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Neuropilins are transmembrane glycoproteins that play important roles in cardiovascular and neuronal development, as well as in immunological system regulations. NRP1 functions as a co-receptor, binding numerous ligands, such as SEMA 3 or VEGF and, by doing so, reinforcing their signaling pathways and can also interface with the cytoplasmic protein synectin. NRP1 is expressed in many cancers, such as brain cancers, and is associated with poor prognosis. The challenge today for patients with pediatric brain tumors is to improve their survival rate while minimizing the toxicity of current treatments. The aim of this review is to highlight the involvement of NRP1 in pediatric brain cancers, focusing essentially on the roles of NRP1 in cancer stem cells and in the regulation of the immune system. For this purpose, recent literature and tumor databases were analyzed to show correlations between NRP1 and CD15 (a stem cancer cells marker), and between NRP1 and PDL1, for various pediatric brain tumors, such as high- and low-grade gliomas, medulloblastomas, and ependymomas. Finally, this review suggests a relevant role for NRP1 in pediatric brain tumors progression and identifies it as a potential diagnostic or therapeutic target to improve survival and life quality of these young patients.
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Introduction

Neuropilins (NRPs) are transmembrane glycoproteins found in all vertebrates and are highly conserved across species. Two homologous NRPs isoforms have been identified, namely neuropilin-1 (NRP1) and neuropilin-2 (NRP2). NRPs are non-tyrosine kinase surface proteins that play important roles in neuronal development, cardiovascular development, and in the immune system (1–3). NRPs are co-receptors involved in a wide variety of signaling pathways and have pleiotropic effects on axon guidance, immune responses, angiogenesis, cell survival, migration, and invasion (1–7). NRPs were originally discovered as surface proteins involved in neuronal development by participating to semaphorins axonal guidance (8, 9). They were later identified as a key protein in vascular development because of their interaction with vascular endothelial growth factor A (VEGFA or VEGF) (10). Studies over the past decades have revealed their involvement in a wide range of physiological activities; however, more recent studies have highlighted their role in pathological processes, such as cancers (6, 7, 11). NRPs are overexpressed in a wide variety of cancers, such as pediatric brain tumor, and their overexpression is correlated with a poor prognostic for those patients (12–16).

In children, primary tumors of the central nervous system (CNS) are the second most common cause of cancer after leukemia, accounting for approximately one fourth of all childhood cancers. There are approximately 5,000 new cases diagnosed each year in the United States among children younger than 18 years (17). Actually, this term encompasses a wide range of very different tumors, with different treatment and prognosis. Pediatric brain tumors are equally distributed between supra- and infra-tentorial regions. The most frequent tumors are represented by gliomas and embryonic tumors of the CNS. Although their outcomes have improved over the last few decades, thanks to the combined uses of surgery, radiotherapy, and chemotherapy, those tumors still represent the leading cause of disease-related death in children, and suboptimal long-term outcomes are still frequent, especially in young ages. Indeed, in comparison with age-matched patients who survived extra CNS malignancies, pediatric brain tumor survivors usually present severe cognitive, neurological, endocrine, social, and emotional impairments. It is a crucial need to find new diagnostic markers and new efficient therapeutic strategies by using recent tools to detect important genes and signaling pathways that serve to drive tumor proliferation and which could then be targeted by therapies.

Although the roles of NRP1 in tumor angiogenesis, tumor microenvironment, as well as its possible targeting in tumor progression, have recently been reviewed elsewhere (18–20), in this review, we summarize the up-to-date knowledge on NRP1 and its role in pediatric brain tumors progression. In particular, we detail the role of NRP1 in cancer stem cells and immune system cells during tumorigenesis.



Pediatric Brain Tumors


Gliomas

Gliomas are the most frequently pediatric brain tumors and represent 25% of all brain tumors. They are heterogeneous and are divided into two main categories, low- and high-grade tumors, according to their aggressiveness and their prognosis. Low-grade gliomas (LGGs), such as pilocytic astrocytoma (PA), are usually curable while high-grade gliomas (HGGs), such as diffuse intrinsic pontine glioma (DIPG), are consistently fatal.

LGGs, classified by the World Health Organization (WHO) as grade I or II, comprise several subgroups, including PA, pleomorphic xanthoastrocytomas (PXA), pilomyxoid astrocytomas (PMA), subependymal giant cell astrocytomas (SEGA), low-grade fibrillary astrocytomas, and diffuse astrocytomas. The most common LGG diagnosed in children aged 0 to 14 years is the PA, which accounts for 85% of all LGGs (21). Five-year overall survival is approximately 95% (22), with the exception of tumors with BRAF V600F mutants, which have a higher tumor progression potential and poorer outcome (23). The majority of LGGs exhibit alterations in the mitogen-activated protein kinase (MAPK) signaling pathway, which has led to the targeting of this pathway by MAPK inhibitors. In addition, BRAF mutations are commonly found in LGGs, which has led much research into the therapeutic benefits of BRAF inhibitors. In contrast to LGGs in adults, IDH mutations are almost absent in childhood tumors, and malignant progression is rare (24, 25). The current treatment strategy for LGGs is mainly based on the surgical excision of the tumor, which may prove curative in case of total resection. In the cases of a tumor progression during partial surgical resections, chemotherapy treatments, such as vincristine and carboplatin combination or vinblastine monotherapy, are used. Chemotherapy leads to a progression-free survival (PFS) of 30% to 50% (25). BRAF V600E mutations and CDKN2A deletions are associated with a worse prognosis, with a 10-year PFS of 27% (26). New clinical trials are using molecular profiling to stratify patients and test the efficacy of MEK inhibitors for tumors with BRAF fusions, and of MEK, BRAF, or combined inhibitors for tumors with BRAF V600E mutations. The efficacy of mTOR inhibitors has now been clearly demonstrated in the treatment of SEGA (27). HGGs represent 8-12% of all childhood brain tumors. They are most often represented by diffuse midline gliomas and DIPGs, followed by hemispheric HGGs. Their prognosis remains bleak, with a long-term survival rate of less than 10%. Outcome does not appear to be correlated with the WHO grade of the pediatric tumors. HGGs are phenotypically similar to adult diseases, but molecular studies suggest that the molecular signatures are different (28, 29). The new generation of genomic sequencing has uncovered characteristic alterations in HGGs, such as mutations at position 27 (K27M) in the genes coding for histone 3, or G34R/V mutations (30, 31). The molecular alterations coding for the histone variants H3.3 and H3.1 are present in about 80% of midline gliomas. Other molecular characteristics in HGGs are TP53 mutations (> 85%) and MGMT promoter methylation (32). NTRK gene fusions have been analyzed, which could be targeted by selective TRK kinase inhibitors (33). Standard treatment of HGGs consists of total surgical resections when possible, associated with radiotherapy and chemotherapy. However, to date, the role of chemotherapy remains undefined (34). Patients with H3.1 mutant tumors have a better prognosis than those with H3.3 mutant tumors (35). K27M mutant diffuse midline gliomas and DIPGs are still fatal because surgical resections, even partial, are mostly impossible, because radiation therapy offers only temporary improvement, and because no chemotherapy or targeted therapy has demonstrated a survival benefit.



