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Summary
Background Neuroblastoma is the most common extracranial solid tumour in children. Relapsed or refractory 
neuroblastoma is associated with a poor outcome. We assessed the combination of irinotecan–temozolomide and 
dasatinib–rapamycin (RIST) in patients with relapsed or refractory neuroblastoma.

Methods The multicentre, open-label, randomised, controlled, phase 2, RIST-rNB-2011 trial recruited from 
40 paediatric oncology centres in Germany and Austria. Patients aged 1–25 years with high-risk relapsed (defined as 
recurrence of all stage IV and MYCN amplification stages, after response to treatment) or refractory (progressive 
disease during primary treatment) neuroblastoma, with Lansky and Karnofsky performance status at least 50%, were 
assigned (1:1) to RIST (RIST group) or irinotecan–temozolomide (control group) by block randomisation, stratified by 
MYCN status. We compared RIST (oral rapamycin [loading 3 mg/m² on day 1, maintenance 1 mg/m² on days 2–4] 
and oral dasatinib [2 mg/kg per day] for 4 days with 3 days off, followed by intravenous irinotecan [50 mg/m² per day] 
and oral temozolomide [150 mg/m² per day] for 5 days with 2 days off; one course each of rapamycin–dasatinib and 
irinotecan–temozolomide for four cycles over 8 weeks, then two courses of rapamycin–dasatinib followed by one 
course of irinotecan–temozolomide for 12 weeks) with irinotecan–temozolomide alone (with identical dosing as 
experimental group). The primary endpoint of progression-free survival was analysed in all eligible patients who 
received at least one course of therapy. The safety population consisted of all patients who received at least one course 
of therapy and had at least one post-baseline safety assessment. This trial is registered at ClinicalTrials.gov, 
NCT01467986, and is closed to accrual.

Findings Between Aug 26, 2013, and Sept 21, 2020, 129 patients were randomly assigned to the RIST group (n=63) or 
control group (n=66). Median age was 5·4 years (IQR 3·7–8·1). 124 patients (78 [63%] male and 46 [37%] female) 
were included in the efficacy analysis. At a median follow-up of 72 months (IQR 31–88), the median progression-free 
survival was 11 months (95% CI 7–17) in the RIST group and 5 months (2–8) in the control group (hazard ratio 0·62, 
one-sided 90% CI 0·81; p=0·019). Median progression-free survival in patients with amplified MYCN (n=48) was 
6 months (95% CI 4–24) in the RIST group versus 2 months (2–5) in the control group (HR 0·45 [95% CI 0·24-0·84], 
p=0·012); median progression-free survival in patients without amplified MYCN (n=76) was 14 months (95% CI 9–7) 
in the RIST group versus 8 months (4–15) in the control group (HR 0·84 [95% CI 0·51–1·38], p=0·49). The most 
common grade 3 or worse adverse events were neutropenia (54 [81%] of 67 patients given RIST vs 49 [82%] of 
60 patients given control), thrombocytopenia (45 [67%] vs 41 [68%]), and anaemia (39 [58%] vs 38 [63%]). Nine serious 
treatment-related adverse events were reported (five patients given control and four patients given RIST). There were 
no treatment-related deaths in the control group and one in the RIST group (multiorgan failure).

Interpretation RIST-rNB-2011 demonstrated that targeting of MYCN-amplified relapsed or refractory neuroblastoma 
with a pathway-directed metronomic combination of a multkinase inhibitor and an mTOR inhibitor can improve 
progression-free survival and overall survival. This exclusive efficacy in MYCN-amplified, relapsed neuroblastoma 
warrants further investigation in the first-line setting.
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Introduction 
Neuroblastoma is the most common extracranial solid 
tumour in children. MYCN is amplified in approximately 
25% of neuroblastomas and remains an indicator of poor 
prognosis. Over half of the patients with high-risk 
neuroblastoma relapse despite intensive multimodal 
therapy, and most relapses occur within 2 years of 
diagnosis.1 Further, 10–20% are refractory to first-line 
chemotherapy. With a 4-year progression-free survival and 
overall survival for patients with relapsed high-risk 
neuroblastoma of 6% and 20%, respectively,2 and a 
median progression-free survival of 6·4 months,3 high-
risk neuroblastoma remains one of the most dismal 
diseases of childhood cancer. Irinotecan and temozolomide 
demonstrated activity in relapsed and refractory 
neuroblastoma4,5 and are currently key components of 
combination therapies.6,7 mTORs have been shown to 
have activity in neuroblastoma. In preclinical studies, the 
mTOR inhibitor rapamycin acted synergistically with 
tyrosine kinase inhibitors, inducing radiosensitisation 
and chemosensitisation,8,9 predominantly in MYCN-
amplified neuroblastoma.10–13 Since induction of transitory 
resistance with continuous treatment through activation 
of surrogate pathways was observed,14 a metronomic 
approach was chosen for synergism, chemosensitisation, 
and avoidance of resistance.

The drug combination of irinotecan–temozolomide 
with dasatinib–rapamycin (RIST) is aligned in a 
metronomic, pathway-directed design in which the 
multikinase inhibitor dasatinib is added to expand 
targeting to surrogate non-receptor tyrosine kinases of 
the SRC-kinase family.

In a pilot series of 21 patients with relapsed or refractory 
neuroblastoma treated with RIST, 12 (57%) patients had a 

complete response and overall survival after a median 
follow-up of 148 weeks was 43% (nine patients).15

In the RIST-rNB-2011 trial, we aimed to assess the 
benefit of the pathway-directed drugs rapamycin–
dasatinib combined with irinotecan–temozolomide in a 
metronomic design.

Methods 
Study design and participants 
RIST-rNB-2011 is an investigator-initiated, multicentre, 
open-label, randomised, controlled, phase 2 trial 
conducted in 40 paediatric oncology centres in Germany 
and Austria (appendix pp 4–7).

