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Monday 25 January 2021  

 

Major Symposium 1: Progress in treatment and challenges for preclinical studies 
 

MS1.1 Surviving High-Risk Neuroblastoma: A Preliminary Descriptive Report from Project 

LEAHRN (Late Effects After High-Risk Neuroblastoma)  

Wendy B. London, Jenna Bardwell, Paige Kao, Anna Gilmore, Paul C. Nathan, Wendy Landier, Sogol 

Mostoufi-Moab, Tara Brinkman and Tara O. Henderson 

L Diller 1 
1 Dana-Farber Cancer Institute, Boston, USA 

 

Background/Introduction: 

The Late Effects After High-Risk Neuroblastoma (LEAHRN) trial [Children’s Oncology Group (COG) 

ALTE15N2] was designed to study the long-term outcomes in this emerging group of childhood cancer 

survivors and to analyze the impact of immunotherapy and other new agents on outcomes. 

Aims: To describe clinical outcomes in a large cohort of high-risk neuroblastoma survivors. 

Methods/Materials: Eligible patients were at least 5 years from a new diagnosis of high-risk 

neuroblastoma and had been previously enrolled anytime after January 1, 2000 on the COG 

Neuroblastoma Biology study; they were age 5-50 years, not currently receiving cytotoxic therapy and 

at least 5 years from original neuroblastoma diagnosis. Eighty-eight COG institutions elected to 

participate in this study. Subjects participated in a clinical evaluation at a single time point and cross-

sectional analyses to determine the proportion of survivors with severe toxicity, the impact of toxicity 

on quality-of-life, and patient and treatment-related risk factors for adverse outcomes are planned. 

Preliminary descriptive data for patients enrolled during the first 2.5 years of the study are presented 

herein. 

Results: As of October 1 2019, 268 patients were enrolled from 53 institutions with median age at 

enrollment 12 years (range: 5-24). The median age at neuroblastoma diagnosis was 2.5 years (range: 

0 - 15.8) and the median time from diagnosis to enrollment was 9.8 years (range: 0.4-17.9). Among 

250 patients with known disease status, 89.6% were neuroblastoma disease-free after primary therapy 

with no history of relapse, 6% were neuroblastoma-free after completion of treatment for primary and 

relapsed disease; and 3.6% reported stable disease after primary therapy or after completion of 

relapse therapy. 

In 240 patients with data regarding prior treatment, all patients had received chemotherapy in 

combination with other therapies. Other therapy included single transplant (n=180); tandem transplant 

(n=53); immunotherapy (n=139); radiation therapy (n=228); isotretinoin (n=220); and MIBG-therapy 

(n=12). 

Severe ototoxicity (requiring hearing aids) was observed in 140/222 (63%). Major organ system 

toxicities include cardiac toxicity in 35/246 (14%), pulmonary toxicity in 60/245 (24%) and non-

reproductive endocrine toxicity in 105/247 (63%). Specific toxicity counts included hypothyroidism 

(n=31), pulmonary hypertension (2), congestive heart failure (7), restrictive lung disease (16), 

abnormal pulmonary function tests (13), hypertension (12) and stroke (1). Height Z- scores were less 

than -1.7 in 57/142 (40%) 

Eleven of 246 (4.5%) patients have developed secondary malignant neoplasms (SMN), including 

malignancies of bone (1), brain (1), kidney (1) and thyroid (1) as well as mucoepidermoid carcinoma 

(2) spindle cell carcinoma (1), lymphoma (1), and leukemia/MDS (3). Only 4/11 SMN were reported to 

have occurred within the radiation field. 

Summary/Conclusions: A growing number of high-risk neuroblastoma survivors face a range of 

health challenges. Future analyses, after completion of enrollment (n=400), will include risk factor 

analyses, quality-of-life outcome assessment and impact of specific exposures, including 

immunotherapy and MIBG, on long-term toxicity. These results will be important in the design of future 

studies and in the long-term follow-up care of survivors. 
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Major Symposium 2: Neuroblastoma as a developmental disorder 
 

MS2.1 Developmental and oncogenic programs in neuroblastomas dissected by single-cell 

analysis 

S. Jansky 1 

M. Gartlgruber 1, U. Toprak 1, V. Körber 2, K.O. Henrich 1, E. Chomsky 3, J. Van Nes 4, J.P. Mallm 2, A. 

Tanay 3, F. Westermann 1 
1 Hopp Children's Cancer Center (KiTZ) and German Cancer Research Center (DKFZ), Heidelberg, 

Germany 
2 German Cancer Research Center (DKFZ), Heidelberg, Germany 
3 Weizmann Institute of Science,Rehovot, Israel 
4 Amsterdam UMC University of Amsterdam, Amsterdam Netherlands 

 

Background/Introduction: Neuroblastoma arises in the adrenal medulla and paraspinal sympathetic 

ganglia, suggesting that tumors develop from precursors of adrenal chromaffin cells and sympathetic 

neurons. However, the definitive cells of origin remain unknown. Two types of neuroblastoma tumor 

cells with different gene expression profiles, committed adrenergic cells and mesenchymal cells, have 

been described. The two subtypes are regulated by distinct transcription factor networks and are 

thought to resemble cells from different lineages probably arising from divergent cells of origin. Since 

this current view on neuroblastoma cellular heterogeneity is exclusively based on bulk sequencing 

studies, single-cell techniques are needed for an in-depth analysis of intratumoral heterogeneity. 

Aims: The aim of this project is to understand the cellular composition of neuroblastoma tumors and 

identify putative neuroblastoma cells of origin. In addition, we investigate influences of oncogenic 

pathway activation on lineage identity and differentiation. 

Methods/Materials: To approach these aims, we profiled neuroblastoma tumors and normal human 

adrenal glands from five time points during embryonic and fetal development by single-nucleus RNA-

seq using the 10x Genomics Chromium Single Cell 3’ and Smart-seq2 protocols. In total, about 35.000 

cells from healthy pre-natal human tissues and 60.000 cells from neuroblastoma tumors, including four 

low risk tumors, five tumors with amplification of the oncogene MYCN, four tumors with 

overexpression of the oncogene TERT and one tumor with alternative lengthening of telomeres were 

analyzed. We further studied neuroblastoma cell lines by MARS-seq and assessed transcriptional 

changes upon deregulation of oncogenic signaling pathways like the RAS pathway. 

Results: Using a shared nearest-neighbor algorithm, we segregated transcriptomes from healthy 

human adrenal gland cells into distinct clusters. Comparison of cluster-defining marker genes to 

canonical cell type markers allowed the assignment of cell identities to each cluster. Adrenal medullary 

cells included sympathetic neuroblasts, chromaffin cells and Schwann cells during different stages of 

maturation. Pseudotime analysis captured the underlying dynamics of cellular differentiation. In 

addition, we identified adrenal cortical cells, vascular endothelial cells, immune cells and stromal cells. 

To classify single cells from neuroblastoma tumors into malignant and non-malignant, we determined 

copy number variations (CNVs) on the basis of the scRNA-seq data and additionally clustered cells 

from all tumor samples based on their transcriptomes. In contrast to malignant cells, which showed 

copy number alterations and clustered primarily by patient, non-malignant cells from multiple patients 

clustered together, showed no CNVs and/or expressed markers of immune cells, vascular endothelial 

cells, stromal cells or Schwann cells. 

To relate neuroblastoma single-cell profiles to normal cell types, we projected single malignant cells 

onto healthy cells of the adrenal medulla. The majority of tumor cells showed the highest similarity to 

normal neuroblasts. However, a subset of malignant cells within the same tumor mapped to chromaffin 

or Schwann cells, suggesting that tumors contain a mixed population of cells with divergent 

differentiation. 

Summary/Conclusions: In conclusion, we identify the cell types that constitute the healthy adrenal 

medulla and their differentiation dynamics during embryonic development. Comparison of the 

transcriptome of single neuroblastoma tumor cells to these normal cell types identifies similarities of 

neuroblastoma tumors to normal developmental hierarchies. 
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MS2.2 Single-cell RNA sequencing of human neuroblastoma reveals Schwann cell precursors 

as putative cancer stem cells 

T. Olsen 1 

J. Otte 1, S. Mei 2, A. Björklund 3, P. Kameneva 1, E. Kryukov 1, A. Johansson 3, T. Martinsson 4, S. 

Fransson 5, I. Adameyko 6, J.I. Johnsen 7, P. Kogner 1, P.V. Kharchenko 2, N. Baryawno 1 
1 Karolinska Institutet, Stockholm, Sweden 
2 Harvard Medical School, Boston, USA 
3 Uppsala University, Sweden 
4 University of Gothenburg, Göteborg, Sweden 
5 University of Gothenburg, Gothenburg, Sweden 
6 Karolinska Institutet, Solna, Sweden 
7 Karolinska institutet, Stockholm, Sweden 

 

Background/Introduction: Cell identities and heterogeneity underlying initiation and recurrence of 

neuroblastoma still remain elusive. Neuroblastoma is a neural crest derived tumor and recent 

evidence suggests that neuroblastoma cells display different phenotypes with distinct super-enhancer 

and gene expression patterns, including malignant adrenergic and mesenchymal cells. However, the 

precursors for these phenotypes and their interplay within intact tumor tissues have not yet been 

investigated. 

Aims: To determine the identity and composition of cells within the neuroblastoma microenvironment 

we performed single-cell RNA sequencing (scRNA-seq) of human samples from children with tumors 

of all genetic subsets. 

Methods/Materials: Fresh tumor samples were collected at diagnosis and/or relapse through needle 

biopsy or surgical sampling. Tumor cell content was confirmed and SNP array CGH was performed on 

all samples. After enzymatic tissue dissociation, FACS was performed to enrich for all viable, non-

erythrocytic cells. Libraries were prepared using the 10x Chromium Single-Cell 3’ v2 protocol and 

sequenced on the Illumina NextSeq platform. Initial alignment and gene expression quantification was 

performed using 10x cellranger software. Downstream QC/filtering and bioinformatic analyses were 

performed using the seurat, pagoda2 and conos R packages. Sample-wise cross-comparison of SNP 

array CGH and scRNA-seq data was used to identify cells with tumor-specific copy number variations 

(CNVs). Our findings were validated with protein, RNA and DNA immunofluorescence stainings. 

Results: We sequenced 17 samples from 15 children. The patient cohort was heterogeneous, 

including all genetic subsets and various age and risk groups. After pre-processing and filtering we 

obtained 72,704 single transcriptomes of high quality. Using unbiased clustering, we identified 13 main 

cell types spanning the immune, mesenchymal-stromal and neural crest-derived compartments. 

Neural crest-derived cells included adrenergic and Schwann-like populations. Schwann-like cells were 

observed in 16 of 17 samples and formed a transcriptional “bridge” between fibroblast-like 

mesenchymal cells and adrenergic cells. RNA velocity analysis revealed bi-directional movement of 

Schwann-like cells towards both the adrenergic and fibroblast-like mesenchymal cells. Subsets of 

adrenergic, fibroblast-like mesenchymal, and Schwann-like “bridge” cells all displayed tumor-

corresponding CNVs, suggesting a malignant nature. Bridge cells harboring CNVs were seen in 13 of 

17 samples and in all risk groups. When comparing our dataset to scRNA-seq data from human fetal 

adrenal gland, bridge cells aligned to Schwann cell precursors (SCPs). We observed that the vast 

majority of Schwann-like cells were located in close proximity to neurofilament and that they did not 

express myelin protein zero (MPZ), which is a marker of myelinating glial cells. 

Summary/Conclusions: We confirmed the adrenergic and mesenchymal phenotypes of human 

neuroblastoma at single-cell level. In addition, we identified malignant Schwann-like cells with a bi-

directional differentiation capacity into mesenchymal and adrenergic phenotypes. These were 

detected in tumors from all risk groups and genetic subtypes and closely resemble SCPs, which have 

previously been shown to represent precursors of adrenergic and mesenchymal cell types during 

neural crest development. In our proposed model, SCPs acquire cancer-promoting genomic 

aberrations and subsequently fuel the bulk tumor populations. Our findings carry important clinical 

implications regarding therapeutic resistance and tumor recurrence. 

 

MS2.3 Dissecting neuroblastoma tumor heterogeneity and cell plasticity by single cell RNAseq 

C. Thirant 1 
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S. Durand 1, C. Pierre-Eugene 1, C. Louis-Brennetot 1, A. Costa 1, A. Peltier 1, N. Gruel 1, D. Surdez 1, 

S. Zaidi 1, V. Boeva 2, M. Saichi 2, I. Jimenez 1, A. Bellini 1, S. Baulande 3, V. Raynal 3, A. Carcaboso 4, 

G. Schleiermacher 1, O. Delattre 1, I. Janoueix-Lerosey 1 
1 INSERM - Institut Curie, Paris, France 
2 Institut Cochin, Paris, France 
3 Institut Curie, Paris, France 
4 Institut de Recerca Sant Joan de Deu, Barcelona, Spain 

 

Background/Introduction: Half of the patients diagnosed with neuroblastoma have a high-risk 

metastatic disease, mostly refractory to intensive multi-modal therapies, and associated to a poor 

prognosis. Despite recurrent genomic alterations (MYCN amplification, chromosomal alterations and 

telomere maintenance aberrations) found in 1/3 of the patients, the biological explanation for their 

specific aggressiveness is not yet well defined. The lab and others have recently demonstrated non-

genetic neuroblastoma heterogeneity based on the analyses of the super-enhancer profiles of human 

cell lines and patient derived xenografts (PDXs), highlighting the existence of two main tumor identities 

governed by distinct core regulatory circuitries: a noradrenergic and a mesenchymal phenotype, the 

last being more resistant to chemotherapies. 

Aims: Whether noradrenergic and mesenchymal identities co-exist in patient tumors, their interactions 

and dependencies between each other’s, and their roles in resistance to treatments remain to be 

deeply addressed. We want to decipher intra-tumor cellular diversity of high-risk NB at the single cell 

level, and study the effects of chemotherapies on this heterogeneity. 

Methods/Materials:We are dissecting patient tumor heterogeneity using 10x Genomics single cell 

RNA sequencing (scRNAseq) on neuroblastoma stage 4 samples. We have access to fresh tumors 

from surgery at diagnosis and relapse thanks to the French national MAPPYACTS and MICCHADO 

programs, and to a cohort of 12 PDX models. In parallel, we have recently established a new cell line 

from a PDX neuroblastoma that allows us to decipher neuroblastoma cell plasticity. 

Results: We already sequenced 11 different cases (5 biopsies and 6 PDXs). Using bioinformatics, we 

demonstrated the co-existence of noradrenergic and mesenchymal tumor cells in some patients, and 

propose specific gene signatures in good accordance to super-enhancers profiles. Thanks to a couple 

of PDXs obtained from the same patient at diagnosis and relapse, we could also follow mechanisms of 

disease evolution. 

 In parallel, we dissected the heterogeneity of the SK-N-SH cell line and our novel PDX-derived cell 

line. Using scRNAseq, we observed that these two models are composed of 2 distinct tumor cells 

identities. We identified a surrogate mesenchymal cell surface marker, which we used to sort the 

noradrenergic and mesenchymal tumor cells. We proved their trans-differentiation potential in vitro and 

in vivo. Finally, we demonstrated that the mesenchymal tumor component support the resistance to 

chemotherapies observed in patients. 

We are now using kinetics of reconstitution and differentiation trajectories within these models to 

dissect the molecular mechanisms supporting the “Noradrenergic to Mesenchymal Transition” and 

inversely, either during spontaneous differentiation or in response to chemotherapies, in order to 

identify new potential therapeutic targets for this poor prognosis disease. 

Summary/Conclusions: The single cell dissection of neuroblastoma tumors allows a fine 

characterization of tumor cell diversity at the transcriptomic level, and proves the existence of a tumor 

cell population with mesenchymal properties in a subset of cases. This description is accompanied by 

mechanistic studies of the plasticity of neuroblastoma cells, harboring one noradrenergic or one 

mesenchymal phenotype depending on the context, and in response to drugs. 

 

MS2.4 Drug resistance and phenotype of MES- and ADRN-type neuroblastoma cells faithfully 

reflect consecutive stages of normal adrenergic lineage development 

J. Van Nes 1 

E.M. Westerhout 1, M. Hamdi 1, T. Van Groningen 1, C.U. Persson 2, A. Chan 1, P. Stroeken 1, N. 

Akogul 1, K. Von Stedingk 2, L.J. Valentijn 1, S. Mohlin 2, N.E. Hasselt 1, F. Haneveld 1, A. Lakeman 1, 

D.A. Zwijnenburg 1, P. Van Sluis 1, C. Wigerup 2, S. Påhlman 2, D. Bexell 2, I. Adameyko 3, J. Koster 1, 

R. Versteeg 1 
1 Academic Medical Center, Amsterdam, Netherlands 
2 Lund University, Lund, Sweden 
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3 Karolinska Institutet, Stockholm, Sweden 

 

Background/Introduction: Neuroblastoma is thought to originate from stalled development of the 

peripheral sympathetic lineage. We have established that neuroblastoma is composed of two 

phenotypically divergent types of tumour cells, i.e. lineage-committed adrenergic (ADRN) cells and 

undifferentiated mesenchymal (MES) tumour cells (van Groningen et al., 2017). MES and ADRN cells 

have highly divergent transcriptional states and super-enhancers but they can transdifferentiate into 

one another (van Groningen et al., 2019). MES cells are more chemo-resistant in vitro, form a small 

minority in primary neuroblastoma, but are enriched post-therapy. It is unknown how drug resistance 

and MES- and ADRN-phenotypes relate to normal development of the peripheral sympathetic lineage. 

Aims: To analyse whether MES- and ADRN phenotypes and their drug-resistance profiles relate to 

normal developmental stages of the sympathetic nervous system. 

Methods/Materials: Single cell gene expression data (Furlan et al., 2017) were used to relate MES 

and ADRN cell types to embryonic stages of the peripheral adrenergic lineage. Drug resistance 

patterns in MES and ADRN cells were established, the underlying pathways were identified and 

compared to activity in the normal embryonal stages of the peripheral sympathetic lineage. 

Results: We show that MES- and ADRN neuroblastoma cells correspond to different stages of 

sympathetic nervous system development. MES-type neuroblastoma cells resemble normal immature 

Schwann Cell Precursor (SCP) cells, while ADRN neuroblastoma cells resemble normal lineage-

committed Suprarenal Ganglion (SRG) cells. The gene expression programs of normal SCP and SRG 

cells are conserved in MES and ADRN neuroblastoma cells, respectively. 

We then analysed drug-resistance profiles of MES and ADRN cells. ADRN cells were highly sensitive 

to Retinoic Acid (RA) and the ALK inhibitor Lorlatinib, but MES cells were completely resistant to both 

drugs. Conversely, we found that TRAIL efficiently killed MES cells but not ADRN cells. For each of 

these three drugs, we clarified the molecular pathways underlying drug resistance and their key 

differences between MES and ADRN cells. E.g. MES cells were not only resistant to RA, but even 

synthesized this metabolite themselves. This was mediated by expression of ALDH genes that 

synthesize RA from retinol. 

We analysed how the three pathways that control resistance or sensitivity to RA, ALK inhibition and 

TRAIL are expressed during normal development of the peripheral sympathetic lineage. The single 

cell analysis data showed that normal SCP cells, which correspond to MES tumour cells, have a gene 

expression program consistent with resistance to RA and ALK-inhibitors and susceptibility to TRAIL. 

The SRG cells, which correspond to ADRN cells, have a gene expression program consistent with 

sensitivity to RA and ALK-inhibitors and resistance to TRAIL. 

Summary/Conclusions: Our results demonstrate that intratumor heterogeneity faithfully reflects 

consecutive stages of normal adrenergic lineage development. Resistance or sensitivity to drugs in 

tumour cell types is controlled by gene expression programs that belong to these normal 

developmental stages. Resistance to drugs is therefore determined by normal pathways active in 

subsets of naïve tumour cells, and not necessarily caused by gene mutations. 

 

PA1: Treatment relapse Neuroblastoma 
 

PA1.1 Relapsed/refractory pediatric neuroblastoma: excellent tolerability and sustained 

responses with temozolomide-based regimens 

L. Métayer 1, M. Annereau 1, R. Abbas 1, G. Schleiermacher 2, A-S. Defachelles 3, F.J. Bautista 4, L. 

Moreno 5, M. Beck-Popovic 6, A.C. Nieto 7, J. Bastid 8, C. Pasqualini 1, P. Berlanga 1, G. Vassal 1, D. 

Valteau-Couanet 1 
1 Gustave Roussy, Villejuif, France 
2 Insitut Curie, Paris, France 
3 Centre Oscar Lambret, Lille, France 
4 Hospital Infantil Universitario Niño Jesús, Madrid, Spain 
5 Vall d’Hebron University Hospital, Barcelona, Spain 
6 University Hospital CHUV, Lausanne, Switzerland 
7 Hospital Universitario y Politecnico La Fe, Valencia, Spain 
8 Orphelia Pharma, Paris, France 
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Background/Introduction: Refractory/relapsed neuroblastoma (rrNBL) remains a significant clinical 

challenge. Temozolomide (TMZ) is active and well tolerated in this context as shown by small phase 

I/II trials with limited follow-up. 

Aims:To describe the clinical characteristics and outcomes of a real-world cohort of children with 

rrNBL treated with TMZ. 

Methods/Materials:A descriptive, retrospective, international (1 Spanish, 3 French centres) study, of 

children with rrNBL treated with single-agent or combined TMZ, diagnosed between 1/1/04–31/12/17, 

follow-up to 31/10/19. 

Results: 163 children were included, of whom 9(5.5%) had initially localised disease; the remainder 

had metastases. Median age at diagnosis was 3.7 years (range 0.3–17.8y). 

Refractory NBL: Sixty-three children received TMZ-based chemotherapy for induction-refractory 

disease. Formal response evaluation (imaging+/-bone marrow) was available for 52/63. Overall best 

response rate was 48% (3CR/22PR). 32/63 (50.8%) responded sufficiently to proceed to 

intensification with high dose chemotherapy (HDC). At last follow-up, 22/32 were alive (19CR/PR, 

3PD) compared with 7/31 (5CR/PR, 2PD) who did not receive HDC. Overall, for children with 

induction-refractory NBL, 2-year PFS and OS were 34.8% (95%CI 22.7–46.9%) and 60.7% (48.1–

73.3%) respectively. 

Relapsed NBL: 100 children received TMZ-based chemotherapy for relapsed neuroblastoma; 85(85%) 

for a first relapse, 9(9%) for a 2nd, and 6(6%) for 3rd or subsequent relapse. 

Formal best response evaluation was available for 70/100. Overall best response rate was 47% 

(11CR/22PR). Twenty (29%) had stable disease; 17(24%) progression. Best response was seen after 

a median 5.5 (range 3-19) cycles. Best clinical evaluation was available for 93/100 children; 29(31%) 

never had clinical improvement or stability. PFS and OS at 2 years were 13.8% (95%CI 6.3–21.3%) 

and 23.2% (13.8–32.5%) respectively. 

Prolonged treatment: Twenty-two of 163 children received at least 12 sequential cycles of TMZ-based 

chemotherapy. Fifteen are alive (9 CR/PR, 6 with disease), with median follow-up since starting TMZ 

of 5.3years (range 1.6–10y). Two remain on TMZ (20 and 66 cycles to date). 

Treating clinicians electively stopped TMZ-based chemotherapy for sustained remission in 12/22 

children. One patient died of NBL 7 months after stopping, 5 have progressive disease. Six remain 

relapse-free on no treatment with a median follow-up since TMZ-withdrawal of 2.5years (range 0.5–

5.1y). Patients remaining relapse-free received a median 31 cycles of TMZ-based chemotherapy 

(range 12-37), compared with 16 (range 12-31) for those who progressed or died. 

Tolerability: Patients received a median of 3 continuous cycles (range 1-29) for refractory and 3.5 (1-

66) for relapsed disease. TMZ-based chemotherapy was well tolerated; 16% of all cycles were 

delayed overall, only 9% of all cycles for toxicity. TMZ combined with irinotecan (TEMIRI) was the 

least well tolerated, with more cycles delayed and the only in which a patient withdrew for toxicity. 

Performance scales were optimal (≥80%) after 6 months therapy with TMZ. 

None of 163 patients developed secondary malignancy or myelodysplastic disease, in a cohort with an 

overall median follow-up of 1.2years (range 0-11.3y); at least 2 years for 49 patients. 

Summary/Conclusions: TMZ‐based regimens can gain and maintain disease control in rrNBL, 

enabling consolidation for refractory disease and prolonged disease control for relapsed patients 

 

PA1.2 Risk classification for patients with first recurrence of stage 4 neuroblastoma 

F. Berthold 1, A. Ernst 1, K. Kreitz 2, R. Schmidt 2, T. Simon 1, R. Volland 1, M. Fischer 1, B. Hero 1 
1 University of Cologne Köln Germany 
2 University of Münster Münster Germany 

 

Background/Introduction: Reports on the outcome of patients with first recurrence of stage 4 

neuroblastoma frequently lack an adequate risk-matched control group. 

Aims: This study aimed to identify relevant prognostic variables and proposes a new risk score. 

Methods/Materials: Inclusion criteria were: first recurrence of neuroblastoma stage 4 aged ≥18 

months and enrollment in first line trials between 1997 and 2016. Patients were randomized into a 

training set (n=310) and an independent validation set (n=159). The primary endpoint for this analysis 

was secondary event-free survival. The main exclusion criteria were death due to toxicity in first line 

therapy and presence of second malignancy at any time. 

The treatment elements of the first line therapy were analyzed as binary variables (n=61). Therapies 
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with curative intent after the first recurrence were included as time-dependent variables (n=8) in order 

to exclude a time-of-treatment-associated effect. Palliative treatment was calculated as binary 

variable. 

A five-step multiple time-dependent Cox regression analysis was performed on the training set to 

identify prognostic variables adjusted for the individual frontline treatment the patients received. The 

selected variables resulted in a prognostic index (PI) which was then used to build a risk score system. 

The score was validated with the patients included in the validation set. 

Results: Of the 469 patients, 372 (79%) were treated with curative intent and 97 (21%) with palliative 

intent. The median survival time from first to a second recurrence (secEFS) was 5.4 months and to 

death (secOS) 12.6 months for the total group. Curatively treated patients had a median secEFS of 

8.0 and a median secOS of 16.1 months. Aberrations of chromosome 1p and MYCN amplification 

were prognostic in univariable, but not relevant in multivariable analysis. The parameter estimates of 

the multivaribly selected non-therapy variables were used to generate the prognostic index (PI). The 

PI is a measure of the risk for a secondary event independent of the received therapy. The PI values 

of the selected variables were 

+ 0.821 (if &gt;1 recurrence organs, hazard ratio [HR]=2.27) 

+ 0.707 (if recurrence time &lt;18 m, HR=2.03) 

+ 0.570 (if liver metastasis at diagnosis, HR=1.77) 

+ 0.438 (if primary tumor recurrence, HR=1.55) 

+ 0.253 (if age &lt;42 m, HR=1.42) 

The sum indicates the related risk group: lower PI 0 to ≤0.50, intermediate PI &gt;0.50 to ≤1.20, higher 

risk group 3 PI &gt;1.20. The risk groups were confirmed in the validation set. The scoring system was 

also useful for the curatively or palliatively treated subgroups.  

Summary/Conclusions: A new risk score system consisting of clinical variables for patients with first 

recurrence of stage 4 neuroblastoma aged ≥18 months at diagnosis is described. 

