[image: image1]Revolutionizing pediatric neuroblastoma treatment: unraveling new molecular targets for precision interventions

		REVIEW
published: 27 March 2024
doi: 10.3389/fcell.2024.1353860


[image: image2]
Revolutionizing pediatric neuroblastoma treatment: unraveling new molecular targets for precision interventions
Min Zheng1†, Ankush Kumar2†, Vishakha Sharma2, Tapan Behl3*, Aayush Sehgal4, Pranay Wal5, Nirmala Vikram Shinde6, Bhosale Sachin Kawaduji6, Anupriya Kapoor7, Md. Khalid Anwer8, Monica Gulati9,10, Bairong Shen1*, Rajeev K. Singla1,9* and Simona Gabriela Bungau11,12
1Joint Laboratory of Artificial Intelligence for Critical Care Medicine, Department of Critical Care Medicine and Institutes for Systems Genetics, Frontiers Science Center for Disease-related Molecular Network, West China Hospital, Sichuan University, Chengdu, China
2 Amity School of Pharmaceutical Sciences, Amity University, Mohali, Punjab, India
3Amity School of Pharmaceutical Sciences, Amity University, Mohali, Punjab, India
4GHG Khalsa College of Pharmacy, Ludhiana, Punjab, India
5Pranveer Singh Institute of Technology, Pharmacy, Kanpur, Uttar Pradesh, India
6SMBT College of Pharmacy, Ghoti Kh, Maharashtra, India
7School of Pharmaceutical Sciences, Chhatrapati Shahu Ji Maharaj University, Kanpur, Uttar Pradesh, India
8Department of Pharmaceutics, College of Pharmacy, Prince Sattam Bin Abdulaziz University, Alkharj, Saudi Arabia
9School of Pharmaceutical Sciences, Lovely Professional University, Phagwara, Punjab, India
10Australian Research Consortium in Complementary and Integrative Medicine, Faculty of Health, University of Technology Sydney, Ultimo, NSW, Australia
11Department of Pharmacy, Faculty of Medicine and Pharmacy, University of Oradea, Oradea, Romania
12Doctoral School of Biomedical Sciences, University of Oradea, Oradea, Romania
Edited by:
Ajinkya Revandkar, Massachusetts General Hospital Cancer Center, United States
Reviewed by:
Pasqualino De Antonellis, University of Toronto, Canada
Veronica Ferrucci, University of Naples Federico II, Italy
* Correspondence: Tapan Behl, tapanbehl31@gmail.com; Bairong Shen, bairong.shen@scu.edu.cn; Rajeev K. Singla, rajeevsingla26@gmail.com
†These authors have contributed equally to this work and share first authorship
Received: 11 December 2023
Accepted: 13 March 2024
Published: 27 March 2024
Citation: Zheng M, Kumar A, Sharma V, Behl T, Sehgal A, Wal P, Shinde NV, Kawaduji BS, Kapoor A, Anwer MK, Gulati M, Shen B, Singla RK and Bungau SG (2024) Revolutionizing pediatric neuroblastoma treatment: unraveling new molecular targets for precision interventions. Front. Cell Dev. Biol. 12:1353860. doi: 10.3389/fcell.2024.1353860