Medulloblastomas

Medulloblastoma (MB) is the most common malignant brain tumor of the posterior fossa in pediatric, accounting for 15% to 20% of all childhood brain tumors. The survival rate of patients with embryonal tumors of the central nervous system, such as MB, is 54% at 5 years. The prognosis is significantly worse before the age of 1 year: 62% survival rate at 5 years, compared to 81% for children aged 10 to 14 years (36, 37). Because of its embryonic origin, MB occurs more frequently in children than adults, and accounts for only 1% of all adult brain tumors. The 5-year overall survival rate of MB patients is estimated at 75% to 80% in the absence of metastases. Unfortunately, despite treatment, recurrences remain frequent, especially when metastases are present at the time of diagnosis (30% of cases). MB develops within the cerebellum, and some of these tumors will metastasize and disseminate mainly to the leptomeningeal surface of the brain and to the spinal cord. The WHO has defined a histopathological classification for MBs, distinguishing between four groups: classic MBs, desmoplastic/nodular MBs, MBs with extensive nodularity, and large cell/anaplastic MBs. However, this classification is not sufficient to determine the prognosis and the choice of treatment. The WHO studies have highlighted four subgroups of MBs: the WNT subgroup (approximately 10% of MBs), and the sonic hedgehog (SHH) subgroup (approximately 30%), associated with a better prognosis, in contrast to subgroups 3 (approximately 25%) frequently associated with metastasis, and 4 (about 35%) the most aggressive MBs, characterized by a high recurrence rate due to a high potential for metastatic dissemination (38). Current treatments are based on prognostic factors which have led to define four risk groups: low-risk group, associated with a survival rate above 90% (mainly MB of the WNT subgroup); standard-risk group, associated with a survival rate between 75% and 90% (SHH subgroup of MB and group 4 metastatic MB); high-risk group (survival rate between 50% and 75%) and very high-risk group (MYC-amplified group 3 patients with metastatic disease or SHH tumors with TP53 mutations), both associated with a survival rate of less than 50% (in particular group 3 and SHH MB with the TP53 mutation) (39). Treatment begins with surgical resection as complete as safely possible, followed by radiotherapy with or without (for children older than 5 years in the standard-risk group) chemotherapy. The conventional dose of the craniospinal radiotherapy is 36 Gy for high-risk group patients, and 24 Gy for standard-risk group patients, followed by a 54 Gy boost to tumor bed. For low-risk group patients, current clinical trials are designed to de-intensifying the dose of craniospinal radiotherapy in an attempt to reduce long-term side-effects. In patients younger than 3 to 5 years, radiotherapy tends to be avoided and replaced by an intensive chemotherapy (40). Significant side-effects, secondary to surgical resection, radiation therapy, and chemotherapy, are frequently observed and include cerebellar mutism, neurocognitive deficits, hearing loss, and endocrine pathologies (41).



Ependymomas

Ependymomas (EPNs) are the third cause of malignant brain tumors in children. These tumors affect mainly the children younger than 5 years. EPNs are usually located in the posterior fossa (70% of cases), but they can develop anywhere within the central nervous system. The histological grade score of the tumor is not reproducible and has no prognostic impact. Recent advances in molecular biology confirm that, depending on their localization (spinal, supratentorial, or posterior fossa), EPNs are different diseases. These tumors have a worse prognosis in children than in adults (38, 42). EPNs are characterized by a fusion between the C11ORF95 and RELA genes in 72% of cases. This alteration leads to the sequestration of the fusion protein within the nucleus and results an aberrant activity of the oncogenic NF-κB signaling pathway (43). Pediatric supratentorial EPNs (ST-EPNs) are dominated by the subgroups ST-EPN-RELA and ST-EPN-YAP1, while the subgroups PF-EPN-A and PF-EPN-B are predominant in posterior fossa ENPs (PF-EPN). In supra tentorial locations, YAP1-fused EPNs are correlated with a better prognosis (44). Conversely, a poor prognosis is frequently associated with PF-EPN-A (survival rate < 50%). PF-EPN-B occurs in older children and adults and has an excellent outcome (45). The current treatment strategy for EPNs is a surgical tumor resection, whose extensions is a major prognostic factor, always followed by radiotherapy (59 Gy to the tumor bed), except for children younger than 1 year. As with gliomas, the efficiency of chemotherapy is still debated and is the object of current clinical trials.



Other Pediatric Brain Tumors

There is a wide diversity of pediatric brain tumors that are very rare, accounting for less than 30% of all tumors. Some of them, such as the choroid plexus papillomas, a benign (WHO grade I) neuroepithelial intraventricular tumor, have an excellent prognosis after complete surgical resection when they occur in children. Other tumors, such as craniopharyngiomas, arising from the sellar region, also have a very good overall survival after complete resection, but relapses may later occur that necessitate a complementary treatment by radiotherapy. The excellent overall survival of these tumors is unfortunately impaired by endocrine, and often visual, sequelae.

