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Molecular Basis and Clinical Features of Neuroblastoma

Junko Takita

Abstract:

Neuroblastoma, a neoplasm of the sympathetic nervous system, originates from neuroblastoma stem cells during embryo-
genesis. It exhibits unique clinical features including a tendency for spontaneous regression of tumors in infants and a high
frequency of metastatic disease at diagnosis in patients aged over 18 months. Genetic risk factors and epigenetic dysregula-
tion also play a significant role in the development of neuroblastoma. Over the past decade, our understanding of this dis-
ease has advanced considerably. This has included the identification of chromosomal copy number aberrations specific to
neuroblastoma development, risk groups, and disease stage. However, high-risk neuroblastoma remains a therapeutic chal-
lenge for pediatric oncologists. New therapeutic approaches have been developed, either as alternatives to conventional che-
motherapy or in combination, to overcome the dismal prognosis. Particularly promising strategies are targeted therapies
that directly affect cancer cells or cancer stem cells while exhibiting minimal effect on healthy cells. This review summarizes
our understanding of neuroblastoma biology and prognostic features and focuses on novel therapeutic strategies for this

intractable disease.
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Introduction

Neuroblastoma is the most common childhood solid tumor.
It arises from embryonal neural crest tissue and accounts for
approximately 15% of all pediatric oncology deaths. The prev-
alence is 10.7 cases per 1,000,000 persons aged 0-14 years and
there are approximately 800 new cases of neuroblastoma per
year in the United States and occurs in 150-200 children each
year in Japan® @ ©®. The median age at presentation is 23
months and less than 10% of the cases are diagnosed after the
age of 5 years . This disease has a remarkable variation in
clinical features, ranging from a localized disease with sponta-
neous regression to aggressive progression despite intensive
treatment ?. Although most tumors are sporadic, neuroblas-
toma rarely occurs as a familial or syndromic disease >®. De-
spite current intensive multimodality therapy, children diag-
nosed at an advanced stage have a dismal prognosis with an ap-
proximate 40% 5 year overall survival rate ®. Thus, to improve
the prognosis of neuroblastoma patients with the intractable
disease, new therapeutic strategies are required.

The most well-known genetic alterations in neuroblasto-
ma are the amplification of the MYCN proto-oncogene and

the gain of chromosome 17q. In addition, deletions of chro-
mosomes 1p and 11q and hyperploidy are also commonly de-
tected @0 ALYCN amplification as well as 1p and 11q de-
letions are significantly associated with poor prognosis for
neuroblastoma patients, whereas hyperploidy is related to an
excellent prognosis . Previously, anaplastic lymphoma kinase
(ALK) was identified as an important oncogene implicated in
familial and sporadic cases of neuroblastoma (- ATK
was first identified as part of the nucleophosmin (NPM)-ALK
fusion transcript derived from a t(2;5)(p23;q35) translocation,
which was detected in anaplastic large cell lymphoma . ALK
is a receptor tyrosine kinase that is widely expressed in the em-
bryonic nervous system and it markedly declines after birth .

As more information is revealed regarding the molecular
mechanisms underlying neuroblastoma pathogenesis as well as
the genetic events leading to tumor initiation, maturation,
and progression, there will be an increased understanding of
the various clinical phenotypes, which will ultimately identify
new therapeutic targets. In this review, we focus on the cur-
rent advances in the genomic discoveries associated with neu-
roblastoma etiology.
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Figure 1. Clinical presentation of neuroblastoma.

(a) Localized thoracic neuroblastoma. The arrow indicates tumor mass. (b) Enhanced abdominal computed tomography. The
arrow indicates a large tumor in the adrenal medulla. (c), Metastatic neuroblastoma revealed by metaiodobenzylguanidine

(MIBG) scintigraphy.