Neuroblastoma (NB) is the most frequent solid tumor in pediatric cases, contributing to around 15% of childhood cancer-related deaths. The wide-ranging genetic, morphological, and clinical diversity within NB complicates the success of current treatment methods. Acquiring an in-depth understanding of genetic alterations implicated in the development of NB is essential for creating safer and more efficient therapies for this severe condition. Several molecular signatures are being studied as potential targets for developing new treatments for NB patients. In this article, we have examined the molecular factors and genetic irregularities, including those within insulin gene enhancer binding protein 1 (ISL1), dihydropyrimidinase-like 3 (DPYSL3), receptor tyrosine kinase-like orphan receptor 1 (ROR1) and murine double minute 2-tumor protein 53 (MDM2-P53) that play an essential role in the development of NB. A thorough summary of the molecular targeted treatments currently being studied in pre-clinical and clinical trials has been described. Recent studies of immunotherapeutic agents used in NB are also studied in this article. Moreover, we explore potential future directions to discover new targets and treatments to enhance existing therapies and ultimately improve treatment outcomes and survival rates for NB patients.
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1 INTRODUCTION
NB is a cancer that predominantly impacts young children and emerges in nerve tissues. It frequently begins in the adrenal glands above the kidneys but can also develop in nerve tissue along the spine, chest, abdomen, or pelvis (Neuroblastoma, 1931; Qiu and Matthay, 2022; Jacobson et al., 2023). It is one of the most common cancers in infants and is typically found in children under 5 years old (Pudela et al., 2020; Davidoff, 2021; Jha et al., 2023). In the United States, around 700 to 800 children are diagnosed with NB each year, constituting about 6% of childhood cancers. The relative survival rate over 5 years for children under 15 diagnosed with NB is about 82% (Horton, 2022; Mehrvar et al., 2023). NB is classified as embryonic due to its connection to neural crest cells (NCCs) during fetal development (Ben Amar et al., 2022). NCCs are unique cells vital in early embryogenesis, migrating extensively and contributing to various tissues, including the peripheral nervous system, adrenal glands, heart, and face (Pilon, 2021). They essentially serve as building blocks for these critical anatomical features. Substantial advancements have occurred in our understanding of the molecular mechanisms underlying the development and progression of NB (Gomez et al., 2022; Ponzoni et al., 2022). These research endeavors have identified new focal points for potential treatments (Steen et al., 2023). Genome-wide studies, including genome sequencing, have unveiled fundamental genetic changes driving NB growth (Bell, 2010; Kholodenko et al., 2018a; Tonini and Capasso, 2020). In this article, we have summarized novel targets for NB, such as ISL1 (Zhang et al., 2018; Zhang et al., 2019; Li et al., 2021), DPYSL3 (Cheung et al., 2008; Chicco et al., 2023), and ROR1 (Janovská and Bryja, 2017; Quezada and Lopez-Bergami, 2023), along with immunotherapy which is an emerging and promising treatment approach for this disease. Several identified targets are currently being tested as potential treatments for NB patients. This review offers the latest molecular insights regarding the development and progression of NB with a specific focus on genetic alterations/molecular pathways along with clinical management.
Additionally, we aim to offer perspectives on the potential advantages of combination therapy, which involves using inhibitors targeting multiple pathways. One of the prominent molecular features of the NB is MYCN amplification, which is linked to aggressive tumor growth and poor prognosis, along with an increase of chromosome 17q. This oncogene is amplified in 18%–38% of total genes (Aygun and Altungoz, 2019).
Furthermore, it is expected to detect deletion involving chromosomes 1p and 11q and instances of hyperploidy in NB cases (Attiyeh et al., 2005; Bartolucci et al., 2022). Amplification of the MYCN oncogene leads to overexpression of the MYCN protein, which promotes cell growth and proliferation. Anaplastic lymphoma kinase is another oncogene. TrkA (NTRK1) is another factor linked to a favorable prognosis. It is activated by attacking the NGF ligand and promotes cell differentiation, which causes spontaneous regression of NB (Brodeur et al., 2009).
The ongoing incorporation of cutting-edge treatments for individuals with NB into clinical trials and established clinical practices has led to gradual enhancements in patient survival rates (Filippi et al., 2020). Nevertheless, survivors of high-risk neuroblastoma (HRNB) still encounter long-term side effects stemming from their treatment (Veal et al., 2021). Furthermore, there is currently no curative treatment available for most of the approximately 50% of patients who face a relapse after being diagnosed with HRNB. As diagnostic and molecular profiling technologies progress rapidly, researchers are also witnessing the identification of potential targets for treatment (Advani et al., 2022). Molecular targeted therapy for genomic abnormalities and disrupted pathways offers a promising and innovative approach to NB treatment (Jones et al., 2019; Voicu et al., 2023). This approach holds the potential to enhance treatment effectiveness while minimizing adverse effects. In this context, we have explored the clinical scenario regarding NB therapies within the precision medicine framework. Substantial progress has been achieved in understanding the molecular causes of NB, revealing potential therapeutic targets. Genomic studies have identified genetic changes and disrupted pathways in NB growth. These findings may lead to more effective, less toxic treatments.
Authors also delve into their examination in ongoing clinical trials. Furthermore, future directions have been added for enhancing or creating more effective targeted therapies to improve the survival rates of NB patients while minimizing treatment-related side effects.
2 MOLECULAR LANDSCAPE OF PEDIATRIC NEUROBLASTOMA
NB represents the predominant solid tumors outside the cranial cavity during childhood, particularly prevalent within the first year of life (Park et al., 2010; Irwin and Park, 2015). Its distinctive nature is that infants frequently manifest either localized or metastatic forms of the disease, which may undergo spontaneous regression intervention (Tolbert and Matthay, 2018). In contrast, older children can experience disease progression leading to morbidity or mortality despite prolonged and intensive therapeutic interventions (Ahmed et al., 2017). The “International Neuroblastoma Risk Group Staging System (INRGSS)" is a classification system employed in the medical field to stage and categorize NB (Monclair et al., 2009; Sokol and Desai, 2019; Irwin et al., 2021). NB exhibits significant variability, making it crucial to have a systematic approach to determine the disease’s extent and guide treatment choices. There are various known molecular aspects in NB, such as MYCN amplification, ALK mutations, chromosomal abnormalities (Carén et al., 2008), changes in the pattern of DNA methylation, and tumor microenvironment (Tonini and Capasso, 2020; Raieli et al., 2021). Interactions of the tumor microenvironment with stromal cells and blood vessels also play a crucial role in NB progression. Neutrophins are other growth factors involved in developing and maintaining the nervous system, and their dysregulation further promotes tumor growth and survival.
Over 50 years ago, Conrad Waddington introduced the foundational principles of the ‘epigenetic landscape’ to elucidate the fundamental mechanisms governing normal cell differentiation (Baedke, 2013). These studies revealed that transcription factors play pivotal roles in shaping and directing cellular identity and navigating developmental pathways on Waddington’s Hill. Interactions with diverse DNA regulatory elements within a specific epigenetic framework, coupled with chromatin, contribute to the stability of cellular lineages and fates, akin to the depth of grooves on the developmental hill. In a recent analysis, Flavahan and colleagues proposed the notion of aberrant epigenetic resistance and plasticity, attributing these phenomena to dysregulated chromatin regulator activity, remodeling, and DNA methylation as crucial contributors to tumorigenesis (Flavahan et al., 2017; Durinck and Speleman, 2018). Management approaches for asymptomatic individuals classified as low risk, with a projected survival rate exceeding 98%, typically entail either observation or surgical excision alone.
Conversely, intermediate-risk patients, characterized by a survival rate exceeding 90%, necessitate moderate doses of chemotherapy tailored to their response alongside surgical resection (Pinto et al., 2015). Patients classified as high risk undergo successive cycles of combination chemotherapy preceding surgical intervention, followed by consolidation therapy involving myeloablative autologous hematopoietic stem cell transplantation and localized radiation therapy (Tolbert and Matthay, 2018). Subsequently, the patients receive immunotherapy and differentiation therapy during the maintenance phase. The INRGSS incorporates tumor characteristics, metastasis, patient age, and specific biological markers (Newman et al., 2019; Campbell et al., 2023). Figure 1 displays the schematic summary between high-risk and low-risk neuroblastoma. Below is a detailed overview of the stages and risk groups in the INRGSS.
- Stage L1: This stage denotes NB confined to its origin point and has not spread to distant sites (Luksch et al., 2016). Tumors in this stage usually exhibit less aggressive biological features, indicating a more favorable prognosis. Patients in stage L1 are considered low-risk and typically have better treatment outcomes (Newman et al., 2019).
- Like stage L1, stage L2 NB is localized but characterized by unfavorable biological traits, suggesting a more aggressive disease. Patients in this stage are classified as intermediate risk, and their treatment may involve more intensive therapies than those in stage L1.
- Stage M indicates that NB has spread or metastasized to distant areas in the body, such as bones, bone marrow, lymph nodes, or other organs. The presence of metastases elevates the risk associated with the disease. Patients in stage M are classified as high-risk and typically require aggressive treatment strategies, including chemotherapy.
- Stage MS represents a subgroup of stage M and includes patients with metastatic NB who exhibit unique clinical features impacting treatment decisions. These circumstances might include patient age, tumor biology, or other relevant factors. Despite these unique features, patients in stage MS remain classified as high risk. The MS/LA subgroup comprises patients with metastatic NB who have a restricted number of metastatic sites. The presence of limited metastases can influence the treatment approach. In stage MS/MB, myc avian myelocytomatosis viral oncogene neuroblastoma (MYCN) amplification is a genetic alteration that increases the tumor’s aggressiveness. This subgroup encompasses patients with metastatic NB who exhibit MYCN amplification.
[image: Figure 1]FIGURE 1 | Difference between high-risk and low-risk NB.
2.1 Comparison between different molecular features in high-risk neuroblastoma (HRNB)
MYCN amplification, ALK mutations, chromosomal abnormalities, changes in the pattern of DNA methylation, and tumor microenvironment are the primary molecular features in HRNBs. MYCN is found in approximately 25% of all NB people with a poor prognosis. It regulates cell proliferation, and its over-expression disrupts cell cycles by inhibiting apoptosis (Rickman et al., 2018). MYCN positively influences the expression of essential cellular regulators, such as E2F and ID2 inhibitors, which regulate cell cycle progression (Woo et al., 2008). In a cohort study by Pugh and colleagues, the authors study the somatic mutations in HRNB on 240 affected people. 9.2% of the total cases comprised of ALK mutation, PTPN11 is expressed in 2.9%, ATRX (2.5%), and MYCN was observed to be 1.7%. Significantly elevated levels of germline variants were observed within the genes ALK, CHEK2, PINK1, and BARD1 (Pugh et al., 2013). Another study by Molenaar et al. showed that chromothripsis and neuritogenesis were two major gene alterations continuously occurring in HRNB. They found 7% cases of ALK mutations, 3% of TIAM1, and 18% of chromothripsis (Molenaar et al., 2012).
3 THERAPIES TAILORED TO SPECIFIC GENETIC AND MOLECULAR ALTERATIONS IN NEUROBLASTOMA
3.1 Current targeted therapies and novel potential targets in NB
3.1.1 Targeting ISL1
