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Neuroblastoma, a malignant embryonal tumor of early childhood, has the unique feature of regression after mild or even no chemotherapy in
low risk patients. In contrast, most high-risk patients die of disease despite intensive multimodality treatments. It is, therefore, an ideal model
tumor for establishing individualized therapies. For many years, neuroblastoma patients have undergone risk adapted treatment according to
clinical and molecular characteristics of the patient and the tumor, respectively, at the time of diagnosis. Recently, other approaches such as
treatment modifications based on response to treatment as well as targeted molecular therapies directed against distinct abnormal pathways

are becoming increasingly important. Every approach must rely on prospectively evaluated treatment strategies.
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Introduction

Neuroblastoma is one of the most common
malignant diseases of early childhood. Depending on the
individual risk profile of the patient the disease can
either regress with minimal or even no treatment or can
lead to death despite intensive multimodality high-risk
treatment. Therefore neuroblastoma has been a model
for risk adapted therapy for many years. The combination
of multiple clinical and molecular variables increasingly
allows adapting the treatment according to the individual
needs of the patient. Individualized treatment aims to
avoid inefficient treatments in refractory disease, to
identify patients who benefit from alternative
experimental treatments, and to de-escalate treatment

in low risk patients. General strategies for treatment
individualization in cancer treatment are (1) risk adapted
treatment by precise pre-treatment risk prediction based
on clinical and/or molecular characteristics, (2)
structured treatment modifications based on the
response to treatment, (3) and molecular targeted
therapies based on individual molecular characteristic of
the tumor (Table 1). It is important to note, that
individualized treatment must follow structured
guidelines which are either subject to prospective clinical
trials or have already been evaluated by prospective
clinical trials. Individualized therapy solely based on
individual believes of physicians are very likely to impair
the outcome of patients.

*The original article was prepared based on performances at the Congress SIOP Asia — 2016.
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Tablel. General approaches for individualization of neuroblastoma
treatment

Stratified treatment by precise initial risk groups assignment
Stratified treatment by molecular prediction of the individual risk
Treatment adaption by individual treatment response

Targeted treatment on individual molecular aberrations

Treatment individualization by precise risk prediction
at diagnosis

Neuroblastoma risk groups

During the last decades clinical and molecular risk
factors have been identified in order to describe the
individual risk of relapse and, as a consequence, the
individual need of treatment of each patient. Commonly
accepted risk factors are stage of disease, age at diagnosis,
and amplification of the proto-oncogene MYCN [1, 2].
Some clinical trials have also applied the copy number
status of chromosome Ip [3-5] and Shimada histology
classification [6-9] as additional criteria for the
identification of high-risk patients. Other clinical and
molecular factors such as genomic loss of chromosome
11q[10, 11], gain of chromosome 17q [12, 13], expression
of Trk receptors [14-16], status of Akt phosphorylation
[17], RNA expression profile [18-21], and genomic
analyses [22, 23] also distinguish between patients with
good and poor prognosis but have not been published as
stratifying markers in prospective clinical trials, so far.

Recently, the International Neuroblastoma Risk
Group (INRG) collected clinical and selected molecular
data of more than 8,800 neuroblastoma patients which
was the foundation for extended analysis of risk factors in
neuroblastoma and the development of the International
Neuroblastoma Risk Group (INRG) classification system
(INRGSS). Different from the post-surgery INSS system
[24], it distinguishes between localized L1 tumors without
image defined risk factors, localized L2 tumors that have
image defined risk factors making initial complete
resection unlikely [25], stage M metastatic disease, and
metastatic disease restricted to skin, liver, and bone
marrow in children 18 months or younger at diagnosis
referred as stage MS [25]. Considering the variables
INRG stage, histology, grade of tumor differentiation,
MYCN status, 11q status, and ploidy, finally 16 different
patient subgroups were defined and assigned to one of the
risk categories very low, low, intermediate, and high risk.
[1]. The INRGSS high-risk category includes all patients
with metastatic neuroblastoma > 18 month at diagnosis
(5 year event free survival [EFS] 23% =+ 1%, 5 year overall
survival [OS] 31% =+ 1%), all patients with localized and
MS neuroblastoma with MYCN amplification (5 year EFS
46% =+ 4%, 5 year overall survival 53% * 4%), and stage
M patients < 18 months with MYCN amplification (5 year
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EFS 26% + 4%, 5 year OS 29% + 4%). Also, stage MS
patients < 18 months with loss of 11q were included in
the high-risk category, however, the risk classification of
this very small subgroup is still a matter of debate. The
INRGSS intermediate risk group included L2 patients
<18 month with aberrations of chromosome 11q
excluding ganglioneuroma and ganglioneuroblastoma
intermixed, L2 tumors > 18 months either with
differentiating neuroblastoma with aberrations of
chromosome 11q or poorly and undifferentiated
neuroblastoma regardless of the status of chromosome
11q, and stage M neuroblastoma < 18 months with
diploidy. The INRGSS low risk group includes all
patients with L2 tumors < 18 months excluding maturing
ganglioneuroma and ganglioneuroblastoma intermixed
with normal chromosome 11q, L2 patients Times New
Roman 18 months with differentiating nodular
ganglioneuroblastoma or neuroblastoma with normal
status of chromosome 11q, , and stage M < 18 month
with hyperdiploid tumors. The INRGSS very low
category includes all L1 and L2 patients with maturing
ganglioneuroblastoma and ganglioneuroblastoma
intermixed, all L1 patients with neuroblastoma other than
maturing ganglioneuroblastoma and ganglioneuro-
blastoma intermixed, and all stage MS patients <18
months without aberrations of chromosome 11q.