Neuroblastoma Clinical Presentation

Neuroblastoma originates from neural crest progenitor cells
and can arise anywhere in the sympathetic nervous system
(Figure 1) "?. Approximately 65% of primary tumors occur
in the abdomen of which the majority arises in the adrenal
medulla, whereas some develop in the paraspinal sympathetic
ganglia @@, Other common sites include the neck (5%), chest
(20%), and pelvis (5%) **@. The signs and symptoms of neuro-
blastoma are highly variable and depend upon age, primary tu-
mor site, presence of metastatic disease, and occasionally on
the associated paraneoplastic syndromes @*@. The internation-
al neuroblastoma staging system (INSS), established in 1989,
is currently used to classify neuroblastoma patients into five
stages. Stages 1 and 2 show distinguished localized tumors,
stage 3 is characterized by an advanced locoregional disease,
and stage 4 or 4s comprise metastatic tumors "“. More recent-
ly, a new presurgical international neuroblastoma risk group
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staging system (INRGSS) was proposed on the basis of clini-
cal criteria and image-defined risk factors 2. INRGSS classi-
fies neuroblastoma into L1 (localized disease without image-
defined risk factors precluding surgical resection), L2 (local-
ized disease with image-defined risk factors), M (metastatic tu-
mors), and MS (metastatic tumors with metastases confined
to the skin, liver, and bone marrow in children younger than
18 months of age). Neuroblastoma typically metastasizes to
regional lymph nodes and bone marrow through the hemato-
poicetic system . Neuroblastoma cells that have metastasized
to the marrow are often involved in cortical bone. The tumor
can also metastasize to the liver, most notably in cases with
MS, and the involvement may be extensive; nevertheless, meta-
static tumors often regress with no intervention other than
supportive care ). The outcome of children with neuro-
blastoma depends on many factors, particularly, the INSS
stage and age at diagnosis .

Although improvements in outcome have been achieved
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with high-dose chemotherapy and the addition of 13-cis-reti-
noic acid, only one-third of children with high-risk cases are
expected to be long-term survivors “9. More recently, it has
been reported that monoclonal antibody-based therapies that
specifically target disialoganglioside GD2 on neuroblastoma
cells have improved response rates for high-risk neuroblasto-
ma "7

Origin of Neuroblastoma

Approximately half of the neuroblastomas arise in the adrenal
medulla (47%) followed by the abdominal/retroperitoneal
(24%), thoracic (15%), pelvic (3%), and neck (3%) regions .
Based on these common primary tumor sites and the biologi-
cal features of neuroblastoma, it is widely accepted that the
originating cell for neuroblastoma arises from neural crest-de-
rived sympathoadrenal progenitor cells that differentiate to
form sympathetic ganglion cells and adrenal chromaffin
cells “. The neural crest, originating from the embryonic ec-
toderm, develops from the neural tube after its closure and
produces diverse cell types including peripheral neurons, en-
teric neurons and glia cells, melanocytes, Schwann cells, and
cells of the craniofacial skeleton and adrenal medulla ¥, Dur-
ing embryogenesis, neural crest cells subsequently undergo an
epithelial-mesenchymal transition enabling the cells to delami-
nate, migrate, and differentiate into various cell types that con-
tribute to the organism’s anatomical structures “*. This proc-
ess is regulated by several mechanisms, such as a complex net-
work of external signaling, activation of transcriptional pro-
grams, and epigenetic events. The dysregulation of the process
of neural crest cell development can alter cell specification and
deregulation of migration as well as cell differentiation, caus-
ing hyper-neoplastic lesions that may eventually result in neu-
roblastoma initiation and progression. Neuroblastoma deriv-
ers only from precursor cells or stem cells of the sympathoa-
drenal lineage but never from the other lineages derived from
neural crest cells. Hence, the oncogenic events that cause neu-
roblastoma may occur after the point in which migrating cells
choose to differentiate into sympathetic neurons.

The superenhancer properties of neuroblastoma cell lines
have revealed two neuroblastoma subtypes: a Noradrenergic
(ADRN) type and a Mesenchymal (MES) type. These sub-
types exhibit distinct expression patterns in core regulatory
circuitry-related genes ® . MES-type neuroblastoma cells
and neural crest-derived precursor cells share common fea-
tures, whereas ADRN-type cells are committed to the adre-
nergic lineage (Figure 2). Both cell types can spontaneously
interconvert to generate neuroblastoma with high transcrip-
tional plasticity.