ISL1, a transcription factor containing a LIM homeodomain first discovered as a protein that interacts with an enhancer region of the insulin gene, influences its expression (Karlsson et al., 1990). Recent research has highlighted the significant role of ISL1 in cancer progression, primarily attributed to its irregular expression (Agaimy et al., 2013). ISL1 is also associated with triple-negative breast cancer (Zhang et al., 2018), melanoma (Zhang et al., 2018), and gastric cancer (Guo et al., 2019) and has also been found to be a regulator of CD1 and c-Myc genes. ISL1 plays a role in controlling separate temporal gene expression patterns essential for the proliferation and differentiation of sympathetic neurons, either directly or indirectly. ALK, LMO1, and PROX1 are some of the genes modulated by the ISL1 gene, which activates the oncogenic pathways of NB (Cheung et al., 2008; Zhang et al., 2018). ISL1 and GATA3 synergistically activate the signaling pathways by tumor growth and differentiation, which can be a therapeutic target in NB (Zhang et al., 2019). It has prognostic value in gastric and bladder cancers and can serve as a biomarker in NB (Kitchen et al., 2015). ISL1 gene is aurora kinase A (AURKA), a widely distributed protein kinase with crucial functions in cell division (Fulcher and Sapkota, 2020). It is acknowledged to be a potent oncogene and a possible target for cancer (Fadaka et al., 2020; Du et al., 2021). A study also revealed that the ISL1 transcription factor enhances cell proliferation through phosphatidylinositol 3-kinase/protein kinase B (PI3K/AKT) pathway by upregulation of the AURKA enzyme, which is responsible for the survival of NB cells (Figure 2). This study revealed that ISL1 might offer a promising avenue for future therapeutic intervention. They found that PI3K inhibitor LY294002 induces apoptosis in cells. There was a dose-dependent increase in the epithelial marker E-cadherin, along with a corresponding decrease in the levels of mesenchymal markers in Western blot analysis. Notably, metastatic NB cells, SK-N-BE with MYCN amplification and SK-N-SH without MYCN amplification, already express ISL1.
[image: Figure 2]FIGURE 2 | Signaling pathway of ISL1 in NB mediation. The binding of growth factor to the tyrosine kinase receptor leads to the cross-phosphorylation of the receptor. The phosphorylation then leads to activation of PI3K and MAPK pathways. These pathways further lead to the phosphorylation and activation of ISL1. The activation then leads to various cellular processes such as tumorigenesis, cancer cell progression, metastasis, and cell proliferation. PI3K/Akt, phosphatidylinositol 3-kinase/serine/threonine kinase family; EMT, epithelial to mesenchymal transition; ISL1, Insulin gene enhancer binding protein; MAPK, Mitigen-activated protein kinase; TK, Tyrosine kinase; P, Phosphorylation.
Interestingly, when authors boost ISL1 expression using an overexpression vector, it amplifies the cells’ ability to proliferate and migrate. These findings confirm that ISL1 functions as an oncogene in NB. Finally, they assert that ISL1 triggers epithelial-to-mesenchymal transition (EMT) in NB through PI3K/AKT pathway activation (Li et al., 2021).
3.1.2 DPYSL3 as a potential target
DPYSL3, alternatively labeled as collapsing response mediator protein 4 (CRMP4), represents a human gene responsible for producing a protein termed dihydropyrimidinase-like 3 (Ponnusamy et al., 2014). It is a member of the CRMP family and is involved in various cellular functions, encompassing aspects like neuronal development, guiding axons, and governing microtubule dynamics (Kanda et al., 2014; Ponnusamy et al., 2014). Specifically, DPYSL3 is predominantly found in the nervous system, promoting neurites, guiding axons, and shaping the structural framework of the nervous system (Kawahara et al., 2013; Manivannan et al., 2013). It engages in interactions with various proteins and molecules necessary for these processes. It helps enhance neurite growth, guides axons, and shapes the nervous system’s structural framework (Desprez et al., 2023).
DPYSL3 gene is closely found in the cytosol of NB cells, where it co-localizes with f-actin. The co-localization from a rib-like structure inside the lamellipodia (Figure 3) (Chicco et al., 2023). The primary relation between this gene and F-actin states is an increased level of DPYSL3, which helps migrate B35 NB cells. Conversely, reducing DPYSL3 enhanced cell migration and disrupted lamellipodia (Rosslenbroich et al., 2005; Adam et al., 2020). Studies employing genetic methods have revealed an intriguing relationship between DPYSL3 levels and MYCN expression. It indicates that MYCN inhibits DPYSL3 in NB cells, possibly through an enhancer of zeste homolog 2 (EZH2). GSK3b may also play a role in mediating this negative regulation (Alabed et al., 2010). Furthermore, it is established that AKT phosphorylates and subsequently deactivates GSK-3b in NB cells. Inactivation of GSK-3b is linked to elevated MYCN protein expression (Chicco et al., 2023). Thus, an increase in MYCN level results in the suppression of DPYSL3. Tan and colleagues conducted a study investigating the correlation between DPYSL3 and MYCN in retinoic acid induced cell proliferation and differentiation, further increasing mRNA expression. They found that 72 kDA isoform was unchanged and 62 kDA isoform level increased (Tan et al., 2013). A previous study demonstrated that the 65 kDA form is less phosphorylated and undetected. This change depends on phosphatase regulated by retinoids (Gaetano et al., 1997). DPYSL3 is upregulated by GSK-3B, and their association has already been reported (Alabed et al., 2010; Ong Tone et al., 2010). Consequently, elevated levels of MYCN, either through amplification or due to Akt-mediated GSK-3b inactivation, would suppress DPYSL3 in NB cells (Le Grand et al., 2020; Gao et al., 2024). This mechanistic insight underscores the crucial prognostic significance of DPYSL3 expression (Tan et al., 2013).
[image: Figure 3]FIGURE 3 | Overview of the signaling pathway of DPYSL3. DPYSL3 is primarily located in the nervous system and is crucial in enhancing neurite growth, guiding axons, and shaping the nervous system’s structural framework. This gene further regulates the actin cytoskeleton, which promotes the cell migration. F-actin co-localizes in lamellipodia and maintains the equilibrium, causing overexpression of DYPSL3 following the promotion of cell migration. The level of DPYSL3 changes with a change in MYCN expression, which GSK-3β regulates. DYPSL3, Dihydropyrimidinase-like 3; EZH2, Enhancer of zeste homolog 2; Akt: Akt serine/threonine kinase family; MYCN, myc avian myelocytomatosis viral oncogene neuroblastoma.
3.1.3 MDM2-p53 as potential target
The exact cause of NB remains largely unknown. Recent advances in genetic research, including whole genome sequencing, have revealed mutations, amplifications, and gene rearrangements linked to NB development (Nicolai et al., 2015; Aygun, 2018). Researchers closely examine oncogenes and tumor suppressor genes to understand their crucial role in NB development. The p53 protein protects cells from genome instability and cancer (Balint and Vousden, 2001). P53 mutation is quite rare in NB (Kattner et al., 2019; Tonini and Capasso, 2020). The p53 tumor suppressor responds to deoxyribonucleic acid (DNA) damage by inducing apoptosis or causing cell cycle arrest (Carvajal and Manfredi, 2013). Over half of human cancers have TP53 mutations, often affecting its DNA binding domain and reducing its transcriptional activity (Olivier et al., 2010; Parrales and Iwakuma, 2015). It implies that p53 is experiencing adverse effects through alternative pathways (Figure 4). MDM2 is upregulated in retinoid-induced NB, and irradiation causes DNA damage. In NB, increased p53 activity suggested a potential for inducing apoptosis in these tumors by boosting p53 (Kim and Shohet, 2009). Several investigations have indicated the presence of consistent MDM2 levels in NB cell lines, even in the absence of MDM2 amplification (Cattelani et al., 2008; Cattelani et al., 2013). Elevated MDM2 expression is a recurring observation in NBs, occasionally attributed to single nucleotide polymorphisms (SNPs) in the MDM2 promoter (Cattelani et al., 2013). Moreover, some studies indicate that MYCN contributes to the reduced p53 activity in neuroblastoma by transcriptionally activating MDM2 expression. All these findings suggested MDM2 as a potential therapeutic target in NB.
[image: Figure 4]FIGURE 4 | The p53-MDM2 pathway in NB. This pathway is mainly regulated by various proteins such as ARF, BMI-1, BHL, and FAK. All these pathways lead to alteration in cell cycle arrest, proliferation, angiogenesis, and promotion of apoptosis. FAK, Focal Adhesion Kinase; MYCN, myc avian myelocytomatosis viral oncogene neuroblastoma; MDM2, Murine double minute 2; VEGF, Vascular endothelial growth factor; TSLC1, Tumor suppressor in Lung Cancer; p53, Tumor protein p53.
The MDM2 oncogene is overexpressed in various human cancers, including NB (Hamzehloie et al., 2012). Elevated levels of MDM2 in tumors are associated with a less favorable outlook for individuals with cancer. MDM2 is found to be a negative regulator of p53 and exhibits various oncogenic processes (Nag et al., 2014). It has been found that the N-terminal of MDM2 binds with p53, and C-terminal works as E3 ubiquitin ligase. Many studies have demonstrated that blocking the interaction between p53 and MDM2 using MDM2 antagonists can trigger apoptotic signaling induced by p53 in NB (Van Maerken et al., 2006; Xue et al., 2007). Using medication to inhibit these genes appears to hold potential as a practical treatment approach for NB.
3.1.4 ROR1 as a potential target
The ROR gene family encompasses two members, namely, ROR1 and ROR2, that exhibit a notable degree of evolutionary conservation among diverse organisms, from metazoans to humans (Zhang et al., 2012a; Yu et al., 2016; Dave, 2020; Mukhtar et al., 2020; Behl et al., 2021). These two proteins displayed a substantial amino acid homology of 58% and were effectively replicated in 1992 from the human NB cell line known as SH-SY5Y. ROR1 and ROR2 serve as single-pass transmembrane receptors characterized by distinct structural attributes in their extracellular regions, including an immunoglobulin (Ig)-like domain, a cysteine-rich domain (CRD) and a kringle domain (KRD) (Masiakowski and Carroll, 1992; Masiakowski and Yancopoulos, 1998). The CRD present in ROR1 and ROR2 shares similarities with the CRD of the frizzled receptors (FZD), and it serves a vital function in facilitating the binding of WNT ligands. Notably, RORs are the only members of the RTK (Receptor Tyrosine Kinase) family that possess a KRD, and this domain has been demonstrated to be vital for the formation of hetero-oligomers between ROR1 and ROR2 (Henry et al., 2015). An exceptionally high percentage of tumors positive for ROR2 were discovered in specific cancer types. These included breast cancer, where 87% of the tumors exhibited ROR2 expression, glioblastoma with over 90% ROR2-positive tumors, and n NB, where 80% of the tumors showed ROR2 presence (Kim et al., 2015). ROR1 prefers expression over ROR2 in B-cell chronic lymphocytic leukemia (B-CLL) cells. Moreover, it maintains constitutive expression on B-CLL cells, even in the face of B-cell activation induced by CD40L and IL-4. ROR1 is associated with high expression in gastric, mRNA, B-CLL, and non-small carcinoma cell lines (Green et al., 2008). In CLL cells, the expression of ROR1 may be regulated by IL-6 through the Stat3 pathway (Li et al., 2010). In one study, the administration of retinoic acid has been shown to enhance the number of cells from their stem-cell stage to a mature neuronal state, acquiring typical neuronal traits such as the inhibition of proliferation. It states that the modulation of ROR1 by retinoic acid could induce differentiation and reduce cancer growth (Mishra et al., 2018).
The activation of ROR1 signaling commences with the attachment of a non-canonical WNT ligand, which triggers the formation of a complex comprising ROR1 (as shown in Figure 5) (Zhang et al., 2012b). This intricate structure can involve interactions between ROR1 and ROR2 or ROR1 and a FZD receptor. The signaling cascade encompasses the phosphorylation of ROR1 by multiple kinases exerting dual effects (Castro and Lopez-Bergami, 2022). On the one hand, this phosphorylation suppresses anti-apoptotic pathways, while on the other hand, it activates downstream pathways such as MAPK/ERK, PI3K/AKT, and NF-κB. Activating these downstream pathways has various consequences (Menck et al., 2021; Quezada and Lopez-Bergami, 2023). This process may result in cytoskeletal rearrangements correlated with elevated tumor cell migration. Furthermore, it can induce a transcriptional response that leads to the upregulation of genes facilitating cell proliferation, cell survival, EMT, or resistance to therapy (Zhou et al., 2020; Zhang et al., 2021).
[image: Figure 5]FIGURE 5 | The signaling pathway of ROR1/2 in pediatric NB progression. The initiation of ROR1 signaling commences with the binding of a non-canonical WNT ligand, which triggers the formation of a complex involving either ROR1 and ROR2 or ROR1 and a FZD receptor. It triggers the phosphorylation of ROR1 by various kinases, inhibiting anti-apoptotic pathways and activating pathways such as MAPK/ERK, PI3K/AKT, and NF-κB. These pathways prompt cytoskeletal changes, enhance tumor cell migration, and promote gene expression linked to cell proliferation, survival, EMT, and therapy resistance. ROR1, Receptor tyrosine kinase-like orphan receptor 1; WNT, Wingless/Integrated; FZD, Frizzled receptors; RAS, Rat sarcoma; RAF, Rapidly Accelerated Fibrosarcoma; MEK, mitogen-activated extracellular signal-regulated kinase; ERK, extracellular signal-regulated kinases; mTOR: mammalian target of rapamycin; PI3K, phosphoinositide 3-kinase; Akt, Ak strain transforming; EMT, Epithelial-mesenchymal transitions; ASK1, Apoptosis signal-regulating kinase 1; MKK3/6, MAP kinase 3/6; STAT3, Signal transducer and activator of transcription 3.
3.2 Novel therapies (clinical trials) in implementing immunotherapy for pediatric neuroblastoma
NB is a complex cancer type with various subtypes and genetic variations, making it challenging to tailor immunotherapies to each case (Kholodenko et al., 2018b). Children have developing immune systems, which might not respond as effectively to immunotherapies and could lead to more severe side effects (Mackall et al., 2014; Varadé et al., 2021). Limited clinical data for pediatric patients with NB means there is a lack of knowledge regarding the safety and effectiveness of these treatments. Determining the appropriate dosage for children based on age and weight can be complicated, and striking the right balance between potential benefits and risks is crucial. Access to clinical trials for pediatric patients may also be limited, restricting their options for innovative treatments (Fletcher et al., 2018). NB’s tumor microenvironment can suppress immune responses, hindering the efficacy of immunotherapies.