 

PA1.3 Randomized Phase II Trial of MIBG vs. MIBG/Vincristine/Irinotecan vs. MIBG/Vorinostat 

for Patients with Relapsed/Refractory Neuroblastoma:  A Report from the New Approaches to 

Neuroblastoma Therapy (NANT) Consortium 

S. DuBois 1, M. Granger 2, S. Groshen 3, D. Tsao-Wei 3, A. Shamirian 4, S. Czarnecki 5, F. Goodarzian 
4, R. Berkovich 4, H. Shimada 6, K. Vo 7, Y. Mosse 8, S. Shusterman 1, S. Cohn 9, K. Goldsmith 10, B. 

Weiss 11, G. Yanik 12, C. Twist 13, M. Irwin 14, J. Park 15, A. Marachelian 4, K. Matthay 7 
1 Dana-Farber Cancer Institute, Boston, USA 
2 Cook Children's Hospital Fort, Worth, USA 
3 University of Southern California, Los Angeles, USA 
4 Children's Hospital of Los Angeles, Los Angeles, USA 
5 Loma Linda University, Loma Linda, USA 
6 Stanford University, Palo Alto, USA 
7 UCSF School of Medicine, San Francisco, USA 
8 Children's Hospital of Philadelphia, Philadelphia, USA 
9 University of Chicago, Chicago, USA 
10 Emory University, Atlanta, USA 
11 Cincinnati Children's Hospital Medical Center, Cincinnati, USA 
12 University of Michigan, Ann Arbor, USA 
13 Roswell Park Cancer Institute, Buffalo, USA 
14 Hospital for Sick Children, Toronto, Canada 
15 Seattle Children's Hospital, Seattle, USA 

 

Background/Introduction: The radiopharmaceutical 131I-metaiodobenzylguanidine (MIBG) remains 

one of the most active single agents for patients with neuroblastoma. Phase 1 trials have evaluated 

MIBG combined with potential radiation sensitizers (irinotecan as a DNA-damaging agent; vorinostat 

as an agent to increase norepinephrine transporter and decrease DNA damage repair gene 

expression). It is not clear if addition of these agents improves upon the single agent activity of MIBG. 

Aims: The primary aim was to identify the MIBG treatment regimen associated with highest response 

rate among these three regimens: MIBG monotherapy (Arm A); MIBG/Vincristine/Irinotecan (Arm B); 

MIBG/Vorinostat (Arm C). The secondary aim was to compare toxicity across regimens. 



 

12 

Methods/Materials: We conducted a multicenter, open label, randomized phase II clinical trial through 

the NANT consortium. Patients 1-30 years old with relapsed, refractory, or persistent high-risk 

neuroblastoma were eligible if they had at least one MIBG-avid site of disease and adequate 

autologous stem cells (ASCs). Patients were allowed to have received prior MIBG monotherapy if at 

least 6 months prior and response other than progression. 

All patients received MIBG 18 mCi/kg on Day 1 and ASC on day 15. Patient on Arm A received only 

MIBG; patients on Arm B additionally received vincristine (2 mg/m2) IV on Day 0 and irinotecan (50 

mg/m2) IV daily on Days 0-4; patients on Arm C additionally received vorinostat (180 mg/m2) orally 

once daily on days -1 to 12. Disease was evaluated on Days 43-50. 

The primary endpoint was response after one course according to NANT response criteria. The trial 

was designed as a pick-the-winner study with a maximum of 105 eligible and evaluable patients to 

ensure an 80% chance that the arm with highest response rate is selected, if that response rate is at 

least 15% higher than the other arms. 

Results: 114 patients enrolled. Three patients were ineligible, 6 eligible patients never received MIBG, 

and 3 patients had not reached end of first course at time of this report, leaving 102 eligible and 

evaluable patients (35 Arm A; 34 Arm B; and 33 Arm C). The median age was 6.6 (range: 1.8 - 28.1) 

years. 49 patients had marrow involvement. 9 patients had received prior MIBG monotherapy, 62 prior 

irinotecan, and 7 prior vorinostat. After one course, the response rates (Partial Response or better) on 

Arms A, B, and C were 17% (95% CI 7-34%), 15% (6-32%), and 30% (16%-49%). An additional 3, 4, 

and 7 patients met NANT Minor Response criteria (partial response in one disease domain and stable 

disease in other disease domains) on Arms A, B, and C, respectively. 

On Arms A, B, and C, rates of any grade 3+ non-hematologic toxicity were 20%, 50% and 33%; rates 

of grade 3+ diarrhea were 0%, 12%, 0%; and rates of grade 3+ febrile neutropenia were 3%, 9%, and 

0%. 

Summary/Conclusions: The combination of vorinostat/MIBG had the highest response rate, with 

manageable toxicity. Vincristine and irinotecan do not improve the response rate to MIBG and are 

associated with increased toxicity. These data provide response rates for MIBG monotherapy in a 

contemporary patient population assessed with current response criteria. 

 

PA1.4 Long Term Survival for Patients with  Central Nervous System Metastases Following 

Treatment with Intraventricular Radiolabeled Omburtamab: Results of Trial 03-133 

K. Kramer 1, B. Kushner  1, S. Modak 1, N. Pandit-Taskar 1, A. Mauguen 1, U. Tomlinson 1, S. Wolden 
1, P. Zanzonico 1, J. Humm 1, S. Haque 1, M. Souweidane 1, J. Greenfield 1, E. Basu 1, S. Roberts 1, J. 

Carrasquillo 1, J. Lewis 1, S. Lyaschchenko 1, S. Larson 1, N.K. Cheung 1 
1 Memorial Sloan Kettering Cancer Center, New York, USA 

 

Background/Introduction: Neuroblastoma metastatic to the central nervous system (CNS NB) is 

associated with significant mortality (median survival &lt;6 months, &lt;10% survival at 36 months). 

Intraventricular compartmental radioimmunotherapy (cRIT) with the radio-iodinated murine IgG1 

monoclonal antibody 131I-Omburtamab targeting tumor cell-surface glycoprotein B7-H3 offers a 

therapeutic strategy. 

Aims: To analyze the final results of overall survival of patients with CNS NB treated with 131I 

Omburtamab -cRIT at a single center, Memorial Sloan Kettering Cancer Center (MSK), from 2004 - 

2019. 

Methods/Materials: After radiographic and/or pathologic confirmation of CNS NB , cRIT eligible 

patients underwent temozolomide/irinotecan-based chemotherapy, craniospinal radiation therapy, 131I- 

Omburtamab cRIT plus systemic immunotherapy. cRIT administration involved a 2mCi tracer of intra-

Ommaya 124I- or 131I-8H9 with nuclear imaging and CSF sampling for dosimetry followed by 1 or 2 

therapeutic injections of 10-70 mCi 131I-. Omburtamab. Disease evaluation included serial MR 

brain/spine, MIBG, CT, and bone marrow evaluation. Patients were treated on IRB-approved protocol, 

closed to accrual July 1, 2019. Data are presented as overall survival after detection of CNS 

metastasis. 

Results: 109 patients with CNS NB were enrolled of which 107 were treated; median follow-up 6.3 

years. cRIT injections were well tolerated in the outpatient setting with myelosuppression being the 

most common adverse event. At analysis, the median OS is 3.7 years [95% CI: 1.9 to 7.5]. The 2-year 

OS rate is 57% [95% CI: 47 to 67%]. The 5-year OS rate is 41% [95% CI: 31 to 52%]. The 10-year OS 
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rate is 37% [95% CI: 26 to 48%]. Subgroup analyses identified age at initial NB diagnosis (≤18 

months), and relapse restricted to CNS as being favorable markers of long-term survival. 

Summary/Conclusions: Despite advanced CNS involvement, 2 year OS is 57%, &gt; 40% of patients 

treated with 131I- Omburtamab remain disease free. Long term survival &gt;10 years was observed in 

37% of patients. This compares favorably to median survival of 5.5 months reported in the literature. 

Long term cure of CNS NB is feasible. 

PA2: Omics, new concepts 

 
PA2.1 Contribution of TWIST1 in the aggressiveness of neuroblastoma by modulation of the 

tumor-stroma crosstalk 

M.V. Sepporta 1 

V. Praz 1, K. Balmas-Bourloud 1, J.M. Joseph 1, N. Jaquier 1, N. Riggi 1, R. Renella 1, A. Mühlethaler-

Mottet 1 
1 Lausanne University Hospital and University of Lausanne, Lausanne, Switzerland 

 

Background/Introduction: Reprogrammed stromal cells play key role in regulating several hallmarks 

of cancer, notably tumor growth, invasion, epithelial-to-mesenchymal transition and metastasis. 

Reactivation of the embryonic transcription factor TWIST1 is frequent in a wide range of tumors, where 

it acts as a multifunctional oncogene. Previous data from our lab highlighted an elevated expression of 

TWIST1 in neuroblastoma (NB) of poor prognosis as well as in metastasis. 

Aims: Our aim was to investigate the contribution of TWIST1 on NB tumor formation and 

dissemination. 

Methods/Materials: TWIST1 knock-out (KO) in the SK-N-Be2C cell line was performed by 

CRISPR/Cas9 technology. An in vivo model was obtained by orthotopic implantations of NB cells in 

the adrenal glands of athymic Swiss nude mice. Transcriptomic analyses were carried out by RNA-seq 

(Illumina). Histological analyses were conducted on tumors sections following Hematoxylin-Eosin, 

Gomori and Masson's Trichrome stains. Lungs metastases were detected through anti-mCherry 

immunohistochemistry. Secretome analysis was performed by LC-MS/MS and data processed by the 

Perseus module of the MaxQuant software. 

Results: Upon orthotopic injection of SK-N-Be2C TWIST1-control or TWIST1-KO, a delay in both 

tumor take (22.7days) and tumor growth (13.25 days) was observed in the TWIST1-KO group. 

Besides, a significant increase in the number of pulmonary macro-metastases was detected in the 

TWIST1-positive group of mice. Histological tumor analyses highlighted a phenotype of aggressive 

and invasive tumors in the TWIST1-positive group, characterized by: spindle-shaped cells with 

fascicular organization; more immune cells infiltration; a major disruption of the Extra Cellular Matrix 

(ECM) reticulin mesh; as well as reduced cell cohesion and differentiation. Gene ontology enrichment 

analysis of tumors revealed that, among the pathways mainly deregulated, several were linked to the 

ECM organization, stroma remodeling, cell adhesion and migration. This result was also confirmed in 

vitro at the protein level by the analyses of cells secretome profile. The tumor transcriptome displayed 

a subset of differentially expressed genes (chemokines, cytokines, growth factors, interleukins and 

integrins). We referred to them as “TWIST1-associated paracrine signature” for they are known to be 

involved in the paracrine communication between cells and in the activation of resident stromal cells. 

This signature was also partially confirmed in the cell secretome of TWIST1-positive cells (e.g. 

TGFB1, HGF, EGFL7, VGF and CXCL12). Furthermore, tumor stroma RNA-sequencing revealed in 

the TWIST1-postive group an enriched cluster of genes related to muscle tissue. We speculated that 

such gene signature could be linked to the presence of myofibroblasts, stromal cells becoming 

activated and specialized for ECM secretion and contraction. Finally, STRING analyses of interactions 

between the two aforementioned gene signatures showed a significant enrichment (PPI enrichment p-

value: &lt; 1.0e-16), indicative of their functional interconnection. Of note, despite its higher level of 

protein expression in the TWIST1-KO tumors, MYCN protein alone was not able to sustain an 

activated tumor micro environment phenotype and ECM remodeling. 

Summary/Conclusions: Taken together, our results suggest a TWIST1-mediated enhancement of 

tumor growth and pulmonary macro-metastasis development, as well as the activation of a 

transcriptional program enabling the tumor cells vs tumor stroma cross-talk. 
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PA2.2 Targeting Fatty Acid Transport in MYCN-amplified Neuroblastoma 

L. Tao1, M. Moreno-Smith1, G. Milazzo2, M.A. Mohammad3, N. Putluri4,5, G. Perini2, C. Coarfa4, E. 

Barbieri1. 

1Department of Pediatrics, Dan L Duncan Comprehensive Cancer Center, Baylor College of Medicine, 
Houston, TX, USA. 
2Department of Pharmacy and Biotechnology, University of Bologna, Italy.  
3Department of Pediatrics-Nutrition, Baylor College of Medicine, Houston, TX, USA. 
4Department of Molecular and Cellular Biology, Baylor College of Medicine, Houston, TX, USA. 
5Metabolomics Core, Baylor College of Medicine, Houston, TX, USA. 

Background: MYCN amplification occurs in half of high-risk neuroblastoma (NB) patients and strongly 

correlates with disease progression and treatment failure. Hence, there is an unmet need to identify 

novel MYCN-dependent pathways and develop effective therapies for high-risk patients. The MYC 

oncogene is well documented as a master regulator of cell metabolism to support tumor growth. 

However, how MYCN reprograms NB tumor metabolism and its impact on tumor growth remain 

elusive. 

Aims: The overall goal of our study was to identify novel MYCN-driven metabolic alterations that 

contribute to NB oncogenesis. By selectively targeting specific metabolic dependencies, we will be 

able to identify innovative and effective therapeutic approaches for high-risk disease. 

Methods: Global metabolomics profiling was performed in NB cells upon changes in MYCN 

expression (MYCN Tet-On and Sh MYCN systems) and primary patient tumors (MYCN-amplified, 

MNA, n=18; and non MYCN-amplified tumors, non MNA, n=18). Stable isotope D2O and palmitate[U-

13C] were employed to trace fatty acid (FA) synthesis and uptake in multiple MYCN models. The 

dependency on exogenous FAs and the expression of transmembrane FA transporters were 

evaluated in NB cells and patient samples. ChIP-qPCR and luciferase assays were used to determine 

MYCN direct regulation of distinct FA transporters. The effect of FA transport on tumor growth was 

evaluated via a small molecule inhibitor of FA uptake in multiple pre-clinical models of NB. 

Results: MYCN activates lipid metabolism in both NB cells and primary tumors, resulting in an 

accumulation of diglycerides and triglycerides (p≤0.05), which are vital in maintaining lipid 

homeostasis and tumor survival. Moreover, MYCN drives both FA synthesis and FA uptake in MYCN3 

(MYCN Tet-On) and SK-N-AS MYCN-ER cells. Importantly, FA uptake is necessary for MNA cell 

survival, as deprivation of exogenous FAs blocks cell proliferation and induces apoptotic cell death 

(p<0.01). To determine how MYCN regulates FA uptake, we screened (by mRNA expression and 

MYCN binding) seven major transmembrane FA transporters and found that MYCN directly binds to 

the promoter of FA transport protein 2 (FATP2) and remarkably upregulates its transcription (>10 fold 

change). Clinically, FATP2 expression is higher in MNA and stage 4 patients, and predicts poor clinical 

outcome in independent patient cohorts (patient n=932, p<0.0001). Pharmacological inhibition of 

FATP2 via the small molecule CB5 inhibits FA uptake, selectively suppresses cell growth without 

affecting normal cells, and sensitizes cells to conventional therapies. Notably, FATP2 inhibition 

significantly blocks the growth of orthotopic xenografts derived both from MNA cells (p=0.026) and TH-

MYCN+/+ tumors (p=0.013).  

Conclusion: Our data reveal a novel metabolic dependency of MNA tumors: MYCN activates lipid 

metabolism and specifically drives FA uptake to support tumor growth. Pharmacological inhibition of 

FA uptake effectively blocks tumor growth and sensitizes NB cells to conventional therapy.  

PA2.3 MYCN regulates metabolism through vesicular transfer of glycolytic kinases 

A. Sala 1, A. Tsakaneli 1, V. Corasolla 2, M. Morini 3, E. Makarov 1, E. Poon 4, L. Chesler 4, G. 

Palmisano 2 
1 Brunel University London, London,  United Kingdom 
2 University of Sao Paulo, Sao Paulo, Brazil 
3 Ospedale Gaslini, Genova, Italy 
4 Institute of Cancer Research, London, United Kingdom 

 

Background/Introduction: Cancer cells expressing MYC proteins modify the tumour 

microenvironment via the activation or inactivation of growth factors, cytokines and immune checkpoint 

regulators. The hypothesis that MYC expression could induce non-cell autonomous effects is also 
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supported by evidence of heterogeneous (focal) amplification of MYCN in neuroblastoma tumours. 

Focally amplified neuroblastomas have a negative prognosis, indistinguishable from uniformly 

amplified cases, suggesting that MYCN could promote a cross talk between parts of the cancer with a 

different amplification status. We therefore hypothesised that MYCN could promote neuroblastoma 

growth by regulating the secretion or content of exosomes. Exosomes are small extracellular vesicles 

of endocytic origin that change the behaviour of recipient cells by the delivery of proteins and nucleic 

acids. Cancer-produced exosomes play a key role in the metastatic dissemination and/or pro-

angiogenic activity of solid tumours. While the pro-tumourigenic or pro-metastatic role of exosomes 

has been highlighted in different types of adult cancers it is not known whether they play a role in in 

the context of MYCN amplified neuroblastoma. 

Aims: we have investigated the hypothesis that MYCN amplified tumours could spread oncogenic 

signals to other body and tissue compartments via regulation of exosomes protein cargo. 

Methods/Materials: We have used a switchable MYCN expression system and mass-spectrometry 

analysis to identify MYCN-regulated vescicular proteins; gene overexpression/knockout, sea-horse 

analysis and microscopy to study their function. 

Results: MYCN regulates distinct sets of proteins in the exosomes secreted by neuroblastoma cells. 

Exosomes produced by MYCN expressing cells or isolated from neuroblastoma patients induced the 

Warburg effect, proliferation, Histone H3 phosphorylation and c-MYC expression in target cells. 

Knockdown of Rab27 in MYCNhigh cells abolished the phenotypic effects observed in recipient cells in 

co-culture experiments, demonstrating the key role of vescicular trafficking. Mechanistically, we linked 

the cancer promoting activity of extracellular vesicles to the glycolytic kinase pyruvate kinase M2 

(PKM2) that was enriched in exosomes secreted by MYCN expressing neuroblastoma cells. 

Importantly, the glycolytic enzymes PKM2 and Hexokinase II were detected in the exosomes 

circulating in the blood stream of neuroblastoma patients, but not in those of non-cancer children. 

Summary/Conclusions: We conclude that MYC activated cancers might spread oncogenic signals to 

remote body locations through extracellular vesicles. 

 

PA2.4 Cellular and gene signatures of tumor-infiltrating dendritic cells and natural killer cells 

predict favorable clinical outcome of neuroblastoma 

O. Melaiu 1, M. Chierici 2, V. Lucarini 1, G. Jurman 2, R. De Vito 1, R. Boldrini 1, A. Castellano 1, C. 

Furlanello 2, F. Locatelli 1, D. Fruci 1 
1 IRCCS Bambino Gesù Children's Hospital, Roma, Italy 
2 Fondazione Bruno Kessler, Trento, Italy 

 

Background/Introduction: Tumor-infiltrating T cells (TILs) play an essential role in improving clinical 

outcomes in neuroblastoma (NB). Low-risk NBs were characterized by a higher number of proliferating 

T cells and a more structured T-cell organization, which was gradually lost in highly aggressive 

tumors. However, the underlying mechanisms governing the establishment of the T cell-inflamed 

phenotype in NB remain poorly understood.  

Aims: Herein, we sought to evaluate other immune cell populations involved in T cell-mediated 

antitumor immune responses to human NB. 

Methods/Materials: In situ IHC staining for dendritic cells (DC) and natural killer (NK) cells was 

performed on 104 NB specimens, previously characterized for the density of TILs and the expression 

of immune checkpoint molecules, and correlated to each other and with the clinical outcome. Multiplex 

immunofluorescence analysis was performed to evaluate the spatial distribution of intratumoral CD8+ T 

cells, DCs and NK cells in T cell-enriched NB samples. The expression of 770 immune-related genes 

was assessed on fresh frozen NB samples with the Nanostring PanCancer Immune Profiling assay. 

Subcellular localization of target genes was determined by RNAscope technology. Transcriptomic 

profile was validated in two human primary NB datasets from SEQC-GEO. 

Results: We showed that DC and NK cells are positively correlated with T-cell infiltration in human 

NB, both at transcriptional and protein levels, and associated with a favorable clinical outcome of NB 

patients. Multiplex imaging displays DCs stably conjugated with T cells and NK cells in the tumor 

microenvironment of low risk NBs. This connection is further strengthened by the identification of two 

gene signatures related to DC and NK cells able of predicting survival of NB patients. Remarkably, 

these gene signatures were strongly correlated with the expression of PD-1 and PD-L1. 

Summary/Conclusions: In summary, our findings unveil a key prognostic role of DC and NK cells 
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and indicate their related gene signatures as promising clinical biomarkers to predict prognosis and 

immunotherapy efficacy in NB patients. 

 

PA3: Neuroblastoma as development disorder  
 

PA3.1 Single cell transcriptome analysis decodes development trajectory of neural crest cells 

R. Yang 1, Y. Zhan 1, R. Dong 1 
1 Children's Hospital of Fudan University, Shanghai, China 

 

Background/Introduction: Neuroblastoma is an embryonal tumor in which the normal developing 

process of adrenal medulla and paravertebral sympathetic ganglia is affected. The cell origin and 

initiation mechanism of neuroblastoma has been long-standing mysteries. Therefore, investigation of 

differentiation and migration of neural crest cells no doubt will promote futher understanding of 

initiation of neuroblastoma. Single cell transcriptome analysis is a powerful tool in unconvering the 

differentiation process of neural crest cells. 

Aims: To delineate development trajectory of human neural crest cells at single cell level and to infer 

putative cell origin of NB 

Methods/Materials: We performed single cell sequencing on two human embryos at gestational age 

(GA) of about 4-5 weeks and two fetal adrenal glands at GA of 10 weeks and 16 weeks respectively. 

Development trajectory was delineated using Monocle. Cell types was identified by well-defined 

markers. CIBERSORT was used to infer NB expression pattern of RNA-seq data by utilizing diffentially 

expressed genes of neural crest cell derivatives as reference. 

Results: After qualification control and unsupervised clustering, there are all together 36,839 cells 

from embryos divided into 10 cell subgroups and 25,615 cells from fetal adrenal glands with 13 cell 

types. Cell trajectory reveals the cell fate transition from Schwann cell progenitors to chromaffin cells, 

through the stage of chromaffin progenitors. Along with this process, there is a synergetic expression 

of PHOX2B and proliferation genes such as MK167. By analyzing pseudotime-dependent transcription 

factor (TF), several previously unknown TFs associated with chromaffin progenitors, such as SOX11 

and TCF4, were identified. Putative cell origin of neuroblastoma was inferred using RNA-seq data of 

NB, which shows that inspite of primary site, either sympathetic ganglia or adrenal medulla, the 

expression pattern of tumor cells is more similar to more mature chromaffin cell type. 

Summary/Conclusions: Schwann cell progenitors, belonging to the late migrating neural crest cells, 

differentiate into chromaffin cells, through the stage of chromaffin progenitors. Several TFs are 

dynamically expressed during the process. Inspite of primary site of the tumor, the expression pattern 

of NB cells resembles more mature chromaffin cell type, implying a putative cell origin. 

 

PA3.2 A single cell atlas of the developing murine adrenal gland 

E. S. Hanemaaijer 1, T. Margaritis 1 
1 Princess Maxima Center, Utrecht, Netherlands 

 

Background/Introduction: Neuroblastoma is the most common extracranial solid tumor, and 

contributes to ~15% of pediatric cancer related deaths. The exact cell of origin for this embryonal 

malignancy has yet to be elucidated, but the dogma of the field is that it is neural crest derived. About 

half of primary neuroblastomas arise in the adrenal gland. 

Aims: The aim of this study is to describe mouse adrenal gland development at single cell level and to 

identify the different cell types present. This will provide insight on which signaling pathways are active 

in these cells, and what the microenvironment these cells are exposed to. 

Methods/Materials: In this study we investigated the developing murine adrenal gland with single cell 

RNA (scRNA) sequencing, to identify the different cell types that are present as well as their gene 

expression signatures in an unbiased manner. The timepoints analyzed are E13.5, E14.5, E17.5, 

E18.5, P1, and P5. RNAscope, a single molecule fluorescent in situ hybridization technique, was used 

visualize the individual populations in adrenal gland tissue. 

Results: Five main population of cells, originating from medulla, cortex, endothelial, stroma and 

immune cells, make up the mouse adrenal gland during development. The medulla population 

consists of six sub populations, the cortex of five sub populations and the stroma, endothelial and 

immune populations each having four, six and four sub populations, respectively. Two of the medulla 
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populations are of special interest, a population of cells expressing markers well established for 

migrating neural crest cells (Sox10 and Erbb3), which we term the NC/SCP population, while a second 

population cycles actively and highly expresses Ccnd1 (the neuroblast populations). Both populations 

were the only medullar population found in every developmental time point analyzed. RNAscope 

shows that the NC/SCP cells co-localize with their progeny. 

Summary/Conclusions: Investigating the adrenal gland with an unbiased approach of scRNA 

sequencing provides insight into the organ as a whole. In the developing adrenal gland, 5 main cell 

populations/clusters are present. The adrenal medulla is made up of 6 sub populations, with two 

populations of note, namely the NC/SCP and neuroblast population. This dataset will be a resource for 

future neuroblastoma research. 

 

PA3.3 ASCL1 activation by dephosphorylation can direct a genome-wide re-engagement of a 

latent differentiation programme in neuroblastoma 

L.M. Parkinson 1, L. Chaytor 1, F. Ali 2, D. Marcos 1, I. Chernukhin 1, L. Wylie 1, T.W. Hiscock 1, T. 

Papkovskaia 1, R. Gomez 2, L.C. Lee 1, C. Weekes 1, J. Davies 1, S.D. Turner 1, J.S. Carroll 1, A. 

Philpott 1 
1 University of Cambridge, Cambridge, United Kingdom 
2 Mohammed Bin Rashid University of Medicine and Health Sciences, Dubai, United Arab Emirates 

 

Background/Introduction: Neuroblastoma is thought to arise from sympathetic neuroblast precursors 

that fail to engage the neuronal differentiation programme, but instead are locked in a pro-proliferative 

state, resembling a developmental intermediate. Achaete-scute homolog 1 (ASCL1) is a master 

transcriptional regulator, which modulates both proliferation and differentiation of sympathetic 

neuroblast precursor cells. ASCL1 transcriptional activity is controlled by multi-site phosphorylation on 

serine/proline sites. The phosphorylated form of ASCL1 transcribing genes involved in proliferation 

and neural progenitor cell maintenance, the dephosphorylated form driving differentiation. 

During development, ASCL1 is transiently expressed and is dephosphorylated and downregulated 

during differentiation. In high risk neuroblastomas, the levels of ASCL1 remain high and the protein is 

highly phosphorylated, maintaining the cells in a proliferative mode. Here we show that CDK-

dependent phosphorylation of the transcriptional master regulator ASCL1 plays a critical role in 

controlling the balance between cell proliferation and differentiation, and can be modulated to re-

engage a programme of differentiation in neuroblastoma. 

Aims: Here we aim to build on our understanding of the phospho-regulation of ASCL1. We look at 

alterations to cellular proliferation and morphology, as well as genome-wide changes to ASCL1 

binding and ASCL1-driven transcription in response to expression of different phospho-forms of 

ASCL1. We also want to understand if CDK inhibitor-mediated dephosphorylation of ASCL1 is 

sufficient to re-engage a programme of differentiation in neuroblastoma cells. 

Methods/Materials: We are using chemical inhibitors and western blotting to characterise the 

phospho-regulation of ASCL1 in neuroblastoma cells and its effect on neuroblastoma cell 

differentiation. We are also using inducible expression of wild-type and phospho-mutant ASCL1 to 

characterize phosphorylation status-related changes in neuroblastoma cell behaviour. For example, 

we are investigating DNA binding alterations (by ChIP) and genome-wide transcriptome changes (by 

RNA-seq) when phosphorylated and dephosphorylated ASCL1 is expressed. 

