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Abstract

Neuroblastoma is the most common extracranial solid tumor of childhood, and the outcomes for

children with high-risk and relapsed disease remain poor. However, new international strategies

for risk stratification and for treatment based on novel tumor targets and including immunotherapy

are being employed in attempts to improve the outcomes of children with neuroblastoma. A new

international neuroblastoma risk classification system has been developed which is being

incorporated into cooperative group clinical trials in North America, Japan, and Europe, resulting

in standardized approaches for the initial evaluation and treatment stratification of neuroblastoma

patients. Furthermore, novel treatment regimens are being developed based on improved

understanding of neuroblastoma biology and on the recruitment of the immune system to

specifically target neuroblastoma tumors. These approaches will lead to new therapeutic strategies

that likely will improve the outcomes for children with neuroblastoma worldwide.
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INTRODUCTION

Neuroblastoma is the most common extracranial solid tumor in childhood and accounts for

approximately 8% of childhood cancer. Approximately 40% of neuroblastoma tumors are

classified as high-risk using current risk stratification criteria. Treatment for children with

high-risk neuroblastoma includes combinations of chemotherapy, autologous stem cell

transplantation, surgery, and radiation therapy. However, while children with low- or
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intermediate-risk neuroblastoma have survival rates over 90%, children with high-risk

neuroblastoma have very poor outcomes despite this aggressive treatment, with significant

short- and long-term complications [1]. Cases of high-risk neuroblastoma are also associated

with frequent relapses and treatment-resistant tumors. Children with recurrent or refractory

neuroblastoma have a less than 50% response rate to alternative regimens and a very poor 5-

year overall survival rate [2,3]. Further increases in therapeutic dose intensity will be

associated with prohibitive short-term and long-term toxicities, and novel treatment

strategies are required for children with high-risk and recurrent neuroblastoma.

A new international neuroblastoma risk classification system (the International

Neuroblastoma Risk Group (INRG)) has been developed using statistically significant,

clinically relevant factors that were identified after review of data from thousands of

international neuroblastoma patients. The use of this new risk classification system will

result in significant changes in the initial evaluation and subsequent treatment of

neuroblastoma patients and in a more consistent approach to neuroblastoma risk

stratification. While treatment of relapsed and refractory neuroblastoma remains a challenge,

novel treatments are currently being developed based on a better understanding of

neuroblastoma biology and on techniques to harness and adapt the immune system to

specifically target neuroblastoma tumors. These approaches will dramatically increase the

options available for treatment of children with neuroblastoma and potentially improve the

outcomes of children with neuroblastoma worldwide.

This review will summarize the presentations given at the “New Aspects of Neuroblastoma

Treatment” symposium at the 2011 American Society of Pediatric Hematology/Oncology

annual meeting in Baltimore.

THE INTERNATIONAL NEUROBLASTOMA RISK GROUP (INRG)

CLASSIFICATION SYSTEM: PAST, PRESENT, AND FUTURE

Neuroblastoma tumors are characterized by diverse clinical behavior, reflecting their

biologic heterogeneity. Treatment strategies for children with neuroblastoma have been

tailored according to the predicted response to therapy and risk of relapse for more than 40

years [1], and treatment stratification has become increasingly important as we obtain a

better understanding of clinical and biological risk factors. The development and use of

international staging systems (the International Neuroblastoma Staging System (INSS)) has

provided consistency in the staging of patients with neuroblastoma worldwide [4,5].

However, cooperative groups from different regions of the world have not consistently used

the same markers to classify patient risk, and therefore the patient cohorts treated on risk-

based studies are not uniform. For example, while the presence or absence of MYCN gene

amplification is a universal factor for risk-group stratification, other prognostically

significant genetic aberrations and tumor biologic features have not been routinely

incorporated into risk classification schemas. These disparities have made it difficult to

compare the results of clinical trials performed throughout the world. To address this

concern, in 2004, investigators and members from major national and international

cooperative groups, including the Children’s Oncology Group (COG), the German

Gesellschaft für Pädiatrische Onkologie und Hämatologie (GPOH), the Japanese Advanced
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Neuroblastoma Study Group (JANB), the Japanese Infantile Neuroblastoma Co-operative

Study Group (JINCS), and the International Society of Paediatric Oncology Europe

Neuroblastoma Group (SIOPEN), were invited to participate in an effort to develop a novel

classification system, based on evaluations of available clinical and biological data. As a

result of this collaborative effort, the International Neuroblastoma Risk Group (INRG)

classification system was created [6].

