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Neuroblastoma is the most common extracranial solid tumour in childhood, accounting for approximately 15% of all

cancer-related deaths in the paediatric population. The overall survival of children with high-risk diseases is around 40–

50% despite the aggressive treatment protocols. There is an ongoing research effort to increase NB's cellular and

molecular biology knowledge to translate essential findings into novel treatment strategies.
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1. Introduction

Neuroblastoma (NB) is the most common extracranial solid tumour in childhood, accounting for approximately 15% of all

cancer-related deaths in the paediatric population . It is characterised by heterogeneous clinical behaviour in neonates

and often adverse outcomes in toddlers.

The overall survival of children with high-risk disease is around 40–50% despite the aggressive treatment protocols

consisting of intensive chemotherapy, surgery, radiation therapy, and hematopoietic stem cell transplantation .

2. Cellular Immunotherapy

Immunotherapies based on immune effector cells, able to recognise tumour-associated antigens and exert specific

cytotoxicity against tumour cells, are promising approaches investigated in several preclinical studies. Chimeric antigen

receptor (CAR)—modified T-cells are genetically engineered T-cells that express a synthetic immunoreceptor consisting of

an antigen-binding ectodomain (e.g., single-chain Fv (scFv)). This directs them to a particular tumour antigen and

signalling domains that trigger T-cell activation and proliferation when the foreign antigen is bound. Specifically, NB cells

ubiquitously express the GD2 ganglioside, an attractive tumour-associated antigen for cellular immunotherapy.

 engineered Epstein-Barr virus (EBV)-specific cytotoxic T lymphocytes (CTLs) to express a chimeric antigen receptor

directed to GD2 to see if they would receive optimal co-stimulation after engagement of their receptors, enhancing

survival and anti-tumour activity. They found that human virus-specific CAR-CTLs persist in higher numbers and for longer

times after administration than T cells expressing the same receptor but lacking viral specificity (CAR-ATCs), with tumour

regression or necrosis in half of the subjects tested. Their results show that the long-term low-level presence of CAR-

expressing T cells is associated with clinical benefits, and that they can induce complete tumour responses in patients

with active NB. However, follow-on studies using a third-generation format of the same CAR-T failed to show significant

clinical efficacy in patients .

 further evaluated this by investigating the anti-NB activity of GD2-specific CAR T-cells combined with bevacizumab

(BEV), a specific mAb against vascular endothelial growth factor (VEGFR), in an orthotopic xenograft model of human

NB. When combined with BEV, GD2-CAR T-cells massively infiltrated the tumour mass and secreted interferon-γ (IFN-γ),

which, in turn, upregulated NB cell expression of PD-L1. Concurrently, tumour infiltrating GD2-CAR T-cells expressed PD-

1. PD-L1 silencing or blocking strategies were then advocated to enhance the efficacy of such a combination of therapies.

In fact, these cells are able to recognise phosphoantigens, which are natural nonpeptide phosphorylated intermediates of

isoprenoid metabolism operating in human cells. Interestingly, tumour cells express one of them at a high level, the

isopentenyl pyrophosphate (IPP), especially when exposed to amino bisphosphonates.  showed in preclinical models of

NB that the combined treatment with Vδ2+ T-cells (the most common subset of γδ T-cells) and zoledronic acid (ZOL) was

able to inhibit tumour cell proliferation and angiogenesis and to induce cell apoptosis, supporting their use as a
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therapeutic strategy for NB patients.  showed that the combination of adoptively transferred Vδ2+ T-cells, expanded in

vitro with ZOL and IL-2, with dinutuximab and systemic ZOL suppressed tumour growth compared to antibody or γδT cell-

free controls in an immunodeficient mouse model of small established GD2-expressing NB tumours.

Regarding the employment of cytotoxic T lymphocytes (CTL) and NK cells for anti-tumour immunotherapy, one of their

limits is represented by the downregulation of HLA-class I molecules by NB cells.  proved that an increase in NB cell

immunogenicity was possible upon their exposure to active NK cells, which sensitise NB cells’ recognition by CTLs. ,

who showed that early repeated injections of polyclonal IL-2-activated NK cells significantly increased the survival and

reduced the bone marrow infiltration of NB-bearing NOD/SCID mice. Interestingly, low doses of human recombinant IL-2

or IL-15 further enhanced the therapeutic effects.

Driven by the increasing recognition of the pivotal role of tumour vasculature in the survival and growth of solid tumours,

there has been a great interest in developing approaches that target and disrupt the existent tumours’ vessels . Loi

M et al. The APA is enhanced and active in pericytes associated with tumour blood vessels, and it has been correlated

with neoplastic progression . What they found in this study is that the combined targeting of both the endothelial and

the perivascular cells not only increased the disruption of the endothelial wall but also resulted in a statistically significant

enhanced anti-tumour effect .