Results: We show that ASCL1 is phosphorylated by Cyclin-Dependent Kinases and that phospho-

ASCL1 supports the pro-proliferative programme in neuroblastoma cells. Preventing CDK-dependent 

phosphorylation of ASCL1 results in changes in the genome-wide transcriptional programme of 

neuroblastoma cells, leading to suppression of pro-proliferative targets and simultaneous activation of 

genes that drive cell cycle exit and differentiation. 

Mechanistically, ASCL1 ChIP-Seq reveals enhanced binding of un(der)phosphorylated ASCL1 at sites 

associated with pro-differentiation targets. Moreover, PHOX protein binding at key downstream 

regulatory elements is also modulated by ASCL1 phosphorylation. Finally, we also show that chemical 

CDK inhibition is sufficient to drive differentiation of neuroblastoma cells in a manner dependent on 

endogenous ASCL1. 

Summary/Conclusions: We conclude that CDK-dependent phosphorylation of ASCL1 acts as a 

critical fulcrum controlling the balance between proliferation and differentiation of neuroblastoma cells. 

By characterising and manipulating the mechanisms restraining the progenitor differentiation 
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programme in neuroblastoma, we are aiming to develop pro-differentiation therapies to inhibit 

tumorigenesis. Indeed, an understanding of the how to modulate the differentiation-proliferation axis 

provides a powerful opportunity to exploit cellular fate decision processes for therapeutic benefit. 

 

PA3.4 The development of a human embryonic stem cell derived differentiation model to study 

normal and neuroblastoma development 

S. Van Haver 1, Y. Fan 2, K. De Preter 1, L. Studer 2, A. Kentsis 2, S. Roberts 2, F. Speleman 1 
1 Ghent University, Ghent, Belgium 
2 Memorial Sloan Kettering Cancer Center, New York, USA 

 

Background/Introduction: Neuroblastoma (NB) is a clinically and genetically heterogeneous 

embryonal cancer thought to arise from sympatho-adrenergic progenitors (SAPs) derived from the 

neural crest. NB can be defined as a developmental disorder resulting from a disruption of normal 

differentiation. This is a complex process guided by environmental cues and executed through gene 

regulatory networks controlled by multiple transcription factors (TFs) such as PHOX2B, SOX11 and 

TBX2. Many aspects of human neural crest differentiation remain poorly understood; defining the 

normal differentiation process is therefore essential to improve our limited understanding of the 

pathogenesis of NB and developing more effective therapies while minimizing side effects. Currently, 

accurate human model systems for normal and aberrant SAP development are lacking. Using human 

pluripotent stem cells (hPSCs), we optimised and characterised an in vitro differentiation model to 

generate SAPs, thereby allowing research into normal SAP development and NB oncogenesis. 

Aims: Using hPSCs we optimised and validated an in vitro differentiation model to investigate normal 

and aberrant SAP development. 

Methods/Materials: Utilizing a modified dual-SMAD inhibition differentiation protocol developed by the 

Studer laboratory at the Memorial Sloan Kettering Cancer Center, we performed in vitro 

differentiations of hPSCs into SAPs. Over the course of the 40-day differentiation process, cells were 

harvested for RNA isolation and processed for polyA-selected bulk RNA sequencing at specific time-

points. The transcription profiles were evaluated using multi-dimensional analysis including Principal 

Component Analysis (PCA), hierarchical clustering and both gene and gene-set enrichment analysis 

(GSEA). For more in depth analysis and validation of our system, the expression profiles of specific 

neurodevelopmental markers such as PAX6, SOX10, ASCL1, PHOX2B, GATA2/3 and HAND2 were 

assessed. Comparison with three previously sequenced laser capture micro-dissected foetal adrenal 

neuroblasts from 13-16 week gestational age human embryos and 15 NB tumours is in progress. 

Results: Reproducibility of our experiments was indicated by PCA and hierarchical clustering where 

biological replicates grouped together at each time-point. During the differentiation to multipotent 

neural crest cells (NCCs), from day 0 to day 16, we could confirm the development of truncal NCCs 

based on the transient expression of SOX9 and SLUG, combined with an increase in the expression of 

SOX10 and HOX genes, including A7, B8 and B9, as well as the absence of PAX6 expression. Further 

differentiation of truncal NCCs into SAPs showed downregulation of SOX10 expression and 

upregulation of TFs including ASCL1, PHOX2B, GATA2/3 and HAND1/2, consistent with development 

of lineage-committed SAP cells. Comparison of these gene expression profiles with NB tumours and 

foetal adrenal neuroblasts is currently on-going. 

Summary/Conclusions: We developed a hPSC-derived, in vitro differentiation model to study normal 

SAP differentiation and NB development. This novel platform is now being used to explore NB 

transformation in vitro using genetically-modified and patient-specific hPSCs. Thus, this human model 

system will provide key insights into early NB oncogenesis and serves as a platform for future 

mechanistic and therapeutic studies in NB. 

 

PA4: Clinical – Neuroblastoma frontline therapy 

 
PA4.1 Natural history of ganglioneuroma (GN) and intermixed ganglioneuroblastoma (iGNB): 

An International Neuroblastoma Risk Group (INRG) project 

P. Angelini 1, B. Okoye 2, S. Vaidya 1, J.C. Chisholm 1, L.V. Marshall 1, S. George 1, P. Kao 3, H. 

Shimada 4, A. Pearson 1, W. London 3 
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1 The Royal Marsden Hospital, Sutton, United Kingdom 
2 St. George's University Hospital, London, United Kingdom 
3 Boston Children's Hospital/Dana-Farber Cancer Institute Harvard, Boston, USA 
4 Stanford University Medical Centre, Stanford, USA 

 

Background/Introduction: GN and iGNB represent the benign extremes of the neuroblastic tumour 

spectrum. Historically surgical resection was recommended, and in some cases chemotherapy. 

Recent reports suggest that a more conservative approach, including watchful observation, could be 

adequate and avoid surgical morbidity. However, large studies are lacking. 

Aims: To describe the natural history of a large cohort of GN and iGNB, with a focus on presentation, 

treatment, outcomes and patterns of relapse. 

Methods/Materials: Eligible (diagnosis of GN and iGNB, age 0-24 years, diagnosed 1990-2016) 

patients were identified in the INRG Data Commons and descriptively analysed. Kaplan-Meier curves 

of event-free survival (EFS) and overall survival (OS), were generated, and the outcome of subgroups 

was compared using a log rank test. Treatment data reported to the INRG Data Commons are the 

initial assigned treatment, and not the actual treatment administered. 

Results: 945 eligible cases were identified, 198 (21%) GN and 747 (79%) iGNB. 323 (39%) were 

males. Median age was 4.5 years (range: 0-20.5 years), with 893 (94.5%) ≥18 months at diagnosis. 

The primary tumour was thoracic in 346 (39%) cases, abdominal in 261 (29%) cases, and adrenal in 

184 (21%) cases. The majority (526 cases, 56%) were INSS stage 1, 241 (26%) were stage 2, 122 

(13%) were stage 3, 2 (0.2%) were stage 4S, and 49 (5%) were stage 4. Only 51/945 cases (21%) 

presented with metastases (INSS stage 4 or 4S): 16 (31%) in bone marrow, 20 (39%) in bone, 18 

(35%) in distant lymph nodes, 11 (22%) in other sites and 21 patients with unknown site of metastasis. 

MYCN was studied in 847 cases (90%) and was amplified in 17 (2%). None of the cases had other 

molecular investigations. The initial assigned treatment was: observation (16, 6%), surgery and 

observation (174, 61%), conventional-dose chemotherapy (2-8 cycles) plus surgery (66, 23%), and 

only 29 (10%) were treated with intensive chemotherapy. Of these 29, 17 were reported to have 

received stem cell transplant, and 4 received immunotherapy. The 5-year EFS survival was 94±0.9%, 

and 5-year OS was 96±0.8% (n=945). 

Summary/Conclusions: Patients with GN and iGNB have excellent survival outcomes. The majority 

of patients underwent an attempt at surgical resection. Further studies focusing on long term morbidity 

of the disease and/or treatment will be important, in order to inform more accurate ‘balance of risk’ for 

future treatment recommendations. 

 

PA4.2 Long-term health status of high-risk neuroblastoma survivors treated with high-dose 

chemotherapy and hematopoietic stem cell transplantation 

S. Haghiri 1, C. Fayech 1, I. Mansouri 1, C. Dufour 1, C. Pasqualini 1, S. Bolle 1, A. Boumaraf 1, A. 

Belhout 1, N. Journy 1, V. Souchard 1, G. Vu-Bezin 1, C. Veres 1, N. Haddy 1, F. De Vathaire 1, D. 

Valteau-Couanet 1, B. Fresneau 1 
1 Gustave Roussy, Villejuif, France 

 

Background/Introduction: Intensive treatments including high-dose chemotherapy with stem cell 

transplantation rescue (HDC-SCT) have improved high-risk neuroblastoma (HRNB) survival, but with 

an increased risk of late treatment-related toxicities. 

Aims: To describe health status and medical conditions of HRNB long-term survivors treated with 

HDC-SCT in Gustave Roussy (GR) 

Methods/Materials: We evaluated the long-term health status of 145 five-year post-SCT disease-free 

survivors treated for HRNB with HDC-SCT from 1980–2012 at Gustave Roussy. Data was collected 

prospectively (long-term follow-up clinics), or retrospectively (pediatric consultations). 

Results: Median follow-up post-SCT was 15 years (range [5–34]). Six patients experienced late 

relapses, 11 developed second malignant neoplasms (SMN) and 9 died (3 NB-relapse, 5 SMN and 1 

cardio-toxicity).  

Second health-events were described in 135/145 patients (median 3events/patient); 103 had at least 

one severe event (NCI-CTCAE grade 3-4; median 1/patient). SMNs arose a median of 20 years [18–

22y] post-SCT and included carcinoma(5), sarcoma(2), acute myeloid leukemia(2), melanoma(1) and 

malignant glioma(1). The estimated actuarial cumulative incidence of SMN was 4% 15-years post-



 

20 

SCT. 

Event-free and overall survival 20-years post-SCT were 82% (95%CI [70%–90%]) and 89% ([78%–

95%]), respectively. Compared with the general population, the standardized mortality ratio (SMR) of 

SMN was 18,5 (CI 95%=8,5-35,3; p&lt;0,0001) and the absolute excess risk (AER) was 35,9 (18,3-

70,2). 

Other health-events included: dental mal-development (70%), severe hearing loss (20% cumulative 

incidence at 15 years), hepatic focal nodular hyperplasia (14%), thyroid disorder (11%), cardiac (8%), 

renal diseases (7%) and growth restriction (height-for-age z-score ≤-2 (21%) or ≤-3 (8%)). Gonadal 

insufficiency was near-universal after busulfan-based conditioning (40/43 females, 33/35 males). 

Summary/Conclusions: Significant late effects are frequent and cumulative in HRNB survivors 

necessitating systematic very-long-term follow-up. Screening programs should be defined. 
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PA4.3 Neuroblastoma Patient-Derived Cell Lines and Xenografts in the COG/ALSF Childhood 

Cancer Repository 

K. McCoy 1, J. Nance 2, B. Koneru 2, W.H. Chen 2, M.D. Hogarty 3, M.S. Irwin 4, A. Naranjo 5, F.F. 

Zhang 5, Y.P. Mosse 3, J.M. Maris 3, D.A. Wheeler 6, C.P. Reynolds 2 
1 Texas Tech University Health Sciences Center School of Medicine Lubbock, Texas, USA 
2 Texas Tech University Health Sciences Center School of Medicine Lubbock, Texas, USA 
3 Children's Hospital of Philadelphia Philadelphia, Philadelphia, USA 
4 Hospital for Sick Children, Toronto, Canada 
5 Children's Oncology Group Statistics and Data Center, University of Florida Gainesville, Florida, USA 
6 Baylor College of Medicine Houston, Texas, USA 

 

Background/Introduction: The Children’s Oncology Group (COG) panel of patient-derived cell lines 

(PCLs) and xenografts (PDXs) from high-risk neuroblastoma was established from patients pre-

therapy at diagnosis (DX), at progressive disease (PD), and post-mortem (PD-PM) to enable biological 

and preclinical therapeutic studies. 

Aims: To develop and characterize a panel of neuroblastoma patient-derived cell lines and 

xenografts. 

Methods/Materials: From 2001-2019 COG institutions collected viable samples from 1393 high-risk 

neuroblastoma patients (63 stage 3, 1330 stage 4): 1334 bone marrow, 972 tumor, and 132 blood 

samples (33/132 post-mortem); 1596 were pre-therapy and 842 from progressive disease. Samples 

were cultured in hypoxia and standard (atmospheric) conditions and/or directly xenografted in NOD 

SCID gamma (NSG) mice. PCLs and PDXs matched to patient samples by short tandem repeat and 

were EBV and mycoplasma free. Gene expression used RT-qPCR and/or RNAseq. ALK mutations, 

MYCN amplification, and alternative lengthening of telomeres (ALT) (C-circles) were assessed. 

Clinical annotation includes event free (EFS) and overall survival (OS). Response to 

cyclophosphamide + topotecan was assessed for 23 PDXs and RNAseq for 65 PCLs and 52 PDXs. 

Results: To date, 260 PCLs and since 2009, 56 PDXs were established, 42 with matching PCL. 

Human content of PDXs was 99.3+1.2%. PCL take rates: 21% DX, 15% PD, and 78% PD-PM. PDX 

take rates: 15% DX, 13% PD, and 68% PD-PM. Of 226 samples cultured in multiple conditions, 30% 

established PCLs only in hypoxia, 1% only in neurobasal-A medium. Table 1 shows PCLs and PDXs 

with high expression of selected genes. 

High MYCN and c-MYC expression were mutually exclusive; 5/137 PCLs and 5/52 PDXs were ALT+; 

9/65 PCLs (most non-continuous) were TERT &amp; ALT negative. ATRX genomic alterations were 

detected in 3/3 ALT PCLs and 1/3 ALT PDXs. Pre/Post-therapy pairs of PCLs were established from 

16 patients, PDX pairs from one patient. ALK mutations were found in 27% of 71 PCLs and 25% of 26 

PDXs. MYCN genomic amplification was observed in 27% of patient samples and 68% of PCLs/PDXs. 

Growth of viable tumor or marrow containing tumor as PCL or PDX was associated with inferior 5-year 

EFS and OS (Table 2). 

Resistance to cyclophosphamide + topotecan was common in PDXs established at PD but also 

observed in PDXs established pre-therapy. 
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PA4.4 The incidence of neuroblastoma cases before and after screening in Japan 

I. Iehara 1, I. Yokota 2, T. Takimoto 3, Y. Yoneda 4, K. Koh 5, T. Teramukai 1, K. Koshinaga 6, Y. 

Yonekura 7, K. Kinoshita 8, C. Cho 2, T. Tajiri 1, H. Hiyama 9, H. Hosoi 1 
1 Kyoto Prefectural University of Medicine, Kyoto, Japan 
2 Hokkaido University, Sapporo, Japan 
3 National Center for Child Health and Development, Tokyo, Japan 
4 Osaka Medical Center for Maternal and Child Health, Osaka, Japan 
5 Saitama Children's Medical Center, Saitama, Japan 
6 Nihon University, Tokyo, Japan 
7 Nara Hospital Kinki University Faculty of Medicine, Nara , Japan 
8 Niigata University, Niigata, Japan 
9 Hiroshima University, Hiroshima, Japan 

 

Background/Introduction: Mass screening for neuroblastoma in infants in Japan was carried out 

from1985 to 2003. No accurate epidemiological studies have been performed on changes in 

neuroblastoma morbidity after screening cessation.  

Aims: The purpose of this study was to clarify the prevalence of neuroblastoma before and after 

pausing infantile neuroblastoma screening. 

Methods/Materials: We used 10,868,860 births in 1990-1998 as a cohort during screening conduct, 

and 5,446,889 births in 2004-2008 as a cohort after suspension. The neuroblastoma registration 

database was created by registration of the Japanese Society of Pediatric Surgery and the Japanese 

Neuroblastoma Study Group. Patients’ information was collected after deleting personal information, 

and the study was approved by the ethics review board at the representative research institution. 

Results: According to the database, the number of neuroblastoma cases up to 6 years of age was 

2,008 among those born between 1990 and 1998 (A) and 449 among those born between 2004 and 

2008 (B). A total of 115 and 5 cases of INSS stage 1-3 neuroblastoma per 1 million births detected 

between 6-11 months age in (A) and (B), respectively (rate ratio [RR] 0.04, 95% confidence interval 

[CI] 0.03-0.06). A total of 8 and 4 cases of stage 4 neuroblastoma per 1 million births detecteed 

between 6-11 months age in (A) and (B), respectively (RR 0.46, 95% CI 0.29-0.75). In (A), there were 

many localized cases of stage 1-3 neuroblastoma. This is presumed to be due to the over-diagnosis 

by screening. A total of 12 and 24 cases of stage 4 neuroblastoma per 1 million births occurred 

between 24-72 months of age in (A) and (B), respectively (RR 2.04, 95% CI 1.60-2.61). A total of 3.4 

and 1.1 cases of MYCN-amplified neuroblastoma per 1 million births detected between 6-11 months 

age in (A) and (B), respectively. However, 10 and 20 cases of MYCN-amplified neuroblastoma per 1 

million births detected between 0-72 months age in (A) and (B), respectively (RR 2, 95% CI 1.54-

2.59). Furthermore, 3.0 and 13.0 cases of MYCN-amplified neuroblastoma per 1 million births 

occurred between 24-72 months age in (A) and (B), respectively. The number of MYCN amplification 

cases increased after screening was stopped. 

Summary/Conclusions: Screening of neuroblastoma resulted in the over-diagnosis of localized 

cases in infancy. In contrast, the number of high-risk cases with stage 4 and MYCN amplification older 

than 24 months of age increased after screening cessation. These cases may have been excluded 

earlier by screening for neuroblastoma in infants. 

 

Tuesday 26 January 2021  
 

Major Symposium 3: A deep look into neuroblastoma 
 

MS3.1 Clonal heterogeneity before treatment underlies spatial and temporal evolution in 

neuroblastoma 

G. Gundem 1, I.Y. Cheung 1, S.S. Roberts 1, J.S. Medina-Martínez 1, Y. Feng 1, M.F. Levine 1, J.E. 

Arango-Ossa 1, Y. Zhou 1, L. Chadoutaud 1, M. Rita 1, D. Glodzik 1, D. You 1, N. Bouvier 1, B. Spitzer 1, 

D.B. Solit 1, F. Dela Cruz 1, M.P. LaQuaglia 1, B.H. Kushner 1, S. Modak 1, N.N. Shukla 1, A. Kung 1, 

N.V. Cheung 1, E. Papaemmanuil 1 
1 Memorial Sloan Kettering Cancer Center, New York, USA 
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Background/Introduction: Patients with high-risk neuroblastoma (HR-NB) frequently present with 

widely metastatic disease with tumors harboring recurrent MYCN, TERT and ATRX alterations. Most 

genomic studies to-date, however, have focused on single diagnostic samples. Consequently our 

understanding of the clonal and genetic evolution of disease progression and metastasis remains 

limited. 

Aims: We set out to deliver a detailed characterization of clonal architecture of HR-NB during disease 

evolution and identify the biological pathways important for progression. 

Methods/Materials:  We studied 203 sequential and spatially separated samples from 101 patients 

with informed consent and IRB approval (Clinicaltrials.gov, NCT00588068): 96 pre-treatment, 22 on-

therapy, 33 relapse and 29 late-relapse samples (1-17 samples/patient). We performed WGS in 203 

and RNAseq in 168 samples. We mapped somatic alterations (substitutions, indels, rearrangements 

and copy-number changes) and characterized underlying clonal phylogenies. Analyzing genome-wide 

mutational signatures, we identified the prevalent mutational processes at diagnosis and during 

therapy. We studied mutagenic effects related to chemotherapeutic agents used in HR-NB therapy in 

PDX models. Superimposing mutational signatures onto subclonal structures, we determined the 

timing and pattern of spread amongst primary and metastatic sites. We overlaid these findings onto 

gene expression profiles, focusing on tumor mutational burden (TMB) and immune infiltrates. 

Results: We identified 1,193,405 mutations in total. TMB was on average 0.6/Mb (range=0.06-2.6Mb) 

at diagnosis but significantly increased at relapse (average=2.3/Mb, range=0.3-7Mb), accompanied by 

a shift in mutational patterns. C&gt;A transversions are dominant at diagnosis (COSMIC signature 

SBS18), but with different prevalence amongst tumors with distinct driver alterations. At progression 

there is strong enrichment for C&gt;T and T&gt;C transitions linked to platinum and temozolomide 

exposures. PDX modeling shows that SBS18 is continuously present whereas chemotherapy-induced 

mutations are transient. 

We identify complex clonal structures in 86% of patients showing oncogenic clonal diversification in 

the primary site frequently presenting as multiple metastatic lineages (met) even before treatment. 

Once treatment started, patterns of met-to-met seeding was frequently observed with evidence of 

progression after a period of dormancy at local as well as distant sites.  

Disease progression was associated with subclonal expansions harboring distinct mutations affecting 

the same pathways RAS-MAPK (22/40) and TP53 (3/40) as well as continuous rearrangements 

altering ATRX and TERT (13/40). On chemotherapy pre-existing clones with an increased TMB (3-

13x) became dominant. However, this was not associated with any change in the immune infiltrate as 

determined by RNAsee. 

Summary/Conclusions: By analyzing sequential HR-NB tumors, we show that complex genetic 

trajectories present at diagnosis undergo independent evolution at the primary and metastatic sites but 

nevertheless converge on the same biological pathways. This also provides insights on evolutionary 

processes important for disease progression showcasing the need for comprehensive genomic 

profiling to inform basic and translational research and clinical care. 

 

MS3.2 Molecular diagnostics and targeted therapy of neuroblastoma in light of intratumour 

heterogeneity 

K. Schmelz 1, J. Toedling 1, J. Proba 1, A. Henssen 1, F. Hertwig 1, P. Ambros 2, I. Ambros 2, S. Boral 1, 

A. Kuenkele 1, A. Szymansky 1, M. Fischer 3, R. Schwarz 4, P. Hundsdoerfer 5, J. Schulte 1, A. Eggert 1 
1 Universitätsmedizin Berlin, Berlin, Germany 
2 Children’s Cancer Research Institute, St. Anna Kinderkrebsforschung, Vienna, Austria 
3 University Children’s Hospital of Cologne, Medical Faculty, Cologne, Germany 
4 Max Delbrück Center for Molecular Medicine in the Helmholtz Association, Berlin, Germany 
5 Helios Klinikum Berlin-Buch, Berlin, Germany 

 

Background/Introduction: Intratumour heterogeneity (ITH) constitutes a major problem for molecular 

diagnostics and molecular targeted therapies leading to cancer progression and treatment failure. We 

had previously investigated ITH in neuroblastoma by performing a multi-region whole-exome 

sequencing (WES) and transcriptome sequencing (RNA-Seq) of 51 spatially separated tumour 

samples and 10 normal controls derived from 8 primary and 2 relapsed neuroblastomas. The WES 

data had identified a high rate of spatial heterogeneity with 22 % single-nucleotide variations that were 
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present in only one region of a tumour. Spatial heterogeneity was also apparent for mutations in 

known cancer-related genes in high-risk neuroblastomas whereas low-risk and intermediate-risk 

tumours lacked such mutations. 

Aims: Our project aims to longitudinally analyse the changes of clinically relevant molecular markers 

during the disease progression and to decipher the impact of chemotherapy on tumour evolution. 

Methods/Materials: Following the WES analysis, we established an ultra-deep targeted re-

sequencing of 1,479 SNVs in 150 samples from the same 10 patients with a median coverage of 2500 

x. Next to the 61 samples already analysed by WES, we included 89 several additional samples in the 

targeted sequencing cohort, for which only limited or FFPE material had been available. For 8 of the 

10 patients, the samples profiled by targeted sequencing covered at least two time points of the 

course of the disease. 

Results: The targeted re-sequencing approach confirmed the absence of mutations in cancer-related 

genes in the low-risk and intermediate-risk neuroblastomas as well as in tumour samples from high-

risk patients that were in complete remission for more than 3 years. Aberrations in cancer-related 

genes were present in 5 out of 10 patients of our cohort. About 30% (0-60%) of the mutations in 

cancer-related genes were found to be clonal, i.e., every sample from the same patient showed clear 

evidence of this mutation. These clonal mutations included activating mutations in HRAS, and ALK 

and deleterious mutations in ATM. Other driver mutations like FGFR1 (N577K), BRAF (V600E) and 

CCND3 were solely observed in single biopsies or in some but not all tumour regions from the same 

neuroblastoma, indicating spatial ITH. Importantly, the most prominent genetic heterogeneity was 

prevalent between different time points in the course of the disease, e.g. before and after therapy. One 

high-risk patient showed mutations in BRCA2 and PWWA2A together with a MYCN amplification 

which were restricted to the time of the tumour resection after therapy but undetectable in earlier 

samples, while an ALK mutation remained clonally stable over time. For another high-risk 

neuroblastoma, the ALK mutation was detectable in all initial samples and essentially disappeared 

after standard therapy. To trace evolutionary trajectories under the influence of the therapy, we 

performed a clonality analysis based on the targeted re-sequencing data. This analysis revealed both 

linear as well as branched evolution in neuroblastoma. 

Summary/Conclusions: Our data indicate that the decision for second line targeted therapies e.g. 

ALK inhibitors, should incorporate precise molecular diagnostics covering multiple biopsies in order to 

address both spatial and temporal ITH in neuroblastoma. 

 

MS3.3 Single cell DNA sequencing and sequential circulating tumor DNA analysis  highlight 

intratumor genetic heterogeneity and clonal evolution under targeted therapies in 

neuroblastoma  

 

** Merged Abstracts ** 

 

Single cell DNA sequencing in neuroblastoma: zooming in on intratumor heterogeneity 

G. Schleiermacher 1, A. Bellini 1, J. Bhalshankar 1, I. Jimenez 1, M. Chicard 1, Y. Iddir 1, A. Saint-

Charles 1, E. Lapouble 1, M. Bohec 1, S. Lameiras 1, S. Baulande 1, V. Bernard 1, D. Surdez 1, S. Zaidi 
1, I. Janoueix-Lerosey 1, C. Thirant 1, G. Pierron 1, C. Guerin 1, A. Viguier 1, A. Montero Carcaboso 2, 

M.E. Marques da Costa 3, B. Geoerger 4, O. Delattre 1 
1 Institut Curie, Paris, France 
2 Institute de Recerca Sant Joan de Deu, Barcelona, Spain 
3 Gustave Roussy Cancer Campus, Villejuif, France 
4 Gustave Roussy Cancer campus, Villejuif, France 

 

Background/Introduction: Intratumor genetic heterogeneity has been widely reported in 

neuroblastoma (NB) and can contribute to treatment failure following clonal selection during disease 

evolution. Single cell (SC) DNA sequencing techniques now allow a precise description of genetic 

features at a single cell level, enabling to characterize tumor cell populations in detail. 

Aims: We sought to identify genetic alterations at a SC DNA level, aiming to reconstruct NB 

phylogeny. 

Methods/Materials: Samples from 3 NB PDX models (IC-pPDX-17, HSJD004 and NB-422) and from 

one primary tumor studied relapse (NB1483) were included in this study, and the bulk of these 4 
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samples was whole-exome sequenced (depth of coverage 100x). 

Two different SC DNA sequencing methods were then applied: a manual approach and the 

commercialized 10X Genomics® method. 