Molecular risk prediction

The majority of low and intermediate risk patients will
achieve stable first remission with limited treatment [26-28].
Moreover, most of relapses or progressions are cured with
moderate second-line treatment. However, some patients
experience sequential relapses or progressions and finally
succumb of disease. It is challenge to identify those risk
patients early at initial diagnosis in order to apply the
adequate first-line therapy. Retrospective studies indicate
that molecular analyses of copy number aberrations by array
CGH [29] and RNA expression analysis by microarray [18,
30] may allow the identification of these risk patients: In
infants, the presence of segmental chromosomal aberrations
in the tumor was associated with inferior outcome (5 year
EFS 70.7% + 6.6%) compared to children whose tumors
lacked segmental chromosomal aberrations (5-year EFS
92.0% =+ 2.1%). This impact of segmental chromosomal
aberrations was even stronger in the subgroup of stage 4S
patients who had not undergone frontline chemotherapy (5
year EFS 25.0% + 15.3% vs. 95.3% % 3.2%) [29]. Another
approach is based on a gene expression signature which has
been developed by the analysis of the RNA expression
profiles in neuroblastomas obtained from patients with
favorable outcome and unfavorable outcome. The gene
expression classifier identified risk patients better than
established risk groups definitions: Among patients classified
as low risk by stage, age, and MYCN, the classifier identified
a small group of risk patients with poor outcome (5 year
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EFS29% + 10% vs. , 84% * 2%, 5 year OS 76% * 11% vs.
99% =+ 1%). Similar results were found among patients
classified as intermediate risk (5 year EFS 41% =+ 10% vs.
88% + 6%, 5 year OS 70% + 9% vs. 100%) and high risk
(5year EFS 33% =+ 3% vs. 63% * 9%, 5 year OS 46+4% vs.
831+7%) [30]. Prospective clinical trials are open or will be
open soon in order to assess whether the precise
identification of risk patients based on molecular findings
will improve the outcome. In these trials, treatment may be
either intensified for patients with unfavorable risk profile
or reduced for patients with favorable characteristics.

Treatment individualization based on response to
treatment

Low-and intermediate-risk neuroblastoma

Spontaneous regression of infant neuroblastoma is a
well described phenomenon [27, 31-34]. Over-diagnosis of
localized neuroblastoma found by screening programs also
indicates a substantial number of spontaneous regressions
during and after the 1st year of life [35]. In low risk
neuroblastoma patients, individualization of treatment first
of all aims to de-escalate chemotherapy and to limit
operations in patients with favorable risk profile. It also aims
to identify those few patients in the low risk group who are
at risk for tumor progression finally leading to death despite
multiple sequential treatments. The German NB95-S trial
demonstrated a high rate of spontaneous regressions in
patients <1 year of age at diagnosis with localized
neuroblastoma. Some infants required chemotherapy in
order to overcome symptomatic transient tumor progression
[27]. It has been demonstrated in the trial that limited
intensity chemotherapy can induce regression in low risk
neuroblastoma. This approach has been further developed
and is currently being tested in the NB2004 trial including
an extended cohort of low risk neuroblastoma patients
(stage 1 neuroblastoma patients aged 0-21 years diagnosis,
stage 2 neuroblastoma aged 0-21 years at diagnosis without
aberration of chromosome 1p, stage 3 neuroblastoma
patients 0-2 years of age without aberrations of chromosome
1p, and stage 4S patients 0-1 year of age at diagnosis).
Patients with tumor associated threatening symptoms or
rapid progression, who are otherwise classified as
observation patients, are scheduled for chemotherapy with
vincristine, cyclophosphamide and doxorubicin. According
to the protocol, the chemotherapy is stopped as soon as the
tumor induced symptoms are relieved and/or tumor
progression is stopped. Results of the trial NB2004 are not
published yet, but interim analysis demonstrated that the
burden of chemotherapy was reduced without increase of
event and death rate.