The INRG classification system was developed based on analysis of the data from over

8,800 patients with neuroblastoma assembled from these combined datasets. Thirteen

clinical and biological variables were analyzed for effects on event-free survival in this large

patient cohort, including patient age at diagnosis, tumor stage, serum lactate dehydrogenase

and ferritin levels, tumor histological category, grade of differentiation, tumor mitosis-

karyorrhexis index (MKI), MYCN gene amplification status, the presence or absence of

chromosome 1p or 11q abnormalities, DNA ploidy, the primary tumor site (adrenal or

nonadrenal) and the presence or absence of metastatic disease. A survival tree methodology

was employed, using analyses of each variable at each branch point, with branches created

by dividing the cohort into two subgroups at each point using the most significant identified

variable.

Seven clinically relevant and statistically significant factors (tumor stage, patient age, tumor

histological category and grade of differentiation, MYCN gene amplification status,

chromosome 11q aberration, and DNA ploidy) were incorporated into the INRG

classification system (Table I). Tumor staging in the INRG system is based on a new pre-

treatment staging system (the INRG staging system) composed of four stages, two for

locoregional disease (L1 and L2), and two for metastatic disease (M and MS). The extent of

locoregional disease is evaluated pre-surgically by the absence or presence of anatomic

surgical risk factors identified on imaging studies, such as organ invasion or encasement of

blood vessels, with tumors having any of these image defined risk factors (IDRFs) classified

as stage L2, while all other tumors are classified as L1. Neuroblastoma tumors with

disseminated metastases are classified as stage M, analogous to INSS stage 4, with the

exception of infants with metastases limited to skin, liver and bone marrow, who are

classified as stage MS, analogous to INSS stage 4S [7].

Although a number of genetic aberrations are strongly associated with outcome in

neuroblastoma, only genetic factors that were routinely evaluated by the large cooperative

groups between 1990 and 2002 were included in the analysis of prognostic criteria for the

INRG classification system. New technologies are now available for whole-genome

analysis, and numerous studies suggest that this approach will lead to a further refinement of

risk stratification. Array-chromosomal comparative genomic hybridization (CGH), which

provides information regarding overall genomic instability, has been shown to add critical

prognostic information to individual genetic aberrations [8,9]. The prognostic effects of

mRNA gene expression profiles on neuroblastoma patient outcomes have also been reported

by numerous investigators [10–19]. De Preter and co-workers [20] have built an

independently prognostic 42-gene signature based on the reanalysis of gene expression

studies using different microarray platforms comprising 582 patients. The power of these

analyses is clearly shown by the identification of known neuroblastoma risk factors (such as
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the MYCN gene) in addition to several consistently identified novel genes and pathways

whose role in neuroblastoma pathogenesis remains to be elucidated (Table II). In other

preliminary studies, microRNA profiles [21,22] and epigenetic changes [23,24] have also

been reported to be associated with survival in patients with neuroblastoma. However, these

studies will need to be validated in larger multinational patient cohorts to establish whether

these changes are independent of other genetic risk factors.

Clearly, risk classification will continue to be refined with advances in technology and in

our understanding of the fundamental genomic alterations that are associated with tumor

behavior and patient outcomes. The optimal prognostic classifier is likely to require an

integrated analysis that includes profiling of mRNA and microRNA expression, epigenetic

modifications, and whole genome copy number variations, which will require the

development of technologies that will yield rapid and reproducible results in a cost-effective

manner. To remain clinically relevant, the INRG classification system must continue to

evolve as new information is integrated into the diagnostic setting and confirmed to be

prognostic in prospective studies. With the identification of smaller cohorts of biologically

distinct neuroblastoma patients, international collaboration will become increasingly

important, and the need for international consensus will become even more critical.

THE ROLE OF IMMUNOTHERAPY FOR NEUROBLASTOMA

With the critical need for new treatment strategies for children with neuroblastoma, the use

of immunotherapy has been an attractive option, as targeting tumor-specific antigens should

result in both improved efficacy and decreased toxicity. However, the use of immunotherapy

for cancer treatment has been limited in the past by mechanisms employed by tumor cells to

evade the host immune system, including the down-regulation of major histocompatibility

complex (MHC) class I and II molecule expression; the secretion of inhibitory cytokines

into the tumor microenvironment; and the recruitment of other suppressive cells (i.e., T

regulatory cells) leading to decreased tumor immunogenicity [25]. However, researchers

have identified approaches to circumvent these limitations, leading to three

immunotherapeutic modalities available for patients with neuroblastoma: monoclonal

antibodies, vaccination, and adoptive cellular therapy.

Monoclonal antibodies (MAbs) recognize tumor-specific antigens and recruit effector

complexes directly to the tumor cell, resulting in tumor cell death primarily through

antibody-dependent cell-mediated cytotoxicity (ADCC). Neuroblastoma tumor associated

antigens (TAAs) targeted by MAbs include the gangliosides GD2, GD3, and GM3 and the

glycoproteins CD56, L1-CAM, and GP95 [26,27]. 3F8, a murine antibody targeting GD2,

was the first MAb used in therapeutic clinical trials for patients with neuroblastoma [28],

and treatment with 3F8 has resulted in clinical responses, including sustained complete

responses, in children with neuroblastoma, especially in those with low disease burden

[29,30].