In the manual method, the tumor sample was dissociated enzymatically and suspended for SC 

isolation. Tumor cells were stained with GD2 and CD81 antibodies and then flow sorted in 96-well 

plates. DNA from single cell was extracted and whole-genome amplified; 50ng of amplified DNA was 

then used for library construction. 

For the 10X Genomics® method, PDX samples were enzymatically digested and 1000 single cells 

were isolated using the commercially available CNV kit. Libraries were whole genome sequenced, and 

raw sequencing data was processed through barcode-aware bioinformatic analysis using the Cell 

Ranger DNA (10X Genomics®) pipeline. Copy number alterations (CNA) and variants were called 

using FREEC and Mutect2 respectively at single cell resolution, and by creating a pseudo-bulk of 

defined cell clusters. Clusters were inferred from CNA information by hierarchical clustering. 

Results: From IC-pPDX-17, NB-422 and HSJD004, a total of 662, 332 and 131 single cells were 

scDNA sequenced, respectively. Altogether, 1151 single cells could be analyzed, (excluding ~5% of 

noisy cells), with a mean depth of coverage of 0.33x to 1.6x. Ploidy was distributed around 2 for a 

majority of cells in HSJD004 and NB-422, and around 4 in IC-pPDX-17. CNAs, including amplifications 

of MYCN and CDK4 in HSJD004 and IC-pPDX-17 respectively, were observed in all single cells, 

confirming the tumor origin of the analyzed cells (Figure-A). Comparing CNA profiles between SCs 

and the bulk of the same PDX, single cell-specific CNAs could be detected (Figure-A). Distinct clusters 

were defined in each sample mainly based on aneuploidies (3 clusters in IC-pPDX-17 and NB-422 and 

2 in HSJD004). 

For the NB1483 sample, 21 SC were analyzed (mean depth of coverage of 0.4x). A focal deletion on 

chr9 p observed in the bulk was clearly confirmed in all 21 SC. 

Importantly, in all 4 cases, all somatic single–nucleotide variations (SNVs/Indels) detected in the bulk 

were also seen in the SC samples, with a total of additional 42 SNVs detected only at a SC level, 

further highlighting intratumor heterogeneity. Detailed analysis of inferred clusters is ongoing. 

Summary/Conclusions: ScDNA sequencing approaches constitute a powerful method to study 

intratumor genetic heterogeneity in NB. With the potential to identify CNAs as well as SNVs at a SC 

level, these are promising tools to identify different clones in a given sample and to reconstruct tumor 

phylogeny. 
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Study of clonal evolution and resistance mechanisms of high-risk neuroblastoma under 

targeted therapies 

I. Jiménez 1, J. Bhalshankar 1, M. Chicard 1, A. Bellini 1, Y. Iddir 1, I. Janoueix-Lerosey 1, C. Pierre-

Eugène 1, C. Louis 1, D. Surdez 1, A.M. Carcaboso 2, M.E. Marques Da Costa 3, F. Nemati 1, D. 

Decaudin 1, S. Baulande 1, G. Pierron 1, A. Saint-Charles 1, E. Lapouble 1, B. Geoerger 1, O. Delattre 1, 

G. Schleiermacher 1 
1 Institut Curie, Paris, France 
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3 Gustave Roussy, Paris, France 

 

Background/Introduction: An improvement of survival of high-risk neuroblastoma (HR-NB) requires 

the development of new overall treatment strategies. Potentially promising strategies are based on the 

matching of somatic genetic alterations as molecular targets with targeted therapies. However, 

following the introduction of targeted therapies, in many instances, after initial response, treatment 

resistance and disease progression can occur. The potential mechanisms of resistance after initial 

sensibility to targeted therapies remain to be fully elucidated. The most plausible hypotheses favor 3 

underlying mechanisms: (1) tumor heterogeneity with the presence of different subclones 

characterized by distinct molecular profiles might lead to a differential sensitivity with response of one 

versus emergence of another clone; (2) the emergence of new mutational events leading to treatment 

resistance in a major clone, or (3) signaling pathway alterations (up/dowregulation). Indeed, different 

large scale next-generation sequencing (NGS) approaches have demonstrated the presence of tumor 

heterogeneity and the existence of distinct clones in HR-NB at diagnosis and at relapse. 

Aims: The aim of our work is to study the mechanisms of resistance and escape to treatment of HR-

NB based on the study of clonal evolution by extensive genetic profiling in HR-NB murine models 

under targeted therapy, alone or combined with standard chemotherapy. 

Methods/Materials: We used HR-NB patient-derived xenografts (PDX) (n=5) harboring “targetable” 

mutations identified by whole-exome sequencing (WES) and RNAseq, treated by targeted therapies 

alone or combined with standard chemotherapy. To study clonal evolution, we performed sequential 

mice plasma sampling during the treatment and at sacrifice for circulating-free DNA (cfDNA) analysis 

by WES. For bioinformatics analysis, we developed a specific pipeline enabling to focus on human 

(tumor) content. 

Results: To date results are available for 1 PDX model harboring CDK4 amplification and an ATRX 

mutation, treated by the CDK4 inhibitor ribociclib with and without standard chemotherapy. The 

analysis is ongoing for 4 other PDX models carrying, respectively, an ALK amplification, an ALK 

F1174L mutation (both treated by ALK inhibitor lorlatinib), HRAS mutation (treated by MEK inhibitor 

trametinib) and ARID1A mutation (treated by EZH2 inhibitor EPZ6438), each +/- chemotherapy 

combinations. 

We were able to extract cfDNA from mouse plasma and to perform WES on the ctDNA. Median 

plasma volume was 62.5 µL [25-170]; the median amount of cfDNA was 792.88 ng/mL [87.84-

7542.86], with a median proportion of ctDNA in cfDNA of 25% [1.57-93.64]. The comparative copy-

number and single nucleotide variation (SNV) analyses confirmed the presence of the same tumor 

specific genetic abnormalities in the ctDNA of the mouse carrying the PDX, as compared to the 

primary tumor and the PDX itself. Most of the mutations were shared between the control and treated 

groups (including ATRX c.5242G&gt;A, CDK2 c.643G&gt;C and ETV1 c.708C&gt;G), and were mostly 

clonal, with a median variant allele fraction (VAF) of 0.43 [0.01-1]. The analysis of the clonal evolution 

confirmed the presence of resistant mutations (which persisted in both treated and control groups), the 

emergence of new/induced mutations (which appeared only in treated tumors, such as GRIN2B 

c.1584delC and MAP3K7 c.631G&gt;C) and sensitive mutations (which disappeared in treated tumors, 

such as NR2C2 c.1265C&gt;G). While resistant mutations were mostly clonal (median VAF 0.23 [0.01-

1], induced and sensitive mutations appeared to be mostly subclonal (median VAF 0.04 [0.01-0.18] 

and 0.05 [0.01-0.13] respectively. 

Summary/Conclusions: This approach will contribute to the definition of optimal treatment 

combinations in a particular genetic context based on the study of clonal evolution under targeted 

therapy. This knowledge will be important in particular when considering future approaches for HR-NB 

treatment and when discussing possibilities of introducing targeted therapies in upfront (during the 

induction or the maintenance phase), in parallel or sequentially with standard chemotherapy in the 

management of HR-NB. 

 

MS3.4 Single-cell RNA-sequencing of peripheral neuroblastic tumors identifies an aggressive 

transitional cell state at the junction of an adrenergic-mesenchymal transdifferentiation 

trajectory 

D.R. Carter 1, J.A. Seneviratne 1, S. Du 2, Y. Xu 3, Y. Chen 3, Q. Jin 2, X. Jin 3, A. Balachandran 1, S. 

Huang 2, Y. Xu 2, Y. Zhai 3, L. Lu 3, M. Tang 2, Y. Dong 2, B.B. Cheung 1, G.M. Marshall 1, W. Shi 4, X. 

Yuan 2, C. Zhang 3 
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Background/Introduction: Peripheral neuroblastic tumors (PNTs) represent a spectrum of tumors 

derived from the neural crest comprising four histological variants, including neuroblastoma, 

ganglioneuroblastoma nodular, ganglioneuroblastoma intermixed, and ganglioneuroma. Emerging 

evidence from recent studies propose that tumor plasticity is a feature of neuroblastic cells. In these 

studies neuroblastomas were subtyped according to a two-group classification conforming to either an 

adrenergic/noradrenergic state or a mesenchymal/neural crest cell state. Importantly, cell state was 

seen to be relevant for therapeutic efficacy, with mesenchymal neuroblastic cells more resistant to 

conventional anti-cancer therapies. Whilst these studies have demonstrated the importance of tumor 

heterogeneity and cell plasticity in neuroblastoma, bulk-tissue profiling is still compromised by 

averaging the individual impact of cell types within the tumor microenvironment, potentially hindering 

the identification of other cell types. 

Aims: To elucidate the underlying tumor heterogeneity present across the spectrum of PNT subtypes, 

with regard to: 1) neuroblastic cell types and 2) tumor microenvironmental cell types. 

Methods/Materials: We performed Smart-seq2 based single-cell transcriptomic analysis of 5309 cells 

from seven PNTs including 3 neuroblastomas, 2 ganglioneuroblastoma nodular, 1 

ganglionneuroblastoma intermixed and 1 ganglioneuroma. To investigate neuroblastic cell types, we 

first separated malignant and non-malignant cells using inferred copy number profiles and then 

performed trajectory analyses to identify putative differentiation trajectories and associated gene 

signatures. We then utilized publicly available neuroblastoma RNA-seq and H3k27ac ChIP-seq 

datasets to decipher epigenetic regulatory mechanisms influencing these gene signatures and then 

gauge prognostic significance. To identify tumor microenvironmental cell types we clustered and then 

classified non-malignant cells using canonical gene expression markers, using immunohistochemistry 

on tumor sections to further validate these findings. 

Results: We demonstrate extensive transcriptome heterogeneity within and between individual PNTs. 

Trajectory modelling showed that malignant neuroblasts move between adrenergic and mesenchymal 

cell states via a novel state that we termed a “transitional” phenotype. Transitional cells are 

characterized by gene expression programs linked to a neurodevelopment, and aggressive tumor 

phenotypes such as rapid proliferation and tumor dissemination. Among primary bulk tumor patient 

cohorts, high expression of the transitional gene signature was highly predictive of poor prognosis 

when compared to adrenergic and mesenchymal expression patterns. High transitional gene 

expression in neuroblastoma cell lines identified a similar transitional H3K27-acetylation super-

enhancer landscape. Additionally, examination of PNT microenvironments, found that neuroblastomas 

contained low immune cell infiltration, high levels of non-inflammatory macrophages, and low cytotoxic 

T lymphocyte levels compared with more benign PNT subtypes. 

Summary/Conclusions: Collectively, our study reveals the extensive transcriptomic heterogeneity in 

PNTs. Description of a novel transitional cell type at the junction of an adrenergic-mesenchymal 

transdifferentiation trajectory supports the concept that PNTs have marked phenotypic plasticity that is 

relevant for patient prognosis. This is an important consideration for patient risk stratification and the 

development of new therapies for PNTs. 

Major Symposium 4: Neuroblastoma tumour biology and genomics: from bench to the 

clinic 
 

MS4.1 The BRIP1 17q dependency gene in neuroblastoma: from fork stability to translation 

S. Vanhauwaert 1, C. Van Neste 2, V. Vermeirsen 1, S. He 3, B. Decaesteker 1, S. Loontiens 1, F. 

Hertwig 4, C. Leonelli 1, E. Sanders 1, N. Van Roy 1, A. Fieuw 1, G. Dewyn 1, J. Van Laere 1, L. 

Depestel 1, B. De Wilde 1, S. Van Calenbergh 1, K. Durinck 1, W.H. De Vos 5, J. Schulte 4, M. Fischer 6, 

A.T. Look 3, K. De Preter 1, F. Speleman 1 
1 Ugent, Ghent, Belgium 
2 King Abdullah University of Science and Technology, Thuwal, Saudi Arabia 
3 Dana Farber Cancer Institute, Boston, USA 
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Background/Introduction: Neuroblastoma (NB) is an aggressive childhood cancer marked by low 

mutational burden and highly recurrent DNA copy number aberrations, including 17q gain in most 

high-risk cases. We previously identified BRIP1 (17q23.2), as a candidate non-mutated dependency 

gene based on integrated transcriptome, copy number and survival data. BRIP1 is a multifunctional 

protein with DNA helicase activity for unwinding complex DNA structures (including G-quadruplexes). 

It binds to BRCA1, TopBP1 and MLH1 and is implicated in replication fork dynamics and DNA repair. 

In addition, a recent study suggested a role in control of gene expression through binding of a 

regulatory long noncoding RNA. 

Aims: We aimed to (1) independently validate our initial bioinformatic approach for identification of 

copy number driven dependency genes, using a new and more extensive transcriptome and copy 

number data set and to (2) explore BRIP1 dependency using in vivo modeling and knock down and 

overexpression in NB in vitro cellular models. 

Methods/Materials: We applied an integrative computational analysis to perform network inference 

analysis on a large transcriptome and copy number data set of 219 NB patients. We performed in vitro 

functional assays, immunoblotting for DNA damage and response and DNA combing to measure 

replicative stress upon BRIP1 knock down. 

Results: The computational analysis confirmed BRIP1 as co-driver in NB. In addition to extensive in 

vitro validation of BRIP1 dependency, pRPA and pCHK1 staining and DNA combing revealed strong 

effects on replication fork stalling while yH2AX and 53BP1 staining showed increased DNA damage 

following BRIP1 knock down in NB cells. For in vivo testing of dependency, we crossed a stable 

transgenic dβh-BRIP1;dβh-mCherry overexpressing zebrafish line with the dβh-eGFP-MYCN line and 

observed strong increased tumor penetrance (p&lt;0.0001). Bulk and single cell RNA-sequencing were 

performed to gain insight into the transcriptional impact of BRIP1 overexpression in early tumor lesions 

(6 weeks) versus late (10 weeks or more) full blown tumors. Similar experiments are ongoing with 

LSL-dβh-BRIP1 and LSL-dβh-MYCN mice. To assess which aspect of BRIP1 function drives 

dependency, we treated NB cells with forced BRIP1 overexpression with several compounds affecting 

DNA repair (triapine, talazoparib, ATRi, and CHK1i) and DNA (TYMPyP4) and RNA G-quadruplex 

(silvestrol) stability. Strong rescue effects were observed upon BRIP1 overexpression in TYMPyP4 

and silvestrol treated NB cells, suggesting that a combined DNA and RNA helicase effect of BRIP1 

could mediate tumor dependency. The latter, represents a hitherto largely unstudied novel property of 

BRIP1. Finally, we are currently testing a BRIP1 helicase inhibitor in a panel of NB cell lines and 

patient derived NB organoids and have initiated efforts towards the synthesis of a BRIP1 degrading 

drug (PROTAC).  

Summary/Conclusions: Our in vitro and in vivo data support BRIP1 as a 17q copy number driven 

dependency factor in NB. We provide evidence that both DNA and RNA helicase function of BRIP1 is 

implicated in NB cell fitness, at least partly through controlling MYCN induced replicative stress and 

translation. We are testing targeted inhibition or degradation of BRIP1 as a novel option for drugging 

high-risk NB. 

 

MS4.2 A multi-omic surfaceome study identifies DLK1 as an epigenetically regulated protein 

and immunotherapeutic target in neuroblastoma 

A.K. Weiner 1, A.B. Radaoui 2, M. Tsang 2, D. Martinez  2, S. Sidoli 3, K.L. Conkrite 2, A. Delaidelli 4, 
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Background/Introduction: The cell surface landscape of neuroblastoma is poorly defined. An 

unbiased survey of plasma membrane proteins from high-risk neuroblastoma cases would greatly 

facilitate the identification of candidate immunotherapeutic targets. 

Aims: (1) Define the mass spectrometry-based surfaceome of neuroblastoma and prioritize proteins 

as candidate immunotherapeutic targets using an integrative multi-omic approach; (2) Validate and 

assess biological relevance of a top prioritized protein; and (3) Develop and test the efficacy of 

immunotherapy targeting the prioritized protein. 

Methods/Materials: We performed plasma membrane protein extraction using sucrose gradient 

ultracentrifugation coupled to mass spectrometry (nLC-MS/MS) in neuroblastoma cell lines (n=12) and 

patient derived xenografts (PDX; n=12). These data were integrated with RNA-sequencing 

(neuroblastoma=153; normal (GTEx)=7859) and chromatin immunoprecipitation (ChIP)-sequencing 

data from ten neuroblastoma cell lines to evaluate extracellular proteins differentially expressed in 

neuroblastoma compared to normal tissues. Candidate targets were validated by 

immunohistochemistry on neuroblastoma tumor and normal tissue microarrays (TMAs), flow cytometry 

and immunofluorescence. Functional studies were performed following genetic manipulation of 

candidate targets to assess cell proliferation, differentiation and viability. Finally, we tested ADCT-701 

(DLK1-directed antibody drug conjugate [ADC] with Pyrrolobenzodiazepine warhead) in thirteen PDX 

models with varying levels of DLK1 expression. At enrollment, two mice were each treated with a 

single dose of ADCT-701 at 1mg/kg body weight, or 1 mg/kg of B12-PL1601 (non-targeting ADC), or 

saline. Mice were evaluated for 100 days or until tumor reached 2.0cm3. 

Results: We yielded on average 66% (range:60-68%) membrane protein enrichment with high 

reproducibility between biological replicates (80%; range:78-84%) and identified 4826 unique 

membrane proteins. We confirmed abundant representation of peptides from known cell surface 

proteins such as ALK, GPC2, NCAM1, DLL3 and CD276. Here, we prioritized DLK1 for further 

evaluation due to it being the top candidate with expression directly associated with a super enhancer 

element (P=6.09X10-5). RNA-sequencing and tissue microarray analysis of neuroblastoma and normal 

tissues showed DLK1 to be overexpressed in a large subset of high-risk neuroblastoma with minimal 

expression in normal tissues, excepting adrenal medulla and pituitary. Flow cytometry and 

immunofluorescence confirmed cell surface expression of DLK1 in a panel of neuroblastoma cell lines. 

Genetic depletion of DLK1 using shRNA resulted in neurite outgrowth (P=7.26x10-5) and terminal 

differentiation. Full proteome analysis of DLK1 knockdown and control cell lines using MS showed 

DLK1 regulates proteins that control outgrowth of neurites (P=3.37x10-3) and development of neurons 

(P=3.76x10-3). A single dose of ADCT-701 resulted in maintained complete response (N=5), complete 

response (N=3) and stable disease (N=1) in models with high DLK1 expression, while those with 

low/no expression showed disease progression (N=3). 

Summary/Conclusions: Integrated epigenomics with plasma membrane proteomics has yielded a 

prioritized list of proteins that may be developed as immunotherapeutic strategies, including multi-

specific targeting. DLK1 is an epigenetically regulated immunotherapeutic target in neuroblastoma. 

ADCT-701 shows potent anti-tumor activity in preclinical models of neuroblastoma and will be 

prioritized for clinical development. 

 

MS4.3 The evolution of MDM2 and MYCN amplifications in neuroblastoma 
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Background/Introduction: Amplification of genomic regions containing proto-oncogenes is a frequent 

transforming event in neuroblastoma and other cancers. The complexity of such amplifications is 

highly variable, ranging from simple tandem duplications to highly complex amplified patterns 

comprising multiple rearrangements. While the development of simple copy number gains is well 

understood today, the evolution of highly complex amplifications has remained largely unclear. 

Aims: We here set out to elucidate the evolution of complex high-level amplifications in neuroblastoma 

and other cancers during tumorigenesis. 

Methods/Materials: We applied whole-genome sequencing, optical mapping, FISH, m-FISH, and 

RNA sequencing to neuroblastoma tumor samples and cell lines bearing high-level amplifications, and 

complemented our experimental data with computational modeling of these alterations. In addition, we 

investigated a large pan-cancer cohort of 2677 samples across 37 entities to validate our hypothesis 

on the evolution of complex amplifications in cancer. 

Results: In a cohort of 71 primary neuroblastomas and cell lines, we identified highly amplified (≥20 

copies) genomic regions in 19 cases (26.8%). We noticed that 14 of these amplifications comprised 

multiple rearrangements with an almost uniform distribution of inverted and non-inverted 

rearrangements, which did not match to known categories of complex amplifications, such as 

chromothripsis or the breakage-fusion-bridge mechanism. We defined this new category of complex 

high-level amplification as “firestorm amplification” based on copy numbers and the rearrangement 

profile. Firestorm amplifications occurred most frequently on chromosomes 12q (9/71) and 2p (8/71), 

covering the oncogenes MDM2, CDK4 and MYCN, respectively. In a large pan-cancer cohort, we 

detected firestorm amplifications in 3.9% of the cases, accounting for one third (105/315) of all high-

level amplifications. Detailed reconstruction of the rearrangements and copy numbers revealed a 

stepwise evolution behind firestorm amplification (Figure 1): The first step in the development of these 

alterations was a singular event of chromothripsis (1), followed by formation of extrachromosomal 

circular DNAs (2) that subsequently underwent repetitive rounds of circular recombinogenic events (3). 

The resulting amplified regions were finally stabilized (4) by formation of double minutes (DM), 

reintegration into the genome as homogeneously staining regions (HSR) or neochromosomes (NC). 

We validated our evolutionary model of stepwise amplification by computational modeling of firestorm 

amplifications. We also observed that amplified regions detected at diagnosis did not substantially 

change at relapse, suggesting that recombination of unstable circular DNA fragments had occurred 

relatively early in tumor development, and that resulting amplifications in manifest tumors are stable 

events, independent of their occurrence as DM, HSR or NC. 

Summary/Conclusions: We demonstrate that high-level amplification of proto-oncogenes, such as 

MYCN and MDM2 in neuroblastoma, occur regularly as exceedingly complex genomic firestorms. 

Despite their variable presentation as DM, HSR or NC, these alterations have a common evolutionary 

path during tumorigenesis, involving an initial chromothripsis event and subsequent recombination of 

extrachromosomal circular DNAs. 
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MS4.4 The transcriptional co-repressor Runx1t1 is essential for N-myc-driven neuroblastoma 

tumorigenesis 

 

** Merged abstracts **  

RUNX1T1: a transcriptional co-repressor that is essential for neuroblastoma development and 

progression 

M.D. Norris 2, P. De Rosa 1, M. Haber 2, G. Perini 1, G.M. Marshall 3, D.J. Hilton 4, J. Collinge 4, B.T. 

Kile 5, J. Rouaen 2, C. Xue 2, F. Salehzadeh 2, L.D. Gamble 2, A.J. Gifford 6, C. Mayoh 2, J. Koster 7, 

F.M. Giorgi 1, J.E. Murray 2, G. Milazzo 1, E. Valli 2 
1 University of Bologna, Bologna, Italy 
2 Children's Cancer Institute Australia, Sydney, Australia 
3 Sydney Children's Hospital, Randwick, Sydney, Australia 
4 Walter and Eliza Institute of Medical Research, Melbourne, Australia 
5 Monash Biomedicine Discovery Institute, Monash University, Melbourne, Australia 
6 Prince of Wales Hospital, Sydney, Australia 
7 Academic Medical Center, University of Amsterdam, Amsterdam, Netherlands 

 

Background/Introduction: Changes in epigenetic regulation are believed to be a major contributing 

factor to neuroblastoma development. Using a large-scale in vivo mutagenesis screen, we have 

shown that a single point mutation in Runx1t1 can block MYCN-driven neuroblastoma growth in Th-

MYCN mice (Murray et al, ANR 2020). Furthermore, crossing Th-MYCN mice with Runx1t1 knockout 

mice, demonstrated that loss of only one functional allele of Runx1t1 is sufficient to prevent 

neuroblastoma development. Runx1t1 thus represents an entirely novel target not previously 

described in neuroblastoma. 

Aims: To elucidate the mechanism by which RUNX1T1 contributes to neuroblastoma development. 

Methods/Materials: Ganglia dissection and H&amp;E staining were performed on mice at 0-4 weeks 

of age. MYCN modulation was achieved using TET21N cells or overexpressing human flagged MYCN. 

A tissue microarray including 66 primary neuroblastomas, 5 ganglioneuroblastomas and 12 
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ganglioneuromas was stained for MYCN and RUNX1T1. RUNX1T1 gene silencing was performed 

using doxycycline inducible shRNA constructs. ChIP-seq and ATAC-seq were undertaken for 

RUNX1T1, and co-immunoprecipitation and mass-spectrometry following transfection with wild-type or 

mutant RUNX1T1-FLAG. 

Results: A prerequisite for neuroblastoma initiation involves MYCN-driven neuroblast hyperplasia 

within the first few weeks following birth in Th-MYCN mice (Hansford, PNAS, 2014). Analysis of 

murine ganglia collected from 0-4 weeks showed that loss of Runx1t1, through either mutation or gene 

knockout, completely reverses this hyperplasia to levels observed in non-transgenic mice. In both 

human neuroblastoma cell lines and primary patient samples, we showed that MYCN does not 

transcriptionally regulate RUNX1T1, but rather drives increased RUNX1T1 protein translation. 

Importantly, silencing of RUNX1T1 using shRNA inducible constructs in Kelly and BE(2)-C cells 

resulted in decreased colony formation in vitro, and a significant inhibition of tumour growth 

(P&lt;0.0001) in vivo, highlighting a role for this gene in progression of human neuroblastoma. ChIP-

seq analysis showed that RUNX1T1 binds primarily within intergenic regions, while ATAC-seq 

following RUNX1T1 silencing in KELLY cells, revealed that RUNX1T1 increased the accessibility of 

chromatin regions located in proximity of H3K27me3, a histone mark associated with gene 

downregulation. Transcriptional profiling and GSEA on both human neuroblastoma and murine coeliac 

ganglia at two weeks of age, revealed that loss of RUNX1T1 correlated with decreased expression of 

MYC pathways and increased expression of H3K27me3-associated genes. Since RUNX1T1 co-

repressor is known to interact with chromatin modifying proteins, we performed co-

immunoprecipitation of either wild-type or mutant RUNX1T1 followed by mass-spectrometry. Wild-type 

RUNX1T1 was found to interact with the neuroblastoma-specific bHLH transcription factor HAND2, 

confirming a similar finding from the RUNX1T1 ChIP-seq. Moreover, wild-type RUNX1T1 was found to 

be a component of a BHC-like complex, a complex mediating repression of neuron-specific genes, 

whereas mutant RUNX1T1 demonstrated decreased binding to a range of these binding partners 

including KDM1A, HDACs, GSE1, TBL1XR1, RCORs, HMG20A. 

Summary/Conclusions: Our results demonstrate that RUNX1T1 is essential for development and 

progression of MYCN-driven murine and human neuroblastoma. It acts by recruiting chromatin 

modifiers that influence the epigenome landscape as well as chromatin accessibility, to repress 

neuron-specific pathway genes and maintain a de-differentiated state, and as such is an exciting new 

molecular target in this disease. 

A large-scale in vivo mutagenesis screen identifies Runx1t1 as a critical gene in the 

development of MYCN-driven neuroblastoma 

J. Murray 1, E. Valli 1, A. Gifford 2, J. Fletcher 1, J. Mackay 3, A. Russell 1, B. Kile 4, J. Collinge 5, G. 

Marshall 1, D. Hilton 5, G. Perini 6, M. Haber 1, M. Norris 1 
1 Children's Cancer Institute, Sydney, Australia 
2 Prince of Wales Hospital, Randwick, Australia 
3 University of Sydney, Sydney, Australia 
4 Monash University, Melbourne, Australia 
5 The Walter and Eliza Hall Institute of Medical Research, Parkville, Australia 
6 University of Bologna, Bologna, Italy 

 

Background/Introduction: MYCN has a clearly established role in driving the pathogenesis of 

neuroblastoma, however, the critical molecular interactions involving MYCN have not been sufficiently 

well defined to allow a clear understanding of how neuroblastoma develops. N-ethyl-N-nitrosurea 

(ENU) is a powerful mutagen that causes heritable mutations in male mice by creating DNA adducts in 

sperm cells. 

