sacrificed because of their 

weight loss, sometimes even before reaching the tumor volume limit point. Thus, we could not 

pursue the experiment up to observe metastatic site. Cao’s team [92] carried out these 

experiments in immunodeficient mice with the injection of 2x106 786-O cells (control and NRP 

disrupted cells by shRNA) and observed pulmonary metastasis 4 months after the removal of 

the xenografts. We carried out the experiment with 3x106 786-O cells treated with NRPa-308, 

maybe by injecting less cells we would have been able to maintain acceptable mice weight 

longer and carried out the experiment until the end. Furthermore, according to the implication of 

NRPs on the immune system, these experiments should have been carried out in 

immunocompetent mice.  However, establishing this type of experiment with RENCA cells is 

challenging as a few hundred of RENCA cells (about 300000 cells) are sufficient to induce 

rapidly a high tumor volume. Thus, to set up this experiment, it is necessary to inject different 

cell number to determine the best dose consistent with the observation of metastases. In 
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addition to the difficulty to establish metastatic models, experimental tumors generated with 

primary cells are long to develop in nude mice (more than 4 months) and the cells lose the 

original tumor heterogeneous characteristics after several passages and the time period of 

culture in culture media [162]. Thus, cell line xenograft is a good technic to determine the effect 

of a drug rapidly and in the early stages of the tumor development. However, it does not reflect 

exactly the clinical reality, particularly the metastatic development. 

Genetically engineered mouse models are obtained either by the introduction of the DNA of an 

oncogene of interest in fertilized egg, or the knockout of a tumor suppressor gene in embryonic 

stem cells [162]. These models enable the understanding of tumor initiation, the relapse on 

therapies in the appropriate tumor microenvironment. However, these spontaneous initiated 

tumors are generated from mouse cells and do not reflect human tumors characteristics and 

responses to drugs. Moreover, the time to obtain these kind of tumors is very long (around 1 

year) [162].  

The model that reflects the most clinical human tumors are the PDX (Patient-Derived 

Xenografts). They are piece of human tumors directly injected subcutaneous or orthotopically to 

highly immunodeficient mice (non-obese diabetic (NOD) mice), preventing any in-vitro genetic 

modifications of the tumor cells as it is observed in cell lines after many passages. Orthotopic 

injection have an advantage as it enables to mimic more precisely the microenvironment around 

the tumor and it induces more spontaneously metastasis, as compared to subcutaneous 

injection [162]. Compared to the two other technics, PDX are the best models to study 

metastasis, but PDX are injected in immunodeficient mice. Hence, the tumor microenvironment 

does not reflect perfectly clinical reality. Thus, PDX models are the best technics to mimic clinical 

drugs’ effects and to improve drug development. However, this technic’s disadvantages are its 

high costs, the difficulty to establish metastasis and the absence of the immune system in the 

microenvironment [162]. To overcome this last disadvantage, humanized mice, injected with 

human immune cells are developed, which by interacting with PDX, can mimic precisely clinical 

reality [162]. In the case of ccRCC, PDX models have widely been used to test sunitinib, 

everolimus or cabozantinib treatment for example, but also to study sunitinib-resistant tumors 

from patients [163].  

Another metastatic model is the zebrafish embryo. Indeed because of its transparency, tumor 

growth, invasion and metastasis are easy to evaluate with high resolution in-vivo imaging 

technics [164]. Fluorescently labelled human tumor xenotransplantation, generally in the yolk 

sac because of its acellular characteristic, can be carried out on zebrafish embryos. The 

xenotransplantation is done on 2 days post-fertilization embryos to have a large transplant site 

and before the adaptative immune response establishment [164]. Zebrafish are a rapid technic 
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to obtain and measure the effects on metastasis, generally observed in the tail. Furthermore, 

interactions with cells from the tumor microenvironment can also be observed by co-injecting 

these cells, labelled with another fluorochrome, at the same time as the tumor cells. The biggest 

advantages of this technic are: i) a large number of zebrafish embryos can be produced and 

hosted simultaneously for one experiment; ii) tumor engraftment take only 2 to 3 days (compared 

to weeks/months for mice) and metastasis are also observed maximum a week after tumor 

injection [164]. However, the main disadvantage is the conserved genome of 70% between 

human and zebrafish and the absence of important genes involved in the tumor development, 

such as BRCA1 (tumor-suppressor gene), which could influence tumor growth and invasion but 

also suppress some interactions between the tumor cells and the host cells that are necessary 

like for hematopoiesis [164]. Thus, comparing to the previous technics described, zebrafish 

enable to study drug effects on metastasis rapidly and to study many different conditions (drug 

dose-dependent effects for example).  