Besides tumour blood vessels, liposomal DXR formulations can also be directed explicitly towards tumour cells. In this

regard, NB exposure with DXR-loaded Fab’ fragments of anti-GD2 immunoliposomes in nude mice leads to significantly

greater inhibition of cell proliferation (in vitro), and long-term survival rates approaching 100% suggested that total

inhibition of the metastatic growth of human NB was happening .

Finally, the combined use of liposomal DXR tagged with an NGR-containing peptide, and anti-GD2 mAb has been

administered sequentially to target both tumour vessels and cancer cells, obtaining a more significant inhibition of NB

tumour growth than each formulation given alone. Apart from DXR, sterically stabilised liposomes loaded with HPR have

been developed to improve the encapsulated drug’s therapeutic efficacy, reducing neo-angiogenesis and tumour cell

proliferation . Similarly, vascular-targeted-BTZ-loaded liposomal formulations have been employed to effectively inhibit

NB growth, minimise side effects, and increase the therapeutic index compared to the free drug .

3. Tumour Vaccines

The use of tumour cell-based vaccines represents an attractive way of generating anti-NB immunity without increasing the

toxicity associated with current radiotherapy and chemotherapy protocols. The vaccines train the immune system to

recognise and destroy NB cells after chemotherapy.

In this regard, Bauer et al.  designed a multimodal tumour vaccine consisting of irradiated tumour cells infected with the

oncolytic IL-12-expressing HSV-1 virus (M002), which produced a stable and specific immunisation in a murine model of

intracranial tumour.

 showed that the therapeutic vaccination with neuro-2a cells knock-down for the inhibitor of differentiation protein 2

(Id2- kd) significantly suppressed tumour growth in well-established NB tumours. This anti-tumour effect was even more

substantial when combined with checkpoint inhibitors. An increased number of IFN-γ producing CD8+ T-cells and the

infiltration of cytotoxic CD8+ T cells within the tumour were responsible for the effect of this novel tumour vaccine strategy.

Moreover, Berger et al.  reported that the oral gavage of attenuated Salmonella typhimurium (SL7207), carrying recent

generated survivin DNA was able to induce a more robust cellular anti-NB immune response than gene gun application or

injection of lentivirally transduced bone marrow-derived dendritic cells (DCs) in a syngeneic mouse model of NB.

Similarly, Fest et al.  tested a surviving minigene DNA vaccine (pUS-high) administered using SL7207 as a DNA carrier.

It proved that this led to complete NB eradication in over 50% of immunised mice.

Because the first-step enzyme of catecholamine biosynthesis, the human tyrosine hydroxylase (hTH), is an important

marker for NB, three DNA vaccine plasmids encoding for human hTHcDNA hTH minigene and hTHcDNA have been

administered in combination with IL-12 in syngeneic A/J mice to suppress primary tumour growth and spontaneous

metastasis .

Gil et al.  analysed the ability of therapeutic DC vaccines expressing 47-LDA, a CD166 cross-reactive mimotope of the

GD2 ganglioside, to selectively expand adoptively transferred tumour-specific T-cells in lymphodepleted NXS2 NB

tumour-bearing syngeneic mice. To deliver the antigenic cassette to the activating Fc gamma receptors, the 47-LDA
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mimotope was presented to DCs either as a linear polypeptide in conjunction with universal Th epitopes or as a fusion

protein with the murine Interestingly, the latter formulation was more effective in the induction of the anti-tumour immune

response.

 recently published the results of a phase II trial for a bivalent vaccine with escalating doses of the immunological

adjuvant OPT-821, combined with oral β-glucan. The patient cohort was composed of 102 patients with high-risk NB in

remission. This vaccine’s rationale is that if the patient can make antibodies against the two antigens in the vaccine, they

could also selectively kill NB cells by attracting the patient’s white blood cells to kill the NB. Their results show that the

vaccine plus b-glucan elicited robust antibody responses in patients and that higher anti-GD2-IgG1 title was associated

with improved survival.

Toll like receptor 9 (TLR9) agonists, such as synthetic oligonucleotides containing unmethylated CpG motifs (CpG ODNs),

can be used as vaccine adjuvants because they can directly induce the activation and maturation of plasmacytoid DCs

and can enhance the differentiation of B cells into antibody-secreting plasma cells .  evaluated the anti-tumour

activity of CpG-containing c-myb antisense oligonucleotides encapsulated with GD2-targeted liposomes in two murine

xenograft models of NB. They demonstrated that both the direct inhibition of cell growth, mediated by decreased c-myb

protooncogene expression and the indirect CpG-dependent immune stimulation by the NK cell-mediated lysis of tumour

cells, resulted in the inhibition of tumour growth, leading to long-term survival in NB-bearing mice. Moreover, as IL-10 is an

immune-regulatory cytokine known to suppress macrophages and DC function, the combined administration of CpG

ODN-containing liposomes and Abs against IL-10R has proved to prolong immune system activation, leading to better

therapeutic results in NB xenografts .