Chromosomal Copy Number Alterations

Chromosomal copy number changes are the most common
genetic event in neuroblastoma (Figure 3). The best-charac-
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terized copy number alteration associated with poor prognosis
is the amplification of the MYCN oncogene . It was also re-
ported that the loss of heterozygosity (LOH) on chromosome
1p correlates with poor prognosis of neuroblastoma and sever-
al candidate tumor suppressor genes have been identified in
the common LOH regions of 1p including TP73, CHDS,
CAMTAIL, KIFIB, CASZI1, and mir-344A*". However, be-
cause MYCN amplification and 1p LOH are not observed in
approximately half of all high-risk neuroblastoma patients, it
has been suggested that genetic aberrations other than MYCN
amplification and 1p LOH are involved in the development
and progression of the disease.

Chromosomal deletion of 11q can be detected in
35%-40% of primary neuroblastomas . Recently, several can-
didate genes responsible for 11q LOH, such as CADAMI®,
TSLCI™, H2AFX®, and A TM®, were reported by different
groups. Because there is no mechanism ensuring their com-
plete inactivation, our group and others revealed that synthet-
ic lethality could be induced by treatment with a PARP inhib-
itor in neuroblastoma cells with 474 haploinsufficiency .
Reportedly, ATM silencing promotes neuroblastoma progres-
sion independently of MYCN amplification ®. Notably, al-
though the 11q deletion is predominantly detected in tumors
without MYCN amplification and 1p LOH, it remains highly
correlated with the dismal prognosis of neuroblastoma pa-
tients 9, In a study comprising a large cohort of neuroblas-
toma cases registered with the Children’s Oncology Group
study, 11q LOH and 1p LOH or MYCN amplification were
independent poor prognostic markers as determined by multi-
variable analysis ©.

ALK is an orphan receptor tyrosine kinase normally ex-
pressed only in the developing embryonic and neonatal central
nervous system. Because of chromosomal translocation, ALK
fusion proteins are constitutively active and have been charac-
terized in various human malignancies . Previously, various
genome-wide studies have revealed that ALK amplification
and somatic mutations occur in <10% of primary neuroblas-
toma cases (Figure 4) ® 0900 Since ALK is located proxi-
mal to the MYCN locus, it can be coamplified with MYCN;
however, solitary ALK amplification has rarely occurred. Ad-
ditionally, mutations are found in almost all cases of familial
neuroblastoma ©,

Besides the 17q gain, unbalanced translocations of 17q
with 1p or 11q are found relatively frequent in neuroblasto-
ma 709, Previous studies have reported that high expression
of BIRCS, NMEI, PPMID, and ncRAN occurs in a subset of
tumors with 17q gain, but the candidate genes responsible for
2G040 Several other recurrent partial
chromosomal imbalances have been detected by metaphase
comparative genomic hybridization and single nucleotide
polymorphism arrays including losses of 3p, 4p, 9p, and 19q
and gains of 1q, 2p, 7q, and 11p @ >3 Furthermore, hemi-
zygous deletions and sequence alterations of the chromatin re-

modeling genes, ARIDI1A (1p36) and ARIDI1B (6q25), were

this remain elusive ¥
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Figure 2. Summary of Noradrenergic (ADRN)-type and Mesenchymal (MES)-type neuroblastoma. (Cited and modified from
van Groningen T, Koster J, Valentijn L], et al. Neuroblastoma is composed of two super-enhancer-associated differentiation
states. Nat Genet. 2017;49(8):1261-6 . Copyright of the figure belongs to the authors.)

Neuroblastoma was classified into Noradrenergic (ADRN)-type and Mesenchymal (MES)-type based on the superenhancer land-
scape of neuroblastoma. Commonly expressed genes during the course of neural crest differentiation and genetic abnormalities

for each type are shown.

identified in a subset of cases and associated with carly treat-
ment failure and decreased survival ®. Subsequent functional
analyses suggested that ARIDI1A4 and ARIDIB were haploin-
sufficient tumor suppressor genes in A YCN-driven neuro-
blastoma ©¥.