Other embryonal tumors of the CNS, like atypical teratoid and rhabdoid tumors, and embryonal tumors with multilayered rosettes, are highly aggressive, poorly differentiated, and occur predominately in young children. Their treatment is therefore very challenging, and their prognosis is still grim.

Unfortunately, despite the progress made in recent decades in the management of these cancer types, the effectiveness is still suboptimal and sequelae are frequent. Indeed, chemotherapy has been shown to provide significant toxicities and adverse side effects (46, 47). Similarly, radiotherapy induced many late side effects, especially for young patients, such as neurocognitive and neuroendocrine deficits, bone and soft tissue hypoplasia, and secondary benign or malignant tumors (47, 48). The current challenge is to improve the survival rate of patients with pediatric brain tumors while minimizing the toxicity of these treatments. There is, therefore, an urgent need to improve the treatments for brain tumors by finding new potential therapeutic targets. High resolution genomic, epigenetic, and transcriptomic profiling define various sub-classifications, according to tumor location, patient age, and prognosis, and suggest the possibility to develop more adapted treatments.




Neuropilin-1


Physiological Functions and Structure

NRPs are transmembrane glycoproteins specific to vertebrates. There are two members in this family of proteins, NRP1 and NRP2, which are coded by two different genes located on two chromosomes (10p12 for NRP1 and 2q34 for NRP2). NRPs play an important role in biological processes, such as neuronal development, cardiovascular development, and immunological system (1–3). Overexpression of NRP1 causes fetal death in utero of chimeric mice, and the embryos show significant dysfunctions in neuronal development, with ectopic sprouts and defasciculation of nerve fibers (1). Likewise, NRP1 has been shown to be involved in cardiovascular and vascular development, because its abnormal expression in mouse embryos causes anomalies in the cardiovascular system and a dysfunction in blood vessels and capillary formation (1, 2). NRPs are expressed in various cell types, such as neuronal cells, endothelial cells, immune cells, smooth muscle cells, and also tumor cells (1, 3, 10). NRP1 is a multifunctional co-receptor capable of binding to different ligand families involved in diverse biological pathways (Figure 1). Initially, NRPs were mainly known for their key role in axonal guidance mediated by SEMA proteins with their receptors, plexins (2, 49). Subsequently, NRPs were identified as co-receptors of the VEGF family and their receptors (VEGFRs), enhancing the signaling pathway and thus promoting angiogenesis (10, 50).




Figure 1 | Schematic representation of NRP-1 structure indicating the link regions of natural ligands and its involving in the progression of pediatric brain tumors through the control of different biological process.



NRP1 measures 130 to 140 kDa, sharing 44% sequence homology with NRP2, and both glycoproteins have the same structural organization in three protein domains (Figure 1). NRPs are composed of N-terminal extracellular domains, a transmembrane domain and an intracellular domain. The extracellular domains are composed of three subdomains, namely a1a2 (CUB), b1b2, and c. The extracellular domains a and b are both involved in ligand binding, whereas domain c mediates the homo- and hetero-dimerization of NRPs, which seems essential for their functions. Moreover, it has been shown that the a1a2 domain of NRP1 corresponds to the binding domain of SEMA, while the b1b2 domain is able to bind ligands of the VEGF family (51) (Figure 1). NRP1 has no kinase activity of its own but enhances the kinase activity of co-receptors, such as VEGFRs or plexins. Moreover the intracellular domain ends with a consensus sequence (SEA) that allows it to interact with the PDZ protein domains of cytoplasmic proteins, such as synectin (52, 53). Indeed, synectin, also named GIPC1 (GAIP-interacting protein C terminus member 1), is required for stable receptors complex formation (54), and could act directly on different signaling pathways via the RhoA GTPase (55), as well as on cytoskeletal networks for the internalization of α5β1 integrins (56).



NRP1 Ligands and Co-Receptors


Semaphorins and Plexins

NRP1 was originally identified for its role in the nervous system development, particularly through its function as a receptor for SEMA, especially SEMA 3 (49). SEMA are grouped into eight numerically named classes, and only classes 3, 4, 6, and 7 are present in vertebrates. SEMA 3 is one of eight subgroups of the protein family that have a role in guiding axon growth as soluble chemorepellents, which is essential for the structuring of the nervous system (49, 51). They are also involved in cell apoptosis, cell migration, and tumor suppression (18, 51). They consist of seven soluble proteins, designated by the letters A to G, and are secreted by different cell lineages, such as neurons, epithelial cells, or tumor cells (51). Each of the SEMA 3 member has different binding affinities to NRP1, and therefore each SEMA 3 member has a distinct biological function. The binding of the SEMA to NRP1 is established through the a1, a2, and b1 domains (19, 51). This binding requires an association with another family of receptors: the plexins. Indeed, by acting as a co-receptor, NRP1 increases the binding affinity of plexins to SEMA 3. The tri-complex formed by NRP1, SEMAs, and the plexins enhances signal transductions during embryonic development, axon guidance, and immune responses. For example, the interaction between NRP1 and Sema3E/PlexinD1 transforms axonal repulsion into attraction during brain development (57). NRP1 has been found to bind preferentially to SEMA3A, while NRP2 usually binds to SEMA3C or to SEMA 3F (3, 51).



VEGF and VEGFRs

In addition to binding to SEMA, NRP1 is now known to be a receptor for the VEGF family (10). The VEGF family consists of several growth factors, designated A, B, C, and D, as well as placental growth factor (PlGF), whose main role is to mediate angiogenesis and lymphangiogenesis. The classical VEGF receptors are tyrosine kinase receptors called VEGFR-1, VEGFR-2, and VEGFR-3. These three VEGFR have different affinities with VEGF ligands and thereby different biological actions. For example, VEGFR-2, the most known VEGF receptor, binds preferentially to VEGF-A, is expressed mainly by vascular endothelial cells and therefore plays a key role in vasculogenesis and angiogenesis (50). NRP1 was initially identified as a specific receptor for the VEGF-A 165 isoform (10), and more recently, for other isoforms, such as VEGF-A 121 (58). It is the extracellular b1b2 domains of NRPs that are involved in this binding (59). NRP1 seems to act mainly as a co-receptor for VEGFR-1 and -2, an important actor of the angiogenesis, whereas NRP2 is a co-receptor for VEGFR-3, a critical receptor of lymphangiogenesis (50).