Children, adolescents, and young adults aged 
1–25 years (performance status at least 50% according to 
Lansky and Karnofsky) with high-risk (International 
Neuroblastoma Staging System stage IV disease and all 
MYCN-amplified stages) relapsed (defined as recurrence 
after response to treatment; including multiple relapses, 
without limitations on previous treatment) neuro
blastoma after intensive, multimodal high-risk therapy 
or refractory neuroblastoma (progression during 
primary treatment), who had confirmatory histology of 
neuroblastoma with or without evidence of neuro
blastoma cells in the bone marrow, were enrolled after 
patients or legal guardians provided written, informed 
consent. Relapsed patients who received irinotecan or 
temozolomide, or both, before enrolment in this trial 
were not explicitly excluded. Full details on eligibility 
criteria are in the appendix (pp 9–10). 

The trial was approved by the institutional review board 
of the principal investigator in Regensburg, Germany. 
The trial was designed and overseen by a steering 
committee. The protocol, performed in accordance with 

University Medical Center 
Göttingen, Göttingen, 
Germany (I Kühnle MD); 
University Medical Center 
Bonn, Bonn, Germany 
(D Dilloo MD); University 
Medical Center Essen, Essen, 
Germany (S Schönberger MD,  
N Niktoreh MD); Carl-Thieme 
Clinic Cottbus, Cottbus, 
Germany (G Schwabe MD); 
Technical University of Munich, 
Munich, Germany 
(I von Luettichau MD); Saarland 
University, Homburg, 
Homburg, Germany 
(N Graf MD); University Medical 
Center Würzburg, Würzburg, 
Germany (P-G Schlegel MD); 
University Medical Center 
Augsburg, Augsburg, Germany 
(M Frühwald MD PhD); 
University Medical Center 
Bielefeld, Bielefeld, Germany 
(N Jorch MD); University 
Medical Center Witten/
Herdecke, Datteln, Germany 
(M Paulussen MD); University 
Medical Center Witten/
Herdecke, Dortmund, Germany 
(D T Schneider MD); University 
Medical Center Erlangen, 
Erlangen, Germany 
(M Metzler MD); Medical Center 
Karlsruhe, Karlsruhe, Germany 
(A Leipold MD); Klinikum 
Kassel, Kassel, Germany 
(M Nathrath MD); Helios 
Hospital Krefeld, Krefeld, 
Germany (T Imschweiler MD); 
University Medical Center 
Leipzig, Leipzig, Germany 
(H Christiansen MD); Ludwig 
Maximilians University 
Munich, Munich, Germany 
(I Schmid MD); University 
Medical Center Innsbruck, 
Innsbruck, Austria 
(R Crazzolara MD); University 
Medical Center Kiel, Kiel, 
Germany (G Cario MD); 
University Medical Center 
Mainz, Mainz, Germany 
(J Faber MD); University 
Medical Center Lübeck, Lübeck, 
Germany (M Demmert MD); 
University Medical Center 
Düsseldorf, Düsseldorf, 
Germany (F Babor MD); 
University Medical Center 
Muenster, Muenster, Germany 
(B Fröhlich MD); University 
Medical Center Stuttgart, 
Stuttgart, Germany 
(S Bielack MD); University 
Medical Center Halle, Halle, 
Germany (T Bernig MD); 
University Medical Center 
Heidelberg, Heidelberg, 
Germany (J Greil MD); Charité, 
University Medical Center 

Copyright © 2024 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY 4.0 
license.

Research in context

Evidence before this study
We searched  PubMed, the Library of Congress, and the National 
Library of Medicine for original research articles published 
before Aug 26, 2012, in any language that addressed molecular 
or pathway-directed treatment of relapsed or refractory 
neuroblastoma or childhood sarcoma, using the keywords 
“neuroblastoma”, “sarcoma”, “relapsed”, “refractory”, “kinase 
inhibitor”, “mTOR inhibitor”, and “metronomic”, excluding case 
reports and small single-centre case series. Some studies 
combining irinotecan and temozolomide reported feasibility 
and improvements in outcomes, but in summary, the outcome 
of relapsed or refractory neuroblastoma remained poor.

Added value of this study
The RIST rNB-2011 trial has shown in a large, randomised, 
patient population and with over 6 years of follow-up that 
targeting of MYCN-amplified relapsed or refractory 

neuroblastoma, which has historically been associated with the 
worst outcomes, with a pathway-directed metronomic 
combination of a multkinase inhibitor and rapamycin could 
improve progression-free survival and overall survival.

Implications of all the available evidence
Efficacy analyses of future treatment options in 
neuroblastoma should be segregated by MYCN amplification. 
Incorporating pathway-directed treatment in neuroblastoma 
based on MYCN amplification into first-line therapy might be 
an appropriate approach that could improve progression-free 
survival while reducing chemotherapy-related toxicities. 
Cellular therapy options, such as a haploidentical stem-cell 
transplantation, as shown in this study, or chimeric antigen 
receptor T-cell therapy could be promising options for 
consolidation if a robust minimal residual remission can be 
achieved beforehand.
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the principles of the Declaration of Helsinki, was 
approved by the respective scientific ethics committees 
at each institution. The trial protocol has been 
published online.

Randomisation and masking 
Patients were randomly assigned (1:1) to RIST (RIST 
group) or irinotecan–temozolomide (control group) via 
computer-based randomisation with sequence generation 
defined by block randomisation, with a block size of six, 
stratified to ensure equal distribution of MYCN ampli
fication status, as the predictive marker for worst 
outcome and based on the preclinical evidence of MYCN 
amplification as a target for rapamycin–dasatinib. No 
further evidence was available for other stratification 
factors to affect outcome. As the trial was open-label, 
participants, families, and medical staff assigning 
therapy were aware of the randomisation outcome. 
However, centralised radiology review was masked. All 
trial-related staff were not involved in the randomisation 
besides administrative tasks, such as assignment to the 
trial groups.