Additionally, NB can employ mechanisms to evade the immune system, making it harder to target the cancer cells effectively (Vanichapol et al., 2018; Veschi et al., 2019). Addressing relapse and resistance, developing combination therapies, and considering the psychological and emotional impact on pediatric patients and their families are also part of the challenge. The cost of immunotherapies and the ethical considerations surrounding their use in pediatric cases further complicate the situation (Unguru et al., 2013; Cabral et al., 2023). Despite these difficulties, ongoing research, collaboration, and a holistic approach offer hope for improved immunotherapy outcomes in the fight against pediatric NB. Table 1 comprises clinical trials of drug therapies and immunotherapeutic agents of the last 5 years.
TABLE 1 | Clinical trials comprising drug therapies and vaccines with immunotherapeutic agents. NB, Neuroblastoma; HRNB: High-Risk Neuroblastoma; CART, Chimeric Antigen Receptor T cells; PSMA, Prostate-specific membrane antigen; EGFR: Epidermal Growth factor receptor; MTD: maximum tolerated dose; DNA, Deoxyribonucleic acid; IL2, Interleukin 2; NK cells, Natural Killer cells; GM-CSF, granulocyte-macrophage colony-stimulating factor; RXRg, retinoid X receptor gamma.
[image: Table 1]In recent years, clinical trials have been conducted to assess innovative strategies for NB treatment (Esposito et al., 2017; Tolbert and Matthay, 2018). These approaches frequently incorporate the granulocyte-macrophage colony-stimulating factor (GM-CSF), which enhances immune activation and antibody-dependent cellular cytotoxicity (ADCC). Numerous current clinical trials explore combination therapies encompassing drugs and newly engineered immunotherapies. Table 1 depicts the ongoing trials on different immunotherapeutic targets in NB using novel combination therapies. NCT05754684 is a phase 2 study to check the safety and efficacy of quadruple immunotherapy with NK cells, IL-2, GM-CSF, and retinoid X receptor gamma (RXRg) with inclusion criteria of creatinine clearance of ≥40 mL/min/1.73 m2. The condition for this trial is relapsed and refractory NB. This trial (NCT02573896) is being carried out to check the maximum tolerated dose (MTD) when NK cells combine with Dinutuximab. Dinutuximab is a chimeric antibody against GD2, mainly expressed in NB cells. This trial is performed by using Lenalidomide in combination. Trial number (NCT05272371) describes the study evaluation of Dinutuximab beta in combination with chemotherapy. Another clinical trial (NCT04239040) investigates the development and use of GVAX, a GM-CSF-secreting, autologous NB cell vaccine, combined with nivolumab and ipilimumab as a potential NB treatment. In a clinical trial (NCT03635632), scientists will extract blood samples from the patient. They will then enhance the GD2. C7R T cells by introducing a new gene using a specialized virus called a retroviral vector. The GD2. CAR gene enables the T cells to identify and destroy cancer cells, particularly those that are GD2-positive. Another gene called C7R will also be introduced to these cells to extend their survival. Subsequently, the modified T cells will undergo testing to ensure their ability to target and eliminate GD2-positive cancer cells. A trial NCT06057948, started on 21-09-2023, is carried out to test the treatment of β-glucan with bivalent vaccine. In one study (NCT03721068), the safety and efficacy of IL-15, iCaspase9 is being carried out on patients with relapsed and refractory NB.
4 IMMUNOTHERAPEUTIC APPROACHES TO COMBAT NEUROBLASTOMA
The positive outcomes observed in immunotherapy involving anti-GD2 monoclonal antibodies prompt an inquiry into whether NB possesses characteristics that make it susceptible to immune responses (Bhoopathi et al., 2021; Morandi et al., 2021). When discussing the immunogenicity of NB, it is essential to be precise in terminology (Webb et al., 2020; Paraboschi et al., 2021). If we consider “immunogenicity” in the context of cancer, the question arises as to whether NB can activate immune responses.
Despite the absence of evidence for an adaptive immune response, a substantial body of evidence indicates that NB, like many other human cancers, possesses inherent mechanisms designed to elude immune recognition (Cervantes-Villagrana et al., 2020). These mechanisms include decreased MHC class-I expression, suppressive myeloid cells, and the production of inhibitory factors like arginase-2 and TGF-β (Cornel et al., 2020; Dhatchinamoorthy et al., 2021). It enhances an intriguing possibility that the relatively low immune activity within NB may result from a lack of inherent danger signals and the tumor’s active immune evasion mechanisms. This observation offers hope for the potential effectiveness of immunotherapeutic strategies. By developing therapeutic approaches capable of targeting NB cells, scientists have managed to induce a novel immune response in tumors that otherwise appear to escape detection by the natural immune system. These immunotherapies, which utilize synthetic immune recognition, are frequently based on monoclonal antibodies (Carazas et al., 2021; Varadé et al., 2021). Monoclonal antibodies designed to target the disialoganglioside GD2, commonly overexpressed on most NB cells, have brought about a transformative impact on the treatment of NB (Hung and Alice, 2019). They have led to a remarkable increase in event-free survival rates, as high as 20%.
Furthermore, synthetic recognition agents can be further developed from antibody derivatives, including CAR-T cells and antibody-drug conjugates. These innovative therapeutic approaches have demonstrated promising results in pre-clinical and early clinical trials, signifying a significant advancement in immunotherapy. TGF-β regulates cellular activities, including controlling cell growth, proliferation, differentiation, and apoptosis. TGF-β was initially thought to inhibit cancer, but recent studies show it can also promote cancer by impairing NK cell function, leading to increased tumorigenesis, metastasis, and drug resistance, which is a promising target for immunotherapy (Slattery and Gardiner, 2019; Wang et al., 2021; Wienke et al., 2021). Table 2 comprises various immunotherapy approaches to combat NB.
TABLE 2 | Various immunotherapy approaches to combat neuroblastoma. NB, Neuroblastoma; ADCC, antibody-dependent cell-mediated cytotoxicity; CDC: Complement dependent cytotoxicity; PD1, Programmed Cell Death; PD-L1, Programmed Cell Death Ligand 1; CART Cells: Chimeric Antigen Receptor T cells; CTLA4, Cytotoxic T-lymphocyte associated protein 4; IL1/2, Interleukin 1/2; DNA: Deoxyribonucleic acid.
[image: Table 2]4.1 Monoclonal antibodies
Monoclonal antibodies (mAbs) targeting GD2 effectively respond to high-risk NB cases. However, the outcomes and side effects vary among different kinds of anti-GD2 antibodies (Chan and Chan, 2022). One of these immunotherapies is centered on utilizing mAbs to target GD2, which is found in higher quantities than in a control group in cases of NB. GD2 is a disialoganglioside present on the outer surface of all NB cells (Tibbetts et al., 2022; Machy et al., 2023). Including monoclonal antibodies like anti-GD2 in initial and recurrent treatment strategies has significantly improved survival rates and transformed the outlook for children with HRNB (Anderson et al., 2022). Dinutuximab, a monoclonal antibody that targets GD2 found in neuroblasts, enhances survival when incorporated into the treatment plan. Furthermore, the pairing of dinutuximab with chemotherapy has proven to be highly effective in reversing recurrent disease (FDA, 2015). Monoclonal antibodies targeting GD2 enhance the outlook for HRNB, particularly in young children and older patients who undergo this treatment following multiple previous therapies, typically several months post-diagnosis (Paraboschi et al., 2021). In this study, the authors administered anti-GD2 monoclonal antibodies to infants as part of the immunotherapy protocol initiated during or immediately following induction chemotherapy. A total of 33 HRNB patients, all under 19 months old, were treated with either 3F8 (murine monoclonal antibody, 21 patients) or naxitamab (humanized-3F8, 12 patients) via intravenous infusions lasting between 30 and 90 s. Patients were also provided with analgesics and antihistamines. Two cycles of 3F8 were discontinued, one due to preexisting bradycardia and the other because of asthmatic symptoms. In the case of naxitamab, one patient initially received half the prescribed dose on day 1 due to hypotension, but subsequently received the full recommended dose. Toxicity in infants receiving naxitamab at a higher dosage was comparable to older patients. This is reassuring, as the infant HRNB patients had a high potential for cure (Kushner et al., 2023).
4.2 Immune checkpoint inhibitors (ICIs)
ICIs have transformed adult cancer treatment, like lung cancer and melanoma (Wagner and Adams, 2017). This achievement has sparked interest in using ICIs for relapsed and resistant pediatric cancers, with three recent clinical studies assessing their effectiveness (Geoerger et al., 2020a; Geoerger et al., 2020b; Davis et al., 2020). These studies have shown disappointing results, with a low objective response rate in pediatric cancer patients when using programmed cell death protein-1 (PD1) inhibitors like pembrolizumab and nivolumab, as well as programmed cell death ligand (PD-L1) inhibitors like atezolizumab. For pembrolizumab, the objective response rate (ORR) according to RECIST v1.1 criteria for solid tumors was 5.5%. As for nivolumab and atezolizumab, no objective responses were observed among patients with solid tumors (Geoerger et al., 2020b; Davis et al., 2020). Simultaneously, reports from individual cases have demonstrated pediatric patients exhibiting a lasting positive response to immune checkpoint inhibitors, mainly when combined with other cancer-fighting medications (Ehlert et al., 2020).
4.3 Chimeric antigen receptor T (CAR T)-Cell therapy
HRNB is a prevalent childhood cancer. While most patients attain remission initially, over 50% relapse due to minimal residual disease, frequently resulting in a fatal outcome (Modak and Cheung, 2010; Tolbert and Matthay, 2018; Shohet et al., 2022). According to a recent research study, antibody therapy combined with cytokines to target minimal residual disease resulted in an approximate 20% increase in these patients’ 5-year overall survival rate (Richards et al., 2018; Yu et al., 2021). Despite this progress, 1/3 of children with cancer still need more effective treatments. Inspired by successful CAR T-cell therapy for blood malignancies, several CAR T-cell treatments are now developing for NB patients (Maude et al., 2014; Maude et al., 2018). It is less effective for solid tumors like NB than leukemia, as seen in initial GD2-targeted CAR T trials for relapsed NB patients (Louis et al., 2011; Heczey et al., 2017; Heczey et al., 2020; Straathof et al., 2020). Of 42 patients with active disease across four trials treated with 14.18 or K666 GD2-CAR T-cells, only three experienced prolonged objective responses (Straathof et al., 2020). The glypican 2 (GPC2) antigen is present during the initial stages of fetal development but becomes mostly inactive in normal tissue after that (Bosse et al., 2017; Li et al., 2017; Li et al., 2021; Heitzeneder et al., 2022; Tian et al., 2022). GPC2, found in NB, is a potential immunotherapy target with much lower expression levels than GD2 and B7H3 (Heitzeneder et al., 2022). It has consequences for the CAR’s efficiency because reduced antigen density is linked to decreased CAR interaction, activation, and its ability to combat tumors (Majzner et al., 2020). So, Sun and co-workers developed this therapy for children with NB. They optimized pre-clinical CAR by using interactive engineering to enhance the antitumor effect. The research indicated that among three GPC2-CAR constructs, anti-GPC2 CT3 with a CD28 hinge, CD28 transmembrane, and 4-1BB co-stimulatory domain demonstrated the most effective pre-clinical activity against NB. The authors compared the CT3.28H.BBζ chimeric antigen receptor (CAR) antitumor effectiveness to a GD2 CAR recently undergoing clinical trials with a similar CAR structure (Sun et al., 2023).
4.4 Cytokine therapy
Cytokines activate the immune system against tumors and are a promising approach in NB immunotherapy (Pistoia et al., 2011; Cavalli et al., 2020; Yu et al., 2021; Dowsey, 2023). Combining an antibody targeting GD2 (hu14.18) with interleukin-2 (IL-2) has demonstrated significant potential in pre-clinical and clinical settings for treating NB. The therapeutic benefit of IL-2 remains uncertain due to severe toxicities at higher doses and unproven efficacy at lower doses. The authors connected IL15 and IL21 to hu14.18, resulting in improved antibody-dependent cell-mediated killing in immune-competent NB models compared to hu14.18-IL2 (Nguyen et al., 2022). Migration inhibitory factor (MIF) is a versatile cytokine that plays a significant role in various diseases, including cancer. Pre-clinical and clinical research in patients with NB consistently shows that MIF possesses characteristics that promote tumor growth in NB. Levels of MIF are elevated in NB tumor tissues and cell lines, contributing to the increased aggressiveness of NB and assisting in immune evasion (Cavalli et al., 2020).
4.5 Vaccines