Aims: To use ENU mutagenesis in Th-MYCN transgenic mice, in order to identify new 

genes/pathways associated with the development of neuroblastoma. 

Methods/Materials: Male homozygous Th-MYCN mice were injected with ENU, following treatment 

with cyclophosphamide to prolong survival sufficiently for mating with female homozygous mice. A 

heritable point mutation associated with greatly delayed tumour development, was mapped and 

sequenced using exome sequencing and backcrossing to Balb/c and C57BL/6 mice, and shown to be 

in the Runx1t1 gene. NMR spectroscopy was used to characterise the effect of the mutation on the 

RUNX1T1 structure. Runx1t1 knock-out mice (Calabi, F., et al. (2001). Molecular and cellular biology 

21, 5658-5666) were imported and crossed with Th-MYCN mice. 
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Results: Of 1716 viable offspring screened, 50 mice displayed a delay in tumour onset of &gt;7.5 

weeks. In one line, the founder mouse developed a tumour (a teratoma) at 49 weeks of age, an 

unprecedented delay compared to untreated homozygous mice. In this founder line, the tumour 

abrogation phenotype was inherited as a dominant Mendelian trait, with 50% of 22 offspring of this 

founder developing neuroblastoma by 6 weeks and the remainder displaying suppression of tumour 

development - either failing to develop tumours at all (&gt;52 weeks), or in two cases developing 

avascular tumours (18-25 weeks). Mapping and sequencing pinpointed the mutated region to the 

proximal end of chromosome 4, and more specifically in the gene Runt Related Transcription Factor 1; 

Translocated to, 1 (Runx1t1, also known as ETO), a gene involved in the AML1:ETO translocation of 

acute myeloid leukaemia. The Runx1t1 thymine to cytosine point mutation occurred within a highly 

conserved zinc finger domain (Nervy Homology Region 4), and resulted in an amino acid change of a 

tyrosine to a histidine. Analysis by NMR spectroscopy showed complete disruption of the normally 

well-folded zinc finger domain within the mutant peptide. To confirm that the point mutation leads to a 

loss of function, a knock-out model of Runx1t1, with targeted disruption in exon 2, was crossed with 

the Th-MYCN mice. Mice homozygous for MYCN and wild-type for Runx1t1 had almost complete 

tumour penetrance, with 92.08% of the mice developing tumours. However, loss of only one copy of 

Runx1t1 decreased tumour incidence to 6.54%, thus phenocopying the results observed with ENU 

mutagenesis. 

Summary/Conclusions: Using a forward genetic screen, we have identified Runx1t1 as a critical 

gene involved in MYCN-driven neuroblastoma. Although Runx1t1 has not previously been implicated 

in this disease, loss of only one functional allele, either through mutation or deletion, almost completely 

inhibits tumour formation in Th-MYCN mice, making this gene a potentially attractive target for 

neuroblastoma therapy. 

PA5: Heterogeneity in Neuroblastoma 

 
PA5.1 Single cell RNA-sequencing analysis of tumor heterogeneity and dynamic adaptive 

transcriptome changes in a MYCN driven zebrafish model 

L. Depestel 1, V. Olexiouk 1, S. Loontiens 1, G. Dewyn 1, N. Vandamme 2, R. Vanpaemel 1, J. 

Vandesompele 1, Y. Saeys  2, B. De Wilde 1, K. De Preter 1, S. Vanhauwaert 1, K. Durinck 1, F. 

Speleman 1 
1 University of Ghent, Ghent, Belgium 
2 VIB Center for Medical Biotechnology, Ghent, Belgium 

 

Background/Introduction: Neuroblastoma (NB) is a pediatric tumor of the sympathetic nervous 

system with poor survival for high-risk patients. High-risk NB often presents with segmental copy 

number alterations including MYCN amplification in half of the cases. Analysis of molecular events 

during early NB development in NB model systems are typically hampered by the limited accessibility 

and low number of tumor cells. To resolve this issue, we established a protocol for isolation of 

fluorescence based flow sorting of zebrafish NB cells using dβh:eGFP and dβh:MYCN;dβh:eGFP lines 

enabling the collection of a sufficient number of cells for bulk and single cell RNA-sequencing. 

Aims: We aimed to explore the MYCN driven zebrafish NB model to unravel early transcriptional 

adaptive and dynamic changes in tumor cells and microenvironment during MYCN driven tumor 

formation using single cell RNA-seq technology. 

Methods/Materials: eGFP-sorted cells were obtained from tg(dβh:eGFP) and tg(dβh:MYCN; 

dβh:eGFP) zebrafish at different time points. Cells were collected 6 days (early detectable 

sympathoblasts) and 6 weeks (putative hyperplastic lesions) post fertilization by eGFP based FACs 

sorting. For the MYCN overexpressing line, cells were also collected from established full-blown 

tumors. Single cell RNA-seq was performed using the Chromium technology (10X Genomics). Initial 

analysis was performed by preprocessing with Cell Ranger, data was mapped using Alevin. Samples 

were integrated using SCIintegration and subsequent filtering and data analysis was performed using 

both Seurat and SCANpy. 

Results: Zebrafish single NB cells showed a gene signature highly reminiscent of human MYCN 

amplified neuroblastoma which dynamically evolved over the three time points analyzed. This dynamic 

flux is currently under detailed study to identify key alterations occurring during tumor progression. 

Remarkably, we found two distinct tumor cell populations with enrichment for MYCN/MYC gene sets 

but with either high human MYCN transgene or zebrafish endogenous mycn expression, thus 
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revealing an unexpected and hitherto not reported aspect of tumor heterogeneity in this model system. 

We also analyzed eGFP negative tumor associated cells representing tumor microenvironment 

derived cells. A comparative analysis with single cell RNA-seq data obtained from unsorted MYCN 

driven zebrafish tumors and human high-risk human NB samples is underway. We conclude that 

FACs sorting of tumor cells improved the analytical power of single cell analysis to more accurately 

map early tumor forming transcriptome alterations by avoiding dilution of signatures through non-tumor 

cell types.  

Summary/Conclusions: We present for the first time a single cell based transcriptome landscaping of 

zebrafish MYCN driven neuroblastoma tumor heterogeneity and use this resource to model the 

dynamic and putative adaptive transitions in NB transcriptomes during the formation of established 

tumors. Using this data source, we will investigate the cell of origin and capture early genetic co-

drivers. 

 

PA5.2 Cross-talk between Tumor Associated Macrophages (TAM) and Cancer Associated 

Fibroblasts (CAF) in Neuroblastoma (NB) Contributes to a Pro-tumorigenic Microenvironment 

(TME) that Promotes TAM survival and immune escape 

A. DeClerck 1, T. Porrras 1, K. Louault 1, S. Muthugounder 1, E. Fernandez 1, L. Blavier 1, S. 

Asgharzadeh 1, H. Shimada 1 
1 Children's Hospital Los Angeles-USC, Los Angeles, USA 

 

Background/Introduction: A major challenge in NB therapy is to understand the mechanisms leading 

toward therapeutic resistance and immune escape. These processes are deeply influenced by the 

TME and in particular, as shown previously by our group, the presence of TAM and bone marrow 

derived mesenchymal stromal cells (MSC) that share phenotypic and functional characteristics of CAF 

(MSC/CAF). 

Aims: To determine the mechanisms by which TAM and MSC/CAF (stromal cells) cooperate to 

promote resistance and immune escape in NB tumors 

Methods/Materials: We used a combination of five antibodies (anti CD163, anti CD31, anti SMA, anti 

CD105 and anti Phox2B) in multiplex immunohistochemistry on formalin fixed paraffin embedded 

primary NB tumors to qualitatively and quantitatively examine the presence of TAM, and MSC/CAF 

and their interaction with tumor cells. We studied the interaction between NB cells (one MYCN-NA and 

two MYCN-A cell lines) and fresh peripheral blood monocytes from healthy donors and three primary 

MSC/CAF cell lines (healthy donor, patient bone marrow, and primary NB tumor) in in vitro co-cultures. 

Analysis of cytokines and chemokines released was done at the RNA level by qRT-PCR and at the 

protein level by ELISA on the conditioned media. Phospho-protein analysis was used to identify 

pathways activated in NB cells. 

Results: An analysis of 17 untreated primary NB tumors revealed the presence of TAM and MSC/CAF 

in 14 tumors but a significant degree of inter-tumoral heterogeneity. The stromal cells differed in their 

distribution with TAM being present closely associated with NB cells and MSC/CAF being present in 

the stroma surrounding tumor nodules. In in vitro experiments, we observed that MSC/CAF cultured 

alone or in the presence of NB cells or their conditioned medium prevented apoptosis in monocytes. 

We then demonstrated that when cultured alone NB cells did not secrete significant amount of 

cytokines and chemokines. However, when co-cultured with TAM and MSC/CAF several pro-

tumorigenic cytokines like TGFβ1, IL-6, IL-8, IL-10, M-CSF, LIF and MCP1 were detected in the 

culture medium (some &gt;4-fold increase) or by qRT-PCR (&gt;2-fold increase) in the absence of anti-

tumorigenic cytokines such as TNFα,IFNγ, IL-11, IL-12 and IL-20. Whereas both TAM and MSC/CAF 

each stimulated cytokine production, a maximum effect was observed in the presence of both stromal 

cells cultured together with NB cells. In the case of the MYCN-NA cell line, at the exception of TGFβ1, 

TAM and MSC/CAF were the source of the cytokines whereas in the case of MYCN-A cell lines, both 

tumor cells and stromal cells were the source of production. The presence of these cytokines in the 

medium, induced the activation of several signalling pathways in NB including STAT-3, MAPK1/2 and 

SMAD that promoted survival and immune escape. 

Summary/Conclusions: The data point to the heterogenous nature of the TME landscape in NB and 

to the cooperation between TAM and MSC/CAF in their contribution to a protumorigenic TME. The 

analysis of the presence of these cells and of the pathways they activate in NB tumors should provide 
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important information in the design of therapeutic approaches that simultaneously address drug 

resistance and immune escape. 

 

PA5.3 Self-renewing neuroblastoma cells of the bone marrow share a mesenchymal phenotype 

which is associated with poor outcome: an NCRI CCL CSG Neuroblastoma Group Study 

S.A. Burchill 1 

A. Berry 1, E. Roundhill 1, C. Cullinane 2, M. Elliott 3, D. Tweddle 4, J. Gray 5, R. Ladenstein 6 
1 University of Leeds, Leeds, United Kingdom 
2 St James's University Hospital, Leeds, United Kingdom 
3 Leeds General Infirmary, Leeds, United Kingdom 
4 Northern Institute for Cancer Research, Newcastle Upon Tyne, United Kingdom 
5 University of Southampton, Southampton, United Kingdom 
6 CCRI/St. Anna Children’s Hospital, Vienna, Austria 

 

Background/Introduction: Neuroblastoma cells in the bone marrow are a hallmark of high-risk 

disease in children over the age of 1 year, identifying children for more intensive treatment at 

diagnosis and being a frequent site of relapse. For some children the elimination of these cells is one 

of the greatest challenges for cure. 

Aims: To characterise neuroblastoma cells that are capable of self-renewal from bone marrow 

aspirates to identify candidate biomarkers of risk and targets for the design of new treatments. 

Methods/Materials: Neuroblastoma cells were isolated from bone marrow aspirates collected at 

diagnosis from children with stage M high-risk disease using immune-magnetic bead selection for the 

cell surface disialoganglioside GD2; CCLG biological study 2019 BS05. The number of GD2 positive 

cells was recorded and cells characterised by immunocytology for adrenergic, neuronal and 

haemopoietic markers. Single cell self-renewing neuroblastoma cells were identified by seeding 1 cell 

into each well of 10 Primeria™ 96 well plates (960 single cells; Poisson distribution probability of 

λ&lt;1=0.9) and the number of wells containing ≥5 cells recorded after 21 days by light microscopy. 

RNA was extracted from clones and paired-end sequencing performed on the Illumina® Hiseq3000. 

Using a bespoke RNA-sequencing pipeline we identified cell-surface proteins that might be good 

targets for the development of new treatments. Expression candidates was confirmed in bone marrow 

aspirates and trephines by immunocytology and immunohistochemistry respectively and their 

prognostic potential explored.  

Results: Median infiltration of bone marrow aspirates with GD2 positive neuroblastoma cells at 

diagnosis was 7% (range 0 – 60%; n=100). Expression of the neuroblastoma markers was 

heterogeneous. Neuroblastoma cells did not express the haematopoietic markers CD45 or CD57. At 

diagnosis high infiltration of bone marrow aspirates with GD2 positive neuroblastoma cells was 

predictive of a worse event free survival as previously reported, as was infiltration with PHOX2B 

expressing cells (chi2 6.75, p = 0.009, n=62). Total RNA sequencing revealed that single cell self-

renewing clones shared a mesenchymal signature that included high expression of vimentin, 

fibronectin 1, paired related homeobox 1 (PPRX1), periostin and YAP1. Protein expression of the 

mesenchymal markers PRRX1 and periostin was confirmed on cytospins of bone marrow aspirates 

and bone marrow trephines. High infiltration of bone marrow with periostin expressing cells was 

associated with a two-fold increased risk of an event; event-free survival hazard ratio 2.2, p=0.008, 

95%CI 0.9 – 5.7 and over-all survival hazard ratio 2.7, p=0.05, 95%CI 0.9-7.7.  

Summary/Conclusions: Neuroblastoma cells in the bone marrow contain two divergent 

transcriptional phenotypes consistent with an adrenergic or mesenchymal lineage. Self-renewing drug 

resistant cells share a mesenchymal signature which may be associated with poor outcome. The 

prognostic significance of mesenchymal markers should be investigated further in prospective studies. 

 

PA5.4 The landscape and evolution of somatic mutations captured in the NEPENTHE precision 

medicine clinical trial for relapsed high-risk neuroblastoma 

E.R. Berko 1, S.W. Brady 2, M. Welsh 1, C. Casey 1, A. D’Aulerio 1, A. Daniels 1, A. Farrel 1, A. 

Fitzsimmons 1, M. Gemino-Borromeo 1, J. Saggio 1, M.M. Li 3, J.M. Maris 3, J. Zhang 2, Y.P. Mosse 3 
1 Children's Hospital of Philadelphia, Philadelphia, USA 
2 St. Jude Children's Research Hospital, Memphis, USA 



 

37 
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Background/Introduction: Patients with relapsed high-risk neuroblastoma (HR NBL) remain largely 

incurable despite a dramatic increase in our knowledge of the genetic basis of the disease. Genomic 

profiling of paired diagnostic and relapsed tumor samples demonstrates a paucity of targetable 

mutations at diagnosis but significantly higher rates of clonal mutation in relapsed disease, suggesting 

that the emergence of resistant subclones drives relapse. Understanding the mechanisms of this 

tumor evolution is necessary to develop superior therapeutic options that prevent resistance and target 

driver mutations. 

Aims: NEPENTHE (Next Generation Personalized Neuroblastoma Therapy) is a pediatric precision 

medicine trial that matches genomic aberrations in NBL cells at the time of relapse to rationally 

designed combinations of molecularly targeted agents. In its therapeutic arm, the trial assesses the 

safety, toxicity, and anti-tumor efficacy of 3 combinations of targeted therapies. For the correlative 

studies comprising the molecular arm of the trial, we aim to understand the evolutionary genomic 

landscape of HR NBL from diagnosis through treatment and relapse, and establish patient derived 

xenografts (PDXs) from these patients for preclinical testing of rational drug therapies. 

Methods/Materials: Patients with relapsed HR NBL undergo biopsy at the time of trial enrollment with 

real-time gene panel molecular profiling of the tumor tissue for therapy assignment with the 

FoundationOne platform. Residual tissue as well as retrospective tumor and normal samples are 

obtained and subjected to whole exome sequencing (WES) and RNA sequencing. For PDX 

establishment, viable tumor tissue is injected with Matrigel into the flanks of NSG mice and propagated 

with serial passaging. 

Results: Fifty-one patients have enrolled on NEPENTHE to date. The molecular profiling data 

currently available from 49 patients confirms higher rates of clonal mutation in relapsed patients, with 

22% harboring the R1275, F1174, or F1245 mutations or amplifications in ALK. An additional 10% of 

patients possess mutations in the RAS-MAPK pathway (BRAF or NF1), 8% harbor copy number 

aberrations (CNAs) in CDKN2A or CDK4/6, 7% have TERT promoter mutations, 5% have variants or 

CNAs in ATRX, and 4% harbor TP53 mutations. In parallel, we have performed WES and RNA 

sequencing on a total of 167 samples from 23 enrolled patients, including tissues from 12 established 

PDX models. Preliminary analysis of these data shows that many of these clonal variants are relapse 

specific and acquired throughout the course of therapy. Moreover, lesions from serial timepoints 

sampled from differing metastatic sites show divergent evolutionary trajectories with corresponding 

transcriptional changes, as well as chemotherapy signatures of treatment. 

Summary/Conclusions: Serial exome and RNA sequencing from patients with relapsed HR NBL 

demonstrate patterns of tumor evolution leading to resistant and relapsed disease. Our data 

underscore the complexity of temporal and spatial tumor evolution, as well as the limitations of single 

site biopsy and the need for development of further assays, such as circulating tumor DNA, to more 

efficiently capture patient tumor heterogeneity at diagnosis and throughout treatment. 
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PA6:Targeted therapy 
 

PA6.1 APR-246, which Restores p53 Function, is Highly Active against Alternative Lengthening 

of Telomere (ALT) Neuroblastoma Cell Lines and PDXs 
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Background/Introduction: Most cancers proliferate by activating telomerase. Some cancers employ 

the non-telomerase ALT mechanism and about 20% of high-risk neuroblastomas are ALT+. ALT in 

neuroblastoma has been associated with resistance to DNA damaging agents, p53 loss-of-function 

(p53LOF), ATRX mutations, and very poor survival. We showed that ATM kinase, which activates 

functional p53, is constitutively activated in ALT neuroblastoma cell lines and PDXs. We hypothesized 

that constitutive activation of ATM would selectively sensitize ALT neuroblastomas to p53 reactivation 

by APR-246. 

Methods/Materials: In vitro cytotoxicity was assayed by DIMSCAN digital imaging microscopy, 

ATM/ATR activation by immunofluorescence microscopy, and protein expression by western blotting. 

Subcutaneous patient-derived xenografts (PDXs) and cell line-derived xenografts (CDXs) in nu/nu 

mice were treated with APR-246 and irinotecan. 

Results: ALT, p53LOF neuroblastoma cell lines were significantly (p&lt;0.0001) less sensitive to DNA-

damaging agents relative to telomerase+ p53LOF comparators. We observed higher (p&lt; 0.005) 

phosphorylation of ATM/ATR kinases (involved in DNA-damage signaling at telomeres) in ALT relative 

to TERT+ cell lines. ALT, p53LOF neuroblastoma cell lines showed significantly higher cytotoxicity in 

response to the clinical-stage p53 reactivator APR-246 (p&lt;0.0001) compared to telomerase+ 

p53LOF neuroblastoma cell lines, despite no significant difference in basal p53 levels (p=0.48). 

Induction of telomere dysfunction in a TERT+, p53LOF neuroblastoma cell line using dominant-

negative TRF2 (a shelterin protein that blocks ATM activation via phosphorylation at telomeres) 

activated ATM and sensitized the cells to APR-246 (&gt;70% reduction in IC90, p&lt;0.01). Chemical 

inhibition of ATM or ATR kinase antagonized APR-246 in ALT cell lines with a mean 2.3-fold increase 

in APR-246 IC50 (p&lt;0.0001). Knockdown of ATM kinase (shRNA) similarly antagonized APR-246 

cytotoxicity. ALT neuroblastoma cell lines treated with clinically-achievable levels of APR-246 showed 

p53 phosphorylation and induction of the downstream p53 targets p21 (involved in induction of cell 

senescence) and NOXA (promotes activation of caspases and apoptosis). APR-246 enhanced the 

cytotoxicity of irinotecan (as SN38) in ALT cell lines in vitro to a much higher degree than seen in 

TERT+, p53LOF cell lines (p&lt;0.001). Single-agent APR-246 significantly (p&lt;0.01) increased 

event-free survival (EFS) of three ALT neuroblastoma CDXs/PDXs relative to controls. APR-246 

enhanced the activity of irinotecan in 2 neuroblastoma ALT+ CDX models with most mice (14/18) in 

maintained complete response at 100 days compared to no complete responses and progression at 

&lt; 60 days in mice treated with only irinotecan (p&lt;0.0001). APR-246 + irinotecan had no significant 

effect (p=0.4) on EFS in a TERT+, p53LOF neuroblastoma PDX relative to irinotecan alone (EFS &lt; 

40 days). 

Summary/Conclusions: The constitutive activation of ATM/ATR kinases together with p53 LOF found 

in ALT neuroblastomas results in a high sensitivity to restoring p53 function with APR-246. APR-246 

warrants clinical testing in patients with ALT+ neuroblastoma. 

 

PA6.2 Integration of High-Throughput Drug Screening on Patient-Derived Organoids into the 

Princess Máxima Center iTHER Precision Medicine Program: The Future is Now! 

K. Langenberg 1, S. Van Hooff 1, M.E.M. Dolman 1, J.J. Molenaar 1, C.M. Zwaan 1, O. Witt 2, S. Pfister 
2, D. Jones 2, M. Van Noesel 1, G.A.M. Tytgat 1, N.K.A. Van Eijkelenburg 1, B. Goemans 1, R. 

Volckmann 3, D. Zwijnenburg 3, J. Van der Hoek 1, A. Essing 1, K. Ober 1, B. Koopmans 1, G. Schild 1, 

W. Breunis 1, J. Strijker 1, W. Kholosy 1 
1 Princess Máxima Center, Utrecht, Netherlands 
2 Hopp Children’s Cancer Center (KiTZ) and German Cancer Research Center (DKFZ), Heidelberg, 

Germany 
3 AMC, Amsterdam, Netherlands 

 

Background/Introduction: One of the most promising options to improve outcomes for pediatric 

cancer patients with relapsed or refractory disease is through molecular profiling guided treatment 

approaches. However, only 50% of these tumors harbor actionable events according to the first results 

of pediatric precision medicine programs. Compound screening on organoids grown from patient-

derived tumor tissues might reveal additional treatment options. As a proof-of-concept study we have 
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generated tumor organoid models of relapsed neuroblastoma patients in our iTHER program to test a 

190-compound screen. Data was referred to a large cohort of neuroblastoma cell lines that was 

exposed to the same library and compared to genomic patterns and clinical characteristics in the 

online R2 bio portal. 

Aims: To establish a neuroblastoma specific organoid model for high-throughput drug screening within 

a pediatric precision medicine program to confirm or exclude drug sensitivity and to identify additional 

treatment options. 

Methods/Materials: The Princess Máxima Center individualized THERapies program (PMC-iTHER) 

performs comprehensive molecular profiling (WES, lcWGS, RNAseq, Affymetrix microarray and 

methylation profiling - INFORM pipeline) on biopsy samples of primary very high risk or 

relapsed/refractory patients. Data are analyzed using the R2 bioinformatic platform and 

recommendations are made by a national Multidisciplinary Tumor Board. Simultaneously, tumor-

derived organoid cultures are generated and exposed for 5 days to a 190-compound library. Effects on 

cell viability are assessed using CellTiter-Glo and organoid DNA/RNA is profiled through the same 

pipeline to compare molecular events. The same compound screen and profiling was performed on a 

neuroblastoma cell line panel (N=23) to generate a reference dataset. 

Results: To date, 171 patients have been enrolled in the iTHER trial including 35 neuroblastoma. For 

86% of the included neuroblastoma patients, one or more actionable events with priority score 

intermediate or higher could be identified, most frequently aberrations in the RAS-MAPK and cell-

cycle-checkpoint pathways. In addition, samples showed high mutational burden, supporting 

immunotherapy treatment. In 23% of the cases, patients received matching targeted therapy based on 

molecular profiling results (crizotinib; ribociclib) with stable disease as best response. 

Isolation and in vitro growth of neuroblastoma organoids has been optimized by comparing culture 

conditions with varying growth factors based on the expression of growth factor receptors and 

matching ligands in neuroblastoma organoid cultures versus neuroblastoma biopsies and healthy 

tissues. Adding human plasma to the culture medium resulted in the formation of a 3D matrix, allowing 

the growth of single-cell derived neuroblastoma spheres. Neuroblastoma organoids retained molecular 

features of the parental tumor. High-throughput drug screening with 0.1 nmol/L-10 µmol/L 

concentration of all compounds of the first 10 neuroblastoma organoids (5 from relapsed and 5 from 

primary) was compared to reference data of 23 fully characterized neuroblastoma cell lines. Data 

analysis using modified AUC, IC50, LC50 and Z-scores over the cohort confirmed sensitivity to drugs 

targeting known driving molecular events such as ALK and NRAS. Additional treatment options in 

DNA damage repair with clinically significant concentrations could be identified for patients without 

relevant molecular targets. 

Summary/Conclusions: Patient-specific drug testing on neuroblastoma tumor organoids is a feasible 

model to confirm as well as exclude drug sensitivity and explore new therapeutic options for children 

with neuroblastoma. Clinical benefit will be evaluated in our upcoming clinical trial iTHER 2.0. 

 

PA6.3 Zero Childhood Cancer (ZERO): A comprehensive precision medicine platform for high-

risk cancer including relapsed/refractory high-risk neuroblastoma 

T.N. Trahair 1, A. Kamili 2, R. Cadiz 2, J. Xie 2, E. Mould 2, P. Barahona 2, S. Chow 3, T.W. Failes 3, A.J. 

Gifford 4, S. Alfred 2, P. Trebilcock 2, D. Batey 2, D. Grebert-Wade 2, J.Y. Lim 2, E. Dolman 2, A. 

Sherstyuk 2, P. Strong 2, M.J. Cowley 2, M. Wong 2, P. Ekert 2, D.A. Khuong-Quang 5, C. Mayoh 2, A. 

Kumar 6, T. O'Brien 1, K. Tucker 7, M. Warby 7, M.D. Norris 2, M. Haber 2, R.B. Lock 2, V. Tyrrell 2, G.M. 

Marshall 1, D.S. Ziegler 1, L.L. Lau 1, G.M. Arndt 3, J.I. Fletcher 2 
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7 Hereditary Cancer Clinic, Prince of Wales Hospital Randwick, NSW Australia 

 

Background/Introduction: Children with high-risk cancer, particularly those with relapsed/refractory 

high-risk neuroblastoma (HR-NB), have poor survival with conventional salvage approaches including 
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enrolment on early phase clinical trials. The majority of precision medicine programs have focused on 

identifying targetable vulnerabilities by matching genomics with molecularly targeted agents. In 

contrast to adult cancer, children’s cancers display distinct molecular profiles, encompassing 

aberrations in different pathways, lower rates of single nucleotide mutations, and a prevalence of 

structural rearrangements. As a result, isolated genomic analysis may not effectively identify 

therapeutic options for children with high-risk cancer. 

Aims: For the Zero Childhood Cancer Program (ZERO), we hypothesized that a multifaceted precision 

medicine platform combining comprehensive genomics, personalized cancer modelling and high-

throughput drug screening (HTS) would increase the percentage of high-risk cancer patients for whom 

a therapeutic recommendation could be made. 

Methods/Materials: Eligibility for ZERO participation is any newly diagnosed, relapsed or refractory 

cancer with expected overall survival &lt;30%, which includes patients with relapsed/refractory HR-NB. 