Treatment with anti-GD2 MAbs is associated with significant side effects, including pain

from reaction with GD2 antigens expressed on peripheral nerves and significant

hypersensitivity reactions [31,32]. Investigators have therefore focused on ways to decrease
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the immunogenicity and the side effects of these MAbs (Table III). Ch14.18, a chimeric

anti-GD2 MAb containing both murine and human sequences, was tested in a large phase III

randomized clinical trial through the COG. When compared to standard maintenance

therapy, the addition of ch14.18, IL-2, and GM-CSF was associated with an improvement in

both 2 year event-free and overall survival (46% vs. 66% and 75% vs. 86%, respectively)

[33], leading to closure of the study arm with maintenance therapy alone and continued

studies to better assess the side effect profile of ch14.18 administration. Additional efforts

are also currently underway to further enhance the efficacy and minimize the toxicity of

MAb therapy using antibodies with further modifications, including direct antibody linkage

to cytokines, linkage of antibodies to radionuclides, and generation of MAb mutants with

reduced complement activation [34–36].

In contrast to antibody therapy, developing an effective vaccine for neuroblastoma has been

a considerable challenge. Disease heterogeneity and down-regulation of MHC and co-

stimulatory molecules by neuroblastoma tumors limit the effectiveness of any tumor-

specific T cell immune response induced by a vaccine [32]. In order to increase the

presentation of a wide range of TAAs and account for tumor heterogeneity, initial studies of

vaccines for children with neuroblastoma employed cellular extracts or whole cell products,

with some significant clinical responses seen [37–40]. More recent studies evaluated an

allogeneic tumor cell vaccine comprised of a neuroblastoma tumor cell line modified to

secrete both IL-2 and lymphotactin, a T cell recruiting chemokine [41]. Clinical responses

were seen in 11 of 28 treated patients, with 4 complete responses (two sustained more than 4

years after vaccination), 2 partial responses, and 5 patients with stable disease [32,41,42].

Currently investigators are evaluating whether the addition of a second, unmodified, cell line

expressing a distinct set of TAAs, either in the setting of minimal residual disease or in

combination with metronomic chemotherapy, will increase the breadth of the resulting

immune response and overall anti-tumor response.

The use of adoptive cellular therapies for neuroblastoma has been limited by the technical

and regulatory requirements for manufacture and administration of cellular products.

Nonetheless, T cells genetically modified to express chimeric antigen receptors (CARs)

directed against TAAs have been tested successfully in adult and pediatric cancer patients

[43,44]. Initial studies using CAR-expressing T cells targeting CD171 in children with

neuroblastoma demonstrated partial responses in one of six patients, with no significant

toxicities reported [45]. Subsequent studies employing T cells modified to express CARs

directed against GD2 demonstrated clinical responses in 5 of 11 patients, with 3 complete

responses that were sustained over 2 years in 2 of the 3 patients [46,47]. The only treatment-

related adverse events identified were low-grade fever and mild to moderate local pain at

disease sites. Additionally, detection of GD2-targeted T cells beyond 6 weeks was

associated with superior clinical outcome, and duration of the modified T cell persistence

within the entire cohort was highly concordant with the percentage of CD4+ cells and central

memory cells within the infused T cell product [47]. The successes of these and other

immunotherapy trials for children with neuroblastoma provide hope for the use of immune

therapy as a component of future neuroblastoma treatment regimens.
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DISCOVERY AND EXPLOITATION OF MOLECULAR TARGETS IN

NEUROBLASTOMA

Despite recent advances, 50–60% of patients with high-risk neuroblastoma will develop

recurrent disease, and to date there are no well-established, curative treatment regimens for

these patients. Over the past decade, extensive investigations into the biology of

neuroblastoma pathogenesis have resulted in a wide range of novel targets for new therapies,

and several agents have been identified that are highly active in preclinical models.

Several recent studies have identified a role for anaplastic lymphoma kinase (ALK) in the

pathogenesis of familial neuroblastoma [48–51]. ALK was initially characterized as a fusion

partner with nucleophosmin in chromosomal translocations present in high-grade

lymphomas and has subsequently been identified in translocations in a number of

malignancies [52,53]. Full-length ALK is primarily expressed in the nervous system and is

involved in neuronal differentiation [54]. Activating mutations of ALK are found in a large

majority of familial cases of neuroblastoma, which accounts for approximately 2% of all

cases of neuroblastoma, and ALK gene mutations or gene amplifications have been

identified in up to 15% of sporadic high-risk neuroblastoma cases [48,55]. Furthermore,

wild-type ALK expression is elevated in high-risk compared to low-risk neuroblastoma

tumors [56]. Subsequent studies have demonstrated the efficacy of ALK inhibition in

preclinical models of neuroblastoma with high expression of wild type or mutant ALK

[56,57], and early phase clinical trials utilizing the novel ALK inhibitor PF-02341066 in

children with relapsed and refractory solid tumors are underway through the COG.