Procedures 
RIST had a metronomic design consisting of courses, 
cycles, and phases (appendix pp 11–12). The RIST 
group consisted of rapamycin–dasatinib and 
irinotecan–temozolomide courses. In rapamycin–
dasatinib courses, the patients received oral rapamycin 
(loading 3 mg/m² on day 1, maintenance 1 mg/m² on 
days 2–4) and oral dasatinib (2 mg/kg per day, 
maximum 140 mg per day) for 4 days, followed by 
3 days off. On day 5, rapamycin serum concentration 
was determined and adjusted in consecutive courses 
between 3 ng/mL to 10 ng/mL. The irinotecan–
temozolomide courses consist of oral temozolomide 
(150 mg/m² per day) and intravenous irinotecan 
(50 mg/m² per day) over 5 days followed by 2 days off. 
In phase 1, four cycles consisting of one rapamycin–
dasatinib and irinotecan–temozolomide course 
(8 weeks) were applied, followed by phase 2 with four 
cycles, consisting of two rapamycin–dasatinib and one 
irinotecan–temozolomide course per cycle (12 weeks). 
Phase 2 with additional rapamycin–dasatinib courses 
was implemented to reduce the chemotherapy-related 
toxicity, thereby avoiding treatment delay due to 
adverse effects and allowing for haematological 
recovery, while maintaining the targeted treatment. 
Total treatment duration was 20 weeks. The control 
group consisted of eight irinotecan–temozolomide 
courses. Patients in remission after phase 2 were 
eligible for consolidation therapy according to the 
investigators’ preferences. Patients refractory to 
treatment in the control group could crossover to RIST. 
Based on individual or investigator decision, patients 
could leave the trial or were switched to the respective 
treatment and were followed up as observational 

patients. No modifications to the trial design or drug 
dosages were made throughout the study, but dose 
reductions or interruptions were permitted. Race and 
ethnicity data were not collected. Biological sex data 
were collected from medical records. The modified 
International Neuroblastoma Response Criteria were 
used to assess overall response.16 For response 
assessment, serum markers, such as lactic 
dehydrogenase and neuron-specific enolase, urine 
catecholamine metabolites, MRI, and bone marrow 
morphology were assessed at baseline, at the end of 
phase 1 and at the end of phase 2, as well as every 
3 months for up to 2 years and then biannually. Nuclear 
medicine imaging was required at baseline, at the end 
of phase 1 and at the end of phase 2, as well as at the 
end of the 1-year follow-up, thereafter only if clinically 
indicated. If tumour progression was detected at the 
end of phase 1 and at the end of phase 2, the date of 
progression was set at a predefined timepoint instead 
of the day of the actual assessment.17 All response 
assessments were locally and centrally reviewed. 
Adverse events were assessed at each follow-up visit 
and assessed with Common Terminology Criteria for 
Adverse Events version 3.0. For quality-of-life 
assessments (QoL) Lansky and Karnofsky scores were 
used, with rankings from 100 to 0, where 100 reflects 
‘perfect’ health and 0 is death. Assessments were 
scheduled at the end of phase 1 and 2, and consecutively 
every three months for one year.

Outcomes 
The primary endpoint was progression-free survival, 
defined as time from the date of randomisation to the 
date of progression, of death of any cause, or of last visit. 
Patients with no progression at last disease evaluation or 
patients lost to follow-up were classified as censored at 
last visit and were confirmed to be progression-free. 
Secondary endpoints were overall survival (defined as 
time to death of any cause, in which surviving patients 
were censored at last visit), response (defined according 
to the International Neuroblastoma Risk Group criteria 
with stable disease or above) to the investigational 
treatment in the RIST group, duration of best response, 
safety, prognostic relevance of the International 
Neuroblastoma Risk Group criteria laboratory parameters 
on event-free survival (defined as the time of duration of 
stable disease, complete response, and partial response), 
and QoL.

Statistical analysis 
To detect a hazard ratio (HR) of 0·58 with a power of 
1–β=80% at a one-sided α significance level of 0·10, 
which was expected to be of high clinical relevance, a 
minimum of 90 patients were required to be randomised 
to yield the necessary number of 63 progression-free 
survival events. The formulas used in the estimations 
were based on the assumptions of uniform accrual over 
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time, and exponentially distributed event times. With an 
estimated drop-out rate of 20%, the target enrolment was 
130 patients. The main analyses for the primary and 
secondary efficacy endpoints (progression-free survival 
and overall survival) were performed according to the 
intention-to-treat principle in all eligible patients who 
entered the study and received at least one course of 
therapy. A patient had to complete a course of therapy to 
be included in the analysis. The per-protocol population 
consisted of the intention-to-treat population without 
major protocol violations. The primary analysis was 
repeated in the per-protocol population as a prespecified 
sensitivity analysis to assess the robustness of the results. 
The safety population consisted of all patients who 
received at least one course of therapy and had at least 
one post-baseline safety assessment. For the primary and 
secondary endpoints, progression-free survival and 
overall survival distribution and median progression-free 
survival and overall survival times were estimated using 
the Kaplan–Meier plots. A Cox proportional hazards 
model with MYCN status and treatment group as 
covariates was applied to test the null hypothesis of a 
treatment HR of 1. For the HR, a point estimate and a 

one-sided 90% (according to the trial design) was 
provided. The median follow-up time was calculated 
using the reverse Kaplan–Meier method. As a post-hoc 
analysis of the primary endpoint, a two-sided 95% CI was 
added to show the clinical relevance and statistical 
certainty of the study result to the conventional two-sided 
α of 5%. MYCN-based subgroup analyses, including the 
overall survival analyses, were post-hoc analyses, 
including a post-hoc defined multivariable Cox 
proportional hazards model including treatment, MYCN 
status and the interaction term treatment*MYCN as well 
as disease status at trial inclusion, time from diagnosis to 
first relapse, sex, age, surgery, histology, and CNS 
recurrence as covariates to adjust for known predictors of 
progression-free survival. The proportional hazards 
assumption was tested with the Schoenfeld residuals. 
Two post-hoc sensitivity analyses, which were not defined 
in the statistical analysis plan, were additionally 
performed. In patients with treatment delays due to 
adverse events, the average time between two cycles was 
added to the multivariable model to assess the impact on 
outcome. In patients with missing assessments at the 
predefined visits, sensitivity analyses were performed by 