Chromosomal Rearrangements and
Instability

Recent genomic studies of neuroblastoma tumors using
whole-genome sequencing have identified loss-of-function ge-
netic alterations (somatic mutations, small indels, and single
nucleotide variations) of 4 TRX, which encodes chromatin re-
modeling proteins in the telomeric region, in approximately
10% of patients with neuroblastoma 9, Patients whose tu-
mors had ATRX alterations were typically older than 5 years,
had an indolent disease course, and a dismal prognosis. More-
over, the rearrangements of the promoter region of TERT en-
coding the catalytic subunit of telomerase were detected in ap-
proximately 25% of neuroblastoma cases 9, In support of
an oncogenic role for TERT, neuroblastoma cell lines having
rearrangements or MYCN amplification exhibited both upre-
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gulated TERT expression and enzymatic telomerase activity.
ATRX and TERT alterations are involved in telomere mainte-
nance through telomerase activity. Usually, they are not
present in cases with M YCN amplification, suggesting that te-
lomere lengthening represents a central mechanism that de-
fines the high-risk group without M YCN amplification ¢,
Chromothripsis, a chromosomal instability phenomenon,
describes a new oncogenic mechanism caused by many sudden
rearrangements in the same cell in one or more chromosomes.
This is in contrast to the conventionally described mechanism
in which the accumulation of mutations over time causes can-
cer @, Chromothripsis was observed in at least 2%-3% of all
cancers, with the highest frequencies detected in soft tissue tu-
mors “. Recently, whole-genome sequencing also identified
chromothripsis in advanced stages of neuroblastoma “". Chro-
mothripsis-related structural abnormalities are correlated with
amplification of the MYCN or CDK4 genes and 1p LOH ),
indicating that chromothripsis suppresses neuroblastoma cell
differentiation through allelic loss of potential tumor suppres-
sor genes on 1p36 involved in the induction of differentiation.
Chromothripsis is also associated with chromosomal rear-
rangements of TER T resulting in a significant increase in telo-
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Figure 3. Copy number changes in primary neuroblastoma cases.

Overview of copy number changes and allelic imbalances detected using a single nucleotide polymorphism array in 215 primary
neuroblastoma cases. CNj; copy number, UPD; uniparental disomy, LOH; loss of heterozygosity. Neuroblastoma patients were
classified by the international neuroblastoma staging system (INSS).

mere length 769,

Genetic Risk Factors

Genome-wide association studies (GWAS) further disclosed
that neuroblastoma is a complex genetic disease related to
common polymorphic alleles that can influence neuroblasto-
ma development. At least 12 highly significant polymorphic
alleles have been identified that can influence the development
of neuroblastoma “?. Although each association has a modest
individual effect on disease initiation, multiple perturbations
can cooperate in an individual patient to promote malignant
transformation during neurodevelopment. Many GWAS-de-
fined neuroblastoma susceptibility genes have been identified
including CASC15, BRCAI-associated RING domain pro-
tein 1 (BARDI), LMOI, DUSP12, DDX4, IL31RA,
HSD17B12, HACE1, LIN28B, LINC00340, LOC729177
(FLJ44180), and NEFL. These genes display oncogenic or tu-
mor-suppressive functions related to the disease “*“9, The dis-
covery of these susceptibility loci demonstrates the utility of
analyzing GWAS signals for clues into the underlying biology
driving neuroblastoma genesis.

Conversely, unlike retinoblastoma, familial neuroblastoma
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is extremely rare (1%-2% of cases) “”. Familial neuroblastoma
is typically consistent with an autosomal dominant pattern of
inheritance with incomplete penetrance. A remarkable hetero-
geneity of clinical behavior is observed within pedigrees in
terms of age at diagnosis, histology, and aggressiveness. Al-
though familial neuroblastoma is very rare, these pedigrees
provide a unique opportunity to identify the genetic drivers
of neuroblastoma. The first predisposition gene identified in
neuroblastoma was PHOX2B, a gene encoding a paired home-
odomain transcription factor that promotes cell cycle exit and
neuronal differentiation that plays a critical role in the devel-
opment of neural crest-derived autonomic neurons. Germline
mutations of PHOX2B occur in <10% of hereditary cases of
neuroblastoma, whereas somatic PHOX2B mutations are rare-
ly found in sporadic cases “. PHOX2B mutations usually oc-
cur in neural crest-derived disorders, such as congenital central
hypoventilation syndrome and Hirschsprung’s disease. The
families with nonpolyalanine repeat expansion mutations typ-
ically experience the most severe phenotype, neuroblastoma-
Hirschsprung’s disease-hypoventilation syndrome association.
Thus, these observations suggest that perturbations in the
PHOX2B-regulated differentiation pathway may be a com-