The chick chorioallantoic membrane (CAM) is present in fertilized eggs and contains numerous 

blood vessels, that are easy to observe with a microscope [165]. Furthermore the CAM is 

composed of three epithelium layers: the ectoderm (at the air interface), the mesoderm and the 

endoderm (at the allantoic sac interface), and contains extracellular matrix proteins, which 

imitates well the tumor environment [166]. It can be used as a low-cost metastatic model but 

CAM assay is less used for metastatic than for angiogenic measures [166]. Human cancer cells 

are mixed with Matrigel and graft to the CAM at day 11 until day 14. At day 14, the invasion of 

cancer cells from the ectoderm to the mesoderm is visible [166]. After collecting the membrane, 

qPCR or immunohistochemistry can be carried out to determine the presence of metastatic 

human cancer cells in the inferior membrane and in the organs [166]. 

 

I consider that all these different metastatic models have their advantages and disadvantages. 

In the laboratory, the easiest model to use is cell lines xenografts but the other models described 

are, for me, more complete in terms of tumor/microenvironment interactions. Considering time 

saving, zebrafish is, for my point of view, the best choice to decipher drug’s role on metastasis. 

However, the human/zebrafish genome differences and the absence of some organs in the fish 

may influence the tumor behaviour. Thus, the model, which mimics the clinic reality is the PDX 

model with humanised mice. However, such experiments need a longer time frame and their 

costs are more important. In any case, all these in-vivo metastatic models must be developed 

continuously to get closer to clinic responses as they are a key step before early phase studies.   
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IX) In-vivo ccRCC angiogenic models 

 

ccRCC being one of the most vascularized tumors, determining the effects of NRPs chemical 

inhibition is an important step. In-vitro assays enable early and quick studies of angiogenesis. 

These assays consist in proliferation, migration or tube formation measurements, and each 

assay focusses only on one characteristic of angiogenesis. Thus, they do not mimic the reality 

[165].  

In-vivo assays allow to test the effects of a drug on angiogenesis in a complete organism [165]. 

As described in the previous paragraph, zebrafish experiments represent interesting in-vivo 

models due to the number of embryos available for one experiment and to its transparency to 

observe vascularization processes. Furthermore, transgenic zebrafishes have been developed 

to exhibit blood vessels expressing green fluorescent protein and blood cells another fluorescent 

protein to observe the formation of new vessels and the impact of the treatments [165]. However, 

the main disadvantage of working on embryo is to determine if the newly formed vessels 

originate from vasculogenesis or angiogenesis processes [165].  

The chick chorioallantoic membrane (CAM) can also be used for angiogenic assays [165]. We 

tested this technic by transferring the entire membrane from the egg to a petri dish, which favors 

the observation of the CAM. However, the reproducibility from an embryo to another is a real 

concern [165]. Furthermore, even though one of its advantage is its low cost, the transfer from 

the egg to the petri dish is technically difficult to avoid sample loss. To conclude, for me, this 

technic, if well-controlled, allows a great visualization of blood vessels and of the effects of a 

drug on angiogenesis.  

Angiogenesis assay can be carried out in the cornea; indeed, cornea is transparent and does 

not contain vasculature. Thus, any newly blood vessels are the result of angiogenesis and this 

technic has been widely used to test pro-angiogenic factors [165]. However, the ethic problem 

and the technical problems are important issues. [165].  

Matrigel plugs saturated with pro/anti-angiogenics or drugs and implanted subcutaneously in 

mice have been used several times. After a few days, Matrigel plugs are immunohistology 

stained with CD31 to count the number of vessels [165]. As for the cornea, this technic allows 

the evaluation of the effect of pro-angiogenic factors on the formation of blood vessels but not 

for anti-angiogenics. 

Angiogenesis can also be measured directly on xenografts by immunohistology staining of the 

blood vessels in the tumors. For us, this was the most suitable technic to implement.  
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To conclude, our objective being to investigate the anti-angiogenic effect of NRPs inhibition, 

cornea and Matrigel plug assays are not suitable. Thus, zebrafish, CAM and xenograft 

immunohistology staining were the most useful technics in our case. In the laboratory, the two 

technics that could be carried out are CAM and xenografts on mice. As said before, we tested 

CAM assays, but we were still not enough experienced to obtain reproducible results, but for 

me this technic is interesting since the visual assessment is direct. Thus, we carried out 

xenografts and stained them with CD31 to measure the number of blood vessels in control mice 

and mice treated by NRPa-308. For me, CAM and zebrafish are the best “visual” technics to 

evaluate the effects of a treatment on angiogenesis. However, the zebrafish model is more 

relevant for a statistical point of view since the number of available samples for one experiment 

is important.  

 

X) NRPa-308 in-vivo bioavailability at the tumor 

 

The efficacy of NRPa-308 was observed at a low dose of 5µg/kg, corresponding to 0.2 µmol/L. 