Figure 1: Trial profile
ITT=intention-to-treat. RIST=irinotecan–temozolomide and dasatinib–rapamycin. *Six patients refused result of randomisation and received RIST therapy. 
†One patient refused result of randomisation and received irinotecan–temozolomide therapy.

22 excluded from analysis (major protocol 
       violations)

63 included in ITT population
41 included in per-protocol population
60 treated with irinotecan–temozolomide included 
       in safety population* 

28 excluded from analysis (major protocol 
       violations)

2 excluded (violation of essential exclusion 
    criteria)

1 excluded (lost to follow-up before 
    month 12 without event)  

1 excluded after randomisation (violation 
    of essential inclusion criteria) 

16 excluded 
1 non-high-risk patient 
4 no adequate insurance coverage

11 withdrawal from trial participation 

1 excluded after randomisation 
    (withdrawal of informed consent) 

61 included in ITT population
33 included in per-protocol population
67 treated with RIST included in safety population†

65 received first course of therapy

129 randomly assigned

145 patients assessed for eligibility 

62 received first course of therapy

66 randomly assigned to control (irinotecan–
       temozolomide) group

63 randomly assigned to RIST group
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imputing missing assessments before a disease 
progression was identified and by conservatively 
imputing all missing assessments as disease progression. 
Post-hoc analyses in patients who completed phase 2 in 
remission were conducted to assess the impact of 
consecutive therapies on overall survival. All safety data 
are presented descriptively for each treatment group and 
were analysed as treated. Response rates are presented 
descriptively. Response rates in the MYCN-non-amplified 
and in the MYCN-amplified subgroup and best overall 
response (complete response or partial response) were 
assessed post hoc. Missing values regarding the response 
were counted as non-responders. The Karnofsky scores 

of each visit were summarised descriptively, and scores 
were compared between both treatment groups using a 
Wilcoxon Mann–Whitney test. The threshold of 
significance for all secondary endpoints was  p<0·05.

Data preparation and statistical analyses were 
performed with SAS software (version 9.4), and R 
software (version 4.2.2). An independent data monitoring 
committee reviewed safety and recruitment. This trial is 
registered at ClinicalTrials.gov, NCT01467986, and is 
closed to accrual.

Role of the funding source 
The funder of the study had no role in study design, data 
collection, data analysis, data interpretation, or writing of 
the report.

Results 
Between Aug 26, 2013, and Sept 21, 2020, 129 patients 
were recruited and were randomly assigned to the RIST 
group (63 patients) or the control group (66 patients). 
At data cutoff (Sept 9, 2022), 61 patients from the RIST 
group and 63 patients from the control group were 
available for the primary endpoint analysis (intention-to-
treat population; figure 1). 78 (63%) of 124 patients in the 

Control group 
(n=63)

RIST group 
(n=61)

Sex

Female 25 (40%) 21 (34%)

Male 38 (60%) 40 (66%)

Age at diagnosis, years 

Median (IQR) 3·5 (2·3–4·9) 3·3 (1·9–5·4)

Age group, years

<1 3 (5%) 4 (7%)

1 to <1·5 2 (3%) 5 (8%)

1·5 to <5 44 (70%) 36 (59)

≥5 14 (22%) 16 (26%)

Age at enrolment, years

Median (IQR) 5·3 (3·8–7·5) 5·6 (3·7–8·6)

Age group, years

<1 0 0 

1 to <1·5 1 (2%) 2 (3%)

1·5 to <5 28 (44%) 25 (41%)

≥5 34 (54%) 34 (56%)

MYCN status

Not amplified 39 (62%) 37 (61%)

Amplified 24 (38%) 24 (39%)

Time from diagnosis to first relapse, months 

≤18 17 (35%) 12 (24%)

>18 32 (65%) 38 (76%)

International Neuroblastoma Staging System stage at diagnosis

2A 1 (2%) 0 

3 3 (5%) 3 (5%)

4 59 (94%) 57 (93%)

Unknown 0 1 (2%)

International Neuroblastoma Risk Group at diagnosis

Intermediate risk 4 (6%) 5 (8%)

High risk 59 (94%) 56 (92%)

Disease status at enrolment

Refractory 14 (22%) 10 (16%)

Relapse 49 (78%) 50 (82%)

First relapse 43 (88%) 41 (82%)

Second relapse 4 (8%) 8 (16%)

Third relapse 2 (4%) 1 (2%)

Unknown 0 1 (2%)

(Table 1 continues in next column)

Control group 
(n=63)

RIST group 
(n=61)

(Continued from previous column)

CNS involvement at enrolment 8 (13%) 6 (9%)

Dinutuximab before enrolment 0 1 (1%)

Surgery before enrolment 7 (11%) 9 (15%)

Histology

Neuroblastoma 61 (97%) 57 (93%)

Ganglioneuroblastoma 2 (3%) 3 (5%)

Unknown 0 1 (2%)

Primary tumour site at diagnosis

Adrenal 33 (52%) 32 (52%)

Abdomen, not adrenal 4 (6%) 6 (10%)

Abdomen, adrenal unknown 13 (21%) 10 (16%)

Pelvis 3 (5%) 1 (2%)

Thorax 7 (11%) 4 (7%)

Neck 0 

Other 3 (5%) 7 (11%)

Unknown 0 1 (2%)

Metastatic sites at diagnosis

Metastasis found 59 (94%) 57 (93%)

Soft tissue (including lymph nodes, 
liver, skin,and other)

39 (66%) 42 (74%)

Bone marrow 56 (95%) 48 (84%)

Bone 39 (66%) 40 (70%)

1 metastatic compartment 6 (10%) 10 (16%)

>1 metastatic compartment 53 (84%) 47 (77%)

Data are n (%) unless otherwise specified. RIST=irinotecan–temozolomide and 
dasatinib–rapamycin. Data on race or ethnicity were not collected. 