High-risk neuroblastoma

The situation is very different in high-risk
neuroblastoma. With  high-intensive = multimodality
treatments, about 50% of patients survive at least 5 years
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after diagnosis [36]. Long term survivors of high-risk
neuroblastoma face several late effects such as hearing
impairment [37-40], hypothyroidism [40, 41], focal nodular
hyperplasia of the liver [42], pulmonary and cardiac diseases
[43], and second malignant disease [44-46]. Early response
assessment aims to detect patients in whom conventional
induction chemotherapy will most likely fail, and who
therefore may require new experimental treatment
strategies. Several approaches have been applied in order to
identify these ultra-high risk patients: Studies on the
prognostic value of residual bone marrow involvement using
different techniques such as immuno-cytology and PCR
analysis resulted in controversial results [47-49]. Prospective
trials on the prognostic value of bone marrow clearance
using standardized techniques are still ongoing, but final
results are not available yet. Delayed clearance of MIBG
positive lesions during induction chemotherapy was found
predictive for poor outcome in retrospective analyses [50,
51]. The prognostic value of residual MIBG positive lesions
during and after induction therapy has been further
improved by the application of semi-quantitative scoring
systems such as the Curie and the SIOPEN system [51-53].
In addition, response of the primary tumor was also found
to be prognostic value on outcome in patients with stage 4
neuroblastoma as well as in patients with M YCN amplified
neuroblastoma regardless of stage. However, only the
reduction of the longest tumor diameter >30% but not the
reduction of the tumor volume during induction
chemotherapy was associated with better EFS and OS [54].

Treatment individualization by molecular targeted
therapies

Another promising innovative treatment approach is
currently the application of designed compounds which
interact with the target of the tumor cells. Serious systemic
off-target side effects may be attenuated or even avoided
when the molecular target is not expressed or not mutated
in normal cells. Examples of several molecular targets in
neuroblastoma are found in Table 2. The ganglioside GD2
is the target for GD2-directed immunotherapy [55-58]. It
is expressed by most of primary neuroblastoma. Therefore,
anti GD2 directed drugs are targeted but not strictly
individualized therapies. Angiogenesis is also up-regulated
in all high-risk neuroblastoma patients. Pre-clinical data on
the effects of anti-angiogenetic treatment are conflicting
[59, 60] while phase I clinical trials have given encouraging
results [61, 62]. The norepinephrine transporter system is
the molecular basis for MIBG therapy [63-66]. High-dose
MIBG therapy is commonly applied if MIBG positive
lesions are present after induction chemotherapy and is,
therefore, an example for response adapted individualized
therapy particularly when applied during first-line therapy
[65]. In addition, MIBG therapy has also been applied as
frontline-therapy [66, 67] and in relapsed MIBG positive
neuroblastoma [64, 68, 69]. Furthermore, the RAS/MAPK
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Table 2. Examples for molecular targets in neuroblastoma (NB, neuroblastoma)

Expressed in
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Ganglioside GD2 Anti-GD2 antibodies >90% of NB patients [93] [55-58]

Vascular endothelial . Expression associated with tumor

o i (VECIE) Bevacizumab - [94, 95] [61, 62]

norepinephrine . .

imnsporer(NET) MIBG Expressed in 90% of NB patients [63] [64-66]

MEK Binimetinib, Selumetinib Active in all NB [70, 72] Not available yet

mTOR Everolimus, Temsirolimus Active in all NB [73, 74] [78, 79]

PI3 kinase SF1101/LY294002 Overexpressed in 50% of NB patients [75-77] Not available yet

ALK crizotinib, .ct?rmnlb, Mutated or ampl%ﬁed in 20% of NB (83] 82, 84]
alectinib patients

Aurora A kinase alisertib Amplified in 20% of NB patients [90] [91, 92]

pathway seems to play an important role in malignant
growth particularly in relapsed neuroblastoma [17, 70, 71].
Treatment with selected inhibitors of downstream targets of
the pathway is considered a promising approach of targeted
treatment [70, 72-77]. However, clinical data on these
treatments particularly in combination with chemotherapies
with are very limited, so far [78, 79].