The ZERO platform combines whole genome sequencing (tumor, germline DNA), whole transcriptome 

RNA sequencing, methylation profiling (brain tumors and sarcomas), in vitro single agent HTS (125 

compound library) and patient-derived xenograft (PDX) drug efficacy testing. Results are curated and 

recommendations (targeted therapy, change of diagnosis or genetics referral for a germline cancer 

predisposition gene alteration) are made by a national Multidisciplinary Tumor Board (MTB). 

Results: TARGET, a 2-year feasibility pilot clinical trial of the ZERO platform was completed in 2017 

and a national, multicenter, prospective clinical trial, PRISM (PRecISion Medicine for Children with 

Cancer) has been open in all 8 Australian children’s cancer centers since September 2017. PRISM 

has enrolled 274 patients across the broad spectrum of HR cancers including central nervous system 

tumors (39%), sarcoma (27%), leukemias/lymphomas (15%), neuroblastoma (8%) and other rare 

tumors (11%). 

Twenty-six participants with relapsed/refractory HR-NB have been enrolled on the TARGET/PRISM 

trials. The median age of HR-NB participants is 7y (range 1-31y) with a slight predominance of 

females (15) to males (11). Actionable somatic variants were identified in 12 (46%) and actionable 

germline alterations in 4 (15%, CHEK2, BRCA2, HOXB13), one of which had been previously 

identified. At least one therapeutic recommendation has been made by the MTB for 16 participants 

(62%) based on genomic data and/or HTS. The most common therapeutic recommendations included 

ALKi (n=4), MEKi (n=4), ERRBi (n=3), mTORi (n=2), and PARPi (n=2). So far 4 of 16 participants 

(25%) have received MTB recommended therapy (all ALKi). Currently 17 (65%) patients with HR-NB 

enrolled on TARGET/PRISM are alive. 

Summary/Conclusions: ZERO demonstrates the feasibility of a comprehensive precision medicine 

platform to identify actionable treatment &amp; germline recommendations in the majority of 

relapsed/refractory HR-NB patients. ZERO is partnering nationally and internationally to expand 

datasets and conduct parallel research studies in immunoprofiling, liquid biopsy, psychosocial impact 

of pediatric precision medicine, health economics and health implementation. The PRISM trial is 

expected to recruit ~400 patients by the end of 2020 and plans for enrolment expansion are underway 

due to the high engagement and clinical demands of the Australian pediatric oncology 

 

PA6.4 Synergistic antitumor effects of combining selective CDK7 and BRD4 inhibition in 

neuroblastoma 

M. Krajewska 1, Y. Gao 1, N. Nasholm 2, N. Kwiatkowski 1, B. Abraham 3, T. Zhang 1, N. Gray 1, R. 

George 1 
1 Dana-Farber Cancer Institute, Boston, USA 
2 University of California, San Francisco, USA 
3 St. Jude Children's Research Hospital, Memphis, USA 

Background/Introduction: Cyclin-dependent kinase 7 (CDK7) with roles in transcription initiation and 

cell cycle progression has been recognized as a therapeutic target in cancer. We have previously 

shown that inhibition of CDK7 with THZ1, leads to striking cytotoxicity in mouse models of high-risk 

neuroblastoma (NB) driven by downregulation of super-enhancer-associated with oncogenic drivers. 

However, potent off-target activity of THZ1 on CDK12/13 also contributed to this phenotype. 

Aims: Investigate the therapeutic potential of a novel, selective CDK7 inhibitor, YKL-5-124 in pre-

clinical models of NB. 

Methods/Materials: Established cell line and patient-derived xenograft (PDX) models of human NB. 

Results: Using a novel, highly selective covalent inhibitor of CDK7, YKL-5-124, we demonstrate that 
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selective inhibition of CDK7 has no effect on C-terminal domain (CTD) phosphorylation of RNA Pol II. 

Rather, we observe that YKL-5-124 significantly inhibits CDK1 and CDK2 T-loop phosphorylation in 

NB cells. Consistent with these findings, CDK7 inhibition with YKL-5-124 leads to aberrant cell cycle 

progression and DNA replication stress without the induction of extensive apoptosis. We next 

identified that combining YKL-5-124 with inhibitors of the bromodomain-containing protein 4 (BRD4), 

further potentiates the effect of YKL-5-124 on DNA synthesis and induces apoptosis in NB cells. This 

translates to significant tumor regression in both established cell line and patient-derived xenograft 

mouse models (PDX) of NB with tolerable toxicity. We determined that cytotoxicity of combination 

treatment was associated with inhibition of RNA Pol II transcription. RNA-sequencing analysis 

identified effects on genes involved in DNA replication and the TP53 pathway. 

Summary/Conclusions: Taken together, our findings suggest that combined inhibition of CDK7 and 

BRD4 provide a novel therapeutic option for NB. Ongoing work is focused on understanding the 

mechanism underlying such synergistic cytotoxicity. 

PA7: Liquid biopsies 
 

PA7.1 Combined blood and bone marrow cell-free DNA and disseminated tumor cell detection 

for sensitive response monitoring and early relapse detection in high-risk neuroblastoma 

patients 

T. Gerber 1, M. Bernkopf 1, S. Fiedler 1, A. Buder 2, L. Saloberger-Sindhoeringer 1, M. Berneder 1, B. 

Brunner-Herglotz 1, A. Zimmel 1, A. Ziegler 1, R. Ladenstein 1, I.M. Ambros 1, P.F. Ambros 1, S. 

Taschner-Mandl 1 
1 St. Anna Children's Cancer Research Institute, Vienna, Austria 
2 Medical University of Vienna, Vienna, Austria 

 

Background/Introduction: To monitor treatment response and detect the occurrence of minimal 

residual disease (MRD) during therapy and a possible relapse early, minimally invasive liquid biopsy 

methods are increasingly applied. As more than 95% of high-risk neuroblastoma patients show 

disseminated tumor cells (DTCs) in the bone marrow (BM) at diagnosis, detection of DTCs in BM 

using automated immunofluorescence plus FISH (AIPF) is used for highly sensitive MRD detection. 

However, in case of relapses outside the BM, disease detection in this compartment may fail. 

Aims: We therefore combined DTC detection with MYCN and ALK analysis in cell free DNA from 

blood and bone marrow plasma and investigated (1) response at mid and end of induction therapy, (2) 

the feasibility as combined approach for MRD monitoring and (3) whether relapse/progression can be 

diagnosed early. 

Methods/Materials: Hotspot mutations of the ALK gene, MYCN amplification and other copy number 

changes were investigated by ddPCR in total 358 cell free DNA (cfDNA) samples from blood and 218 

cfDNA from bone marrow aspirate plasma samples of 19 high-risk neuroblastoma patients. On 

average 19 sequential blood cfDNA and 11 BM cfDNA samples were analyzed per patient. ddPCR 

results were combined with the corresponding BM DTC state as determined by AIPF using GD2 and 

CD56, and compared to clinical response parameters assessed at the same timepoint. 

Results: Our study showed a significant reduction of cfDNA markers in response to therapy in blood 

and BM mid and end of induction therapy. Parallel DTC analysis showed similar response kinetics. 

Further, we determined robust cut-offs for each ddPCR assay and detected positive signals in 24 out 

of 90 cfDNA samples. In 5 patients tumor markers were only found in blood and BM cfDNA and BM 

aspirates were free of DTCs. Vice versa in 14 of 90 samples, MRD was exclusively detected by DTC 

analysis, however these cases presented with DTC infiltration below 500 cells per million. At time 

points where clinical response evaluation is available metastatic as well as complete response will be 

correlated with the response in liquid biopsies. However, we were able to detect 9 of 15 

relapses/progressions in blood cfDNA at or even before the clinical manifestation. Remarkably, in one 

case of local relapse without BM involvement, elevated MYCN copy numbers (10 copies/reference) 

were detected in blood cfDNA six weeks before clinically confirmed relapse. 

Summary/Conclusions: The combined analysis of genetic markers and drug targets in blood and 

bone marrow plasma cfDNA and DTC enumeration is a sensitive approach for monitoring minimal 

disease and allows early detection of relapse. cfDNA analysis is especially crucial in patients with 

localized relapse or when clinical response evaluation fails to detect the onset of disease progression. 

Thus, liquid biopsy analysis will be an important component of NB diagnostics. 
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PA7.2 Detection of actionable genetic alterations in cell-free DNA of neuroblastoma patients 

enrolled in the MAPPYACTS study 
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2, G. Schleiermacher 1 
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Background/Introduction: Cell-free DNA (cfDNA) is increasingly used for molecular characterization 

of cancer, enabling both the identification of molecular alterations and correlation with disease burden, 

but to date such data has not been used in a clinical setting in pediatric cancers at relapse, such as 

Neuroblastoma (NB). 

Aims: MAPPYACTS (NCT02613962) is a molecular profiling trial for children and adolescents with 

recurrent/refractory malignancies, with a relapse-specific, on-purpose tumor biopsy/surgery studied by 

whole exome sequencing (WES, 150x, tumor/germline) and RNAseq, and treatment recommendations 

provided by a clinical molecular tumor board based on the molecular tumor profile. Within an ancillary 

study, in addition to the molecular characterization of the tumor, plasma was collected at the time of 

tumor biopsy to determine the feasibility of molecular characterization based on the study of cfDNA. 

Methods/Materials: Among 500 patients enrolled in MAPPYACTS, for 254 patients with extracranial 

solid tumors, including 44 neuroblastoma (NB) patients, cfDNA was extracted from plasma (volume 

300-2000 µl) using a Qiagen® cfDNA kit. CfDNA WES was performed using a Roche Medexome® 

modified protocol, with 100bp paired-end sequencing (Novaseq®) for an expected coverage of 100x. 

Alignment to the reference genome was done using bowtie2. Copy number profiles were generated 

using Sequenza and Facets, enabling also the determination the fraction of circulating tumor DNA 

(ctDNA) in the total cfDNA. Single nucleotide variations (SNVs) were called with GATK 

Haplotypecaller &amp; Genotyper; variants with a coverage of at least 20x and 2 alternate reads were 

retained. SNVs were confirmed using Integrative Genomics Viewer (IGV). Results were compared 

both to the germline and the primary tumor to determine somatic and potentially ctDNA-specific 

alterations. 

Results: cfDNA amounts were higher in NB patients than in other pediatric cancer patients (NB 

patients: mean 144 ng/mL of plasma (range 7-1338); other cancer patients: mean 46 ng/ml (range 0-

475), t.test=0.017). CfDNA analysis was deemed contributive in 27 of 44 cases, based on the 

detection of either somatic copy number changes, or SNVs, or both, with 3 cases being contributive 

only in plasma but not in the analyzed tumor material. 

Actionable genetic alterations were detected in 20 of 44 cfDNA samples and included copy number 

alterations (for instance CDK4-MDM2 amplification, CCND1 amplification or CDKN2A deletion) and/or 

SNVs (for instance ALK, SMARCA4 or ATRX mutations). A total of 87 actionable alterations were 

detected, with 46 common to cfDNA and tumor.Eleven actionable alterations were specific to tumor, 

whereas 30 were observed only in cfDNA but not in the tumor, including alterations targeting BRCA2 

or ATRX. 

Summary/Conclusions: In NB patients enrolled in the MAPPYACTS trial, cfDNA WES enabled 

contributive results in 27 of 44 (61%), and 20 of 27 (74%) of the contributive samples presented at 

least one actionable molecular target, of which 30 of 87 (34%) were cfDNA-specific, highlighting the 

importance of spatial genetic heterogeneity in NB. These results provide proof of principle for the 

feasibility of cfDNA analysis in particular for NB patients within pediatric precision medicine trials. 

 

PA7.3 Hypermethylated RASSF1A and tumor specific DNA breakpoints as circulating tumor 

markers for detection of minimal residual disease 

L.M.J. Van Zogchel 1, N.S.M. Lak 1, E.M. Van Wezel 2, I Sergeeva 3, H. Feitsma 3, J. Stutterheim 1, 

W.M. Kholosy 1, J.J. Molenaar 1, E. Splinter 3, M Van Min 3, C.E. Van der Schoot 2, G.A.M. Tytgat 1 
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Background/Introduction: Circulating tumor DNA (ctDNA) has been used for disease monitoring in 

several types of cancer. However, most current methods to detect ctDNA in neuroblastoma lack the 

sensitivity, needed for minimal residual disease (MRD) detection during and after treatment. 

Neuroblastoma tumors lack recurrent mutations, but chromosomal breakpoints and methylation 

changes are common in high-risk tumors. Tumor-specific breakpoints can be identified by Targeted 

locus amplification (TLA) technology (de Vree, 2014). TLA is a technique that selectively amplifies and 

sequences entire genes on the basis of crosslinking of physically proximal DNA loci. These 

breakpoints could potentially be used for personalized MRD detection. Previously, our group also 

demonstrated that the RASSF1A gene is inactivated by hypermethylation in all stage M and MS and in 

86% of localized neuroblastoma tumors. With the absence of recurrent mutations in neuroblastoma, 

detection of hypermethylated RASSF1A (RASSF1AM) is a potentially attractive biomarker for diagnosis 

as well as follow-up. 

Aims: To show feasibility of sensitive ctDNA detection for MRD testing, with both tumor specific 

breakpoint markers and hypermethylated RASSF1A as a more generic marker. 

Methods/Materials: Plasma was collected from patients with neuroblastoma at diagnosis (n=47) and 

during treatment and follow up (n=180). Initially, cell free DNA (cfDNA) was isolated, bisulfite treated 

and tested by qPCR for actin beta (ACTB), unmethylated and methylated RASSF1A (35 diagnostic 

and 121 follow-up neuroblastoma samples. Subsequently, a droplet digital PCR (ddPCR) method for 

RASSF1AM and ACTB, including a methylation-specific restriction enzymatic digestion, was applied on 

the remaining samples to ensure accurate quantification and reducing bisulfite induced cfDNA loss. A 

threshold for detection of RASSF1AM was established by testing plasma from adult and pediatric 

controls (73 by qPCR, 25 by ddPCR). For 4 patients, DNA from tumor-derived organoids was used to 

identify tumor specific breakpoints by TLA. These breakpoints were used to design tumor- and patient-

specific ddPCR assays, which were tested on sequential plasma samples. 

Results: The total cfDNA level (ng/mL; median) was significantly higher in patients with metastatic 

neuroblastoma (84.0) and localized neuroblastoma (34.4) compared to healthy adult controls (2.2), but 

not significantly different from pediatric controls (6.9). CtDNA was present in all patients with 

metastatic neuroblastoma, with a median percentage of 80% of total cfDNA. RASSF1AM was detected 

in 10/21 localized neuroblastoma (median of 8.4% ctDNA). TLA-based breakpoint sequences could be 

translated into functional ddPCR assays for all 4 patients. CtDNA levels (RASSF1AM or breakpoint 

assay) decreased during therapy and re-appeared at relapse. Interestingly, in 4 patients we were able 

to detect elevated ctDNA (RASSF1AM or breakpoint assay) prior to relapse or disease progression. 

Summary/Conclusions: Our findings demonstrate the value of RASSF1AM and DNA breakpoints as 

molecular circulating tumor markers in neuroblastoma. We developed a sensitive and quantitative 

ddPCR-based assay for RASSF1AM detection. Furthermore, we were able to develop patient-specific 

breakpoint assays for ddPCR after TLA-based breakpoint identification. Based on the data presented, 

RASSF1A hypermethylation and DNA breakpoints are interesting biomarkers for MRD detection in 

neuroblastoma 
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Figure 1  

 

PA7.4 Combining genomics and ultra-sensitive bone marrow assessment for risk stratification 

in high-risk metastatic neuroblastoma: a HR-NBL1/SIOPEN study 
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Background/Introduction: While genomic analysis and therapy response measurement is 

established clinical practice in hematological malignancies and various solid cancers, markers guiding 

risk stratification and therapy decisions for high-risk metastatic neuroblastoma (HR-NBL) are limited. 

Aims: To analyze and show the prognostic relevance of an integrated analysis including genomic 

aberrations and highly sensitive bone marrow minimal residual disease (BM-MRD) quantification. 

Methods/Materials: BM and tumor samples from high-risk metastatic neuroblastoma patients treated 

in the HR-NBL1/SIOPEN trial were analyzed for genomic aberrations using ultra-high-density SNP 

array or whole genome sequencing techniques. BM samples were searched and GD2/CD56/DAPI-

positive disseminated tumor cells (DTCs) and mononuclear cells (MNCs) were quantified by highly 

sensitive and automated immunofluorescence plus FISH (AIPF) method. 

Results: The cohort included 226 patients with a 5-year event-free survival (5y-EFS) of 37±3% and a 

cumulative incidence of relapse (5y-CIR) of 61±4%. Multivariate analysis found the presence of 

telomere maintenance including aberrations in TERT and ATRX genes, and a gain on chromosome 1q 

significantly associated with an increased risk for relapse, as was post-induction BM-MRD positivity. A 

combined model resulted in a superior outcome for BM-MRD negative patients lacking adverse 

genomic markers (n=15) with a 5y-EFS of 87±9%. The presence of BM-MRD after induction therapy 

combined with any of the genomic markers (n=20) indicated dismal outcome with 5y-EFS of 5±5%. 

Summary/Conclusions: The combination of genomic analysis and highly sensitive BM-MRD 

monitoring shows additive value that potentially enhance an early assessment of therapy response 

and risk of relapse, justifying further evaluation in prospective clinical trials. 

 

PA8: Immune therapy   
 

PA8.1 Leveraging an immunocompetent, MYCN-driven, non-germline GEM model for 

neuroblastoma and CyTOF mass cytometry to investigate immunosuppressive mechanisms 

and response to immunotherapy 

M. Menard 1, N. Nasholm 1, L. McHenry 1, E. Lu 1, S. Wong-Michalak 1, B. Baron 1, E. Simonds 1, H. 

Weishaupt 2, A. Sundstrom 2, F. Swartling 2, W.C. Gustafson 1, W.A. Weiss 1 
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Background/Introduction: Neuroblastoma is generally immunologically cold. Despite this 

observation, our understanding of how the immune system influences tumor development in this tumor 

has been limited by the lack of immunocompetent models in C57BL6, the work-horse mouse strain for 

immunological studies. 

Methods/Materials: We created a non-germline GEM model in which primary trunk neural crest cells 

isolated from C57BL6/J embryos were modified genetically by transducing MYCN (MYCN-nGEMM), 

resulting in neuroblastoma after transplantation. Cell lines derived from these tumors, could be further 

manipulated in vitro, and serially transplanted in renal capsules of C57BL6 hosts. Transplanted tumors 

arose with 100% penetrance and short latency, making it a well-suited orthotopic model for 

immunotherapy studies. Both CRISPR interference CRISPR activation systems have been introduced 

into these lines, to enable systematic screens. 

Results: RNAseq analyses revealed that the MYCN-nGEMM tumors cluster with human MYCN-

amplified tumors. In comparison to the TH-MYCN model, MYCN-nGEMM tumors also  

 (i) expressed high levels of mesenchymal type-associated transcription factors rather than adrenergic-

associated core regulatory circuitry genes, and (ii) were resistant to chemotherapy like 

cyclophosphamide. The MYCN-nGEMM model therefore recapitulates high-risk, treatment-resistant 

neuroblastoma. Analysis of the tumor microenvironment (TME) using a 40-parameter mouse-specific 

mass cytometry panel, revealed a highly immunosuppressive TME dominated by tumor-associated 

macrophages (TAMs), mostly immunosuppressive M2-like TAMs; recapitulating the TME of human 

high-risk neuroblastoma. 

Treatment with anti-PD1 and anti-CTLA4 immune checkpoint inhibitors neither increased immune 

infiltration nor improved survival. In contrast, while PD-L1 is not expressed on tumor cells, treatment 
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with anti-PD-L1 significantly delayed tumor growth by depleting PD-L1-expressing M2 TAMs. Anti-PD-

L1 cooperated with a CD40 agonist to prolong survival, through decreasing immunosuppressive 

TAMs, increasing immuno-stimulatory TAMs and recruiting CD4+ T cells to the tumor. Despite a slight 

increase of memory CD8+ T cells in the tumor, these treatments however failed to induce a long-term 

T cells-mediated response. This confirms the need to better understand the immunosuppressive 

mechanisms in MYCN-driven neuroblastoma, particularly the role of macrophages. As the MYCN-

nGEMM model was created on the C57BL6 background, these tumors can be transplanted into 

various GEM models allowing for the depletion of specific myeloid and macrophages populations, 

such as CD11b-DTR, CCR2-null and CD206-DTR mice. Preliminary results show a delay in tumor 

growth when MYCN-nGEMM cells are transplanted into CCR2-KO mice, in which recruitment of 

macrophages to the tumor is impaired. 

Summary/Conclusions: The MYCN-nGEMM model is an easily genetically-modifiable, immune-intact 

model that recapitulates the highly immunosuppressive TME characteristic of MYCN-amplified high-

risk neuroblastoma. Combined with mass cytometry, it constitutes a powerful tool to better understand 

the tumor response to various types of immunotherapy, and to identify promising therapeutic 

combinations. 

 

PA8.2 Analysis of immune checkpoints  in patients with high-risk neuroblastoma treated with 

dinutuximab beta with and without IL-2 
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Background/Introduction: 

Checkpoint inhibitors have emerged as a promising treatment option in cancer. However, in pediatric 

oncology, checkpoint blockade is not standard of care yet and clinical trials are mainly focused on 

inhibition of PD1/PD-L1- and CTLA-4/CD80-CD86 pathways. 

Aims: To evaluate the role of checkpoint inhibitors in immunotherapy, we analyzed a set of soluble 

immune checkpoint molecules and T-cell activation markers in the serum of high-risk neuroblastoma 

patients treated with the anti-GD2 antibody (Ab) dinutuximab beta (DB) and isotretinoin with and 

without IL-2. 

Methods/Materials: In a SIOPEN Phase II clinical trial (EudraCT 2009-018077-31) 160 patients were 

randomly assigned to receive up to 5 cycles of 100 mg/m2 DB-LTI (d8-17) and 160 mg/m2 oral 

isotretinoin (d19-32) without (81 pts, DB arm ) and with 6x106IU/m2 scIL-2 (d1-5; 8-12) (79 pts, DB and 

IL-2 arm). Serum concentration of T-cell activation marker ((soluble (s) CD25 (sIL-2r), 4-1BB, sCD27) 

and immune checkpoints (LAG-3, CTLA-4, CD86, PD-1, PD-L1, PD-L2, TIM-3 and Galectin-9) were 

determined in the first cycle prior to the treatment (baseline) and during the Ab-infusion with or without 

IL-2 (day 8 of Ab-infusion) using a bead based immunoassay. Finally, pts were grouped according to 

the median checkpoint concentration (into high and low level) and correlations between these groups 

and the 2-year progression-free survival (PFS) were evaluated. 

Results: Pts of the DB and IL-2 arm showed a strong elevation of the T-cell activation markers 

sCD25, sCD27 compared to the baseline (4.7 and 1.8 fold increase, respectively). Importantly, in pts 

of the DB arm sCD25 was also increased, whereas sCD27 remained stable (2.3-fold increase and 1-

fold increase compared to the baseline, respectively). Compared to the base line, the costimulatory T-
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cell receptor 4-1BB was significantly increased in the DB arm (1.5 fold) but not in the DB and IL-2 arm 

(1.1-fold). Notably, we observed a significantly improved survival in pts with high 4-1BB serum 

concentrations during the Ab-infusion solely in the DB and IL-2 arm (P = 0.0497). The PFS was 74% 

(95% CI [0.58; 0.89]) and 58% (95% CI [0.42; 0.74]) for high and low level pts, respectively. 

Immune checkpoints PD-1, PD-L1 and TIM-3 were similarly elevated in the DB arm and the DB and 

IL-2 arm (1.2-, 1.4-, 2.2- and 1.3-, 1.4-, 1.7-fold increase, respectively). In contrast, PD-L2 was 

significantly decreased during the Ab-infusion compared to the baseline in both cohorts (0.8. and 0.9-

fold increase, for the DB- and the DB and IL-2 arm, respectively). 

Importantly, the TIM-3 ligand Galectin-9 was elevated in the DB and IL-2 but not in the DB arm (2.0- 

and 1.0-fold increase compared to the baseline, respectively). 

Survival analysis did not reveal a direct negative impact of checkpoint serum concentration and 

survival. Surprisingly, DB pts with high levels of TIM-3, showed significantly prolonged PFS of 74% 

(95% CI [0.6; 0.89]) compared to 47% (95% CI [0.32; 0.63]) for low level pts. 

Summary/Conclusions: DB with and without IL-2 resulted in increased immune checkpoint and T-cell 

activation marker concentrations. Therapy induced immune checkpoints were not associated with poor 

outcome. 

PA8.3 The antibody-drug conjugate D3-GPC2-PBD is potently efficacious against diverse 

preclinical models of neuroblastoma and other cancers via engagement of a tumor-specific 

conformational GPC2 epitope 

K. Bosse 1, S. Raman  2, S. Buongervino 1, M. Lane  1, D. Zhelev 3, Z. Zhu 4, H. Cui 2, B. Martinez 2, Y. 

Wang 4, K. Upton 1, K. Patel  1, K. Rathi 1, B. Pawel 5, D. Dimitrov 3, J. Maris  1, J-P. Julien 2 
1 Children's Hospital of Philadelphia, Philadelphia, USA 
2 Hospital for Sick Children Research Institute, Toronto,  Canada 
3 University of Pittsburgh School of Medicine, Pittsburgh, USA 
4 National Cancer Institute, Frederick, USA 
5 Children's Hospital Los Angeles, Los Angeles, USA 

 

Background/Introduction: We identified glypican 2 (GPC2) as a MYCN-driven neuroblastoma 

oncoprotein that is robustly differentially expressed between tumor and normal tissues, and developed 

an antibody-drug conjugate (ADC) specific to mouse and human GPC2 (D3-GPC2-PBD; Cancer Cell, 

2017). 

Aims: Here we sought to comprehensively characterize the anti-tumor efficacy of D3-GPC2-PBD in 

diverse preclinical models as well as its mechanisms of cell death. We also aimed to solve the crystal 

structure of the D3 antibody bound to GPC2 to aid in clinical development. 

Methods/Materials: We performed GPC2-directed immunohistochemistry (IHC) on 61 high-risk 

neuroblastomas and flow cytometry on 8 neuroblastoma patient-derived xenografts (PDXs). We then 

performed preclinical trials of the D3-GPC2-PBD ADC in 4 neuroblastoma PDXs with varying GPC2 

expression. We quantified ADC-induced DNA damage, apoptosis and bystander cell killing and 

performed X-ray crystallography and mutational and isoform studies on the D3 antibody-GPC2 binding 

interaction. 