Table 1: Baseline characteristics of the intention-to-treat population
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intention-to-treat population were male and 46 (37%) were 
female, and 116 (94%) had International Neuroblastoma 
Staging System stage 4 disease (table 1; appendix 
pp 24–27 for the MYCN-amplified subpopulations). Data 
on race or ethnicity were not collected. The median 
patient age at enrolment was 5·4 years (IQR 3·7–8·1; 53 
(43%) were aged 1·5–5·0 years). Formally, there was no 
limitation for previous treatment beyond the inclusion 
and exclusion criteria. However, 128 (99%) patients in 
first relapse were treated as study participants of the 
NB2004-HR protocol (NCT00410631), which was the 
standard of treatment in the participating countries at 
that time.18 The remaining patients were treated 
according to equivalent protocols of other societies before 
enrolment. None of the relapsed patients received 
irinotecan or temozolomide before enrolment in this 
trial. Of the 15 (12%) patients with second or third 
relapses, 12 patients received some form of chemotherapy 
only. In three patients (two in the control group and one 
in the RIST group) anti-disialoganglioside monoclonal 
antibody, metaiodobenzylguanidine therapy, or radio
therapy was added. MYCN was amplified in 48 (39%) 
patients. 29 (29%) of 99 patients who had relapse at 
enrolment had a first relapse within 18 months, with a 
balanced distribution of MYCN amplification between 
the RIST group and the control group. 115 (93%) patients 
were classified as high risk (International Neuroblastoma 
Risk Group19) at diagnosis. 15 (62%) of the 24 patients 
with refractory disease had MYCN amplification, all 
older than 2 years, and 21 (88%) patients were enrolled 
with metastatic disease. The median overall follow-up for 
both groups was 72 months (IQR 31–88), the median 
follow-up was 76 (35–89) months for the RIST group and 
34 (30–88) months for the control group.

In the intention-to-treat population, there were 
49 progression-free survival events in the RIST group 
and 54 in the control group. Median progression-free 
survival was 11 months (95% CI 7–17) in the RIST group 
and 5 months (2–8) in the control group (HR 0·62, one-
sided 90% CI 0·81; p=0·019; post-hoc two-sided 95% CI 
0·42–0·92; figure 2A). This result was confirmed in the 
per-protocol population (HR 0·53, one-sided 90% CI 
0·75; post-hoc two-sided 95% CI 0·31–0·90; p=0·018). In 
a multivariable Cox regression model adjusting for 
known risk factors for progression or death, median 
progression-free survival with RIST was significantly 
longer compared with control (table 2). Furthermore, the 
post-hoc analysis with the interaction term of 
treatment*MYCN status was statistically significant. In 
order not to violate the proportional hazards assumption, 
age and time to relapse were added as continuous 
covariates; all variables hold the assumptions of 
proportional hazards (data not shown). 

Median progression-free survival in patients with 
amplified MYCN was 6 months (95% CI 4–24; 18 events 
in the RIST group) in the RIST group versus 2 months 
(2–5; 23 events in the control group) in the control group 

(HR 0·45 [95% CI 0·24-0·84], p=0·012; appendix p 14). 
Median progression-free survival in patients without 
amplified MYCN was 14 months 95% CI 9–17; 31 events) 
in the RIST group versus 8 months (4–15; 31 events) in 
the control group (HR 0·84 [95% CI 0·51-1·38], p=0·49; 
appendix p 16). Additional progression-free survival data 
by MYCN status are shown in the appendix (p 30). The 
post-hoc multivariable model in patients with MYCN 
amplification is shown in the appendix (pp 28–29). 
Progression-free survival in the per-protocol analysis 
stratified by treatment groups and according to MYCN is 
summarised in the appendix (pp 18–19).

Response rate in the RIST group was 75% (46 of 
61 patients) after phase 1 and 61% (37 of 61 patients) after 
phase 2. Post-hoc best overall response rates and 
response rates in the MYCN-amplified subgroup are 
summarised in table 3. Among patients with intracranial 
recurrence (14 [11%]), the response rate was similar 
between treatment groups for the MYCN-amplified 
subgroup and the MYCN-non-amplified subgroup. 
Among patients with MYCN amplification (n=7), 
responses were observed in one (25%) of four patients in 
both phases in the RIST group and one (33%) of three 
patients in both phases in the control group. Among 
patients without MYCN amplification (n=7), responses 
were observed in two (100%) of two patients in both 
phases in the RIST group and five (100%) of five patients 

Figure 2: Progression-free survival (A) and overall survival (B) in intention-to-treat population
RIST=irinotecan–temozolomide and dasatinib–rapamycin. *Post-hoc two-sided 95% CI 0·42–0·92.
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in phase 1 and four (80%) of five patients in phase 2 in 
the control group. Median duration of response in the 
RIST group was 17 (95% CI 11–26) months. 