Cancer vaccines differ from infectious disease vaccines as they are typically therapeutic rather than preventive (Huebener et al., 2003; Bleeke et al., 2009; Komorowski et al., 2018). Only two Food Drug and Administration (FDA) approved preventive cancer vaccines exist for HPV and HBV-related cancers. Challenges in predicting antigens and achieving substantial immune responses impede the clinical progress of anticancer preventive vaccines (Ahmed, 2022). Top-notch cancer immunotherapy aims to harness the immune system’s potential to eradicate cancer cells efficiently. Cancer vaccines face challenges in precisely delivering antigenic markers and adjuvants to coordinate an effective immune response. Messenger ribonucleic acid vaccines show promise in cancer treatment by prompting antigen expression in antigen-presenting cells, leading to adaptive immune responses (Webb et al., 2020; Wolfson et al., 2021).
5 CONCLUSION
In conclusion, the comprehensive review of NB underscores the significance of diverse therapeutic targets, including ISL1, DPYSL3, MDM2-p53, and ROR1. The exploration of these targets has provided valuable insights into potential avenues for interventions in this cancer. The outcomes of clinical trials and other therapies hold evidence for advancing precision medicine. Identifying additional valuable targets and creating more efficient therapies are imperative. Furthermore, delving into novel combinations that incorporate inhibitors addressing multiple targets in conjunction with conventional treatments remains a paramount focus for future research. This direction is poised to advance treatment protocols, enhance results, and extend the survival of high-risk NB in children. Although significant breakthroughs have been achieved in molecularly targeted therapy for NB, applying these findings to clinical disease management has had limited success in previous years. Thus far, the sole approved treatment for pediatric patients with relapsed or refractory HRNB is anti-GD2 monoclonal antibodies. The disparity between research conducted in pre-clinical settings and its translation into clinical trials is striking. There is also a need for novel combinations to target multiple molecular targets in conjunction with traditional therapies.
6 FUTURE PERSPECTIVES
NB, a childhood cancer, is characterized by abnormal development and typically has a low mutational burden, distinguishing it from most adult malignancies. Conversely, drug testing primarily relies on conventional NB cell and mouse models. There is a need to progress towards developing new disease models by harnessing cutting-edge technologies, like 3D tissue-engineered systems and patient-derived xenograft model systems. Researchers must focus on in vitro and in vivo testing studies to develop new synthetic drugs to treat NB. Further research must be carried out on designing novel inhibitors and immunotherapy. Apart from discovering novel targets for immunotherapy and designing therapeutic interventions, researchers must also prioritize designing a combination of new small NB inhibitors with radiotherapy to inhibit the various signaling pathways. Decreasing the high dose of radiochemotherpeutic agents could be another significant approach to combat NB without toxicity and side effects. New target-based inhibitors are being used for the patients. In summary, the future of immunotherapy and novel targeted therapies in NB treatment is marked by a commitment to innovation, personalization, and collaboration. With ongoing research and technological advancements, people can expect improved outcomes and quality of life for NB patients in the years to come.
AUTHOR CONTRIBUTIONS
MZ: Data curation, Formal Analysis, Visualization, Writing–original draft. AK: Data curation, Formal Analysis, Visualization, Writing–original draft. VS: Formal Analysis, Writing–review and editing. TB: Conceptualization, Formal Analysis, Supervision, Visualization, Writing–review and editing. AS: Formal Analysis, Writing–review and editing. PW: Formal Analysis, Writing–review and editing. NS: Formal Analysis, Writing–review and editing. BK: Formal Analysis, Writing–review and editing. AK: Formal Analysis, Writing–review and editing. MKA: Formal Analysis, Writing–review and editing. MG: Formal Analysis, Writing–review and editing. BS: Formal Analysis, Supervision, Writing–review and editing. RS: Conceptualization, Formal Analysis, Supervision, Writing–review and editing. SB: Methodology, Validation, Formal Analysis, Proofing, Supervision.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by the National Natural Science Foundation of China (32070671, and 32270690), the COVID-19 research projects of West China Hospital Sichuan University (Grant no. HX-2019-nCoV-057), and the regional innovation cooperation between Sichuan and Guangxi Provinces (2020YFQ0019).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ABBREVIATIONS
AKT, Ak strain transforming; CAR T, Chimeric antigen receptor T; CRD, Cysteine-rich domain; CRMP, Collapsin response mediator protein; DPYSL3, Dihydropyrimidinase-related protein 3; DNA, Deoxyribonucleic Acid; EMT, Epithelial-mesenchymal transitions; FDA, Food and Drug Administration; FZD, Frizzled receptors; HRNBL, High-risk neuroblastoma; ISL1, ISL LIM Homeobox 1; KRD, Kringle domain; MAPK, Mitogen-activated protein kinase; MDM2, Murine double minute 2; MIF, Migration inhibitory factor; MYCN, myc avian myelocytomatosis viral oncogene neuroblastoma derived homolog; NB, Neuroblastoma; NCC, Neural crest cells; PI3K, phosphoinositide 3-kinase; ROR1, Receptor tyrosine kinase-like orphan receptor 1; RTK, Receptor Tyrosine Kinase; mAbs, Monoclonal antibodies, PD-L1, Programmed Cell Death Ligand; ORR, Objective response rate; TP53, Tumor protein p53.
REFERENCES
 Adam, K., Lesperance, J., Hunter, T., and Zage, P. E. (2020). The potential functional roles of NME1 histidine kinase activity in neuroblastoma pathogenesis. Int. J. Mol. Sci. 21 (9), 3319. doi:10.3390/ijms21093319
 Advani, D., Sharma, S., Kumari, S., Ambasta, R. K., and Kumar, P. (2022). Precision oncology, signaling, and anticancer agents in cancer therapeutics. Anti-Curr Med. Chem. Anticancer Agents 22 (3), 433–468. doi:10.2174/1871520621666210308101029
 Agaimy, A., Erlenbach-Wünsch, K., Konukiewitz, B., Schmitt, A. M., Rieker, R. J., Vieth, M., et al. (2013). ISL1 expression is not restricted to pancreatic well-differentiated neuroendocrine neoplasms, but is also commonly found in well and poorly differentiated neuroendocrine neoplasms of extrapancreatic origin. Mod. Pathol. 26 (7), 995–1003. doi:10.1038/modpathol.2013.40
 Ahmed, A. A., Zhang, L., Reddivalla, N., and Hetherington, M. (2017). Neuroblastoma in children: update on clinicopathologic and genetic prognostic factors. Pediatr. Hematol. Oncol. 34 (3), 165–185. doi:10.1080/08880018.2017.1330375
 Ahmed, T. (2022). Immunotherapy for neuroblastoma using mRNA vaccines. Adv. Cancer Biol. Metastat 4, 100033. doi:10.1016/j.adcanc.2022.100033
 Alabed, Y. Z., Pool, M., Ong Tone, S., Sutherland, C., and Fournier, A. E. (2010). GSK3 beta regulates myelin-dependent axon outgrowth inhibition through CRMP4. J. Neurosci. 30 (16), 5635–5643. doi:10.1523/JNEUROSCI.6154-09.2010
 Anderson, J., Majzner, R. G., and Sondel, P. M. (2022). Immunotherapy of neuroblastoma: facts and hopes. Clin. Cancer Res. 28 (15), 3196–3206. doi:10.1158/1078-0432.CCR-21-1356
 Attiyeh, E. F., London, W. B., Mossé, Y. P., Wang, Q., Winter, C., Khazi, D., et al. (2005). Chromosome 1p and 11q deletions and outcome in neuroblastoma. N. Engl. J. Med. 353 (21), 2243–2253. doi:10.1056/NEJMoa052399
 Aygun, N. (2018). Biological and genetic features of neuroblastoma and their clinical importance. Curr. Pediatr. Rev. 14 (2), 73–90. doi:10.2174/1573396314666180129101627
 Aygun, N., and Altungoz, O. (2019). MYCN is amplified during S phase, and c-myb is involved in controlling MYCN expression and amplification in MYCN-amplified neuroblastoma cell lines. Mol. Med. Rep. 19 (1), 345–361. doi:10.3892/mmr.2018.9686
 Baedke, J. (2013). The epigenetic landscape in the course of time: Conrad Hal Waddington's methodological impact on the life sciences. Stud. Hist. Philosophy Sci. Part C Stud. Hist. Philosophy Biol. Biomed. Sci. 44 (4), 756–773. doi:10.1016/j.shpsc.2013.06.001
 Balint, E., and Vousden, K. (2001). Activation and activities of the p53 tumour suppressor protein. Br. J. Cancer 85 (12), 1813–1823. doi:10.1054/bjoc.2001.2128
 Bartolucci, D., Montemurro, L., Raieli, S., Lampis, S., Pession, A., Hrelia, P., et al. (2022). MYCN impact on high-risk neuroblastoma: from diagnosis and prognosis to targeted treatment. Cancers 14 (18), 4421. doi:10.3390/cancers14184421
 Behl, T., Sharma, A., Sharma, L., Sehgal, A., Singh, S., Sharma, N., et al. (2021). Current perspective on the natural compounds and drug delivery techniques in glioblastoma multiforme. Cancers 13 (11), 2765. doi:10.3390/cancers13112765
 Bell, D. W. (2010). Our changing view of the genomic landscape of cancer. J. Pathology J Patholog Soc 220 (2), 231–243. doi:10.1002/path.2645
 Ben Amar, D., Thoinet, K., Villalard, B., Imbaud, O., Costechareyre, C., Jarrosson, L., et al. (2022). Environmental cues from neural crest derivatives act as metastatic triggers in an embryonic neuroblastoma model. Nat. Commun. 13 (1), 2549. doi:10.1038/s41467-022-30237-3
 Bhoopathi, P., Mannangatti, P., Emdad, L., Das, S. K., and Fisher, P. B. (2021). The quest to develop an effective therapy for neuroblastoma. J. Cell Physiol. 236 (11), 7775–7791. doi:10.1002/jcp.30384
 Bleeke, M., Fest, S., Huebener, N., Landgraf, C., Schraven, B., Gaedicke, G., et al. (2009). Systematic amino acid substitutions improved efficiency of GD2-peptide mimotope vaccination against neuroblastoma. Eur. J. Cancer 45 (16), 2915–2921. doi:10.1016/j.ejca.2009.07.026
 Bosse, K. R., Raman, P., Zhu, Z., Lane, M., Martinez, D., Heitzeneder, S., et al. (2017). Identification of GPC2 as an oncoprotein and candidate immunotherapeutic target in high-risk neuroblastoma. Cancer Cell 32 (3), 295–309. doi:10.1016/j.ccell.2017.08.003
 Brodeur, G. M., Minturn, J. E., Ho, R., Simpson, A. M., Iyer, R., Varela, C. R., et al. (2009). Trk receptor expression and inhibition in neuroblastomas. Clin. Cancer Res. 15 (10), 3244–3250. doi:10.1158/1078-0432.CCR-08-1815
 Cabral, J., Fernandez, E. I., Toy, B., and Secola, R. (2023). Multidisciplinary clinical care in the management of patients receiving anti-GD2 immunotherapy for high-risk neuroblastoma. Pediatr. Drugs 25 (1), 13–25. doi:10.1007/s40272-022-00544-9
 Campbell, K., Kao, P. C., Naranjo, A., Kamijo, T., Ramanujachar, R., London, W. B., et al. (2023). Clinical and biological features prognostic of survival after relapse or progression of INRGSS stage MS pattern neuroblastoma: a report from the International Neuroblastoma Risk Group (INRG) project. Pediatr. Blood Cancer 70 (2), e30054. doi:10.1002/pbc.30054
 Carazas, M. M. G., Pinto, J. A., and Casado, F. L. (2021). Biological bases of cancer immunotherapy. Exp. Rev. Mol. Med. 23, e3. doi:10.1017/erm.2021.5
 Carén, H., Abel, F., Kogner, P., and Martinsson, T. (2008). High incidence of DNA mutations and gene amplifications of the ALK gene in advanced sporadic neuroblastoma tumours. Biochem. J. 416 (2), 153–159. doi:10.1042/bj20081834
 Carvajal, L. A., and Manfredi, J. J. (2013). Another fork in the road—life or death decisions by the tumour suppressor p53. EMBO Rep. 14 (5), 414–421. doi:10.1038/embor.2013.25
 Castro, M. V., and Lopez-Bergami, P. (2022). Cellular and molecular mechanisms implicated in the dual role of ROR2 in cancer. Crit. Rev. Oncol. Hematol. 170, 103595. doi:10.1016/j.critrevonc.2022.103595
 Cattelani, S., Defferrari, R., Marsilio, S., Bussolari, R., Candini, O., Corradini, F., et al. (2008). Impact of a single nucleotide polymorphism in the MDM2 gene on neuroblastoma development and aggressiveness: results of a pilot study on 239 patients. Clin. Cancer Res. 14 (11), 3248–3253. doi:10.1158/1078-0432.CCR-07-4725
 Cattelani, S., Ferrari-Amorotti, G., Soliera, A. R., Manzotti, G., Raschella, G., Calabrette, B., et al. (2013). Neuroblastoma: role of MDM2 and SNP309 as markers. Pediatr. Cancer 4, 19–25. doi:10.1007/978-94-007-6591-7_3
 Cavalli, E., Ciurleo, R., Petralia, M. C., Fagone, P., Bella, R., Mangano, K., et al. (2020). Emerging role of the macrophage migration inhibitory factor family of cytokines in neuroblastoma. pathogenic effectors and novel therapeutic targets?Molecules 25 (5), 1194. doi:10.3390/molecules25051194
 Cervantes-Villagrana, R. D., Albores-García, D., Cervantes-Villagrana, A. R., and García-Acevez, S. J. (2020). Tumor-induced neurogenesis and immune evasion as targets of innovative anticancer therapies. Signal Transduct. Target Ther. 5 (1), 99. doi:10.1038/s41392-020-0205-z
 Chan, G.C.-F., and Chan, C. M. (2022). Anti-GD2 directed immunotherapy for high-risk and metastatic neuroblastoma. Biomolecules 12 (3), 358. doi:10.3390/biom12030358
 Cheung, I. Y., Feng, Y., Gerald, W., and Cheung, N. K. V. (2008). Exploiting gene expression profiling to identify novel minimal residual disease markers of neuroblastoma. Clin. Cancer Res. 14 (21), 7020–7027. doi:10.1158/1078-0432.CCR-08-0541
 Chicco, D., Sanavia, T., and Jurman, G. (2023). Signature literature review reveals AHCY, DPYSL3, and NME1 as the most recurrent prognostic genes for neuroblastoma. BioData Min. 16 (1), 7. doi:10.1186/s13040-023-00325-1
 Cornel, A. M., Mimpen, I. L., and Nierkens, S. (2020). MHC class I downregulation in cancer: underlying mechanisms and potential targets for cancer immunotherapy. Cancers 12 (7), 1760. doi:10.3390/cancers12071760
 Dave, Z. (2020). erRORs in cellular crosstalk-Importance in development. 
 Davidoff, A. M. (2021). Neonatal neuroblastoma. Clin. Perinatol. 48 (1), 101–115. doi:10.1016/j.clp.2020.11.006
 Davis, K. L., Fox, E., Merchant, M. S., Reid, J. M., Kudgus, R. A., Liu, X., et al. (2020). Nivolumab in children and young adults with relapsed or refractory solid tumours or lymphoma (ADVL1412): a multicentre, open-label, single-arm, phase 1–2 trial. Lancet Oncol. 21 (4), 541–550. doi:10.1016/S1470-2045(20)30023-1