The mutation frequency in neuroblastoma is low, and
the spectrum of mutations is heterogeneous, resulting in a
limited number of potential targets for individualized
molecular therapies [80]. More recent studies suggest that
the molecular hallmark of high-risk neuroblastoma is
activation of telomere maintenance mechanisms, separating
it from tumors that will eventually regress [81]. Telomere
maintenance may be mediated by either telomerase
induction, caused by rearrangements of the telomerase
reverse transcriptase encoding gene TERT or by MYCN
amplification, or by activation of the alternative lengthening
of telomeres pathway, facilitated by inactivating ATRX
mutations. In general, targeting aberrant molecular
structures is considered as an ideal example of individualized
treatment strategies, because such therapies are based on
individual molecular characteristics of the tumor. Most of
the molecular aberrations observed in neuroblastoma are
not specific for this malignancy, such as induction of
telomerase, which is present in the vast majority of cancers,
or activating AL K mutations, which may also occur in lung
cancer or lymphomas. Furthermore, most of the molecular
targeted treatments are only effective if the aberrant target
or target pathway is present in the tumor tissue of the
individual patients. Tumor biopsy and tumor tissue banking
are, therefore, are mandatory at first diagnosis and at
relapse.

One of the most promising targets in neuroblastoma are
activating mutations of the tyrosine receptor kinase ALK,
which are found in about 10% of neuroblastoma patients
[82, 83]. One phase I trial on the ALK inhibitor crizotinib
in refractory pediatric solid tumors demonstrated acceptable
toxicity and promising response. Among 11 neuroblastoma
patients with known ALK mutations one complete remission
and two stable diseases were observed [82, 84]. New ALK
inhibitors, such as ceritinib and alectinib, are expected to be
more effective on different types of ALK mutations [85-87].
Phase 3 trials on primary neuroblastoma with ALK
mutations are currently in preparation and will assess the
value of ALK inhibition as an element in high-intensive
multimodality treatment protocols.

Amplification of the oncogene MYCN is found in about
20% of neuroblastoma. Effective inhibition of MYCN by
BET bromodomain inhibitors has been demonstrated in
vitro, but the compounds are not available for clinical trials,
so far [88]. In an alternative approach, the MYCN pathway
has been identified as a potential target for molecular
therapies via inhibition of Aurora kinase A. Aurora kinase
A plays a crucial role in stabilization and degradation of
MYCN and, therefore, is considered as potential target [89,
90]. The Aurora kinase A inhibitor alisertib has recently
successfully been tested as single agent [91] as well as in
combination with irinotecan and temozolomide [92].

Summary

Neuroblastoma is an ideal model tumor for establishing
individualized therapies because of its divergent courses of the
disease. Individualization of cancer therapies can either focus
on precise initial risk prediction of the patients at the time of
diagnosis as prerequisite for risk adapted treatment, on
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structured treatment modifications based on the response to
treatment, on molecular targeted therapies for patients with
distinct molecular aberrations, or combinations of all three
strategies. With growing knowledge on the molecular and
immunological mechanisms of neuroblastoma, more and
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compounds in parallel to the treatment of the patient.
However, any strategy on treatment individualization has to
be evaluated in controlled prospective clinical trials of
neuroblastoma patients. Since the number of patients is
small, such clinical trials require international cooperation.
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more adaptations of treatment meeting the individual needs
of the patient are developed. In the near future, patient
derived xenograft systems may allow in vivo testing of several
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Heiipoonacmoma (HE) — 310Kauecmeennas sMOPUOHAAbHAS ONYX0Ab 0eMCK020 803pACMA, XapaKmepu3youasics 603MONCHOCHbIO PA36UMUS
CHOHMAHHOU peepeccull y NAUUeHMO08 epynnbl HU3K020 PUCKA UAU Peepeccull OnYXoau nocie npoedeHust HU3K0003080i NOAUXUMUOMEPANUL.
B omauuue om 60avHbix yKazanHol epynnbl 601bUUHCMBO NAUUEHMO8 SPYRNbL BbICOK020 PUCKA UMEIOm KpaiiHe HeOAa2onpusimublii nPoeHO3,
HecMompsl Ha NpogedeHue UHMEHCUBHOU Myavmumodarshoi mepanuu. Ilosmomy HE sgasemcs udeanvHoil modeavio 045 6HeOpeHus:
UHOUBUOYANUBUPOBAHHBIX MEPAnesmuU4ecKUx no0xo008. B mevenue mroeux aem nayuenmam ¢ Hb nposodunocs puck-adanmuposantoe sevetue
6 COOMBEMCcmMaUU ¢ KAUHUMECKUMU XapaKmepucmuKamu 3a001e6anus U MOACKYAAPHbIMU 0COOEHHOCIMAMU ONYXOAU HA MOMEHM NOCIMAHOBKU
duaerosa.