Median overall survival for RIST was 20 (95% CI 13–30) 
months versus 16 (10–22) months in the control group 
(HR 0·68, 95% CI 0·45–1·04; p=0·073; figure 2B; RIST 

43 deaths in the RIST groupm and 49 deaths in the 
control group). Post-hoc analysis of median overall 
survival in patients with MYCN amplification and those 
without MYCN amplification is shown in the appendix 
(pp 15, 17) and overall survival in the per-protocol 
population stratified by treatment groups and MYCN 
status are in the appendix (pp 20–21).

51 (41%) of 124 patients (29 [48%] of 61 patients in the 
RIST group, 22 [35%] of 63 patients in control group) 
finished phase 2 therapy in remission and were eligible 
for consolidation therapy. 49 (40%) of 124 patients 
received some form of consolidation therapy. RIST was 
continued until recurrence in eight (16%) patients (four 
in each treatment group) and 16 (33%) patients (nine 
patients in the RIST group and seven in the control 
group) received a conventional form of consolidation 
therapy and 25 (51%) patients (15 in the RIST group and 
ten in the control group) additionally received a haplo
identical haematopoietic stem-cell transplantation with 
or without anti-disialoganglioside monoclonal antibody 
(appendix pp 13, 31). Overall survival in patients who 
had consecutive therapies who completed phase 2 in 
remission, including in the MYCN-amplified subgroup, 
is shown in the appendix (pp 22, 23, 31). The consecutive 
physician-based consolidation with a haploidentical 
haematopoietic stem-cell transplantation was well 
balanced between treatment groups, with 15 (54%) of 
28 patients in the RIST group and ten (48%) of 
21 patients in the control group. However, only four 
(44%) of nine patients without MYCN amplification in 
the RIST group (44%) and five (62%) of eight patients 
without MYCN amplification in the control group 
survived  post-transplantation. Conversely, five (83%) of 
six patients with MYCN amplification in the RIST group 
and zero of two patients with MYCN amplification 
in the control group survived post-transplantation 
(appendix pp 23, 31). The median duration of exposure 
to therapy was 156 days (IQR 149–165) in the RIST 
group and 150 days (141–165) in the control group. 
Patient samples were not sufficiently available to 
conduct analyses of laboratory parameters.

65 (97%) of 67 patients who were given RIST and 
52 (86%) of 60 patients who were given control had an 
adverse event, and 14 (21%) patients given RIST and 
eight (13%) patients given control had a grade 3 or worse 
adverse event (table 4). Haematological adverse events 
were the most common grade 3 or worse adverse 
events—namely, neutropenia (54 [81%] of 67 patients in 
the RIST group vs 49 [82%] of 60 patients in the control 
group), thrombocytopenia (45 [67%] vs 41 [68%]), and 
anaemia (39 [58%] vs 38 [63%]). Infections of grade 3 or 
worse occurred in 12 (18%) patients in the RIST group 
and 13 (22%) patients in the control group. Diarrhoea of 
grade 3 or worse was observed in 14 (21%) patients in the 
RIST group and 11 (18%) patients in the control group. 
Nine serious treatment-related adverse events were 
reported; five in the control group (one glomerulopathy, 

Hazard ratio (95% CI) p value Event/patients

Treatment group ·· 0·002 ··

MYCN status ·· 0·017 ··

Treatment*MYCN status ·· 0·018 ··

MYCN-A: RIST vs control 0·35 (0·18–0·68) ·· 41/48

MYCN-NA: RIST vs control 1·00 (0·58–1·70) ·· 60/74

Control: MYCN-NA vs MYCN-A 0·50 (0·28–0·88) ·· 54/63

RIST: MYCN-NA vs MYCN-A 1·43 (0·70–2·91) ·· 47/59

Dinutuximab before enrolment

No 1 (ref) ·· 100/121

Yes 1·40 (0·17–11·18) 0·754 1/1

Disease status

Relapse 1 (ref) ·· 79/98

Refractory 2·23 (1·28–3·90) 0·005 22/24

Time from diagnosis to first relapse 0·98 (0·97–0·999) 0·038 ··

Sex

Female 1 (ref) ·· 37/46

Male 1·32 (0·86–2·03) 0·201 64/76

Age at diagnosis (years) 1·00 (0·93–1·08) 0·911

Surgery

Yes 1 (ref) ·· 10/16

No 1·75 (0·89–3·51) 0·113 91/106

Histology

Neuroblastoma 1 (ref) ·· 96/117

Ganglioneuroblastoma 1·36 (0·53–3·51) 0·525 5/5

CNS recurrence

No 1 (ref) ·· 90/108

Yes 0·89 (0·44–1·79) 0·734 11/14
 
In the post-hoc multivariable Cox regression analysis, we adjusted for all relevant covariables. MYCN-A=MYCN 
amplified. MYCN-NA=MYCN non-amplified. RIST=irinotecan–temozolomide and dasatinib–rapamycin. 

Table 2: Multivariable Cox regression of progression-free survival of high-risk parameters (n=122)

Intention-to-treat population MYCN-amplified subgroup 

  Control group RIST group Control group RIST group

Complete response 11 (17%) 15 (25%) 5 (21%) 9 (38%)

Partial response 24 (38%) 26 (43%) 5 (21%) 6 (25%)

Minor response* 0 2 (3%) 0 2 (8%)

Stable disease 6 (10%) 7 (11%) 1 (4%) 3 (13%)

Progressive disease 20 (32%) 10 (16%) 12 (50%) 4 (17%)

Overall response rate 35 (56%) 41 (67%) 10 (42%) 15 (62%)
 
RIST=irinotecan–temozolomide and dasatinib–rapamycin. *Minor response was defined as no new lesions; >50% 
reduction of any measurable lesion (primary or metastasis) with <50% reduction in any other; <25% increase in any 
existing lesion by radiological means (ie, MRI) or via metaiodobenzylguanidine  scintigraphy in all sites. Reduction of 
catecholamines and nervous system-specific enolase less than 50%. 