mon genetic factor responsible for these diseases derived from
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Figure 4. ALK mutations detected in neuroblastoma. (Cited and modified from Mosse YP, Laudenslager M, Longo L, et al.
Identification of ALK as a major familial neuroblastoma predisposition gene. Nature. 2008;455(7215):930-5 ® and Uryu K,
Nishimura R, Kataoka K, et al. Identification of the genetic and clinical characteristics of neuroblastomas using genome-wide
analysis. Oncotarget. 2017;8(64):107513-29 “9. Copyright of the figure belongs to the authors.)

a. COSMIC frequencies of ALK mutations in neuroblastoma from the published literature with functional and therapeutic
significance are shown. A blue circle indicates a missense mutation and a green circle indicates a silent mutation. The numbers in

the circles represent the reported mutation numbers. The blue box

indicates MAM domains and the pink box indicates the tyro-

sine kinase domain. b. Recurrent copy number (CN) gains in the 2p arm are defined by the MYCN locus on 2p24.3 and the ALK
locus on 2p23, where vertical lines indicate common CN gains. High-grade amplifications are drawn in light red whereas simple
gains are represented in dark red. c. Kinase activity of ALK mutants determined by zzvitro kinase assays using the synthetic YFF

peptide as a substrate.

the neural crest. A more common lesion associated with fami-
lial neuroblastoma is found in the ALK locus. Approximately
80% of families with neuroblastoma harbor mutations in ALK
and they have also been rarely found in germline and tumor
cells of sporadic neuroblastoma ®* . Most of these mutations
are located in the tyrosine kinase domain and lead to constitu-
tive phosphorylation, indicating that ALK mutations found
in neuroblastoma may be oncogenic drivers. Midkine and
pleiotrophin are known as natural ligands of ALK . ALK
expression in the developing sympathoadrenal progenitor of
the neural crest is high and it may regulate the balance be-
tween proliferation and differentiation through multiple sig-
nal pathways including the MAPK and R AS-related protein 1
signal transduction pathways. Heritable mutations in ALK are
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the first example of a familial pediatric cancer arising from mu-
tations in an oncogene.

Spontaneous Regression

Spontancous regression of neuroblastoma has been well docu-
mented in infants with stage 4S disease (e.g., patients <1 year
of age with metastasis limited to the skin, liver, or bone mar-
row) . The strongest evidence for spontancous regression
arises from the mass screening studies undertaken in Japan,
North America, and Europe “¢% 69 The actual prevalence of
neuroblastoma regression is known; nevertheless, previous
studies have provided evidence that regression may be at least
as common as clinically detected neuroblastoma and probably
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about 200-fold higher than the clinically detected disease “*.

Segmental chromosomal aberrations have characterized
the tumors from patients with stage 4 disease, whereas the ma-
jority of stage 4S tumors are near triploid with the whole chro-
mosomal gains . Importantly, patients with 3p and 11q ab-
normalities in stage 4S tumors showed an inferior outcome
compared with those without these alterations, particularly in
MYCN single-copy tumors ©?. The accurate mechanisms re-
sponsible for spontaneous regression are not fully known, but
several plausible mechanisms have been proposed to
date (54),(53),(36).