Results: GPC2 was expressed on 59/61 high-risk neuroblastomas by IHC and on 8/8 neuroblastoma 

PDXs by flow cytometry. GPC2 expression by flow was consistently bimodal (GPC2-Hi and GPC2-

UltraHi cell populations), with the GPC2-UltraHi cells having 20-164-fold-higher GPC2 protein and co-

expressing significantly higher levels of the stem cell markers CD133, CD338 and CD117. The GPC2-

UltraHi cell population was further enriched when neuroblastoma cell lines were cultured in serum-free 

neurobasal media. Additionally, forced GPC2 overexpression in SY5Y cells (low native GPC2) was 

sufficient to induce a 3.4-fold increase in CD133 expression and markedly enriched tumor initiating 

cells by limiting dilution assay. D3-GPC2-PBD induced maintained complete responses (MCRs) in all 

4 neuroblastoma PDXs tested with diverse oncogenic drivers, including locally advanced tumors with 

volumes &gt;1 cm3, while the D3 antibody alone had no effect on tumor growth and did not induce 

significant antibody-dependent cellular cytotoxicity. ADC dose finding studies showed MCRs of up to 

100 days in 70% (26/37) of mice treated with 1 mg/kg ADC, 95% (35/37) of mice treated with 3 mg/kg 

ADC and 92% (33/36) of mice treated with 1 mg/kg ADC given twice weekly x 2 weeks. ADC 

treatment induced robust upregulation of γH2AX, cleaved PARP and cleaved caspase-3 throughout 

the tumor. Furthermore, ADC treatment of co-incubated GPC2-high/low expressing cells induced 10-

62% more cytotoxicity than expected, consistent with potent bystander cell killing. X-ray 



 

49 

crystallography showed that the D3 antibody binds to a conformational and tumor specific core GPC2 

epitope, findings validated by binding kinetics experiments with GPC2 mutants, and flow cytometry 

and ADC susceptibility studies with GPC2 isoforms. Similar studies in other GPC2-expressing tumors 

(small-cell lung cancer, uterine carcinosarcomas, medulloblastomas and high-grade gliomas) are 

ongoing and early observations of similar potent ADC activity will be reported. 

Summary/Conclusions: Neuroblastomas express high-levels of GPC2 in the plasma membrane, 

including significant enrichment in the stem cell compartment. The D3-GPC2-PBD ADC targets a 

conformational and tumor specific GPC2 epitope and is potently efficacious against a diverse panel of 

neuroblastomas and other GPC2-expressing cancers, supporting the clinical development of GPC2-

directed ADCs and chimeric antigen receptor engineered T cells. 

 

 

PA8.4 41BB or CD28 driven disialoganglioside (GD2)-specific CAR-T, but not T-cell engaging 

bispecific antibody, induces fatal neurotoxicity in mice 

B. Santich 1, S. Hoseini 1, M. Suzuki 1, H. Xu 1, Y. Feng 1, E. De Stanchina 1, S. Monette 1, P. Wang 2, 

C. Liu 2, N. Cheung 1 
1 Memorial Sloan Kettering Cancer Center, New York, USA 
2 Eureka Therapeutics, Emeryville, USA 

 

Background/Introduction: Immunotherapy has become a powerful weapon in the fight to cure 

cancer. As a result of its high potency, however, safety has become a major focus. Ganglioside GD2 

(GD2) is an established tumor associated antigen in neuroblastoma, melanoma, osteosarcoma and 

many soft tissue sarcomas, but is also be expressed on normal tissues such as the brain and 

peripheral nerves. Through advances in protein engineering T-cells can now be retargeted toward 

GD2 using bispecific antibodies (BsAb) or chimeric antigen-receptors (CAR). Several recent preclinical 

studies looking at GD2-specific CAR-T cells have observed strong and fatal neurotoxicity, warranting 

evaluation of how GD2-specific BsAb therapy compares.  

Aims: The aim of this study were to evaluate the safety of a GD2-specific humanized IgG-[L]-scFv 

BsAb in comparison to two GD2-specific CAR modifications of human T cells (either CD28 or 41BB 

domains for costimulation). Specifically we aimed to compare how each of these T-cell retargeting 

strategies facilitate infiltration, activation and cytotoxicity in the central nervous system. 

Methods/Materials: GD2-BsAb and GD2-CART cells based on hu3F8 (naxitamab) antibody 

sequences were evaluated in multiple preclinical mouse models including immunodeficient BALB-

Rag2-/- IL-2R-γc-/- mice bearing human tumor xenografts and immunocompetent C57BL/6 mice 

bearing a huCD3 transgene. In addition, GD2-BsAb was evaluated in two separate GLP toxicity 

studies in preparation for its IND application (NCT03860207). CAR-T cells were prepared using 

lentivirus transduction and GD2-BsAb was prepared through GMP manufacturing. 

Results: Both CD28 and 41BB GD2-specific CAR-T cells (2x107 iv per mouse 1x/week x3) displayed 

significant infiltration into brains and spines of mice bearing tumor or without tumor. This resulted in 

major late onset (28-35 days after treatment) neurotoxicities such as hind-limb paralysis, altered gait 

and death. In contrast, treatment with GD2-BsAb (10 ug/dose iv per mouse, 2x/week x 3) plus 

activated human T cells (2x107 iv per mouse 1x/week x 3) failed to elicit any neurotoxicity. In addition, 

no neurotoxicity was seen when mice were treated with therapeutic T-cells armed ex vivo with GD2-

BsAb, or in control BsAb and control CAR-T treated mice. Treatment of huCD3-transgenic mice with 

GD2-BsAb (10 ug/dose iv per mouse, 2x/week x3) showed no signs of neurotoxicity. Extensive 

histological examination of murine CNS tissues in two GD2-BsAb GLP toxicity studies confirmed the 

absence of human or mouse T-cell infiltration into the into GD2(+) areas in brain or spine. 

Summary/Conclusions: While T-cells are known to be able to cross the blood-brain barrier (BBB), 

our data suggests that there is an important difference between BsAb and CAR-T modalities when it 

comes to penetration into CNS. This study provides valuable insights for designing safe and potent 

immunotherapy drugs that may cross react with CNS tissues. 
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Major Symposium 5: Targeted therapy: ALK and other targets in personalized medicine 
 

MS5.1 Phase 1 trial of Lorlatinib in patients with relapsed/refractory ALK-driven neuroblastoma 
K. Goldsmith 1, K. Kayser 2, S. Groshen  3, M. Chioda 4, H. Thurm 4, J. Chen 4, G. Peltz 4, M. Granger 5, J. Maris 6, 

K. Matthay 7, S. Ghazarian 3, J. Park 8, A. Marachelian   3, Y. Mosse 6 
1 Children's Healthcare of Atlanta, Emory University, Atlanta, USA 
2 Vanderbilt University, Nashville, USA 
3 Children's Hospital of Los Angeles, Los Angeles, USA 
4 Pfizer La Jolla, USA 
5 Cook's Childrens Hospital, Dallas, USA 
6 Childrens Hospital of Philadelphia, Philadelphia, USA 
7 University of California San Francisco, Bennioff Children’s Hospital, San Francisco, USA 
8 Seattle Children’s Hospital, Seattle, USA 

 

Background/Introduction: Neuroblastomas (NB) harboring ALK aberrations are differentially sensitive to 

crizotinib, with certain mutations conferring intrinsic resistance. Lorlatinib, a macrocyclic ATP-competitive potent 

ALK inhibitor, exerts unprecedented activity against NB-derived xenografts harboring the most common ALK 

mutations. 

Aims: Determine the safety, pharmacokinetics (PK), recommended phase 2 dose (RP2D), and explore the anti-

tumor activity of lorlatinib in patients with relapsed/refractory ALK-driven NB. 

Methods/Materials: Relapsed/refractory patients &gt;12 months, with ALK mutations or amplification were 

eligible; prior ALK inhibitor (ALKi) treatment was allowed. Lorlatinib was orally administered once daily in 28-day 

courses (C). For patients &lt;18 years and &lt;1.73m2, 4 dose levels (DL) (45, 60, 75, 95 mg/m2/day) were 

assessed. DL5 (115 mg/m2/day) is currently enrolling (cohort A1). For patients &gt;18 years or &gt;1.73m2, one 

DL (100 mg/day, adult RP2D) was assessed. DL 150mg/day is currently enrolling (cohort A2). The primary 

endpoint was dose-limiting toxicity (DLT) during C1 and neurocognitive toxicity through C2. Lorlatinib safety, PK, 

and activity data for patients enrolled in cohorts A1and A2 are reported. 

Results: Between 9/2017 and 12/2019, 32 eligible patients enrolled (13 with prior ALKi therapy), with median age 

(range) 5.5 years (2-17) on A1, 21.5 years (15-50) on A2. In cohort A1, 3 patients each enrolled onto DL1-3, none 

developed DLT during C1, or neurotoxicity during C2. Ten patients enrolled on DL4; 5 completed 2 courses, none 

developed DLT. In cohort A2, 5 patients enrolled at 100 mg/day with no DLT’s; 5 enrolled at 150 mg/day and one 

experienced a DLT (grade 4 psychosis/hallucinations) that recurred after dose reduction in a patient with 

undisclosed pre-existing psychiatric history. Most common treatment-related adverse events were weight gain 

(90%, grade 1-3), hyperlipidemia (90%, grade 1-3), AST/ALT elevation (63%, grade 1-2), concentration/memory 

impairment (23%, grade 1-2), peripheral neuropathy (13%; grade 1-2, A2 only), and peripheral edema (10%; 

grade 1, A2 only). Lorlatinib steady state exposure observed in the A1 cohort at DL3 and DL4 was in the range of 

exposures observed in adult lung cancer patients at the 100 mg and 200 mg QD DLs, respectively. Of A1 patients 

evaluable for response, 1/18 had partial response (PR), 3/18 had minor responses (MR), and 4/18 had stable 

disease (SD). Of patients with MR, 2/3 had PR of soft tissue (ST) and 1/3 had CR by MIBG. One patient with SD 

had CR by MIBG of ST disease. Of A2 patients, 1/10 had CR, 3/10 PR, and 3/10 MR. Of patients with PR, 2/3 

had CR by MIBG. Of patients with MR, 1/3 had PR and 1/3 CR by MIBG. Responses were seen across dose 

levels, ALK mutations, and in ALKi pre-treated patients. The median (range) of courses received was 2 (1-24) on 

A1 and 10.5 (2-28) on A2. Patients with MYCN amplified tumors had a mean number of 1.9 courses compared to 

6.8 courses for those without MYCN amplification. 

Summary/Conclusions: Inhibition of ALK driven neuroblastomas with Lorlatinib occurs with manageable toxicity 

and results in objective anti-tumor activity. These data support continued investigation of lorlatinib to incorporate 

this agent into up-front treatment. 

 

MS5.2 Arginine depletion therapy enhances efficacy of chemotherapy in delaying tumour 

development and increasing survival in the Th-MYCN mouse model of neuroblastoma 

R. Pandher 1, J. Murray 1, F. Kusuma 1, L. Xiao 1, L. Gamble 1, K. Hanssen 1, S. Alfred 1, J. Lovell 1, J. 

Brand 1, C. De Santo 2, F. Mussai 2, D. Ziegler 1, M. Norris 1, M. Haber 1 
1 Children's Cancer Institute, Sydney, Australia 
2 Birmingham Children's Hospital and the University of Birmingham, Birmingham, United Kingdom 

 

Background/Introduction: Arginine is a semi-essential amino acid that is metabolised into ornithine 

and urea by the expression of cytoplasmic arginase 1 (ARG1) and mitochondrial arginase 2 (ARG2). 



 

51 

Neuroblastoma cells have high levels of arginase activity and staining compared to normal cells, and 

high arginase 2 expression in primary neuroblastomas correlates with worse overall survival. Since 

arginase is known to consume arginine from the microenvironment, this suggests that neuroblastomas 

have a high metabolic requirement for arginine and therefore represent an excellent target for arginine 

depletion therapy. Additionally, neuroblastomas have low levels of arginosuccinate synthase and 

absent expression of ornithine transcarbamylase, both of which are involved in arginine resynthesis, 

thus making them potentially more vulnerable to arginine depletion therapy. We have recently shown 

that pegylated arginase (BCT-100) given twice weekly as a single agent can significantly delay tumour 

development and prolong survival of neuroblastoma-prone Th-MYCN mice (Fultang et al, Cancer 

Research, 2019). 

Aims: To investigate the effects of arginine depletion therapy in combination with clinically relevant 

chemotherapy in Th-MYCN-transgenic mice.  

Methods/Materials: Homozygous Th-MYCN mice (n= 8-10/group) were used to assess arginine 

depletion therapy, involving 60mg/kg BCT-100 as a single agent delivered 2x/week or 4x/week from 

the time of weaning. Homozygous Th-MYCN mice with established tumours (5mm) were treated with 

60mg/kg BCT-100 4x/week either alone or in combination with irinotecan (2mg/kg)/ temozolomide 

(5mg/kg). Targeted metabolite profiling of plasma and tumour samples was carried out by ultra-

performance liquid chromatography-mass spectrometry (LC-MS). 

Results: Neuroblastoma development was significantly delayed following treatment with BCT-100 as 

a single agent either 2x/week or 4x/week, prior to tumour development (P&lt;0.0004 and P&lt;0.0001, 

respectively, compared to vehicle control). However, the more frequent treatment resulted in 

significantly longer survival than twice-weekly treatment (P&lt;0.0012 for the comparison between 

treatment 2x/week (median survival from birth, 63 days) versus 4x/week (median survival, 113 days), 

without any increased toxicity. Treatment with BCT-100 4x/week, but not 2x per week, was associated 

with significantly decreased intra-tumoral arginine levels compared to vehicle control (P= 0.0023). 

Single agent treatment of Th-MYCN mice with BCT-100 4x/week following establishment of small 

palpable tumours (5mm), resulted in a highly significant increase in survival (median survival 59.5 

days from commencement of treatment) compared with vehicle-treated-mice (median survival 4 days, 

P&lt;0.0001). Addition of BCT-100 4x/week to irinotecan/ temozolomide treatment resulted in 

significantly improved survival (median survival from commencement of treatment &gt;70 days) by 

comparison with either BCT-100 (P=0.0016) or chemotherapy alone (median survival 25 days, 

P&lt;0.0001), with two thirds of mice remaining alive and tumor-free at the end of the combination 

treatment by comparison with either of the single agent treatments, where no mice remained alive. 

Importantly, the combination of 4x/week BCT-100 combined with chemotherapy showed an excellent 

toxicity profile with no adverse effects observed in the mice. 

Summary/Conclusions:  A phase II study of BCT-100 as a single agent in children with 

relapsed/refractory solid, CNS and liquid tumours is currently underway (NCT03455140). These data 

support further trials involving increased dosing of BCT-100 combined with chemotherapy as a 

potentially exciting new approach for treating high-risk neuroblastoma. 

 

MS5.3 Targeting transcription-replication conflicts in MYCN-driven neuroblastoma 

G. Buechel 1, I. Röschert 1, E. Poon 2, A.G. Henssen 3, H. Dorado Garcia 3, Y. Jamin 2, A. Eggert 3, L. 

Chesler 2, M. Eilers 1 
1 University of Würzburg, Würzburg, Germany 
2 The Institute of Cancer research, Sutton, United Kingdom 
3 Experimental and Clinical Research Center, Berlin, Germany 

 

Background/Introduction: Targeting MYC proteins or their function remains one of the major 

challenges in tumor biology.MYC proteins are transcription factors that bind globally to active 

promoters and promote transcriptional elongation by RNA polymerase II (RNAPII). In most cancers 

MYC proteins are dysregulated suggesting that cancer cells need mechanism to avoid transcriptional 

stress. To identify effector proteins that mediate this function, we performed mass spectrometry on 

MYCN complexes in neuroblastoma cells. We identified several new interactors of MYCN and showed 

that Aurora-A competes with binding of coactivators to MYCN during S phase. This complex switch is 

blocking MYCN-dependent release of RNAPII from the promoter resulting in aglobal repression of 

transcriptional elongation during S phase. Inhibition of Aurora-A activates ATR, indicating that 
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dysregulation of transcription during S phase impairs replication fork progression. We concluded that 

interaction of MYCN with Aurora-A is important to avoid transcription-replication conflicts opening the 

possibility for new treatment options (Büchel et al., 2017). 

Aims: We further want to investigate the interaction of Aurora-A with MYCN and propose that there is 

a synergism between Aurora-A and ATR inhibition in MYCN-driven neuroblastomas. We aim to 

decipher the molecular mechanism underlying the combination therapy and use this information to 

further improve strategies for targeting MYCN-amplified neuroblastoma. 

Results: Association of Aurora-A with MYCN activates its kinase activity. By inhibiting Aurora-A with 

MLN8237 H3S10 phosphorylation, a marker for histone compaction, is reduced in S and early G2 

phase. In parallel we saw an increase of R-loop formation. R-loop formation delays pause release of 

RNAPII resulting in ATR activation. Combining MLN8237 with AZD6738, an ATR inhibitor, lead to 

elevated phosphorylation of g-H2AX and of KAP1. From this experiments we concluded that inhibition 

of Aurora-A enhances the dependence of MYCN-amplified cells on the ATR kinase. 

Using the combination of an Aurora-A and an ATR inhibitor in vivo showed a robust tumor regression. 

Two out of eight TH-MYCN mice treated remained tumor-free until the end of the trial. Already 24 

hours after starting the therapy tumors presented with architectural disintegration, expansion of 

hemorrhage and an increase of tumor cells with fragmented nuclei. We saw a decrease in pH3S10 

spots as well as an increase in R-loops and in phosphorylation of g-H2AX and of KAP1. As a 

consequence we detected more apoptosis marked by cleaved caspase 3. 

To test the therapy in human tumor samples, we treated patient-derived xenografts (PDX) of 

neuroblastoma. While treatment responses partly mirrored the response of TH-MYCN mice the 

reaction was much weaker suggesting an involvement of the immune system. Indeed GSEA showed 

that the downregulation of MYCN target genes was paralleled by an induction of multiple genes 

involved in cytokine signaling. Additionally immunohistochemistry of tumors from TH-MYCN model 

documented the activation of cGAS/STING in parallel with infiltration of immune cells. 

Summary/Conclusions: Our data show that Aurora-A builds complexes with MYCN to prevent 

conflicts of transcription with DNA replication forks. Treatments of different mouse models show that a 

combination treatment of Aurora-A inhibitors and ATR inhibitors is beneficial. Concluding that targeting 

this mechanism is an effective therapy for MYCN driven neuroblastoma. 

 

MS5.4 Therapeutic vulnerabilities in the DNA damage response for the treatment of ATRX 

mutant neuroblastoma 

S.L. George 1,F. Lorenzi 1, D. King 2, S. Hartileb 3, J. Campbell 1, H. Pemberton 1, U. Toprak 3, K. 

Barker 1, J. Tall 1, B. Martins da Costa 1, M.L. Van den Boogaard 4, M.E. Dolman 4, J.J. Molenaar 4, H. 

Bryant 2, F. Westermann 3, C.J. Lord 1, L. Chesler 1 
1 The Institute of Cancer Research, London, United Kingdom 
2 University of Sheffield, Sheffield, United Kingdom 
3 German Cancer Research Center (DKFZ), Heildelberg, Germany 
4 Princess Maxima Center for Pediatric Cancer, Utrecht, Netherlands 

 

Background/Introduction: In neuroblastoma, genetic alterations in ATRX, define a distinct poor 

outcome patient subgroup with older age at diagnosis, poor response to standard therapies and a 

chronic slowly progressive disease course. Despite the clear need for new effective treatments for this 

subgroup, there is a dearth of research in the field, partly due to the lack of available pre-clinical 

models. 

Aims: To generate isogenic models of ATRX loss of function (LoF) neuroblastoma and then to utilise 

these and other available models to identify synthetic lethal vulnerabilities associated with ATRX LoF, 

which can be therapeutically exploited. 

Methods/Materials: We designed CRISPR-Cas9 guide RNA probes to target the helicase domain of 

ATRX, and using the SK-N-SH neuroblastoma cell line, generated three single cell clones that were 

devoid of ATRX expression and had differing frame-shift alterations in the targeted region of ATRX. 

We then utilised the isogenic cell lines to evaluate the impact of ATRX LoF in neuroblastoma, 

specifically focusing on DNA damage response (DDR) signalling pathways and replication fork 

processivity, in view of the known functions of ATRX. For an unbiased assessment of the relative 

influence of phenotypic changes on therapeutic sensitivity we then performed a high-throughput 

compound screen of &gt;400 clinically available compounds using the isogenic cell lines. Finally, 
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findings in the isogenic cell lines were confirmed using the native ATRX deleted neuroblastoma cell 

line: CHLA-90 and the ATRX deleted patient derived xenograft (PDX) AMC-772. 

Results: We found that inactivation of ATRX results in increased DNA damage, homologous 

recombination repair (HRR) defects and impairment of replication fork processivity and protection. 

Accordingly, ATRX mutant cells showed selective sensitivity to multiple PARP inhibitors (olaparib, 

rucaparib and talazoparib) as well as to the small molecule ATM inhibitor KU60019. Consistent with a 

DNA repair defective phenotype, ATRX mutant cells also showed selective sensitivity to the DNA 

damaging agent, sapacitabine and the topoisomerase 1 poison, irinotecan. In confirmatory studies, 

genetic knockdown of PARP-1 also resulted in significantly greater cytotoxicity in ATRX mutant cells. 

HRR deficiency was also seen in the ATRX deleted CHLA-90 cell line, and significant in-vitro synergy 

was demonstrated to irinotecan and olaparib combination therapy in both the isogenic ATRX mutant 

cell lines and CHLA-90. Furthermore, we identified significant in-vivo sensitivity to olaparib and 

irinotecan combination therapy in ATRX mutant neuroblastoma xenografts, but not in the isogenic 

ATRX wild-type counterparts. Finally, in the ATRX deleted neuroblastoma PDX AMC-772 we show 

sustained remissions after only one cycle of olaparib and irinotecan therapy.  

Summary/Conclusions: ATRX LoF results in specific DNA damage repair defects that can be 

therapeutically exploited. We demonstrate a synthetic lethal relationship between ATRX and PARP 

and preclinical sensitivity to combination therapy with olaparib and irinotecan. This represents a 

therapeutic strategy that can be rapidly translated into clinical trials for this difficult to treat group of 

patients. 

Major symposium 6 (Parallel with MS7 !): Gene regulatory networks and epigenetics:  

from basic science towards novel therapeutic strategies 

MS6.1 Extrachromosomal circular MYCN amplification: structure, regulation and genomic 

remodeling 

 

** Merged abstracts **  

Enhancer hijacking determines intra- and extrachromosomal circular MYCN amplicon 

architecture in neuroblastoma 

A.G. Henssen1, K. Helmsauer 2, M. Valieva 3, S. Ali 3, A. Eggert 2, J.H. Schulte 2, S. Mundlos 3, R.P. 

Koche 4 
1 Max Delbrück Center (MDC) and Charite Universtiy Hospital, Berlin, Germany 
2 Charite, Berlin, Germany 
3 Max Planck Institute for Molecular Genetics, Berlin, Germany 
4 Memorial Sloan Kettering Cancer Center, New York City, USA 

 

Background/Introduction: MYCN amplification drives one in six cases of neuroblastoma. The 

additional MYCN copies are found extrachromosomally as circular double minute chromosomes and 

intrachromosomally as homogeneously staining regions. Amplicons often comprise several parts of 

the genome and are internally rearranged. In how far this structural complexity plays a functional role 

in MYCN-amplified neuroblastoma is unknown. 

Aims: Here, we characterized MYCN-driving enhancers in the context of intra- and extrachromosomal 

MYCN amplification. We hypothesized that MYCN amplicon contents and structure are largely shaped 

by the selective pressure to retain specific non-coding elements. 

Methods/Materials: We integrated H3K27ac and transcription factor ChIP-seq data for 25 

neuroblastoma cell lines with copy number data for 240 MYCN-amplified primary neuroblastomas to 

inspect for significantly co-amplified coding and non-coding regions. The exact structure of the MYCN 

amplicon was investigated in four neuroblastoma cell lines using Illumina whole-genome sequencing 

followed by structural variant analysis and Nanopore long-read sequencing followed by de novo 

assembly. In the same cell lines, we characterized the chromatin landscape (ATAC-seq, 

H3K27ac/H3K4me1/CTCF ChIP-seq) and spatial chromatin conformation (4C-seq, Hi-C) of the MYCN 

amplicon. 

Results: We identified five putative enhancers (e1-e5) that were specific for MYCN expression in non-

MYCN-amplified neuroblastoma cell lines based on H3K27ac histone marks. ChIP-seq analysis 

showed that four of these enhancers were likely driven by noradrenergic neuroblastoma core 
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regulatory circuit factors (PHOX2B, HAND2, GATA3). 

Copy-number analysis for 240 MYCN-amplified primary neuroblastomas revealed a strikingly 

asymmetric distribution of MYCN amplicon boundaries which can be explained by a selective pressure 

to co-amplify the core regulatory circuit-driven enhancer e4 in 90% of cases, much more often than 

expected by chance (empirical P=0.0003). In two MYCN-amplified cell lines, e4 presents as a 

functional enhancer as determined by ATAC-seq, ChIP-seq and 4C-seq analysis. 

10% of neuroblastomas did not co-amplify the key local enhancer e4. Intriguingly, these samples were 

more likely to harbor complex amplicons consisting of more than one fragment (66.7% vs. 35.7%, 

P=0.003). This could be indicative of a selective pressure to incorporate distal regulatory elements 

compensating for e4 loss in these cases. 

Therefore, we inspected two cell lines that did not co-amplify e4. Nanopore long read-based de novo 

assembly of the amplicon and short-read based structural variant analysis independently 

demonstrated that the amplicon is complex and consists of several distal parts of chromosome 2. In 

both cases, core regulatory circuit-driven super-enhancers from distal parts of the genome were 

juxtaposed next to MYCN by structural rearrangements on the amplicon. 

Mapping Hi-C reads to the reconstructed amplicon sequence demonstrated the existence regulatory 

loops and insulation on the amplicon, irrespective of intrachromosomal or extrachromosomal location. 

Neo-TAD formation in both cases enabled MYCN regulation by the juxtaposed super-enhancers. 

Summary/Conclusions: We demonstrated different reconstruction methods for complex parts of 

cancer genomes and their integration with epigenomic data. This showed that patterns of co-

amplification on the MYCN amplicon are in large parts shaped by a selective force to retain core 

regulatory circuit driven enhancers on the amplicon. 

 

Extrachromosomal circular DNA drives oncogenic genome remodeling in neuroblastoma 

A.G. Henssen1, E. Elias  2, K. Helmsauer 3, A. Eggert 3, D. Torrents 2, J.H. Schulte 3, R.P. Koche 4 
1 Max Delbrück Center (MDC) and Charite Universtiy Hospital, Berlin, Germany 
2 Barcelona Supercomputing Center, Barcelona, Spain 
3 Charite, Berlin, Germany 
4 Memorial Sloan Kettering Cancer Center, New York City, USA 

 

Background/Introduction: Extrachromosomal circularization of DNA is an important genomic feature 

in cancer. Neuroblastoma is one of the first tumor entities in which extrachromosomal oncogene 

circularization in the form of MYCN proto-oncogene double minute chromosomes was detected. Since 

the first descriptions in 1965, the structure, composition and genome-wide frequency of 

extrachromosomal circular DNA have not been extensively profiled. 

Aims: We hypothesized that extrachromosomal circular DNA could represent a genome-wide, driving 

mutagenic process in neuroblastoma with functional consequences beyond oncogene amplification. 

We set out to systematically describe the spectrum and impact of extrachromosomal circular DNA in 

neuroblastoma using different genomic and transcriptomic approaches. 

Methods/Materials: We combined methods for circular DNA enrichment (Circle-seq) with short- and 

long-read genomic (DNA sequencing) and transcriptomic approaches (RNA sequencing) to describe 

the landscape of extrachromosomal circular DNA in a cohort of 93 primary neuroblastomas. Since 

DNA circularity can be computationally inferred, we applied an algorithm utilizing paired-end read 

orientation to detect circularity. Additionally, five established algorithms for the detection of structural 

variants were applied to whole genome sequencing data. This enabled to distinguish intra- from 

extrachromosomal structural variants and uncover the contribution of extrachromosomal circular DNA 

to genome remodeling in neuroblastoma. 