Table 3: Overall best response by treatment regimens (post-hoc analysis)
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two urinary tract infections, one diarrhoea, and one 
prolonged atrio-ventricular transmission) and four in 
the RIST group (one complex fracture of the distal tibia 
after an accident, one sinusoidal obstruction syndrome 
after a mistletoe treatment, and two urinary tract 
infections). No treatment-related severe hepatic toxicity 
leading to diseases, such as veno-occlusive disease or 
sinusoidal obstruction syndrome, was reported. Some 
adverse reactions, such as elevated creatinine 
concentration, skin changes, and cardiac changes, were 
observed more frequently in the RIST group but were 
transient (data not shown). Overall, no dose adjustments 
were made in the dasatinib–rapamycin course. The 
irinotecan–temozolomide course was delayed in 
23 (19%) patients (11 in the RIST group and 12 in the 
control group), and the chemotherapy dose was reduced 
to allow for haematological recovery in 11 (9%) patients 
(five in the RIST group and six in the control group). 
Premature termination of study therapy due to toxicity 
was necessary in two patients in the control group and 
three patients in the RIST group. Causes of death were 
disease related in 47 (96%) patients in the control group 
and 39 (91%) patients in the RIST group, and treatment 
related in none of the patients in the control group 
and one (2%) patient in the RIST group due to 
multiorgan failure.

The QoL assessments at the respective timepoints 
showed no significant difference between RIST and 
control (appendix p 32).

Discussion 
With a median follow-up of 72 (IQR 31–88) months, 
results from the RIST-rNB-2011 trial showed that RIST 
significantly improved progression-free survival and 
resulted in a substantially (but not statistically significant) 
longer overall survival in relapsed or refractory 
neuroblastoma. These trial results are consistent with 
the pilot series.15 Several in-vitro studies showed synergy 
between mTOR inhibitors and multikinase inhibitors, as 
well as in combination with chemotherapy. In 
neuroblastoma, a synergistic effect was most prominent 
in MYCN-amplified tumours and cell lines.8,10,13,20–23 The 
pathway-directed drug combination in RIST-rNB-2011 
had a clinically significant and sustained impact on 
progression-free survival and overall survival, limited to 
the MYCN-amplified subgroup in post-hoc analyses. 
Accordingly, only 17% of patients with MYCN 
amplification treated with RIST compared with 50% of 
patients with MYCN amplification treated in the control 
group had progressive disease. In a multivariable analysis 
of the unselected patient population, including the most 
relevant high-risk criteria, the progression-free survival 

RIST group (n=67)* Control group (n=60)†

Grade 1–2 Grade 3 Grade 4 Grade 5 Grade 1–2 Grade 3 Grade 4 Grade 5

General condition 51 (76%) 10 (15%) 4 (6%) 0 44 (73%) 5 (8%) 2 (3%) 1 (2%)

Haematological event

Anaemia 28 (42%) 29 (43%) 10 (15%) 0 20 (33%) 28 (47%) 10 (17%) 0 

Leukocytopenia 5 (7%) 26 (39%) 33 (49%) 0 10 (17%) 24 (40%) 24 (40%) 0 

Neutropenia 9 (13%) 12 (18%) 42 (63%) 0 8 (13%) 15 (25%) 34 (57%) 0 

Thrombocytopenia 16 (24%) 32 (48%) 13 (19%) 0 11 (18%) 31 (52%) 10 (17%) 0 

Gastrointestinal event

Stomatitis 17 (25%) 2 (3%) 0 0 12 (20%) 0 0 0 

Vomiting 49 (73%) 5 (7%) 2 (3%) 0 38 (63%) 6 (10%) 0 0 

Diarrhoea 38 (57%) 9 (13%) 5 (7%) 0 35 (58%) 7 (12%) 4 (7%) 0 

Infection 41 (61%) 12 (18%) 0 0 28 (47%) 13 (22%) 0 0 

Fever 42 (63%) 0 0 0 33 (55%) 0 0 0 

Laboratory abnormality

Creatinine increased 28 (42%) 0 0 0 17 (28%) 0 0 0 

Proteinuria 16 (24%) 0 0 0 14 (23%) 0 0 0 

Haematuria or haemoglobinuria 10 (15%) 0 0 0 11 (18%) 0 0 0 

Hyperbilirubinemia 6 (9%) 3 (4%) 0 0 7 (12%) 0 (0%) 1 (2%) 0 

Transaminase increased 46 (69%) 14 (21%) 1 (1%) 0 35 (58%) 14 (23%) 0 0 

Other

Peripheral neurotoxicity 6 (9%) 0 0 0 4 (7%) 1 (2%) 0 0 

Skin changes 27 (40%) 1 (1%) 0 0 13 (22%) 1 (2%) 0 0 

Most common treatment-related adverse events in patients who received at least one dose of study drug, as treated. Grade 1–2 events reported in at least 10% patients and 
all grade 3–5 events are shown. RIST=irinotecan–temozolomide and dasatinib–rapamycin. *One patient refused result of randomisation and received irinotecan–
temozolomide therapy. †Six patients refused result of randomisation and received RIST therapy.

Table 4: Adverse events
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with RIST was improved compared with the control 
group and stable after the first 2 years throughout follow-
up. The additional post-hoc analysis with the interaction 
term of treatment*MYCN status confirms the significant 
impact  of RIST, exclusively in patients with MYCN 
amplification.