Other Ligands of NRP1

NRP1 interacts with other proteins, such as the fibroblast growth factor (FGF) (60), the hepatocyte growth factor (HGF) (61, 62), the platelet-derived growth factor (PDGF) (63, 64) and the transforming growth factor β (TGF-β) (65, 66).

According to the studies of West et al., NRP1 binds to FGF isoforms (FGF-2, 4, and 7) and to their receptor FGFR-1, thus contributing to angiogenesis. The same team also showed that NRP1 binds to HGF, which is involved in various functions, such as cell proliferation, cell migration, and morphogenesis (60, 61). The binding of NRP1 to HGF potentiates the activity of the growth factor with its receptor, c-MET, which promotes cell survival and invasiveness. This potentiation of HGF activity by NRP1 contributes to the development of certain cancers, such as gliomas and pancreatic ductal adenocarcinomas (61, 62). Moreover, the discovery of NRP1 binding to PDGF confers a new role to NRPs in the regulation of PDGF signaling within vascular smooth muscle cells. NRP1 and NRP2 are highly expressed in vascular smooth muscle cells, and their association with PDGF plays a role in the migration, proliferation, and survival of these cells (66), as well as in other cell types, such as in mesenchymal stem cells (67).

Other studies have described that NRP1 plays a critical role in vascular development and homeostasis via the regulation of TGF-β in endothelial cells (65, 66, 68). Indeed, NRP1 binds to TGF-β in its active and latent forms associated with the LAP protein (LAP-TGF-β) via the b1 domain. Moreover, these two forms of TGF-β compete with VEGF 165 for binding to NRP1 (65). In addition to binding to TGF-β, NRP1 can form complexes with all three forms of TGF-β receptors (TGFβR), but has a higher affinity for TGFβR-1 (68). Another study showed that NRP1 in endothelial cells suppresses TGF-β activation and signaling by forming protein complexes with the integrin β8, suggesting an inhibitory role for NRP1 on TGF-β signaling (69).




Involvement of Neuropilin-1 in Pediatric Brain Cancers

The ability of NRP1 to bind to a variety of ligands and receptors involved in different signaling pathways, such as SEMA 3 or VEGF for example, suggests that NRPs are involved in many physiological and pathophysiological processes, such as cancer. Several studies have shown that NRP1 is expressed in tumor cells of many cancers, such as breast cancers (16), lung cancers (70), pancreatic cancers (15), oral cancers (71), or brain tumors, such as gliomas (12, 72) and medulloblastomas (14). Moreover, the overexpression of NRP1 in tumors is associated with poor prognosis for those patients. Indeed, several research teams have noted that, when NRP1 is overexpressed in tumor tissues, such as pediatric brain tumors, the prognosis for those patients was poor in contrast to the patients without an overexpression of the receptor. Therefore, NRP1 overexpression is described as a poor prognostic factor in various cancers, such as lung cancers (70), pancreatic cancers (15), liver cancers (13), breast cancers (16), gliomas (12), and medulloblastomas (14).

Furthermore, the poor prognosis of patients with NRP1 overexpression in their tumor cells is due to the involvement of NRP1 in tumor progression and tumor growth. Several studies have highlighted the link between NRPs and tumor progression in different cancer types, notably in brain cancers. More precisely, NRP1 was expressed in different cerebral tumors at a relatively high level of expression, no matter the type or the grade of the tumor (Figure 2), while the expression of NRP2 seems to be constantly low in all brain tumors (73, 74), demonstrating that its presence alone is correlated with poor prognosis (75). Thus, NRPs have been shown to play an important role in tumorigenesis, tumor development, tumor invasion, and tumor angiogenesis in adult brain tumors.




Figure 2 | NRP1 expression (Log2) in normal brain and pediatric brain tumor samples. Microarray (Affymetrix HG-U133 plus 2) expression of 13 normal, 34 high grade glioma, 15 low grade glioma, 22 medulloblatoma and 46 ependymoma were extracted from the GSE50161 dataset (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE50161). The significance was evaluated by a one-way ANOVA followed by a post-hoc Tukey for multiple comparisons. ****P < 0.001 versus normal brain.



NRP1-mediated tumor invasion and growth has been described in several publications studying gliomas and glioblastomas. NRP1 appears to influence the tumor cell proliferation and migration by interacting with various proteins and signaling pathways. Indeed, Zhang’s team demonstrated that NRP1 mediates glioma progression through its interaction with the intracellular protein GIPC1 via the cytoplasmic C-terminal SEA motif (76). Inhibition of GIPC1 decreases glioma cell proliferation and invasion and increases apoptosis in vitro (76). NRP1/GIPC1-mediated proliferation, angiogenesis, and migration appear to be related to the activation of PI3K/Akt/NFkB signaling pathways (77). Another study suggested that NRP1, in combination with Plexin-A1, was correlated with poor prognosis in glioblastomas and may contribute to tumor growth. A peptide, specifically targeting Plexin-A1, has shown promising results in reducing proliferation and angiogenesis as well as blocking tumor cell spread following disruption of NRP1 and Plexin-A1 heterodimerization (78). On the other hand, some current treatments seem to have an impact on the expression of NRP1 and inversely. The use of temozolomide (TMZ) in combination with inhibition of VEGFR signaling appears to have beneficial effects in the treatment of glioblastomas as TMZ has been shown to reduce the expression of NRP1 and thus induce an increase in treatment cytotoxicity (79). More recently, a study of patient-derived glioblastoma multiforme xenografts in zebrafish and mouse models have reported that depletion of NRP1 inhibits the growth of the tumor and substantially prolongs the survival rate of mice in comparison with VEGF-depletion, by improving sensitivity to TMZ (80). This work has shown that the ablation of NRP1 appears to improve the therapeutic response in glioblastomas (80). NRP1 appears to be a potential therapeutic target, especially as it is involved in the recurrence of tumors, such as GBM, by modulating TGF-β signaling after anti-angiogenic therapies. NRP1 regulates GBM growth and invasion by balancing tumor cell responses to VEGF-A and TGF-β (81). GBMs that recur after bevacizumab treatment show down-regulation of NRP1 expression. The altered balance between VEGF-A and TGF-β signaling mediated by NRP1 is a mechanism that promotes resistance to anti-angiogenic agents (81).