4. Radiation Therapy

Radiation therapy is an essential component of NB treatment and is typically administered to both the primary tumour bed

after surgical resection and metastatic sites after induction chemotherapy. However, even after radiation therapy, the loco-

regional relapse in these patients is still high, with approximately 50% of children relapsing and bearing a 5-year survival

of only 8% .

As NB patients are very young, undergo intensive multi-agent chemotherapy, and the tumour is often close to radiation-

sensitive organs, PBT represents a promising alternative to conventional radiotherapy, especially for reducing the

treatment burden associated with it. It is also feasible with very little acute and early late toxicity in the susceptible cohort

of very young NB patients.

Different studies on PBT for NB have recently been published, with patients showing similar demographics and treatment

strategies before irradiation. In these studies, PBT was performed on the pre-operative tumour bed with 21.6–24 Gray

(Gy).  reported a 5-year local control rate of 97% after a median follow-up time of 48.7 months, while Bagley et al. 

published a 5-year local control rate of 87% after a median follow-up of 60.2 months.

 performed a retrospective analysis of children with high- or intermediate-risk NB who had PBT of the primary tumour

site performed during the first-line therapy. In 39 patients, radiation was given to the pre-operative tumour bed with or

without an additional boost in case of residual tumour (five patients received PBT to the MIBG-avid residual at the primary

tumour site at the time of PBT). Although the patients received total doses above 30 Gy, in line with the previously

mentioned studies, they did not observe relevant toxicity and tumour control rates were high, both for the primary site and

the metastases.

NIR-PIT is a newly developed and highly selective cancer treatment that employs a monoclonal antibody conjugated to a

photo-absorber dye (IRDye700DX), which is activated by 690 nm light (Figure 1). It represents a promising anti-tumour

strategy capable of enhancing immunotherapy’s therapeutic potential by inducing rapid necrotic/immunogenic cancer cell

death. The NIR-PIT, in fact, selectively targets cancer cells and induces anti-tumour host immunity with re-priming and

proliferation of T-cells that react against cancer-specific antigens. releases tumour-specific antigens into the TME and

promotes dendritic cell (DC) maturation, resulting in the presentation of cancer-specific antigens on DCs to naive T cells.
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Figure 1. Mechanism of action of drug-loaded liposomes. Liposomes are loaded with anticancer agents and

functionalised with peptides capable of recognising the cell of interest. Once the liposome fuses its lipid bilayers with other

cell bilayers, the anticancer drugs are released from the liposome into the cancer cells, exhibiting their cytotoxic action.

 presented the use of NIR-PIT with an anti-GD2-IR700 as a promising anti-tumour strategy to enhance the therapeutic

efficacy of anti-GD2 immunotherapy for high-risk NB. They evaluated the anti-tumour effect of anti-GD2-IR700 on three

human NB cell lines, showing that the administration of anti-GD2-IR700 significantly suppressed the cell viability

compared to anti-GD2 mAb when combined with NIR light irradiation. IL-15 with cancer cell-targeted NIR-PIT could also

inhibit tumour growth by increasing anti-tumour host immunity. The use of CD44 as a tumour target is a well-known

marker of cancer stem cells as it is expressed on the cell membrane of several cancers.

Most NBs express the noradrenaline transporter molecule and take up metaiodobezylguanidine (mIBG), which can be

radiolabelled with either123I or131I. The131I-mIBG therapy is currently used for induction and consolidation treatments,

with loco-regional control rates of 84–100% in case of persistent MIBG-avid metastatic sites .

was the same as the radiation combined with chemotherapy. However, response rates reported from different

relapsed/refractory studies had a great range of variation. to131I-mIBG therapy were of clinical significance, there was no

evidence of better long-term outcome as measured by event-free survival (EFS) or overall survival (OS). Although the

analysis was heterogeneous from the clinical perspective, there are still open questions and uncertainties: how effective

is131I-mIBG?

of131I-mIBG treatment might require combining it with different treatment modalities. The advantage of combining other

radiotherapy modalities lies in the ability to achieve higher radiation absorbed tumour doses without compromising the

dose-limiting organs of each therapy. , who improved the molecular radiotherapy outcome through combination with

external beam radiotherapy (EBRT) in a mouse model of NB. This study demonstrates the potential of the combined

modality EBRT and131I-mIBG therapy as a useful addition to currently available therapeutic protocols.
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