 Desprez, F., Ung, D. C., Vourc'h, P., Jeanne, M., and Laumonnier, F. (2023). Contribution of the dihydropyrimidinase-like proteins family in synaptic physiology and in neurodevelopmental disorders. Front. Neurosci. 17, 1154446. doi:10.3389/fnins.2023.1154446
 Dhatchinamoorthy, K., Colbert, J. D., and Rock, K. L. (2021). Cancer immune evasion through loss of MHC class I antigen presentation. Front. Immunol. 12, 636568. doi:10.3389/fimmu.2021.636568
 Dowsey, M. (2023). Cytokine immunotherapy for neuroblastoma. SciInsights 42 (1), 787–792. doi:10.15354/si.23.re115
 Du, R., Huang, C., Liu, K., Li, X., and Dong, Z. (2021). Targeting AURKA in Cancer: molecular mechanisms and opportunities for Cancer therapy. Mol. Cancer 20, 15–27. doi:10.1186/s12943-020-01305-3
 Durinck, K., and Speleman, F. (2018). Epigenetic regulation of neuroblastoma development. Cell Tissue Res. 372 (2), 309–324. doi:10.1007/s00441-017-2773-y
 Ehlert, K., Hansjuergens, I., Zinke, A., Otto, S., Siebert, N., Henze, G., et al. (2020). Nivolumab and dinutuximab beta in two patients with refractory neuroblastoma. J. Immunother. Cancer 8 (1), e000540. doi:10.1136/jitc-2020-000540
 Esposito, M. R., Aveic, S., Seydel, A., and Tonini, G. P. (2017). Neuroblastoma treatment in the post-genomic era. J. Biomed. Sci. 24 (1), 14–16. doi:10.1186/s12929-017-0319-y
 Fadaka, A. O., Sibuyi, N. R. S., Madiehe, A. M., and Meyer, M. (2020). MicroRNA-based regulation of Aurora A kinase in breast cancer. Oncotarget 11 (46), 4306–4324. doi:10.18632/oncotarget.27811
 FDA (2015). FDA approves first therapy for high-risk neuroblastoma. 
 Filippi, L., Chiaravalloti, A., Schillaci, O., Cianni, R., and Bagni, O. (2020). Theranostic approaches in nuclear medicine: current status and future prospects. Expert Rev. Med. Devices 17 (4), 331–343. doi:10.1080/17434440.2020.1741348
 Flavahan, W. A., Gaskell, E., and Bernstein, B. E. (2017). Epigenetic plasticity and the hallmarks of cancer. Science 357 (6348), eaal2380. doi:10.1126/science.aal2380
 Fletcher, J. I., Ziegler, D. S., Trahair, T. N., Marshall, G. M., Haber, M., and Norris, M. D. (2018). Too many targets, not enough patients: rethinking neuroblastoma clinical trials. Nat. Rev. Cancer 18 (6), 389–400. doi:10.1038/s41568-018-0003-x
 Fulcher, L. J., and Sapkota, G. P. (2020). Mitotic kinase anchoring proteins: the navigators of cell division. Cell Cycle 19 (5), 505–524. doi:10.1080/15384101.2020.1728014
 Gaetano, C., Matsuo, T., and Thiele, C. J. (1997). Identification and characterization of a retinoic acid-regulated human homologue of the unc-33-like phosphoprotein gene (hUlip) from neuroblastoma cells. J. Biol. Chem. 272 (18), 12195–12201. doi:10.1074/jbc.272.18.12195
 Gao, W., Guo, N., Yan, H., Zhao, S., Sun, Y., and Chen, Z. (2024). Mycn ameliorates cardiac hypertrophy-induced heart failure in mice by mediating the USP2/JUP/Akt/β-catenin cascade. BMC Cardiovasc Disord. 24 (1), 82. doi:10.1186/s12872-024-03748-8
 Geoerger, B., Kang, H. J., Yalon-Oren, M., Marshall, L. V., Vezina, C., Pappo, A., et al. (2020a). Pembrolizumab in paediatric patients with advanced melanoma or a PD-L1-positive, advanced, relapsed, or refractory solid tumour or lymphoma (KEYNOTE-051): interim analysis of an open-label, single-arm, phase 1–2 trial. Lancer Oncol. 21 (1), 121–133. doi:10.1016/S1470-2045(19)30671-0
 Geoerger, B., Zwaan, C. M., Marshall, L. V., Michon, J., Bourdeaut, F., Casanova, M., et al. (2020b). Atezolizumab for children and young adults with previously treated solid tumours, non-Hodgkin lymphoma, and Hodgkin lymphoma (iMATRIX): a multicentre phase 1–2 study. Lancer Oncol. 21 (1), 134–144. doi:10.1016/S1470-2045(19)30693-X
 Gomez, R. L., Ibragimova, S., Ramachandran, R., Philpott, A., and Ali, F. R. (2022). Tumoral heterogeneity in neuroblastoma. Biochim. Biophys. Acta Rev. Cancer 1877, 188805. doi:10.1016/j.bbcan.2022.188805
 Green, J. L., Kuntz, S. G., and Sternberg, P. W. (2008). Ror receptor tyrosine kinases: orphans no more. Trends Cell Biol. 18 (11), 536–544. doi:10.1016/j.tcb.2008.08.006
 Guo, T., Wen, X. Z., Li, Z. Y., Han, H. B., Zhang, C. G., Bai, Y. H., et al. (2019). ISL1 predicts poor outcomes for patients with gastric cancer and drives tumor progression through binding to the ZEB1 promoter together with SETD7. Cell Death Dis. 10 (2), 33. doi:10.1038/s41419-018-1278-2
 Hamzehloie, T., Mojarrad, M., Hasanzadeh Nazarabadi, M., and Shekouhi, S. (2012). The role of tumor protein 53 mutations in common human cancers and targeting the murine double minute 2–p53 interaction for cancer therapy. Iran. J. Med. Sci. 37 (1), 3–8.
 Heczey, A., Courtney, A. N., Montalbano, A., Robinson, S., Liu, K., Li, M., et al. (2020). Anti-GD2 CAR-NKT cells in patients with relapsed or refractory neuroblastoma: an interim analysis. Nat. Med. 26 (11), 1686–1690. doi:10.1038/s41591-020-1074-2
 Heczey, A., Louis, C. U., Savoldo, B., Dakhova, O., Durett, A., Grilley, B., et al. (2017). CAR T cells administered in combination with lymphodepletion and PD-1 inhibition to patients with neuroblastoma. Mol. Ther. 25 (9), 2214–2224. doi:10.1016/j.ymthe.2017.05.012
 Heitzeneder, S., Bosse, K. R., Zhu, Z., Zhelev, D., Majzner, R. G., Radosevich, M. T., et al. (2022). GPC2-CAR T cells tuned for low antigen density mediate potent activity against neuroblastoma without toxicity. Cancer Cell 40 (1), 53–69. doi:10.1016/j.ccell.2021.12.005
 Henry, C., Quadir, A., Hawkins, N. J., Jary, E., Llamosas, E., Kumar, D., et al. (2015). Expression of the novel Wnt receptor ROR2 is increased in breast cancer and may regulate both β-catenin dependent and independent Wnt signalling. J. Cancer Res. Clin. Oncol. 141, 243–254. doi:10.1007/s00432-014-1824-y
 Horton, J. D. (2022). “Pediatric surgery, an issue of surgical clinics,” in E-Book (New York: Elsevier Health Sciences). 
 Huebener, N., Lange, B., Lemmel, C., Rammensee, H. G., Strandsby, A., Wenkel, J., et al. (2003). Vaccination with minigenes encoding for novel 'self'antigens are effective in DNA-vaccination against neuroblastoma. Cancer Lett. 197 (1-2), 211–217. doi:10.1016/s0304-3835(03)00102-2
 Hung, J.-T., and Alice, L. Y. (2019). “GD2-Targeted immunotherapy of neuroblastoma,” in Neuroblastoma (Amsterdam, Netherlands: Elsevier), 63–78.
 Irwin, M. S., Naranjo, A., Zhang, F. F., Cohn, S. L., London, W. B., Gastier-Foster, J. M., et al. (2021). Revised neuroblastoma risk classification system: a report from the Children's Oncology Group. J. Clin. Oncol. 39 (29), 3229–3241. doi:10.1200/JCO.21.00278
 Irwin, M. S., and Park, J. R. (2015). Neuroblastoma: paradigm for precision medicine. Pediatr. Clin. 62 (1), 225–256. doi:10.1016/j.pcl.2014.09.015
 Jacobson, J. C., Clark, R. A., and Chung, D. H. (2023). High-risk neuroblastoma: a surgical perspective. Children 10 (2), 388. doi:10.3390/children10020388
 Janovská, P., and Bryja, V. (2017). Wnt signalling pathways in chronic lymphocytic leukaemia and B-cell lymphomas. Br. J. Pharmacol. 174 (24), 4701–4715. doi:10.1111/bph.13949
 Jha, S. K., Brown, C., Kang, L., Diaz, E. S., Gwal, K., Alvarez, E., et al. (2023). Update on the role of imaging in staging of common pediatric abdominal tumors. Curr. Probl. Cancer 47, 100969. doi:10.1016/j.currproblcancer.2023.100969
 Jones, D. T., Banito, A., Grünewald, T. G. P., Haber, M., Jäger, N., Kool, M., et al. (2019). Molecular characteristics and therapeutic vulnerabilities across paediatric solid tumours. Nat. Rev. Cancer 19 (8), 420–438. doi:10.1038/s41568-019-0169-x
 Kanda, M., Nomoto, S., Oya, H., Shimizu, D., Takami, H., Hibino, S., et al. (2014). Dihydropyrimidinase-like 3 facilitates malignant behavior of gastric cancer. J. Exp. Clin. Cancer Res. 33 (1), 66. doi:10.1186/s13046-014-0066-9
 Karlsson, O., Thor, S., Norberg, T., Ohlsson, H., and Edlund, T. (1990). Insulin gene enhancer binding protein Isl-1 is a member of a novel class of proteins containing both a homeo-and a Cys–His domain. Nature 344 (6269), 879–882. doi:10.1038/344879a0
 Kattner, P., Strobel, H., Khoshnevis, N., Grunert, M., Bartholomae, S., Pruss, M., et al. (2019). Compare and contrast: pediatric cancer versus adult malignancies. Cancer Metastasis Rev. 38, 673–682. doi:10.1007/s10555-019-09836-y
 Kawahara, T., Hotta, N., Ozawa, Y., Kato, S., Kano, K., Yokoyama, Y., et al. (2013). Quantitative proteomic profiling identifies DPYSL3 as pancreatic ductal adenocarcinoma-associated molecule that regulates cell adhesion and migration by stabilization of focal adhesion complex. PLoS One 8 (12), e79654. doi:10.1371/journal.pone.0079654
 Kholodenko, I. V., Kalinovsky, D. V., Doronin, I. I., Deyev, S. M., and Kholodenko, R. V. (2018a). Neuroblastoma origin and therapeutic targets for immunotherapy. J. Immunol. Res. 2018, 7394268. doi:10.1155/2018/7394268
 Kholodenko, I. V., Kalinovsky, D. V., Doronin, I. I., Deyev, S. M., and Kholodenko, R. V. (2018b). Neuroblastoma origin and therapeutic targets for immunotherapy. J. Immunol. Res. 2018, 7394268. doi:10.1155/2018/7394268
 Kim, E., and Shohet, J. (2009). Targeted molecular therapy for neuroblastoma: the ARF/MDM2/p53 axis. Oxford: Oxford University Press, 1527–1529.
 Kim, Y., Hong, M., Do, I. G., Ha, S. Y., Lee, D., and Suh, Y. L. (2015). Wnt5a, Ryk and Ror2 expression in glioblastoma subgroups. Pathol. Res. Pract. 211 (12), 963–972. doi:10.1016/j.prp.2015.10.001
 Kitchen, M. O., Bryan, R. T., Haworth, K. E., Emes, R. D., Luscombe, C., Gommersall, L., et al. (2015). Methylation of HOXA9 and ISL1 predicts patient outcome in high-grade non-invasive bladder cancer. PloS one 10 (9), e0137003. doi:10.1371/journal.pone.0137003
 Komorowski, M., Tisonczyk, J., Kolakowska, A., Drozdz, R., and Kozbor, D. (2018). Modulation of the tumor microenvironment by CXCR4 antagonist-armed viral oncotherapy enhances the antitumor efficacy of dendritic cell vaccines against neuroblastoma in syngeneic mice. Viruses 10 (9), 455. doi:10.3390/v10090455
 Kushner, B. H., Modak, S., Kramer, K., Basu, E. M., Iglesias-Cardenas, F., Roberts, S. S., et al. (2023). Immunotherapy with anti-GD2 monoclonal antibody in infants with high-risk neuroblastoma. Int. J. Cancer 152 (2), 259–266. doi:10.1002/ijc.34233
 Le Grand, M., Kimpton, K., Gana, C. C., Valli, E., Fletcher, J. I., and Kavallaris, M. (2020). Targeting functional activity of AKT has efficacy against aggressive neuroblastoma. ACS Pharmacol. Transl. Sci. 3 (1), 148–160. doi:10.1021/acsptsci.9b00085
 Li, M., Sun, C., Bu, X., Que, Y., Zhang, L., Zhang, Y., et al. (2021a). ISL1 promoted tumorigenesis and EMT via Aurora kinase A-induced activation of PI3K/AKT signaling pathway in neuroblastoma. Cell Death Dis. 12 (6), 620. doi:10.1038/s41419-021-03894-3
 Li, N., Fu, H., Hewitt, S. M., Dimitrov, D. S., and Ho, M. (2017). Therapeutically targeting glypican-2 via single-domain antibody-based chimeric antigen receptors and immunotoxins in neuroblastoma. Proc. Natl. Acad. Sci. 114 (32), E6623–E6631. doi:10.1073/pnas.1706055114
 Li, N., Torres, M. B., Spetz, M. R., Wang, R., Peng, L., Tian, M., et al. (2021b). CAR T cells targeting tumor-associated exons of glypican 2 regress neuroblastoma in mice. Cell Rep. Med. 2 (6), 100297. doi:10.1016/j.xcrm.2021.100297
 Li, P., Harris, D., Liu, Z., Liu, J., Keating, M., and Estrov, Z. (2010). Stat3 activates the receptor tyrosine kinase like orphan receptor-1 gene in chronic lymphocytic leukemia cells. PLoS One 5 (7), e11859. doi:10.1371/journal.pone.0011859
 Louis, C. U., Savoldo, B., Dotti, G., Pule, M., Yvon, E., Myers, G. D., et al. (2011). Antitumor activity and long-term fate of chimeric antigen receptor–positive T cells in patients with neuroblastoma. Am. J. Hematol. 118 (23), 6050–6056. doi:10.1182/blood-2011-05-354449
 Luksch, R., Castellani, M. R., Collini, P., De Bernardi, B., Conte, M., Gambini, C., et al. (2016). Neuroblastoma (Peripheral neuroblastic tumours). Crit. Rev. Oncol. Hematol. 107, 163–181. doi:10.1016/j.critrevonc.2016.10.001
 Machy, P., Mortier, E., and Birklé, S. (2023). Biology of GD2 ganglioside: implications for cancer immunotherapy. Front. Pharmacol. 14, 1249929. doi:10.3389/fphar.2023.1249929
 Mackall, C. L., Merchant, M. S., and Fry, T. J. (2014). Immune-based therapies for childhood cancer. Nat. Rev. Clin. Oncol. 11 (12), 693–703. doi:10.1038/nrclinonc.2014.177
 Majzner, R. G., Rietberg, S. P., Sotillo, E., Dong, R., Vachharajani, V. T., Labanieh, L., et al. (2020). Tuning the antigen density requirement for CAR T-cell activity. Cancer Discov. 10 (5), 702–723. doi:10.1158/2159-8290.CD-19-0945
 Manivannan, J., Tay, S. S. W., Ling, E. A., and Dheen, S. T. (2013). Dihydropyrimidinase-like 3 regulates the inflammatory response of activated microglia. Neurosci 253, 40–54. doi:10.1016/j.neuroscience.2013.08.023
 Masiakowski, P., and Carroll, R. D. (1992). A novel family of cell surface receptors with tyrosine kinase-like domain. J. Biol. Chem. 267 (36), 26181–26190. doi:10.1016/s0021-9258(18)35733-8
 Masiakowski, P., and Yancopoulos, G. D. (1998). The Wnt receptor CRD domain is also found in MuSK and related orphan receptor tyrosine kinases. Curr. Biol. 8 (12), R407. doi:10.1016/s0960-9822(98)70263-5
 Maude, S. L., Frey, N., Shaw, P. A., Aplenc, R., Barrett, D. M., Bunin, N. J., et al. (2014). Chimeric antigen receptor T cells for sustained remissions in leukemia. N. Eng. J. Cancer 371 (16), 1507–1517. doi:10.1056/NEJMoa1407222
 Maude, S. L., Laetsch, T. W., Buechner, J., Rives, S., Boyer, M., Bittencourt, H., et al. (2018). Tisagenlecleucel in children and young adults with B-cell lymphoblastic leukemia. N. Eng. J. Cancer 378 (5), 439–448. doi:10.1056/NEJMoa1709866
 Mehrvar, A., Sadeghi, Y., Mehrvar, N., Faranoush, M., Alebouyeh, M., Roozrokh, M., et al. (2023). Prognosis, survival and management of pediatric patients with neuroblastoma: a 12-year experience from a single center study. Acta Medica Iran. , 275–281. doi:10.18502/acta.v61i5.13482
 Menck, K., Heinrichs, S., Baden, C., and Bleckmann, A. (2021). The WNT/ROR pathway in cancer: from signaling to therapeutic intervention. Cells 10 (1), 142. doi:10.3390/cells10010142