37 patients with relapsed or refractory neuroblastoma 
were enrolled in a randomised trial comparing 
temsirolimus versus dinutuximab with an irinotecan–
temozolomide backbone.7 The overall response rate was 
53% with dinutuximab versus 5·6% with temsirolimus. 
In the consecutive non-random extension of the cohort 
treated with irinotecan–temozolomide–dinutuximab, the 
reported overall response rate was 42%.24 The worse 
outcome of irinotecan–temozolomide plus temsirolimus 
compared with the RIST trial can be multifactorial. First, 
the COG ANBL1221 trial had a sample size that was four 
times smaller than that of the RIST-rNB-2011 trial. Also, 
RIST follows a metronomic concept with no interruptions 
of molecular-targeted medication, compared with 13 days 
of medication-free intervals in irinotecan–temozolomide–
temsirolimus study.24 Moreover, the addition of the 
synergistically acting dasatinib in RIST and the timing of 
the targeted drugs might also have contributed to the 
better outcomes.

The metronomic approach of RIST requires a 
hierarchical repetition of cycles consisting of pathway-
directed drugs preceding chemotherapy. Furthermore, 
timing of administration in a combination therapy is 
poorly understood and difficult to translate in vivo. In-
vitro data showed a synergistic effect, also via induction 
of cell-cycle arrest in G1, repetitively synchronising 
transition of cells into the chemo-sensitive S phase.10,13,20,21 
A previous study25 showed that treatment response of 
neuroblastoma cells is dictated by their expression of 
MYCN and the cell-cycle phase before treatment. 
Although all MYCN-non-amplified cells enter therapy-
induced senescence, MYCN-amplified cells disable their 
cell-cycle checkpoints, forcing renewed proliferation 
despite treatment-induced DNA damage. Furthermore, 
in agreement with reduced metastatic sites found in 
RIST-treated patients, an in-vitro analysis26 revealed less 
expression of cancer stem cell-like markers in targeted 
neuroblastoma spheroids. Intracranial metastasis of 
neuroblastoma is rare, but indicates a dismal prognosis.27 
Although only a few patients with MYCN-amplified 
intracranial metastasis were enrolled in our study, the 
outcome remains poor.

The safety profile of the RIST group was similar to the 
control group. Treatment delays occurred often due to 
haematopoietic exhaustion not reaching thresholds for 
trial continuation, mostly in patients with early relapse. 
However, the post-hoc sensitivity analyses supported that 
these delays had no negative effect on the endpoints of 
the trial.

A possible limitation of the study with regard to the 
results is the free choice of subsequent consolidation 

therapy. Haploidentical haematopoietic stem-cell trans
plantation as consecutive physician-based consolidation 
was well balanced since half of the patients in remission 
of both groups received a haematopoietic stem-cell 
transplantation for consolidation. However, five  (83%) of 
six patients with MYCN amplification and haematopoietic 
stem-cell transplantation in the RIST group survived 
versus none of two patients in the control group. The 
better survival of patients with MYCN amplification 
treated with RIST and a haploidentical haematopoietic 
stem-cell transplantation might be explained by those 
patients achieving minimal residual disease, permitting 
a durable cellular consolidation therapy. Therefore, 
treatment with RIST could induce remission and a 
sustained progression-free survival in MYCN-amplified 
relapsed or refractory neuroblastoma, permitting consoli
dation therapy with either chemotherapy, haploidentical 
haematopoietic stem-cell transplantation28 with or 
without a chimeric antigen receptor T-cell therapy to 
reach a cure.29 Whichever concept for consolidation is the 
most suitable needs to be defined in future trials. In the 
light of substantial adverse effects of current first-line 
therapies, the results of the RIST trial initiate the 
discussion on a first-line concept, including a RIST-like 
approach in MYCN-amplified neuroblastoma.

Another potential limitation of the study is the  
prolonged recruitment period of the RIST trial. To our 
knowledge, the RIST trial is one of the trials for 
neuroblastoma with the largest enrolment for a rare 
disease like relapsed or refractory neuroblastoma that 
has evaluated progression-free survival in a classical 
two-arm randomised design. In retrospect, more modern 
statistical methods could have reduced the sample size to 
shorten the recruitment time. However, only this long 
follow-up could have led to the observed progression-free 
survival outcomes.

Although the revised International Neuroblastoma 
Response Criteria were only published after the start of 
the study in 2017, nuclear medicine imaging, among 
others, was already implemented in the protocol for 
the assessment of the primary endpoint. Therefore, the 
necessary measurements were available to apply the 
revised criteria to all included patients, improving 
the assessment of bone and bone marrow disease, which 
are often the only sites of tumour involvement in relapsed 
or refractory disease.

Furthermore, at least a third of the patients in both 
groups were excluded from the per-protocol population 
due to protocol violations, and some patients in remission 
were withdrawn from the trial prematurely to explore 
alternative therapies. Regarding the latter, we hypothesise 
that this temporary remission was seen as an opportunity 
for an alternative modality of consolidation. The better 
outcome of the per-protocol population might be the 
consequence of a more robust minimal residual disease, 
which was reached with completion of all courses that 
allowed for a durable progression-free survival. The 
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observed toxicity in both groups leading to protocol 
violations was almost exclusively related to irinotecan–
temozolomide, so equally effective alternatives could be 
considered in the future.

Although patients received different first-line drugs, 
most (99%) patients received first-line treatment as study 
participants of the NB2004-HR (NCT00410631) protocol. 
Furthermore, a recent analysis on two different induction 
regimens concluded that no significant difference in 
outcomes was observed.30 We believe that this represents 
an adequate homogeneity of pre-treatment to support the 
results of the RIST trial.

In conclusion, to our knowledge, the trial shows for the 
first time that the addition of rapamycin–dasatinib to 
irinotecan–temozolomide can improve long-term 
progression-free survival and overall survival, exclusively 
in patients with MYCN-amplified relapsed or refractory 
neuroblastoma, demonstrating that MYCN amplification 
is a clinically relevant molecular target. The ubiquitous 
availability of the drugs used in the study, most in oral 
liquid formulation, the outpatient applicability, and the 
acceptable adverse event profile suggests that RIST could 
be a potential treatment option for even of the most 
fragile patients with neuroblastoma.
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