Unlike adult brain tumors, studies in pediatric brain tumors mainly focus on medulloblastomas. NRPs are overexpressed in MB and correlated with poor prognostic (14). Several studies show that targeting NRP1 reduces MB. Indeed, Snuderl et al. obtained MB regression in an intracerebral xenografted mouse model by targeting the PlGF/NRP1 signaling pathway. Inhibition of PlGF/NRP1 decreases tumor growth and metastasis in mice, and increases their survival rate (14). Recent studies have shown the benefit of NRP1 inhibition to decrease MB progression (82, 83). Indeed, Gong et al. show that inhibition of NRP1 prevents the invasion and tumorigenicity of MB cells. This phenomenon is linked to decrease activation of the PI3K/Akt and MAPK pathway in vitro in the Daoy MB cell line (82). Furthermore, NRP1 also appears to be implicated in treatment resistance of pediatric brain tumors. Researchers have shown that targeting 4D phosphodiesterase, interacting directly with NRP1, inhibits tumor growth in vivo, even in mice resistant to vismodegib, an anti-SMO treatment (84). Concerning NRP2, few studies have described its involvement in pediatric brain tumors. It seems to be particularly implicated in SHH subgroup of MBs, because NRPs are involved in Hh signal transduction. This study shows that a knockdown of NRP2 has more anti-tumor effects than a knockdown of NRP1, as loss of NRP2 decreases cell proliferation while loss of NRP1 influences cell migration (85).

Intriguingly, the findings of Ishizuka et al. suggest that NRP1 has a tumor suppressive effect on neuroblastomas, a childhood extra-cranial solid malignant tumor (86). In neuroblastomas, a higher level of NRP1 expression was associated with a longer survival time (86). These findings are in contradiction with the findings of the previous reports on NRP1 in other cancer types described previously in this review.

As detailed above, NRP1 is involved in tumorigenesis in multiple ways, as it is played a role in different signaling pathways. Its best known involvement is in angiogenesis (18, 19), but this review focuses on the role of NRP1 in cancer stem cells (CSC) and in immune system (SI) during brain cancers development.




Neuropilin-1 and Brain Tumor Stem Cells


Cancer Stem Cells in Brain Tumor

Tumor recurrence and the spread of metastases are among the major challenges in the treatment of brain tumors. These events are complicated by the heterogeneity of tumor cells present in all solid tumors, such as brain tumors. Solid cancers are organized in a hierarchical manner, it is suggested that a small number of cells are able to drive tumor growth, this population of cells is called CSCs or initiating cells tumor. Indeed, the CSC hypothesis is that not all the cells in the tumor have the same ability to proliferate and to maintain the growth of the tumor. There are two theoretical models to explain the presence of these CSCs in tumors: the stochastic model, where each cancer cell has the capacity to dedifferentiate into a CSC, and the hierarchical model where CSCs are considered the progenitors of differentiated cancer cells, with the capacity of self-renewal, differentiating, and expanding the pool of CSCs (87–89).

Furthermore, secondary resistances almost constantly occur in cancer, and CSC are suggested as a potential source of this chemoresistance and a lower survival rate. Indeed, CSCs survive chemo-radiotherapy and therefore contribute to multiple drug resistance mechanisms (90). Many mechanisms have been suggested for CSC resistance, such as drug efflux through ABC transporters, over-activation of the DNA damage response, apoptosis evasion, pro-survival pathways activation, cell cycle promotion, and/or cell metabolic alterations (91, 92). CSCs have also been found to be associated with tumor dissemination through the epithelial-mesenchymal transition (EMT), a biological process which increases the invasion and the motility of cancer cells that are essential for distant colonization (93). These CSCs thus contribute to the poor prognosis of cancers (88, 89). CSCs have been characterized in multiple cancer types, including breast (94), colon (95), brain (96), and ovarian cancers (97).

Multiple pediatric brain tumors have been reported to harbor CSCs, including MBs (98, 99) and gliomas (99, 100). Most reports have identified CSCs by isolating the cells which are able to self-renew, differentiate, re-form the initial tumor, and present stem markers (99). In addition, those properties must be demonstrated in vitro, but the CSCs must also present the capacity to develop a tumor in vivo. In a SHH MB model, Zhang et al. unexpectedly found by using single-cell transcriptomics that progenitors of the glial lineage are the cells that propagate rapidly during the initial phase of tumorigenesis, although in complete tumors these cells are quiescent and have stem-like properties. Moreover, these authors showed that MB progenitors are enriched in recurrent and treatment-resistant tumors to cisplatin and cyclophosphamide and may serve as a niche for tumor initiation (101).

Great advances in sorting and identifying CSCs in brain tumors by using various markers have been made during the last decade. The first marker of CSCs in brain tumors was described in a study by Singh et al. (98). They have identified a new population of CSCs: the brain tumor cancer stem cells (BTSC). These cells express the neural stem cell marker CD133, do not present the differentiated cell markers and have the stem cell properties in vitro. The study showed that the CD133 cells have the capacity to form cell clusters derived from clones, such as neurospheres. BTSC renew themselves, proliferate, and differentiate by reproducing the phenotype of the original tumor (98). Their research team have published data showing that BTSC have the capacity to initiate the tumor in vivo (100) and further exploration have shown that CD133+ cells are able to initiate a new tumor in immunodeficient mice, whereas CD133− cells could not (98). Nevertheless, CD133 seems to be not an ideal cancer stem cell marker for pediatric brain tumors. Since then, mouse models have been developed that can classify pediatric brain tumor CSCs based on their expression of CD15 (102), Nestin (103), or Sox2 (104). CD15 (FUT4, SSEA-1) has shown a particular interest as a cancer stem cells marker for pediatric brain tumors as HGGs and LGGs (105) or MBs (106).