 Mishra, S., Kelly, K. K., Rumian, N. L., and Siegenthaler, J. A. (2018). Retinoic acid is required for neural stem and progenitor cell proliferation in the adult hippocampus. Stem Cell Rep. 10 (6), 1705–1720. doi:10.1016/j.stemcr.2018.04.024
 Modak, S., and Cheung, N.-K. V. (2010). Neuroblastoma: therapeutic strategies for a clinical enigma. Cancer Treat. Rev. 36 (4), 307–317. doi:10.1016/j.ctrv.2010.02.006
 Molenaar, J. J., Koster, J., Zwijnenburg, D. A., van Sluis, P., Valentijn, L. J., van der Ploeg, I., et al. (2012). Sequencing of neuroblastoma identifies chromothripsis and defects in neuritogenesis genes. Nature 483 (7391), 589–593. doi:10.1038/nature10910
 Monclair, T., Brodeur, G. M., Ambros, P. F., Brisse, H. J., Cecchetto, G., Holmes, K., et al. (2009). The international neuroblastoma risk group (INRG) staging system: an INRG task force report. J. Clin. Oncol. 27 (2), 298–303. doi:10.1200/JCO.2008.16.6876
 Morandi, F., Sabatini, F., Podestà, M., and Airoldi, I. (2021). Immunotherapeutic strategies for neuroblastoma: present, past and future. Vaccines 9 (1), 43. doi:10.3390/vaccines9010043
 Mukhtar, M., Bilal, M., Rahdar, A., Barani, M., Arshad, R., Behl, T., et al. (2020). Nanomaterials for diagnosis and treatment of brain cancer: recent updates. Chemosensors 8 (4), 117. doi:10.3390/chemosensors8040117
 Nag, S., Zhang, X., Srivenugopal, K. S., Wang, M. H., Wang, W., and Zhang, R. (2014). Targeting MDM2-p53 interaction for cancer therapy: are we there yet?Curr. Med. Chem. 21 (5), 553–574. doi:10.2174/09298673113206660325
 Neuroblastoma, C. (1931). Cancer association of South Africa (CANSA). 
 Newman, E. A., Abdessalam, S., Aldrink, J. H., Austin, M., Heaton, T. E., Bruny, J., et al. (2019). Update on neuroblastoma. J. Pediatr. Surg. 54 (3), 383–389. doi:10.1016/j.jpedsurg.2018.09.004
 Nguyen, R., Zhang, X., Sun, M., Abbas, S., Seibert, C., Kelly, M. C., et al. (2022). Anti-Gd2 antibodies conjugated to IL15 and IL21 mediate potent antitumor cytotoxicity against neuroblastoma. Clin. Cancer Res. 28 (17), 3785–3796. doi:10.1158/1078-0432.CCR-22-0717
 Nicolai, S., Pieraccioli, M., Peschiaroli, A., Melino, G., and Raschellà, G. (2015). Neuroblastoma: oncogenic mechanisms and therapeutic exploitation of necroptosis. Cell Death Dis. 6 (12), e2010. doi:10.1038/cddis.2015.354
 Olivier, M., Hollstein, M., and Hainaut, P. (2010). TP53 mutations in human cancers: origins, consequences, and clinical use. Cold Spring Harb. Perspect. Biol. 2 (1), a001008. doi:10.1101/cshperspect.a001008
 Ong Tone, S., Dayanandan, B., Fournier, A. E., and Mandato, C. A. (2010). GSK3 regulates mitotic chromosomal alignment through CRMP4. PLoS One 5 (12), e14345. doi:10.1371/journal.pone.0014345
 Paraboschi, I., Privitera, L., Kramer-Marek, G., Anderson, J., and Giuliani, S. (2021). Novel treatments and technologies applied to the cure of neuroblastoma. Children 8 (6), 482. doi:10.3390/children8060482
 Park, J. R., Eggert, A., and Caron, H. (2010). Neuroblastoma: biology, prognosis, and treatment. Hematol. Oncol. Clin. North Am. 24 (1), 65–86. doi:10.1016/j.hoc.2009.11.011
 Parrales, A., and Iwakuma, T. (2015). Targeting oncogenic mutant p53 for cancer therapy. Front. Oncol. 5, 288. doi:10.3389/fonc.2015.00288
 Pilon, N. (2021). Treatment and prevention of neurocristopathies. Trends Mol. Med. 27 (5), 451–468. doi:10.1016/j.molmed.2021.01.009
 Pinto, N. R., Applebaum, M. A., Volchenboum, S. L., Matthay, K. K., London, W. B., Ambros, P. F., et al. (2015). Advances in risk classification and treatment strategies for neuroblastoma. J. Clin. Oncol. 33 (27), 3008–3017. doi:10.1200/JCO.2014.59.4648
 Pistoia, V., Bianchi, G., Borgonovo, G., and Raffaghello, L. (2011). Cytokines in neuroblastoma: from pathogenesis to treatment. Immunotherapy 3 (7), 895–907. doi:10.2217/imt.11.80
 Ponnusamy, R., Lebedev, A. A., Pahlow, S., and Lohkamp, B. (2014). Crystal structure of human CRMP-4: correction of intensities for lattice-translocation disorder. Acta Crystallogr. D. 70 (6), 1680–1694. doi:10.1107/S1399004714006634
 Ponzoni, M., Bachetti, T., Corrias, M. V., Brignole, C., Pastorino, F., Calarco, E., et al. (2022). Recent advances in the developmental origin of neuroblastoma: an overview. J. Exp. Clin. Cancer Res. 41 (1), 92–28. doi:10.1186/s13046-022-02281-w
 Pudela, C., Balyasny, S., and Applebaum, M. A. (2020). Nervous system: embryonal tumors: neuroblastoma. Atlas Genet. Cytogenet. Oncol. Haematol. 24 (7), 284–290. doi:10.4267/2042/70771
 Pugh, T. J., Morozova, O., Attiyeh, E. F., Asgharzadeh, S., Wei, J. S., Auclair, D., et al. (2013). The genetic landscape of high-risk neuroblastoma. Nat. Genet. 45 (3), 279–284. doi:10.1038/ng.2529
 Qiu, B., and Matthay, K. K. (2022). Advancing therapy for neuroblastoma. Nat. Rev. Clin. Oncol. 19 (8), 515–533. doi:10.1038/s41571-022-00643-z
 Quezada, M. J., and Lopez-Bergami, P. (2023). The signaling pathways activated by ROR1 in cancer. Cell Signal 104, 110588. doi:10.1016/j.cellsig.2023.110588
 Raieli, S., Di Renzo, D., Lampis, S., Amadesi, C., Montemurro, L., Pession, A., et al. (2021). MYCN drives a tumor immunosuppressive environment which impacts survival in neuroblastoma. Front. Oncol. 11, 625207. doi:10.3389/fonc.2021.625207
 Richards, R. M., Sotillo, E., and Majzner, R. G. (2018). CAR T cell therapy for neuroblastoma. Front. Immunol. 9, 2380. doi:10.3389/fimmu.2018.02380
 Rickman, D. S., Schulte, J. H., and Eilers, M. (2018). The expanding world of N-MYC–driven tumors. Cancer Discov. 8 (2), 150–163. doi:10.1158/2159-8290.CD-17-0273
 Rosslenbroich, V., Dai, L., Baader, S. L., Noegel, A. A., Gieselmann, V., and Kappler, J. (2005). Collapsin response mediator protein-4 regulates F-actin bundling. Exp. Cell Res. 310 (2), 434–444. doi:10.1016/j.yexcr.2005.08.005
 Shohet, J. M., Nuchtern, J. G., and Foster, J. H. (2022). Treatment and prognosis of neuroblastoma. Waltham, MA: UpToDate. 
 Slattery, K., and Gardiner, C. M. (2019). NK cell metabolism and TGFβ–implications for immunotherapy. Front. Immunol. 10, 2915. doi:10.3389/fimmu.2019.02915
 Sokol, E., and Desai, A. V. (2019). The evolution of risk classification for neuroblastoma. Children 6 (2), 27. doi:10.3390/children6020027
 Steen, E. A., Basilaia, M., Kim, W., Getz, T., Gustafson, J. L., and Zage, P. E. (2023). Targeting the RET tyrosine kinase in neuroblastoma: a review and application of a novel selective drug design strategy. Biochem. Pharmacol. 216, 115751. doi:10.1016/j.bcp.2023.115751
 Straathof, K., Flutter, B., Wallace, R., Jain, N., Loka, T., Depani, S., et al. (2020). Antitumor activity without on-target off-tumor toxicity of GD2–chimeric antigen receptor T cells in patients with neuroblastoma. Sci. Transl. Med. 12 (571), eabd6169. doi:10.1126/scitranslmed.abd6169
 Sun, M., Cao, Y., Okada, R., Reyes-González, J. M., Stack, H. G., Qin, H., et al. (2023). Pre-clinical optimization of a GPC2-targeting CAR T-cell therapy for neuroblastoma. J. Immunother. Cancer 11 (1), e005881. doi:10.1136/jitc-2022-005881
 Tan, F., Wahdan-Alaswad, R., Yan, S., Thiele, C. J., and Li, Z. (2013). Dihydropyrimidinase-like protein 3 expression is negatively regulated by MYCN and associated with clinical outcome in neuroblastoma. Cancer Sci. 104 (12), 1586–1592. doi:10.1111/cas.12278
 Tian, M., Cheuk, A. T., Wei, J. S., Abdelmaksoud, A., Chou, H. C., Milewski, D., et al. (2022). An optimized bicistronic chimeric antigen receptor against GPC2 or CD276 overcomes heterogeneous expression in neuroblastoma. J. Clin. Invest. 132 (16), e155621. doi:10.1172/JCI155621
 Tibbetts, R., Yeo, K. K., Muthugounder, S., Lee, M. H., Jung, C., Porras-Corredor, T., et al. (2022). Anti-disialoganglioside antibody internalization by neuroblastoma cells as a mechanism of immunotherapy resistance. Cancer Immun. 71 (1), 153–164. doi:10.1007/s00262-021-02963-y
 Tolbert, V. P., and Matthay, K. K. (2018). Neuroblastoma: clinical and biological approach to risk stratification and treatment. Cell Tissue Res. 372, 195–209. doi:10.1007/s00441-018-2821-2
 Tonini, G. P., and Capasso, M. (2020). Genetic predisposition and chromosome instability in neuroblastoma. Cancer Metastasis Rev. 39, 275–285. doi:10.1007/s10555-020-09843-4
 Unguru, Y., Joffe, S., Fernandez, C. V., and Yu, A. L. (2013). Ethical issues for control-arm patients after revelation of benefits of experimental therapy: a framework modeled in neuroblastoma. J. Clin. Oncol. 31 (5), 641–646. doi:10.1200/JCO.2012.47.1227
 Vanichapol, T., Chutipongtanate, S., Anurathapan, U., and Hongeng, S. (2018). Immune escape mechanisms and future prospects for immunotherapy in neuroblastoma. Biomed. Res. Int. 2018, 1812535. doi:10.1155/2018/1812535
 Van Maerken, T., Speleman, F., Vermeulen, J., Lambertz, I., De Clercq, S., De Smet, E., et al. (2006). Small-molecule MDM2 antagonists as a new therapy concept for neuroblastoma. Cancer Res. 66 (19), 9646–9655. doi:10.1158/0008-5472.CAN-06-0792
 Varadé, J., Magadán, S., and González-Fernández, Á. (2021). Human immunology and immunotherapy: main achievements and challenges. Cell Mol. Immunol. 18 (4), 805–828. doi:10.1038/s41423-020-00530-6
 Veal, G. J., Tweddle, D. A., Visser, J., Errington, J., Buck, H., Marange, J., et al. (2021). Pharmacokinetics and safety of a novel oral liquid formulation of 13-cis retinoic acid in children with neuroblastoma: a randomized crossover clinical trial. Cancers 13 (8), 1868. doi:10.3390/cancers13081868
 Veschi, V., Verona, F., and Thiele, C. J. (2019). Cancer stem cells and neuroblastoma: characteristics and therapeutic targeting options. Front. Endocrin 10, 782. doi:10.3389/fendo.2019.00782
 Voicu, V., Tataru, C. P., Toader, C., Covache-Busuioc, R. A., Glavan, L. A., Bratu, B. G., et al. (2023). Decoding neurodegeneration: a comprehensive review of molecular mechanisms, genetic influences, and therapeutic innovations. Int. J. Mol. Sci. 24 (16), 13006. doi:10.3390/ijms241613006
 Wagner, L. M., and Adams, V. R. (2017). Targeting the PD-1 pathway in pediatric solid tumors and brain tumors. Onco Targets Ther. 10, 2097–2106. doi:10.2147/OTT.S124008
 Wang, M., Zhai, X., Li, J., Guan, J., Xu, S., Li, Y., et al. (2021). The role of cytokines in predicting the response and adverse events related to immune checkpoint inhibitors. Front. Immunol. 12, 670391. doi:10.3389/fimmu.2021.670391
 Webb, E. R., Lanati, S., Wareham, C., Easton, A., Dunn, S. N., Inzhelevskaya, T., et al. (2020). Immune characterization of pre-clinical murine models of neuroblastoma. Sci. Rep. 10 (1), 16695. doi:10.1038/s41598-020-73695-9
 Wienke, J., Dierselhuis, M. P., Tytgat, G. A. M., Künkele, A., Nierkens, S., and Molenaar, J. J. (2021). The immune landscape of neuroblastoma: challenges and opportunities for novel therapeutic strategies in pediatric oncology. Eur. J. Cancer 144, 123–150. doi:10.1016/j.ejca.2020.11.014
 Wolfson, B., Franks, S. E., and Hodge, J. W. (2021). Stay on target: reengaging cancer vaccines in combination immunotherapy. Vaccines (Basel) 9 (5), 509. doi:10.3390/vaccines9050509
 Woo, C. W., Tan, F., Cassano, H., Lee, J., Lee, K. C., and Thiele, C. J. (2008). Use of RNA interference to elucidate the effect of MYCN on cell cycle in neuroblastoma. Pediatr blood cancer 50 (2), 208–212. doi:10.1002/pbc.21195
 Xue, C., Haber, M., Flemming, C., Marshall, G. M., Lock, R. B., MacKenzie, K. L., et al. (2007). p53 determines multidrug sensitivity of childhood neuroblastoma. Cancer Res. 67 (21), 10351–10360. doi:10.1158/0008-5472.CAN-06-4345
 Yu, A. L., Gilman, A. L., Ozkaynak, M. F., Naranjo, A., Diccianni, M. B., Gan, J., et al. (2021). Long-term follow-up of a phase III study of ch14. 18 (dinutuximab)+ cytokine immunotherapy in children with high-risk neuroblastoma: COG study ANBL0032. Clin. Cancer Res. 27 (8), 2179–2189. doi:10.1158/1078-0432.CCR-20-3909
 Yu, J., Chen, L., Cui, B., Widhopf, G. F., Shen, Z., Wu, R., et al. (2016). Wnt5a induces ROR1/ROR2 heterooligomerization to enhance leukemia chemotaxis and proliferation. J. Clin. Invest. 126 (2), 585–598. doi:10.1172/JCI83535
 Zhang, Q., Huang, R., Ye, Y., Guo, X., Lu, J., Zhu, F., et al. (2018a). Temporal requirements for ISL1 in sympathetic neuron proliferation, differentiation, and diversification. Cell Death Dis. 9 (2), 247. doi:10.1038/s41419-018-0283-9
 Zhang, Q., Jiang, X., Ye, Y., Liao, H., and Zhu, F. (2019). Collaborative ISL1/GATA3 interaction in controlling neuroblastoma oncogenic pathways overlapping with but distinct from MYCN. Theranostics 9 (4), 986–1000. doi:10.7150/thno.30199
 Zhang, S., Chen, L., Cui, B., Chuang, H. Y., Yu, J., Wang-Rodriguez, J., et al. (2012b). ROR1 is expressed in human breast cancer and associated with enhanced tumor-cell growth. PloS one 7 (3), e31127. doi:10.1371/journal.pone.0031127
 Zhang, S., Chen, L., Wang-Rodriguez, J., Zhang, L., Cui, B., Frankel, W., et al. (2012a). The onco-embryonic antigen ROR1 is expressed by a variety of human cancers. Am. J. Pathol. 181 (6), 1903–1910. doi:10.1016/j.ajpath.2012.08.024
 Zhang, Y., Wang, L., Gao, P., Sun, Z., and Lu, Y. (2018b). ISL1 promotes cancer progression and inhibits cisplatin sensitivity in triple-negative breast cancer cells. Int. J. Mol. Med. 42 (5), 2343–2352. doi:10.3892/ijmm.2018.3842
 Zhang, Y., Wu, W., Sun, Q., Ye, L., Zhou, D., and Wang, W. (2021). linc-ROR facilitates hepatocellular carcinoma resistance to doxorubicin by regulating TWIST1-mediated epithelial-mesenchymal transition. Mol. Med. Rep. 23 (5), 340–349. doi:10.3892/mmr.2021.11979
 Zhou, S., Zhang, M., Zhou, C., Wang, W., Yang, H., and Ye, W. (2020). The role of epithelial-mesenchymal transition in regulating radioresistance. Crit. Rev. Oncol. Hematol. 150, 102961. doi:10.1016/j.critrevonc.2020.102961
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.
Copyright © 2024 Zheng, Kumar, Sharma, Behl, Sehgal, Wal, Shinde, Kawaduji, Kapoor, Anwer, Gulati, Shen, Singla and Bungau. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-12-1353860-g005.gif