One of the candidate key mechanisms underlying tumor
regression is the nerve growth factor (NGF) dependency of
neuroblastoma cells . NGF binds to one of the neurotro-
phin receptors, TRKA, and high expression of TRKA has
been observed in localized neuroblastoma and 4S tu-
mors 768 When cells derived from these tumors were cul-
tured with endogenous NGF, they underwent neuronal dif-
ferentiation and survived for months. By contrast, cell death
by apoptosis can occur within a week in the absence of
NGF ©. Hence, these in vitro culture conditions appear to re-
capitulate the behavior of TRKA-expressing neuroblastomas
in patients with neuronal differentiation or spontaneous re-
gression (apoptosis), depending on the presence or absence,
respectively, of NGF in the microenvironment. Conversely,
most high-risk neuroblastomas exhibited high telomerase ac-
tivity and a poor prognosis, whereas the majority of the 4S tu-
mors had low telomerase activity or short telomeres ©”. These
findings suggest that telomere crisis has a role in spontaneous
tumor regression. Interestingly, when a neuroblastoma cell
line was transfected with a dominant-negative form of telo-
merase, the cells displayed increased apoptosis . Further-
more, neuroblastoma cells with a dominant-negative form of
telomerase exhibited reduced tumorigenicity in a mouse xeno-
graft model. Thus, these data indicate that the loss of telomer-
ase activity and telomere shortening are candidate mecha-
nisms that lead to spontaneous regression of neuroblastoma.

Another potential explanation of spontaneous regression
is tumor destruction mediated by an antitumor immune re-
sponse. Approximately 50% of patients with paraneoplastic
opsomyoclonus syndrome, which is correlated with anti-
neuronal antibodies, differentiated tumors, and a favorable
outcome in patients with neuroblastoma, present with neuro-
blastoma. This suggests that the other 50% either had neuro-
blastoma that regressed or a de novo autoimmune dis-
ease (@) ) However, whether a humoral or cellular im-
mune response mediates spontaneous regression remains un-
clear.

Epigenetic Regulation
Epigenetic alterations affecting the expression of genes rele-

vant to neuroblastoma development were initially reported
over a decade ago and several studies have suggested that aber-
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rations in gene DNA methylation or histone modification are
related to clinical outcome @@ Based on the analysis of
promoter hypermethylation in 45 candidate genes in 10 neu-
roblastoma cell lines and 10 selected genes in 118 primary neu-
roblastomas through methylation-specific PCR, Alaminos et
al. reported that the CpG island hypermethylation portrait
showed distinct patterns for A/ YCN-amplified versus nonam-
plified tumors “. They also discovered that promoter hyper-
methylation of the HOXA9 was related to mortality in older
patients compared with infants and tumors lacking MYCN
amplification. By contrast, hypermethylation of the proapop-
totic gene, TAMS1, and the cell cycle-related gene, CCND2,
was correlated with advanced-stage tumors . Additionally, it
was reported that specific chromosomal regions could be iden-
tified as uniquely hypermethylated or hypomethylated in stage
4S tumors compared with other stages. They comprised tran-
scription factors genes associated with neural crest develop-
ment sympathetic neural differentiation . Notably, E2F1
binds to the TERT promoter which is hypermethylated in
stage 4S compared with stage 4 tumors. Lower expression of
TERT was observed in stage 4S compared with stage 4 tu-
mors ) indicating that 7ERT DNA methylation also regu-
lates telomerase activity in stage 4S neuroblastoma.

More recently, genome-wide methylation analysis using
Infinjum Human 450 K BeadChips resulted in more compre-
hensive studies. Henrich et al. applied an integrative approach
to analyze the global methylation patterns, transcriptomes,
and copy number aberrations of 105 neuroblastoma cases,
complemented by primary tumor- and cell line-derived global
histone modification analyses and epigenetic drug treatment
in vitro . This study further revealed the presence of distinct
DNA methylation patterns that identified distinct subgroups
which correlated with survival and clinical/biological varia-
bles, including MYCN amplification and copy number
changes 7. Similar results were reported by Gomez et al. on
the basis of the same approach using 35 primary neuroblasto-
mas 7. In addition, non-CpG methylation was observed and
mostly associated with tumors characterized by favorable clini-
copathological features.