NRP1 Signaling Pathway in CSC

Several studies have shown that NRPs signaling promotes CSC survival and tumor aggressiveness (55, 88, 107, 108). Because of their difference in expression, NRP1 and NRP2 are probably different in their ability to promote the functionality of CSCs. Moreover, it seems that they also differ in their signaling properties. Indeed, Grun et al. found that the VEGF/NRP1 signaling pathway was involved in the survival of epidermal cancer stem cells (ECS), contributing to tumor aggressiveness (55). VEGF-A is required to maintain the ECS phenotype and this process does not involve the classical VEGF receptors, but NRP1. Inhibition of NRP1 expression in ECSs reduces spheroids formation, their invasion and migration, and thus decreases tumor development (55). This has been described as well as for breast cancer CSCs (107, 108). Breast cancer CSCs overexpress VEGF-A and NRP1. Zhang et al. demonstrated, using a CSC KO model for NRP1 or VEGF-A, that this signaling axis was necessary to ensure the specific traits of CSCs in vitro and in vivo, and that the VEGF-A/NRP1 axis conferred the strain phenotype to breast cancer cells by activating the WNT/β-catenin signaling pathway (108). In the same way, Liu et al. have shown that NRP1 expression is induced by Wnt/β-catenin signaling in mammary stem cells, and its suppression leads to decreased tumorigenesis in vivo models (107). Furthermore, analysis of pediatric brain tumors databases shows a significant correlation between NRP1 and CD15 for the four analyzed tumor types. This correlation seems especially high for high grade gliomas, and so reinforces the possible role of NRP1 in tumor progression (Figure 3).




Figure 3 | Correlation between NRP1 and CD15 (FUT4) expression in pediatric brain tumors (Genomic characterization has obtained with cBioPortal provided by the Children’s Brain Tumor Tissue Consortium Database; Pediatric High Grade Gliomas: 133 samples; Pediatric Low Grade Gliomas: 261 samples; Medulloblastoma: 130 samples; Ependymomal Tumor: 97 samples). Pearson's correlation coefficient and corresponding p value were given for each tumor types.



However, it appears that the interaction between NRP1 and VEGF is not the only factor of survival for CSCs. Indeed, some studies have shown that the interaction between NRP1 and GIPC1 is also involved in this phenomenon. In epidermal stem cells, NRP1 forms a complex with GIPC-1 and the integrin α6/β4 to activate the FAK/Src signaling pathway that will then allow the stabilization of YAP1/ΔNp63α which, consequently, leads to enhanced ECS survival, invasion, and angiogenesis (109). NRP1/GIPC1 is also a key signal in the deformation character of ECS when it forms a complex with Syx, the guanine-RhoA exchange factor involved in angiogenesis. This interaction improves the spheroid formation, invasion, migration, and angiogenic potential of the cells in vitro. The formation of this complex leads to an increase in the activity of the p38 MAPK pathway, which is dependent on RhoA (109). In combination, when NRP1 or GIPC-1 expression is suppressed, both RhoA and p38 MAPK activity is decreased, leading to the loss of the ECS phenotype and reduce tumor growth (109).

Some studies also attest that NRP2 contributes to CSC function and tumor formation. Its involvement in CSC has been mainly described in breast cancers (110, 111). NRP2 is expressed in CSC of breast cancers and Goel et al. have described that VEGF/NRP2 signaling is important in tumor initiation. Indeed, NRP2 maintains the tumor-initiating cells by stimulating α6β1 integrin, this interaction inducing the FAK/Ras pathway and thus leading to the activation of GLI1. GLI1 also induces BMI-1, a key stem cells factor, which enhances NRP2 expression (111). Another study demonstrates that VEGF/NRP2 signaling pathway contributes to the mammosphere formation (110). This occurs through the inhibition of Rac GTPase-activating protein β2 chimaerin mediated by activation of TAZ, a terminal effector of Hippo signaling associated to breast cancer stem cells (110). This result shows that NRP2 also plays a role in the acquisition of CSC properties in breast cancers (110).

Thirant et al. have isolated cells with the same properties as stem cells in different brain tumors that were associated with poor prognosis. In adult brain tumors, these stem-like cells were isolated only in HGGs. In contrast, stem-like cells have been isolated from different subtypes and grades in pediatric brain tumors (112). Several studies have therefore focused on the function and the target of these brain cancer stem cells via NRPs. Hamerlik et al., working on gliomas, have highlighted that the viability and self-renewal of stem cells, and therefore their tumorigenicity, relies on the VEGF/VEGFR2/NRP1 signaling pathway (72). Their results suggest that inhibiting VEGFR2 or NRP1 in these cells could be a safe therapy in contrast to bevacizumab, a monoclonal antibody targeting VEGF, which remains ineffective against glioma CSCs (72). Recently, a study on glioblastomas has shown that Sema 3C, secreted by glioblastoma stem cells, forms a complex with PlexinA2/D1 and NRP1, promoting glioblastoma self-renewal and sphere formation. This complex is only functional in presence of NRP1 and allows the activation of Rac 1, which is an actor of tumor cells survival (113).

Currently, few studies have investigated the relationship between NRPs and CSCs in pediatric brain tumors. A study conducted by Gong et al. found that NRP1 plays a key role in the undifferentiated phenotype of MB CSC (82). First, they note that NRP1 is over-expressed in MB CSC. Secondly, their results show that, by inhibiting NRP1 via a peptidomimetic specifically targeting the protein, stem cells lose their stem characteristics, such as Sox 2 or CD15. Finally, the loss of NRP1 expression decreases the invasiveness capacity of MB CSC. This study suggests that the use of a molecule targeting NRP1 may have a relevant to target CSC in the case of MBs. This targeting of CSC could prove to be even more effective on survival rates, since several studies have shown that CSC are involved in the dissemination of metastases and tumor recurrence (114). Garg et al. have shown that MBSC CD133+ cells are associated with an increased metastasis and poor clinical outcome (115).