OPS/images/fcell-12-1353860-t001.jpg
Identifier

Phase

Agent/Drug

Comments

Refractory NB

1 NCT05754684 | 2 Recruiting | Natural killer cell, 29 01:01- | Blood Relapsed or Quadruple
Dinutuximab beta, 2022 refractory NB immunotherapy with NK
Interleukin-2 cells, anti-GD2, IL-2 and
GM-CSF and RXRg
2 NCT02573896 | 1 Active, not | Dinutuximab. NK cells, | 13 1401- | Blood Relapsed ‘This trial determines the
recruiting | Lenalidomide 2019 Refractory NB with | MTD of NK combined
expanded NK Cells  with Dinutuximab
3 NCT05272371 | 1 Recruiting | Dinutuximab beta in | 20 01-12- | Tissue HRNB To assess the safety and
combination with 2021 efficacy of patients
chemotherapy treated with dinutuximab
beta in combination with
chemotherapy
4 NCT04239040 | 1 Recruiting | GVAX vaccine, 26 2001 | Tissue Relapsed, To check the safety and
Nivolumab, 2020 refractory HRNB, | tolerated dose
Ipilimumab pediatric solid
tumor
5 NCT03635632 | 1 Recruiting | C7-RGD2, CART cells 94 23-04- | Tumor, Relapsed and Treat patients with C7R-
2019 blood refractory NB GD2.CART Cells
sample
6 NCT06057948 | 2 Recruiting | OPT-821 (QS-21) and | 94 21-09- | Blood HRNB and Research on a vaccine
p-glucan 2023 metastatic combined with beta-
glucan for individuals
with NB
7 NCT04936529 | 2 Recruiting | GM-CSF, OPT-821, f- | 264 02:08- | Blood NB The study seeks to assess
glucan 2021 a combination treatment
using a bivalent vaccine,
B-glucan, and GM-CSF
for high-risk NB patients
8 NCT04049864 1 Recruiting | DNA vaccine, 12 09-01- Tumor Relapsed NB To test the safety and
Salmonella oral vaccine, 2019 sample immune response of a
Lenalidomide DNA vaccine in relapsed
NB patients with post-
chemotherapy and stem
cell transplantation
9 NCT04239040 | 1 Recruiting | GVAX vaccine, 26 2901 | Tissue Relapsed or This clinical research trial
Nivolumab, 2023 collection | refractory NB aims to investigate the
Ipilimumab development and
utilization of GVAX
when used in
conjunction with
nivolumab and
ipilimumab, as a
potential therapeutic
approach for NB.
10 NCT05650749 | 1 Recruiting | GPC2 CAR T cells 30 3-05- Blood Refractory NB, To determine the MTD
2023 relapsed NB, of GPC2 CAR T cells
HRNB
1 NCT05990751 | 1 Not yet GD2 CART cells 12 01-01- | NA Relapsed or Targeting Chimeric
recruiting 2024 refractory NB antigen receptor
2 NCT03721068 | 1 Recruiting | iC9.GD2.CARIL- 18 19-02- | Tissue NB, osteosarcoma  To identify the maximum
15 T-cells, 2019 tolerated dose
Cyclophosphamide,
Fludarabine
13 NCT04637503 | 1,2 Recruiting | GD2, PSMA and 100 18-11- | Blood NB To evaluate the safety
CD276 CAR-T cells 2020 and efficacy of 4SCAR-T
cell therapy
14 NCT03618381 | 1 Recruiting | 4-1BB{ EGFR806- 44 22:02- | Blood NB EGFR806 CAR T Cell
EGFRt 2019 Immunotherapy
15 NCT05562024 | 1 Recruiting | TAA06 Injection 4 30-12- | Tissue B7-H3-positive to check the tolerability,
2022 Relapsed/ safety, and cytokinetic

characteristics
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Neuroblastoma immunotherapy

approaches

Description

Examples

Monoclonal antibodies

Immune checkpoint inhibitors

Administration of antibodies that target specific NB cell surface antigens, often
leading to ADCC and CDC

Blockade of immune checkpoint molecules like PD-1, PD-L1, or CTLA-4 to
enhance the activity of immune cells (e.g. T cells) against NB cells

Dinutuximab (Unituxin),
Naxitumab

Nivolumab (Opdivo),
Pembrolizumab (Keytruda)

CAR'T Cell therapy

Cytokine therapy

Genetic modification of patient's T cells to express CARs targeting NB antigens,
leading to targeted cell killing

GD2-specific CAR T cells

Administration of cytokines (e.g, IL-2, IL-12, IFN-y) to boost the immune response | Interleukin-2 (Proleukin)
against NB by enhancing T cell and NK cell activity
Vaccines Utilization of NB-specific vaccines (e.g, peptide, dendritic cell, or DNA vaccines) to | NBL-004 (Vaccine targeting GD2)

Oncolytic viruses

Immune modulators

Combination therapies

stimulate the immune system to recognize and attack tumor cells

Use gene-modified viruses that selectively infect and kill NB cells while inducing an
immune response against the tumor

Administration of immunomodaulatory agents (e.g. immune stimulants or
suppressors) to regulate the immune response against NB

Integration of multiple immunotherapy approaches to masimize the chances of
successful NB treatment

Adenovirus-based oncolytic
therapy

Interferon-alpha (IFN- a)

CAR T-cells with checkpoint
inhibitors
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