However, the first question to assess after animal experimentations is the real dose of NRPa-

308 available at the tumor site. This experiment requires mice plasma or the tumors for NRPa-

308 measurement by HPLC. For me, this is a very interesting experiment for the development 

of a drug, indeed the determination of the ADMET (Absorption, Distribution, Metabolism, 

Excretion and Toxicity) properties of a drug are the main steps of preclinical studies. Thus, the 

determination of drug bioavailability in the tumor should be performed as a routine for each 

animal experiments, which is not yet the case in the laboratory. 

 

XI) Targeting specifically NRP1 

 

All our in-vitro and in-vivo experiments highlighted that: 

i) The total inhibition of NRP2 is the best therapeutic strategy for ccRCC 

ii) NRPa-308 is a “hit” molecule to treat ccRCC since it is efficient at low doses  

iii) For cancers that are not expressing NRP2 but only NRP1, NRPa-308 is efficient at 

high doses. 
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Thus, one of our perspectives is to develop NRP1 specific inhibitors to treat this last type of 

cancers. Docking studies deciphered the binding mode of NRPa-308 on each NRP and the 

composition of NRP1 and NRP2 binding pockets. NRPa-308 binding mode differs between 

NRP1 and NRP2: NRPa-308 binding into NRP1 is more flipped than its binding into NRP2. In 

both cases, NRPa-308 binding is stabilized by hydrogen bonds, π-stacking and hydrophobic 

interactions. However, the comparison of NRP1 and NRP2 structures highlighted that the 

residues forming each binding site differ and that the NRP2 binding site is larger and more open 

than the NRP1 binding site. These results could explain the better affinity of NRPa-308 to NRP2 

than to NRP1.  

However, these differing residues between NRP1 and NRP2 are also an advantage to obtain a 

specific NRP1 inhibitor for the treatment of cancers expressing only NRP1 such as breast 

cancers. Thus, our current strategy is to optimize NRPa-308 structure based on the specific 

residue of NRP1 binding pocket to obtain a molecule more specific to NRP1 than to NRP2.  

 

XII) Parallel studies on NRPa-47 

 

As stated before (1)Screening of NRPa-47 and NRPa-308), NRPa-47 was selected as a NRP1 

inhibitor through the same screening as NRPa-308. Thus, it gives us another opportunity to 

obtain specific NRP1 inhibitors. Indeed, parallel studies on NRPa-47 highlights its anti-

proliferative and anti-migrative effects on 786-O cells with an IC50 around 0.34µM (unpublished 

data). Furthermore, its structure is easier to optimize as compared to NRPa-308 (Figure 18A). 

The docking of its binding on NRP1 showed that its benzimidazole and its benzodioxane cores 

are oriented into NRP1 binding pocket and forms different hydrogen bonds with the residues 

from this pocket. It also highlighted that the methyl points out of the binding pocket (Figure 18B). 

       

Figure 18. NRPa-47 inhibitor. A. NRPa-47 structure. B. NRPa-47 binding docking on NRP1. 

 

A B 
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As the methyl group (in purple) of NRPa-47 is pointing out of the binding pocket, we decided to 

optimize NRPa-47 by integrating new groups at this position to improve its solubility (Figure 19). 

If modifying this position does not alter its binding to NRP1, further studies are planned. Indeed, 

NRPs have the capacity to enter in the cells after ligand’s binding. Thus, the integration of 

fluorescent probes at the methyl position could enable to determine the traffic of NRPa-47 into 

the cells. Ultimately, according to this result: 

i)  NRPa-47 could be used as a transporter of more cytotoxic drugs to the targeted 

cells: these drugs would be linked by a spacer arm to NRPa-47 at this methyl 

position. NRPa-47 by binding to NRP1 would enter (if proved with the fluorescent 

probe) into the cells and would free the cytotoxic drug. 

ii) NRPa-47, or NRPa-308, with the fluorescent probes could be used in in-vivo studies 

to observe where the NRPs inhibitor goes and, for example, if it accumulates more 

in the tumor microenvironment or not. 

Optimizations on the benzimidazole (in red) and on the benzodioxane (in orange) cores could 

improve the specificity of NRPa-47 to NRP1 and its efficacy (Figure 19). 

 

Figure 19. NRPa-47 structure optimizations. In purple, optimization to improve NRPa-47 
solubility. In red and orange, NRPa-47 optimizations to improve its specificity to NRP1. 

 

I performed the optimizations of the methyl positions at Institute of Chemistry of Nice (ICN). They 

are pursued, in parallel with the optimizations of the two cores, at the University Paris-Descartes.  