Neuropilin-1 And The Immune System Of Pediatric Brain Tumors


NRP1 Plays a Major Role in the Immune System

Interestingly, NRP1 also plays an important role in cellular immunity, whether in physiological or pathophysiological conditions, such as cancer. However, currently little knowledge of the molecular pathways involved in these functions. The expression of NRP1 has been characterized in different immune cell types, such as macrophages, dendritic cells (DCs), and lymphocytes, in particular regulatory T lymphocytes (LTreg) (116–121) and the NRP1 involvement in immune responses to cancer is summarized in Table 1.


Table 1 | Summary NRP1 involvement in the immune system.



Some research teams working on autoimmune diseases have shown that NRP1 plays a critical role in the regulation of immune responses. Solomon et al. investigated multiple sclerosis with an autoimmune encephalomyelitis (EAE) model of mice deficient in NRP1 on their T CD4+ lymphocytes (LT CD4+) and showed that mice presented aggravated EAE in contrast to mice over-expressing NRP1 on their LT CD4+, which did not develop EAE (133). This suggests an anti-inflammatory role of NRP1, which has also been highlighted in a model of rheumatoid arthritis via the SEMA 3A/NRP1 signaling pathway (117). We know that NRP1 is a functional receptor for semaphorins and is expressed on LTs (117, 131). Although NRP1 is weakly expressed on Tregs isolated from human blood and cannot be used as an identifying marker for circulating human Tregs, it has recently been shown that in humans, NRP1 is expressed on CD4+ tumor-inflitrating lymphocytes (TILs), including Tregs (141). Furthermore, SEMA 4A/Plexin A4/NRP1 signaling has been implicated in the increased number of LTreg cells that are essential for the maintenance of peripheral tolerance and regulation of immune responses, and in the potentiation of their function. Moreover, the formation of the SEMA 4A/Plexin A4/NRP1 complex is linked to an increase in the secretion of interleukin 10 (IL10), an anti-inflammatory interleukin, thus contributing to the regulation of the immune response (136). More recently, it has been shown that the B7-H4 ig protein binds to the SEMA 3A/Plexin A4/NRP1 complex to modulate the Treg response. Since the B7-H4ig protein is associated with the regulation of immunity by reducing CD4+ LT inflammatory responses, this suggests an immune-regulatory role for the SEMA A3/Plexin 4A/NRP1 complex (137). NRP2 is also expressed in T cells (120, 132), and it has been shown that NRP2/plexinA1 interacts with Sema 3F to inhibit mTOR and PI3K signaling in T cells (120). Furthermore, NRP2 co-immunoprecipitated with PTEN, a pro-tumor protein, required by SEMA 3F for the inhibition of mTOR and PI3K pathway (120).

In addition to playing an immune-regulatory role, NRPs are also involved in the immune cell migration. For example, a study showed that SEMA 3A decreases the adhesion capacity of thymocytes expressing NRP1 and induces their migration by a repulsive effect (131). In the same way, the SEMA 3F/NRP2 pathway controls the migration of human T cell precursors (132). In addition, NRP1 and NRP2 are expressed by dendritic cells and play a role in their migration (118, 122). NRP1 forms a complex with Plexin A1, which is known to play a crucial role in DC trafficking. The formation of this complex on the surface of DCs allows the binding of SEMA 3A present in the lymphatic vessels, which then leads to the migration of DCs into the lymphatics (122). Curreli et al. showed that SEMA 3A, 3C, and 3F promote DCs migration and that the function of SEMA 3F on DC migration is related to this binding of NRP2 (118).

Importantly, NRP1 is expressed on the surface of DCs involved in an important step for the initiation of immunity: the recognition of pathogenic antigens. Indeed, DCs are antigen-presenting cells (APCs), which have the ability, via MHC-I and MHC-II molecules, to present an antigen. APCs present antigen by forming an immunological synapse with LTs and thus stimulate their responses. NRP1 is expressed on both the surface of CDs and LTs and appears essential in their interaction to initiate the immune response (123). In particular, in murine model, NRP1 is expressed by LTreg, which improves and prolongs their interaction with DCs during the immunological synapse, thus conferring them a higher sensitivity to antigens (124). Moreover, another study points to NRP1 may be transferred from DCs to LTs within this immunological synapse, allowing them to bind to VEGF-165. These results suggest that NRP1-expressing LTs may be involved in vessel remodeling in secondary lymphoid organs during inflammation (125).

Macrophages, another important player in immunity, also express NRPs (121, 126). They are immune cells present in all tissues and play a role in immune surveillance, inflammation response and resolution, and also contribute to wound healing. They originate from monocytes and NRP1 appears to play a role in their differentiation. Indeed, the expression of SEMA-3A and its receptor, NRP1, significantly increases during the monocyte differentiation into macrophages, and specifically during the monocyte differentiation under conditions favoring the macrophages of M2 phenotypes, which are characterized by anti-inflammatory and pro-angiogenic phenotype. The expression of NRP1 appears to decrease during the monocyte differentiation when conditions are in favor of macrophages with pro-inflammatory M1 phenotype (119). Macrophages also express NRP2 and it appears to be involved in monocyte differentiation into macrophages, but not to the same extent as NRP1 (119, 121).



NRP1 Decreases Efficiency of the Immune System in Cancer

The immune system plays an essential role in our organism, especially during cancer when its immunological surveillance system is essential to control the tumor development and eliminate tumor cells. However, an important aspect of tumor progression is the ability of cancer cells to evade the monitoring and clearance by the immune system. Indeed, tumors cells avoid the immune system by different mechanisms, such as reducing the immune recognition, increasing the resistance to immune attacks, or creating an immunosuppressive microenvironment and recruiting specific immune cells that favor tumor growth and progression (142, 143). Because of their expression in many immune cells and its involvement in the function of immune cells, NRPs have been the subject of some studies concerning its involvement in the deregulation of anti-tumor immunity. However, many unknowns remain to be clarified, and the involvement of NRPs in the antitumor immunity seems to be unclear. MBs had the lowest amount of PD-L1 and cytotoxic lymphocytes of all pediatric brain tumors and, overall, a very small amount of infiltrating immune cells (144). This suggests that the tumor either actively modulates the immune response or simply has little immunogenicity, as it is suggested by the relatively low mutational burden (144). Analysis of pediatric brain tumors database shows a significant correlation between NRP1 and PDL-1 for three tumor types, such as HGGs or LGGs, as well as EPNs, and a weak correlation for MBs (Figure 4). This correlation highlights the possible role of NRP1 in the regulation of tumor immune system.