Other recent studies have identified the Aurora A kinase as a potential therapeutic target in

neuroblastoma tumors. The Aurora A kinase has a critical role regulating the mitotic

checkpoint complex and is essential for appropriate completion of mitosis [58]. However,

when aberrantly over-expressed, Aurora A leads to genomic instability, suppression of p53

function and resistance to apoptosis [59]. Aurora A is highly expressed in many adult

tumors, including breast and ovarian cancers [60–62], while in neuroblastoma tumors,

expression of Aurora A kinase correlates with advanced stage and high-risk disease [63,64].

Small molecule inhibitors of this kinase block proliferation and soft agar colony formation

of neuroblastoma tumor cells and increase sensitivity to chemotherapy [63]. Subsequent

studies using the Aurora A kinase inhibitor MLN8237 demonstrated efficacy against

preclinical neuroblastoma models [65], and a phase I/II clinical trial of MLN8237 is also

underway through the COG.

Other identified targets include the RET tyrosine kinase, which is expressed primarily on

neural crest-derived cells and is required for peripheral nervous system maturation. Studies

have demonstrated that RET is required for retinoic acid-induced neuroblastoma

differentiation [66], and that RET inhibition is effective in neuroblastoma preclinical models

[67]. Other recent studies have identified the polo-like kinase 1 (PLK1) as a potential target

for neuroblastoma therapy, based on screens of a library of kinase inhibitors in

neuroblastoma preclinical models [68], while a screening study using an siRNA library

identified the checkpoint kinase 1 (CHK1) as a potential target [69]. Transcriptome analysis
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of neuroblastoma tumor formation in the MYCN transgenic mouse model identified the

centromere-associated protein E (CENPE) as an additional potential therapeutic target [70].

Two large collaborative research efforts have focused on discovering additional targets for

neuroblastoma therapy. The Therapeutically Applicable Research to Generate Effective

Treatments (TARGET) program, coordinated by the National Cancer Institute Office of

Cancer Genomics and the Cancer Therapy Evaluation Program (CTEP), employs genomic

profiling and sequencing of neuroblastoma tumors to identify additional new targets and

corresponding novel agents likely to target the identified proteins, genes, or pathways. In

addition, the collaborators in the Pediatric Preclinical Testing Program (PPTP) employ in

vitro and in vivo preclinical models of pediatric cancers to screen novel agents in the early

stages of clinical development for activity against pediatric cancers [71]. The

complementary TARGET and PPTP approaches are large efforts that, in combination with

continued research studies, will hopefully lead to additional treatment options for patients

with neuroblastoma.

CONCLUSIONS

Modern treatment for children with neuroblastoma is based on precise prognostication and

risk-based treatment strategies. Recent international consensus regarding the criteria to

define risk groups has been achieved, and the INRG classification system will greatly

facilitate the comparison of risk-based clinical trials conducted in different regions of the

world and the development of international collaborative studies. The treatment of patients

with high-risk and relapsed neuroblastoma remains a challenge, however. Identification of

novel therapies harnessing the innate immune system and of novel agents for treatments

targeted at biologically relevant pathways may provide new opportunities for improved

outcomes for these patients.

The future holds promise for making considerable advances in our understanding and

treatment of neuroblastoma. The critical mutations and defects that cause neuroblastoma or

influence its natural history are rapidly being identified, providing the key molecular targets

for future rational drug development, and a wide range of novel therapies are currently

undergoing preclinical and clinical evaluation. The extensive national and international

collaborations currently focused on studying this disease will provide opportunities to test

these new approaches in carefully controlled clinical trials that should result in more precise

and effective therapeutic regimens. In the meantime, improved international strategies to

stratify patients based on established clinical and biological criteria will serve to ensure that

patients receive appropriate therapeutic intensity.

Abbreviations

ASPHO American Society of Pediatric Hematology/Oncology

INRG International Neuroblastoma Risk Group

IDRF image-defined risk factor
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PPTP Pediatric Preclinical Testing Program

TARGET therapeutically applicable research to generate effective treatments

MKI mitosis-karyorrhexis index

COG Children’s Oncology Group

INSS International Neuroblastoma Staging System

CGH comparative genomic hybridization

MHC major histocompatibility complex

MAbs monoclonal antibodies

ADCC antibody dependent cell mediated cytotoxicity

TAA tumor associated antigen

GM-CSF granulocyte/monocyte-colony stimulating factor

IL-2 interleukin-2

NK natural killer

ALK anaplastic lymphoma kinase

CTEP cancer therapy evaluation program
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