 

Thus, working in parallel on NRPa-308 and NRPa-47 optimizations gives us many opportunities 

to obtain specific NRP1 inhibitors to target cancers expressing only NRP1 such as breast 

cancers. 
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PART V: CONCLUSION 
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Conclusion 

 

These studies pointed out the relevance of Neuropilins’ targeting to overcome resistance to anti-

angiogenics. Indeed, NRPs are expressed on different cells from the tumor microenvironment: 

tumor, endothelial and immune cells. Their knockout highlighted their involvement in many 

cancer’s hallmarks: proliferation, migration, tumor growth and immune suppression. NRP2 

knockout is more efficient than NRP1 knockout in decreasing pro-tumoral characteristics: 

proliferation, migration or tumor growth for example.  

Despite the number of NRPs inhibitors currently developed by different teams, the majority have 

not yet shown anti-tumoral effects or did not enter in clinical trials. The collaboration with the 

chemists from University Paris-Descartes as allowed the discovery of NRPa-308 thanks to a 

screening based on the virtual binding to NRPs.  

In ccRCC, NRPa-308 exerts greater in-vitro and in-vivo effects through NRP2 and at low dose 

(0.2µmol/L) confirming the crucial role of NRP2 in the aggressiveness of ccRCC. Thus, NRPa-

308 is an inhibitor that enable to inhibit different cancer’s hallmarks in the ccRCC: proliferation, 

migration, tumor growth and the formation of functional blood vessels. The previous studies 

carried out on breast cancers highlighted an anti-tumoral efficacy of NRPa-308 at higher doses 

(2000µmol/L), explained by the absence of NRP2 in these cancers and the lesser affinity of 

NRPa-308 to NRP1. Thus, NRPa-308 is a “hit” molecule for the treatment of ccRCC, that are 

expressing NRP2. However, for cancers that do not express NRP2 but only NRP1, NRP1 

specific inhibitor have to be developed. For this, our collaboration with the chemists continues 

and the strategy is to optimize NRPa-308 according to the residues from NRP1 binding pocket 

that differs from the ones of NRP2 binding pocket. We also started to optimize NRPa-47, the 

second inhibitor of NRP1 obtained through the screening, which can give us more opportunities 

to obtain specific NRP1 inhibitors according to its structure and its docking. 

 

All these studies were compared to sunitinib, which was the reference treatment for ccRCC until 

recently. Indeed, since 2020, immune checkpoints inhibitors and their combination with anti-

angiogenics, notably with axitinib, have become the new first line reference treatments. 

However, the main disadvantages of these new reference treatments are: 

i) their formulation: injections at the hospital versus a tablet for sunitinib, which is for 

the patient’s quality of life important to be considered;  

ii) their cost, which is a very important concern for the vast majority of patients to have 

access to healthcare.  
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Thus, the next tests on NRPa-308 or the NRP1 specific inhibitors should be compared to these 

combination of immune checkpoints inhibitors/anti-angiogenics and still to sunitinib as many 

patients will still have only access to this treatment.  

 

Our objective was to define an alternative therapeutic strategy if the reference failed. NRPa-308 

showed promising result for the treatment of ccRCC. However, further studies on NRPa-308 are 

still needed to confirm its relevance for ccRCC treatment, such as its in-vivo bioavailability and 

its efficacy on metastatic models. After that, further studies should be carried out by specialized 

laboratories or societies to determine if NRPa-308 is a “lead” molecule for the treatment of 

ccRCC.  
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Appendix 1. ccRCC treatments’ chemical structure. 
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Appendix 2. NRPs inhibitors’ chemical structure. 
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Appendix 3. Article 3.  

 

The combination of bevacizumab/Avastin and erlotinib/Tarceva is relevant for the 

treatment of metastatic renal cell carcinoma: the role of a synonymous mutation of the 

EGFR receptor. Theranostics. 2020. 

 

Renaud Grépin, Mélanie Guyot, Aurore Dumond, Jérôme Durivault, Damien Ambrosetti, Jean-

François Roussel, Florence Dupré, Hervé Quintens and Gilles Pagès. 
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Appendix 4. Review 1.  

 

Les Neuropilines, des cibles pertinentes pour améliorer le traitement des cancers. 

Médecine/sciences. 2020. 

 

Aurore Dumond, Luc Demange and Gilles Pagès. 
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Appendix 5. Review 2.  

 

Neuropilins, as relevant oncology target: their role in the tumoral microenvironment. 

Frontiers in Cell and Developmental Biology. 2020. 

 

Aurore Dumond and Gilles Pagès. 
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Appendix 6. Patent: New anti-VEGFC antibodies and uses thereof.  

 

 

The present invention concerns new anti-VEGFC antibodies and their uses, in particular in the 

prevention and treatment of cancers and disorders characterized by undesirable lymphatic 

endothelial cell migration and/or proliferation. 

 

Inventors: Gilles Pagès, Renaud Grépin and Aurore Dumond. 
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