Figure 4 | Correlation between NRP1 and PDL1 (CD274) expression in pediatric brain tumors (Genomic characterization has obtained with cBioPortal provided by the Children’s Brain Tumor Tissue Consortium Database; Pediatric High Grade Gliomas: 133 samples; Pediatric Low Grade Gliomas: 261 samples; Medulloblastoma: 130 samples; Ependymomal Tumor: 97 samples). Pearson's correlation coefficient and corresponding p value were given for each tumor types.



In the context of cancer, LTreg infiltration is a critical step in tumor development and progression. NRP1 is expressed by LTreg and promotes their immunosuppressive effect by at least two pathways. First, NRP1, by acting as a VEGF co-receptor, will guide the LTreg within the tumor. Data from Hansen et al. show, in a mouse model of melanomas, that this infiltration of LTreg through NRP1 induces a decrease of the anti-tumor immune response and an improvement in tumor progression (138). In a second step, NRP1 maintains the stability and intratumoral function of LTreg cells via the SEMA-4A signaling pathway (136), and the inhibition of NRP1 in intratumoral LTregs promotes the production of interferon-γ (IFNγ), which leads to the fragility of surrounding LTregs, thereby enhancing anti-tumor immunity and facilitating tumor clearance (139).

Recently, NRP1 was found to modulate tumor-specific CD8+ T lymphocytes (LT CD8+) cell responses (134, 135). Indeed, Leclerc et al. demonstrated that NRP1 interacts with SEMA 3A by inhibiting the migration of cytotoxic LT CD8+ within the tumor and inhibiting their tumor cell lysis function (135). Data show that neutralizing NRP1 with a specific antibody improves the migration of LT CD8+ infiltrating the tumor and their cytotoxicity (135). This finding with NRP1 neutralization in an in vivo melanoma model would allow for synergistic action with anti-PD1 therapies in controlling tumor growth (135). However, the role of NRP1 on LT CD8+ is still unclear and controversial. Another study has shown that NRP1 allows cross-presentation: a necessary process against tumors allowing the recognition and destruction of tumor cells by LT CD8+ (134). Indeed, NRP1, expressed on the surface of breast cancer tumor cells, allows the internalization of neutrophil elastase, which results in the cross-presentation of the PR1 antigen and which is necessary for the specific lysis of tumor cells by cytotoxic T lymphocytes (134).

Another immune cell involved in anti-tumor immunity is the macrophage. Tumor-associated macrophages (TAMs) are strongly associated with tumorigenicity. NRP1, via its interaction with SEMA 3A, is involved in their migration. Indeed, the work of Casazza et al. shows that NRP1 controls the recruitment of TAMs within tumors. Its inhibition within macrophages causes a reduction of their pro-angiogenic and immunosuppressive effects and leads to an inhibition of tumor growth and metastasis (127). A recent study demonstrates another mechanism of action of NRPs on macrophages in a tumor context. Thus, NRP2, expressed during macrophage differentiation, is induced by tumor cells and regulates macrophage phagocytosis. NRP2 promotes efferocytosis in macrophages, a phagocytosis that eliminates apoptotic cells in an immunologically silent manner (128). In this study, NRP2 inhibition, in a pancreatic cancer model, results in delayed clearance of apoptotic cells, and lead to increased LT CD8+ and NK cell infiltration within the tumor, consequently decreased in tumor growth. Inhibition of NRP2 may have a direct effect on the ability of TAMs to express their immunosuppressive functions via the expression of IL10 or TGF-β for example (128).

NRPs are, therefore, involved in anti-tumor immunity and it is questionable whether the same is true for brain tumors. The central nervous system was classically considered as an “immune-privileged site,” being immunologically inert and separated from the peripheral immune system by the blood-brain barrier (BBB). However, brain tumors represent a particular case in which the BBB is disrupted to various degrees, and therefore, acquired an innate immunity that may play a role in the development and growth of brain cancers. Most studies have focused on adult gliomas, and very few so far have focused on pediatric brain tumors. Several studies led by Miyauchi et al. have shown that NRP1 is expressed by macrophages and microglia associated with gliomas (129, 130). In their NRP1-deficient mouse model, they suggest that the loss of NRP1 expression by macrophages and/or microglia is associated with delayed tumor growth (129, 130). Another study describes the role of NRP1 on LTreg in glioma and shows that a small molecule antagonist of NRP1 is able to block a glioma-conditioned medium-induced increase in TGF-β production in LTreg (140).




Conclusion

NRP1 were known since the end of the 1990s to play a role in axonal guidance and vascular biology, acting as a co-receptor for plexin and VEGF receptors families respectively. Furthermore, this co-receptor is also expressed by tumor cells and may be involved in the progression of tumors. In this review, we have discussed the involvement of NRP1 in pediatric brain tumors, such as gliomas, MBs, or EPNs. Indeed, the NRP1 signaling pathway is clearly involved in the cancer stem cells maintenance in pediatric tumors, and a significant correlation between NRP1 and CD15 (stem cancer cells marker) has been observed in pediatric tumors database. Moreover, NRP1 is involved in the activation of the immune cells, in particular in the interaction between T cells and DCs. NRP1 may also play a role in the regulation of immunogenicity of tumor cells, highlighted by the correlation between NRP1 and PDL-1. This role is not yet fully investigated, but we will focus our future research on this aspect. Numerous peptides or biological molecules that target NRP1 and whose efficacy has been tested in vitro and in vivo have been developed (19). For the moment, only clinical phase I trials have been performed against NRP1 with monoclonal antibodies. The first has been performed with MNRP-1685A for patients with solid tumors (145) and more recently, with TB-403, targeting the PlGF-NRP-1 axis, in pediatric subjects with relapsed MB (146). To conclude, NRP1, through its different action ways, could be a key protein in the progression of pediatric brain cancers, and could be envisaged as a therapeutic target for these tumors.
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