Immunology and Immunotherapy

Initial evidence suggesting the existence of an immune re-
sponse to neuroblastoma was provided in 1968 when blood
leukocytes from neuroblastoma patients, including 50%-70%
lymphocytes, inhibited colony formation and exhibited cyto-
toxicity against their neuroblastoma cells and allogeneic neu-
roblastoma cells "7n vitro. Also, tumors from infant cases
contained high numbers of leukocytes ” ® and neuroblasto-
ma in infants often showed spontaneous regression 7 ™. To-
gether, these findings suggest that neuroblastoma has a charac-
teristic immune mechanism and the development of an anti-
neuroblastoma therapy based on the immune system is war-
ranted.
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Several studies support the importance of T cells and nat-
ural killer (NK) cells in the immune response to cancer, in-
cluding neuroblastoma 7. Normally, cytotoxic T cells
(CTLs) exhibit cytotoxic activity upon presentation of HLA
class 1, but most neuroblastoma cells do not express HLA
class I and II molecules and thus could represent better targets
for NK cells than for CTLs 7. Recent studies revealed an anti-
tumor role for NK cells in high-risk neuroblastoma patients.
Venstrom et al. reported that killer immunoglobulin-like re-
ceptor (KIR) and HLA gene polymorphisms interact to gov-
ern NK cell function associated with disease progression and
survival in high-risk neuroblastoma cases treated with autolo-
gous hematopoietic stem cell transplant (AHSCT) ©®. Those
with a “missing ligand” KIR-HLA compound genotype had a
46% lower risk of death at 3 years after AHSCT compared
with patients who possessed all ligands for inhibitory KIR 7,
Among all KIR-HLA combinations, 16 patients lacking the
HLA-C1 ligand for KIR2DL2/KIR2DL3 exhibited the high-
est 3 year survival rate (81%). In this study, the survival rate
was more strongly associated with a “missing ligand” than
with tumor MYCN amplification ™. Thus, NK cells have a
promising role in immunotherapy in high-risk neuroblasto-
ma 7

The most obvious contribution of monoclonal antibodies
(mAbs) to high-risk neuroblastoma treatment came from the
discovery of a high-level expression of disialoganglioside
(GD2) in neuroblastoma cells and from the generation of
mAbs to this surface molecule ™. A phase I/IB study assessed
the combination of IL-2 and murine anti-GD2 antibody
14G2A in patients with recurrent neuroblastoma ®. Phase I
studies were also done to evaluate the chimeric anti-GD2
mAD ch14.18 in refractory or relapsed patients ®” and in pa-
tients who responded to high-dose therapy and AHSCT ®. A
subsequent phase I study tested the combination of antibody-
dependent cellular cytotoxicity-enhancing cytokines (GM-
CSF and IL-2) and ch14.18 therapy combined with cis retino-
ic acid (RA) following high-dose therapy and AHSCT and
found the regimen to be tolerable ®?. This clinical trial pro-
gression culminated in a recently completed phase III random-
ized study of cisRA together with ch14.18, IL-2, and GM-
CSF vs. cisR A only for patients with high-risk neuroblastoma
who had a clinical response to induction therapy and myeloa-
blative consolidation therapy/AHSCT. Immunotherapy after
consolidation significantly improved event-free survival and
overall survival *”. Hence, these findings indicate that anti-
GD2 therapy combined with GM-CSF and IL-2 will improve
the survival of patients with high-risk neuroblastoma.

Other immunologic approaches for high-risk patients
with neuroblastoma include the development of chimeric an-
tigen receptor-modified T cells (CAR-T) and Bi-specific T-cell
Engager ®®. Although these approaches primarily use GD2
as a tumor antigen at present, their clinical effectiveness re-
mains unknown.
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Conclusion

Biological findings facilitate our understanding of neuroblas-
toma heterogeneity and improve disease management and
prognosis. This review summarizes our understanding of neu-
roblastoma pathogenesis and the promising therapeutic strat-
egies. The overall survival rate in cases with neuroblastoma is
gradually improving because of the introduction of multidis-
ciplinary treatments. Nevertheless, the prognosis for high-risk
neuroblastoma remains poor and continued development of
innovative therapies that include new drugs, novel immuno-
therapies, and other strategies is required.
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