B nocaednee epems ce bonvuiee 3nauenue npuobpemaem sHeoperue no0xo006 mepanuu, OCHOBAHHbIX HA MOOUDUKAUUL Ae1eHUsl nPU NPOgedeHuUU
OUeHKU omeema HA NPOBOOUMYI) Mepanuio, a Makice UCNOAb308AHUe MAPeMHOlU MOAEKYAAPHOU mepanuu, HanpasaeHHol Npomue
onpedeneHHbIX MONCKYAAPHO-eeHemuueckux anomanuil. OOHaKo Kaxcovlii mepanesmuueckuii HOOX00 00A4ceH OCHOBbIGAMbCSL HA NPOCHEKMUBHBIX
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KAUHUMECKUX UCCAe008AHUSIX.
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BBenenne

Heiipoonaactoma (HB) siBasieTcst omHoi1 u3 Hanboee
YaCThIX 3JI0KAYECTBEHHBIX OIYXOJIEH y JNETE paHHETrO
Bo3pacTa. B 3aBUCMMOCTM OT MHAMBUAYaIbHBIX XapaK-
Tepuctuk onyxonu Hb moxeT nubo perpeccupoBaTh 1o~
cJie MUHMMAaJIbHOI MOJMXMMHUOTEpauy UIn Aaxe 0e3
JIeYeHU 1, MO0 MPUBOAUTH K CMEPTU, HECMOTPSI Ha MPO-
BeJeHe KOMOMHMPOBAaHHOM BHICOKOMHTEHCUBHOM Tepa-
nuu. [Mosromy HB Ha mpoTs:keHU MHOTHUX JIET paccMa-
TpUBaJlaCh KakK MOJEJb JJs PUCK-aIalTUpPOBaHHOM
Tepanuu. KoMOMHaIuMs onpeneJeHHbIX KIMHUYECKUX
U MOJIEKYJISIPHBIX TaHHBIX TO3BOJISICT aAallTUPOBATh Te-
pamnuio B COOTBETCTBUM C MHAMBUIYAJIbHBIMU MOTPEO-
HOCTSIMU NallMeHTa. MHaAuBUAYaIu3upOBaHHOE JICYCHHE
HamnpaBJIeHO Ha TO, YTOObLI M30ekaTh HEd((HEKTUBHBIX
METOJO0B ITPU peppakKTepHOM TeUeHU U 3a00IeBaHU I, BbI-

Jessl TPYINy MallMeHTOB [JIs IPOBEICHUS aJibTepHa-
TUBHBIX 9KCIIEPUMEHTAJIbHBIX METOMIOB JICUCHU ST, a TAKKe
IUTS edcKadaluy Teparuy 1151 TalldeHTOB IPYIIThl HU3-
Koro pucka. OCHOBHasl cTpaTerusi UHAUBUAYaIU3UPO-
BaHHOM Tepanmuu 3JI0KaueCTBEHHBIX HOBOOOpa30BaHMIt
OCHOBaHa Ha PUCK-aIallTUPOBAaHHOM JieueHUU [1] myTem
omnpenesieHUs (akTOpOB pucKa OO Hayajla Tepaluu,
OCHOBaHHBIX Ha KJIMHUYECKUX M/UJIU MOJEKYJISIPHBIX
XapaKTepUCTUKAX OMYXOJH [2], MonuUKaLIuY Teparnuu
B 3aBUCUMMOCTH OT OTBETa Ha JiedeHUe [3] 1 MOJIeKyIsIp-
HOM TapreTHOM Tepanuu, OCHOBAaHHOM HA MHAVBUIyaJlb-
HBIX MOJICKYJISIDHBIX XapaKTepPUCTUKAX OMYXOJU (TabJI.
1). BaxkHO OTMETUTD, YTO UHAUBUIYaJIU3aLUsI TepaIus
JOJI’KHA IMTPOBOAUTHLCS HA OCHOBE YETKO CTPYKTYHMPOBaH-
HBIX PeKOMEHIAIIUi, KOTOPhIC SIBASIOTCS UM Ipeame-
TOM M3yYEeHUS B IPOCTIEKTUBHBIX KIMHUUECKUX UCCIIe-

*Opueunanvhas cmamos, n0020mogaenHas no mamepuanam evicmynienus Ha Konepecce SIOP Asia — 2016 25—27 mas 2016 . (Mocksa). [lyéauxyromes
opucuHanvHas cmamos u ee nepesod. Cmuab u oghopmaenue aHA053bIMHOL 8ePCUL CIAMbU COXPAHEHbI.
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