Results: Our analysis identifies and characterizes a wide catalog of somatically acquired and 

previously undescribed extrachromosomal circular DNAs. Moreover, using assembly-based 

reconstruction we find that extrachromosomal circular DNAs are an unanticipated major source of 

somatic rearrangements, contributing to oncogenic remodeling through chimeric circularization and 

reintegration of circular DNA into the linear genome. Cancer-causing lesions can emerge out of circle-

derived rearrangements leading to aberrant fusion transcript expression, proto-oncogene amplification 

and enhancer hijacking. Importantly, such lesions are associated with adverse clinical outcome. 

Summary/Conclusions: Our work provides a comprehensive map of extrachromosomal DNA 

circularization in neuroblastoma, revealing this mutagenic process to be more frequent than previously 
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anticipated. We demonstrate that the majority of genomic rearrangements in neuroblastoma involve 

extrachromosomal circular DNA, challenging our current understanding about cancer genome 

remodeling. Thus, extrachromosomal circular DNAs represent a multi-hit mutagenic process, with 

important functional and clinical implications for the origins of genomic remodeling in cancer. 

 

M6.2 Three-dimensional analysis of MYCN function in neuroblastoma 

M. Eilers 1 
1 Theodor-Boveri Institute Würzburg Germany 

 

Background/Introduction: We have recently described the MYC and MYCN interactomes1,2. Both 

datasets, as well as a meta-analysis of several existing interactomes3 argue that protein involved in 

maintaining chromatin topology are prominent interactors of MYCN. These includes topoisomerase II, 

RAD21, a subunit of the cohesin complex, as well as multiple subunits of TFIIIC. Collectively, these 

data suggest that MYCN may affect the spatial organization of genes and/or chromosomes. Notably, 

recent data argue that MYC regulates the spatial arrangement of genes and their association with the 

nuclear envelope4. 
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Aims: The aim of this study was to determine whether MYCN affects the global three-dimensional 

structure of the chromatin and of individual genes. 

Methods/Materials: For these studies, we have established Hi-C and Hi-ChIP methods and applied 

them to SH-EP neuroblastoma cells that express an inducible allele of MYCN, MYCN-ER. We 

compared cells in the G1 phase before activation of MYCN to cells, in which MYCN had been 

activated for 4 hrs. At this time point, cells are still in the G1 phase. For Hi-ChIP methods, we analyzed 

MYCN, RAD21 and TFIIIC. 

Results: While the detailed analysis is still ongoing, it is already clear that activation of MYCN exerts 

strong effects on the nuclear topology on several levels. For example, while the overall structure of 

topologically-association domains (TAD) is maintained, intra-TAD interaction are strongly altered in 

response to MYCN activation. Hi-CHIP data show that MYCN itself takes part in associations between 

different parts of the chromosome, for example in interactions between the transcription start and end 

sites, possibly indicating looping of genes. We have previously shown that the MYCN interactome is 

highly dynamic during the cell cycle 1,5. Work by others has also shown that the co-ordination of 

replication and transcription involves dynamic changes in gene looping and the nuclear envelope 6. 

Collectively, the findings suggest that the changes in the MYCN interactome re-organize the nuclear 

topology to co-ordinate elongation with DNA replication. 
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MS6.3 Distinct roles of noradrenergic core regulatory circuitry transcription factors in 

neuroblastoma cell identity 
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Background/Introduction: The non-genetic heterogeneity of neuroblastoma cell identity has been 

recently revealed with the characterization of noradrenergic and NCC (Neural Crest Cell)-

like/mesenchymal cells, each cell type being governed by a Core Regulatory Circuitry (CRC) of 

specific transcription factors (Boeva et al, 2017; van Groningen et al, 2017). Whereas the 

noradrenergic CRC includes the PHOX2B, HAND2, and GATA3 transcription factors, the CRC 

associated to the NCC-like/mesenchymal identity is composed of AP-1 transcription factors among 

others. 

Aims: The present study aims at deciphering how the PHOX2B, PHOX2A and GATA3 transcription 

factors shape the noradrenergic identity of neuroblastoma cells. 

Methods/Materials: Using the CRISPR-Cas9 gene editing approach, we performed the full knock-out 

of either PHOX2B, PHOX2A or GATA3 genes in the SH-SY5Y neuroblastoma cell line. The obtained 

clones were characterized in terms of growth, phenotype and identity, using in particular transcriptomic 

(RNA-seq) and epigenomic (H3K27ac ChIP-seq for super-enhancer detection) analysis. 

Results: PHOX2B or PHOX2A KO clones showed a morphology close to that of the parental SH-

SY5Y cells with neurite-like processes. In contrast, GATA3 KO cells presented with a different 

morphology, exhibiting a more abundant cytoplasm and many actin stress fibers, reminiscent of a 

mesenchymal phenotype. A clustering analysis using RNA-seq data, based on a gene expression 

signature that discriminates the noradrenergic and mesenchymal neuroblastoma cell identities, 

confirmed that the PHOX2B and PHOX2A KO clones harbored transcriptomic profiles highly similar to 

that of the parental noradrenergic SH-SY5Y cell line whereas those of the GATA3 KO clones were 

close to that of the mesenchymal SH-EP cell line. We further documented that GATA3 KO clones 

exhibited mesenchymal features including increased migration and invasion capacities and higher 

resistance to etoposide and doxorubicin in vitro. PHOX2B and GATA3 KO cells displayed a decreased 

proliferation both in vitro and in vivo in xenograft experiments. In a principal component analysis based 

on neuroblastoma and human neural crest cells super-enhancer log scores, GATA3 KO clones closely 

resembled the group II of mesenchymal cell lines, comprising the SH-EP, GIMEN and GICAN cell 

lines. In addition, DNA binding motif analysis using I-cis Target on the GATA3 KO cells super-

enhancers revealed an enrichment for AP-1 transcription factors, consistent with a mesenchymal 

identity and associated CRC. Strikingly, we observed that these GATA KO cells shifted towards a 

noradrenergic identity when injected in mouse. 

Summary/Conclusions: Our data demonstrate that PHOX2B and GATA3 play different roles in the 

maintenance of the noradrenergic identity in neuroblastoma cells in vitro. Whereas the KO of either 

PHOX2A or PHOX2B did not affect the noradrenergic identity of the SH-SY5Y cells, the KO of GATA3 

induced a global reprogramming from a noradrenergic to a mesenchymal identity. However, a 

noradrenergic identity was recovered under in vivo selective pressure in the mouse, indicating that the 

noradrenergic CRC is functional in the absence of GATA3 in these conditions. 

 

MS6.4 Cell lineage predicts response to therapy in neuroblastoma 

Rani George MD, PhD; Dana-Farber Cancer Institute and Boston Children’s Hospital, Harvard Medical 

School, Boston, MA  

Cellular plasticity, defined as the ability to undergo reversible alterations in cell lineage, is an emerging 

characteristic of most cancer cells, including neuroblastoma. I will discuss our recent findings of lineage 

switching through epigenetic remodeling and transcriptional reprogramming in resistance to targeted 

therapy, the role of cell lineage in identifying tumors capable of inducing an immune response, and 

finally, the generation of an immune competent mouse-human chimeric model to study such immune 

response in neuroblastoma. 

 

 

Major Symposium 7 (Parallel with MS6 !): Immune therapy of neuroblastoma 
 



 

57 

MS7.1 Academic, Phase I/II Trial on T Cells Expressing a Third-Generation GD2 Chimeric 

Antigen Receptor and Inducible Caspase-9 Safety Switch for Treatment of Relapsed/Refractory 

High-Risk Neuroblastoma 

F. Del Bufalo 1 

C. Quintarelli 1, B. De Angelis 1, D. Pagliara 1, I. Caruana 1, G. Li Pira 1, M. Sinibaldi 1, V. Bertaina 1, P. 

Merli 1, A. Serra 1, G. Del Baldo 1, S. Di Cecca 1, L. Leone 1, M.C. Garganese 1, F. Locatelli 1 
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Background/Introduction: Treatment of high-risk neuroblastoma (HR-NB) remains a major challenge 

in the field of pediatric oncology, with an unsatisfactory long-term survival of 50% or even less. 

Immunotherapy using T-cells genetically modified to express a chimeric antigen receptor (CAR) 

targeting disialoganglioside-2 (GD2) represents an attractive option. 

Aims: At Ospedale Pediatrico Bambino Gesù (OPBG) in Rome, we opened an academic, phase I/II 

clinical trial on the use of autologous T cells expressing a 3rd generation (CD28-4.1bb) GD2-CAR and 

the suicide gene inducible caspase-9 (iC9-GD2-CAR), for treatment of pediatric patients with 

relapsed/refractory (r/r) HR-NB. 

Methods/Materials: We developed a clinical-grade retroviral construct, including CD28 and 4.1bb 

costimulatory domains and the iC9. After obtaining informed consent, the study consecutively enrolled 

children and young adults (aged 1 – 18 years) with r/r HR-NB, using a dose escalation/de-escalation 

design for the phase I portion. All patients received a fludarabine/cyclophosphamide-based 

lymphodepletion. 

Results: Sixteen children were enrolled between February 2018 and September 2019. All patients but 

one had failed at least 2 lines of therapy. The designed cell dose was successfully produced for all 

patients and we did not experience any production failure. Three dose levels (DL) were tested (DL3, 3; 

DL4, 6; DL5, 10×106 CAR T cells per kg) and no dose limiting toxicities (DLTs) were recorded, defining 

the recommended dose as 10×106 CAR T cells per kg. Cytokine release syndrome (CRS) occurred in 

12/16 patients (75%) and reached grade 4 in 1 patient only, requiring the administration of steroids 

and the activation of the suicide gene. Upon dimerization of iC9, circulating iC9-GD2-CAR T cells 

dropped from 77 to 1 cells/ul, leading to a rapid resolution of CRS. Fourteen patients developed grade 

3-4 neutropenia, lasting &gt;4 weeks in 4 children (28.6%). Mild peripheral neuropathy occurred in 

3/15 (20%) patients. iC9-GD2-CAR T cells expanded in vivo and were detectable in peripheral blood 

by flow-cytometry in 15/16 patients, up to 5 months after infusion, reaching a median peak value of 

47,37%+26,9% of circulating CD3+ cells (103+87 CAR T cells/ul)(Fig.1). Expansion of CAR-T cells 

inversely correlated with the presence of myeloid-derived suppressor cells in peripheral blood. 

Transduced cells were also detected in bone marrow and cerebrospinal fluid. Thirteen children 

responded to the treatment (overall response rate: 81,3%), with 5 patients obtaining complete 

response (CR) and 1 treated with non-evidence of disease (NED) maintaining this state. Amongst 

responders, 5 patients maintain CR or stable disease, while 8 patients ultimately relapsed/progressed. 

Lastly, the protocol was amended to allow multiple infusions in case of response to the first 

administration and 9 patients received additional infusions. Reinfusions were overall well tolerated, 

with 1 patient developing grade 4 CRS; iC9-GD2-CAR T cells expanded after reinfusion and were 

detectable in peripheral blood in 7/9 patients 

Summary/Conclusions: Use of iC9-GD2-CAR T cell in an academic setting is feasible and safe in 

treating highly resistant/relapsed HR-NB. Peculiar, sometimes severe, toxicities can develop and the 

activation of the suicide gene iC9 is able to control the side effects. Importantly, iC9-GD2-CAR T cells 
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are able to determine a significant anti-tumor effect.

 

 

MS7.2 Pharmacodynamic effects of IL-2 in the treatment with a long-term infusion of anti-GD2 

antibody dinutuximab beta: Role in outcome and toxicity in high-risk relapsed/refractory 

neuroblaSascha Troschke-Meurerstoma patients. Results of a randomized SIOPEN-study 

**Merged abstracts**  

Human anti- chimeric Ab (HACA) response in patients treated with the anti-GD2 antibody 

dinutuximab beta (DB): Frequency and effect on outcome and toxicity in high risk 

relapsed/refractory neuroblastoma patients. Results of a randomized SIOPEN-study 

H.N. Lode 1, D. Valteau-Couanet  2, J. Gray  3, R. Luksch  4, A. Wieczorek  5, V. Castel  6, S. Ash  7, C. 

Owens  8, G. Laureys  9, V. Papadakis  10, A. Garaventa  11, C. Manzitti  11, N. Siebert 1, S. Troschke-
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Background/Introduction: Immunotherapy with the human-mouse chimeric anti-GD2 antibody 

dinutuximab beta (DB) may be associated with the development of a human anti-chimeric (HACA) 

immune response in treated patients. 

Aims: To determine the frequency and the impact on efficacy and toxicity of HACA following long term 

infusion (LTI) of DB and oral isotretinoin with or without scIL-2 of DB in patients (pts) with high-risk 

relapsed/refractory neuroblastoma. 

Methods/Materials: The SIOPEN Phase II clinical trial (EudraCT 2009-018077-31) enrolled 284 pts. 

In the single arm phase of the trial (2011-2014), pts were treated with up to 5 cycles of 100 mg/m2 DB-

LTI (d8-17) and 160 mg/m2 oral isotretinoin (d19-32) with 6x106IU/m2 scIL-2 (d1-5; 8-12). From 2014-

2017 pts were randomized to either receive IL-2 or not. HACA was determined by validated ELISA 
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methods (Siebert N et al, J Immunol Methods. 2014 May; 407:108-15). 

Results The primary endpoints of the study were an increase of activated NK-cells and a DB level of 

&gt;1µg/ml in cycle 1, which were met in all evaluable patients. The overall clinical response rate was 

45%. In the randomization phase no difference for EFS and OS was observed for patients treated with 

DB and IL-2 vs DB alone (3y OS 71±6% vs 71±6% p=0.9; 3y EFS 54±7% vs 57±6% p=0.7). 

We identified 57/284 (20%) of pts with a HACA response (26/124 in the single arm phase; 31/160 in 

the randomized phase). The majority of HACA responses occurred before cycle 3 (70% of pts) and in 

the randomized phase the incidence of HACA was the same in pts treated with or without IL2 (15/81 

(19%) (DB) vs. 16/79 (20%) (DB and scIL2). HACA resulted in a reduction of DB drug concentration 

levels and abrogated antibody effector functions (CDC and ADCC). 

However, the incidence of any Grade 3&amp;4 toxicity was not statistically different in HACA positive 

vs negative patients including key inflammatory toxicity parameters such as fever (38% vs 60%; 

p=0,074), capillary leak syndrome (23% vs 16%; p=0.39), allergic reaction (15% vs 11%; p=0.74) and 

flu like symptoms (8% vs 4%; p=0.61). 

Of particular interest was the absence of difference for Grade 3&amp;4 pain (19% vs 26% p=0.61): 

Although HACA response was associated with no detectable ADCC and CDC, pts experienced the 

same level of pain, indicating that there are other mechanisms involved in anti-GD2 antibody-

associated pain toxicity than CDC. 

We also evaluated the effect of HACA response on outcome of pts of the single-arm cohort with the 

longest follow up period. Surprisingly, pts with HACA showed a higher event free survival at 2, 3 and 5 

years compared to HACA negative patients (2y EFS 78±9% vs 58±6%; 3y EFS 74±9% vs 55±6%; 5y 

EFS 74±9% vs 48±7%) (p=0.066). 

Summary/Conclusions: The 20% HACA response to dinutuximab beta was independent of IL-2. It 

reduced DB serum levels, abrogated antibody effector functions, had no influence on toxicity but was 

associated with improved EFS. Thus it may trigger adaptive immune responses (i.e. anti-idiotypic 

network), and provide a rationale for further vaccination strategies. 

Strong induction of regulatory T cells by subcutaneous interleukin-2 is associated with no 

survival benefit in relapsed and refractory high risk neuroblastoma patients treated with long-

term infusion of anti-GD2 antibody dinutuximab beta, a randomized SOIPEN-study. 

H.N. Lode 1 

S. Troschke-Meurer 1, D. Valteau-Couanet  2, J. Gray  3, R. Luksch  4, A. Wieczorek  5, V. Castel  6, S. 

Ash  7, C. Owens  8, G. Laureys  9, V. Papadakis  10, A. Garaventa  11, C. Manzitti  11, N. Siebert 1, E. 

Glogova  12, U. Pötschger 12, R. Ladenstein  12 
1 University Medicine Greifswald, Greifswald, Germany 
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Background/Introduction: We previously evaluated efficacy and toxicity of long term infusion (LTI) of 

dinutuximab beta (DB) in combination with subcutaneous interleukin 2 (scIL-2) and oral isotretinoin in 

single arm clinical studies conducted from 2009-2013 in patients with high-risk relapsed/refractory 

neuroblastoma. Immune modulation by DB and isotretinoin without scIL-2 is unknown. 

Aims: To evaluate immune modulation in patients receiving DB and oral isotretinoin therapy with or 

without IL-2 in a prospective randomized trial. 

Methods/Materials: 160 patients from 11 countries were enrolled between 07/2014 and 07/2017 into 

an open label Phase II clinical trial (EudraCT 2009-018077-31). Patients were randomly assigned to 

receive up to 5 cycles of 100 mg/m2 DB LTI (d8-17) and 160 mg/m2 oral isotretinoin (d19-32) without 

(81 patients) and with 6x106IU/m2 scIL-2 (d1-5; 8-12) (79 patients). Toxicity (CTCAE), response rates 
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(INRC) and 2yrs-event free and overall survival were evaluated. 

Regulatory T cells (Tregs, CD4+/CD25+/CD127-) were assessed by flow cytometry in every treatment 

cycle on d1 (prior to start of treatment), d8 (5 days of scIL-2 treatment, prior to start of DB LTI), d15 (3 

days after end of scIL-2 treatment, 8 days of DB-LTI) and d18 (last day of DB-LTI). 

Results: Disease stage, patient age, MYCN amplification, relapse and remission status were 

balanced between the treatment arms (median follow-up 2.6 y). The 2yrs-EFS and -OS for DB (81 

patients) vs. DB combined with scIL-2 (79 patients) was 59%±6% vs. 65%±6% (p=0.721) and 

79%±5% vs. 84%±4% (p=0.904). In 97 patients with evaluable disease, response rates of 49% (9% 

CR, 40% PR) vs. 52% (26% CR, 26% PR) after treatment with DB vs. DB and scIL-2 were observed. 

Grade 3&amp;4 fever (16% vs. 46%, p=0.000), allergic reaction (1% vs. 14%, p=0.004), hematological 

toxicity (46% vs. 66%, p=0.013) and neurotoxicity (0% vs. 8%, p=0.003) were significantly worse in the 

combination arm. 

Prior to the treatment start, Treg levels were 47±20 cells/µl. Five days of scIL-2 treatment resulted in a 

6-fold increase of Tregs (305±51 cells/µl) on d8. Following the combined treatment a slight reduction 

of Tregs counts on d15 and d18 compared to d8 was observed (219±33 and 154±48 cells/µl, 

respectively). Moreover, we found an increase of the peak levels in subsequent cycles compared to 

the first cycle except for cycle 4 (385±48, 493±126, 342±51 and 517±68 cells/µl for cycle 2, 3, 4 and 5, 

respectively), indicating Tregs accumulation during the whole treatment period of DB and scIL-2. 

In contrast, patients receiving DB without scIL-2, showed similar Tregs levels on d8 compared to the 

baseline (85±52, 84±45, 112±70 and 93±47 cells/µl for cycle 2, 3, 4 and 5, respectively), and Tregs 

remained low during DB-LTI on d15 and d18, confirming that Tregs induction was mediated by scIL-2. 

Summary/Conclusions:  No significant difference in efficacy of DB and oral isotretinoin compared to 

DB and oral isotretinoin combined with scIL-2 was observed. The IL-2-dependent induction of Tregs 

may provide an explanation for lack of beneficial effects of IL-2 co-treatment. 

 

MS7.3 The Composition, States and Dynamics of Microenvironmental Landscape of High-Risk 

Neuroblastoma Revealed by Single-Cell RNA Sequencing 

W.M.K. Kholosy 1 

P. Lijnzaad 1, L.L. Visser 1, R. Van der Linden 2, M. Tas 1, T. Margratis 1, S. Van Hooff 1, F. Holstege  1, 

J. Koster 3, E. Dolman 1, J. Molenaar 1 
1 Princess Máxima Center for Pediatric Oncology, Utrecht, the Netherlands 
2 Hubrecht Institute, Utrecht, the Netherlands 
3 Amsterdam UMC, University of Amsterdam, Amsterdam, the Netherlands 

Background/Introduction: Studying the tumour microenvironment (TME) enables the identification of 

the immunosuppressive strategies utilized by tumours to evade the host immune system, the 

development of novel therapeutic targets and strategies. Yet, the TME of high-risk neuroblastoma is 

poorly characterized. 

Aims: Here, we used state-of-the-art single-cell sequencing technology to shed light on the 

composition, states and dynamics of microenvironmental landscape of high-risk NB after treatment 

with high dose chemotherapy. 

Methods/Materials: Single-cell RNA sequencing (RNA-Seq) has been applied on fresh surgical 

specimens of 12 high-risk neuroblastoma patients mostly after debulking surgery. We extensively 

optimized the workup protocols and samples are now mildly dissociated to the single-cell level and 

sorted by flow cytometry. Single cell suspensions were subsequently subjected to single cell RNA-Seq 

using the CEL-seq2 platform. Results were interpreted and compared to reference datasets using the 

bioinformatic platform R2. To validate our results, we generated co-culture systems with fluorescent 

GFP labeled organoids and immune cells. 

Results: We characterized the cellular identities of nearly 9000 cells that passed quality controls and 

split them into a nonimmune and immune cell compartment. We observed large amounts of immune 

cell infiltration in post-treatment tumour biopsies. Within the heterogeneous microenvironment of 

pretreated neuroblastoma, T and NK cells make up a considerable part of the immune infiltrate. 

Neuroblastoma cell clusters in particular downregulate of MHC-1 genes (HLA-A, HLA-B, HLA-C and 

B2M), a previously known reported tumour escape mechanism from T lymphocytes described in many 

human tumours of different origins. We also observed a large cell subsets of CD8+ T cells showing 

signs of ‘‘exhaustion’’, as characterized by the downregulation of specific genes associated with 
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effector functions (INFG, TNF, FGFBP2, and CX3CR1) or proliferation (KI67) or the upregulation of 

inhibitory checkpoint genes which are linked to the dysfunctional state (PD-1, CTLA4 and TIGIT). To 

investigate the potential interactions between neuroblastoma and NK and T cell subsets, we utilized a 

previously published computational pipeline of immune-related ligand-receptor interaction to gain 

insights into the immunomodulatory relationships among these cell clusters. 

TIGIT was identified as consistently highly expressed in tumour-infiltrating lymphocytes across multiple 

NB patients. Interestingly, TIGIT expression correlated with NK cell subsets. Hence, we propose that 

blockade of TIGIT might prevent or reverse NK and CD8+ T cell exhaustion and promoted T and NK 

cell–dependent neuroblastoma immunity. To evaluate of the contribution of TIGIT immunomodulation 

on neuroblastoma exvivo, we deployed a new 3D co-culture system of NK cells from normal adult 

peripheral blood mononuclear cells (PBMC) donors with patient-derived neuroblastoma organoids. To 

assess the amount of viable tumour cells left after CD8+T and NK cell encounter, GFP-LUC 

expressing neuroblastoma organoids were co-cultured with whole PBMC or PBMC depleted of NK 

cells or CD8 T cells. Immune cell mediated neuroblastoma killing is currently being tested in 

combination with various checkpoint inhibitors. 

Summary/Conclusions: This work provides a unique insight into the cellular composition of 

neuroblastoma tumours after treatment. We used scRNA-Seq to infer the transcriptional states of NB 

cells and the tumour-infiltrating immune cells in 12 high-risk post-treatment neuroblastoma patients. 

Coupling scRNA sequencing with functional validation systems such as our 3D neuroblastoma 

organoid co-culture platform might reveal novel immunotherapeutic interventions to be implemented to 

the standard of care to improve the clinical results of high-risk neuroblastoma patients. 

 

MS7.4 GD2 is a Macrophage Checkpoint Molecule and Combined GD2/CD47 Blockade Results 

in Synergistic Effects and Tumor Clearance in Xenograft Models of Neuroblastoma and 

Osteosarcoma 

R. Majzner 1 

J. Theruvath1, S. Heitzeneder1, S. Dhingra1, M. Linde1, C. Mackall1 
1 Stanford University School of Medicine, Palo Alto, USA 

 

Background/Introduction: The use of anti-GD2 antibodies for neuroblastoma (NBL) has resulted in 

enhanced survival, but many patients still relapse and ultimately die of their disease. Additionally, 

despite expression of GD2 on osteosarcoma (OS), anti-GD2 antibodies have not proven widely 

effective in that disease. Enhancing the efficacy of anti-GD2 antibodies could result in improved 

patient outcomes. 

Aims: CD47 is the dominant “Don’t Eat Me” signal expressed by cancer cells to inhibit macrophage 

phagocytosis. Blocking CD47 with antibodies leads to phagocytosis of tumor cells. A recent trial of 

anti-CD47 combined with rituximab (anti-CD20) resulted in a high complete response rate in patients 

with B cell lymphoma. Using the same rationale, that disinhibiting a macrophage in the presence of a 

tumor targeting antibody would result in enhanced anti-tumor activity, we studied the combination of 

CD47 blockade with anti-GD2 antibody. 

Methods/Materials: In vitro phagocytosis assays were carried out using human macrophages derived 

from human monocytes. In vivo studies were carried out in immunodeficient mice with an intact 

myeloid compartment. These mice were xenografted with human tumors and treated with anti-CD47 

antibody, anti-GD2 antibody, or a combination of both antibodies. Tumor growth was monitored by 

bioluminescence or caliper measurement. 

Results: We found a striking synergy between dinutuximab and anti-CD47 in vivo. This combination 

led to the complete clearance of both orthotopic and metastatic models of NBL. Additionally, the 

combination significantly delayed the growth of OS xenografts, resulting in enhanced survival, 

whereas single agent anti-GD2 or anti-CD47 had no anti-tumor activity. Finally, in a murine model of 

metastatic pulmonary OS, the combination of anti-GD2/CD47 led to a near elimination of all metastatic 

burden. 

To understand the biologic basis for the synergistic effects observed, we studied both the effects of 

GD2 crosslinking on tumor cells and the effects of GD2 blockade on macrophages. When NBL cells 

are treated with dinutuximab in vitro, a portion of the cells die, and those that survive upregulate 

surface calreticulin, an important pro-phagocytic (“Eat Me”) signal that stimulates macrophages to 

remove dying cells. Therefore, GD2 ligation results in cellular processes that drive macrophages to 
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phagocytose tumors. 

We measured in vitro phagocytosis of NBL cells and observed a synergistic effect in the presence of 

anti-GD2/CD47 compared to the single agents. However, when we combined anti-CD47 with a tumor 

specific antibody recognizing B7-H3, there was no synergy. We therefore hypothesized that GD2 itself 

is inhibitory to macrophages. We have identified the ligand for GD2, a molecule expressed on 

macrophages known to inhibit phagocytosis. Therefore, GD2 is a macrophage checkpoint capable of 

suppressing tumor cell phagocytosis. 

Summary/Conclusions: In summary, we have identified a novel combination of anti-GD2 and anti-

CD47 antibodies that is highly effective in xenograft models of NBL and OS and will soon be tested in 

children. Additionally, we have shown that GD2 itself is a macrophage checkpoint or “Don’t Eat Me” 

signal. This finding may explain the high levels of GD2 expressed on NBL and OS as a mechanism for 

immune evasion. 

 

 

PA9: Genomics: new genes and concepts 
 

PA9.1 The neuroblastoma dependency factor RRM2 is regulated during sympathoblast 

differentiation and represents a synergistic drug target for high-risk neuroblastoma 

C. Nunes 1, L. Depestel 1, L. Delhaye 1, K. Keller 2, V. Olexiouk 1, F. De Vloed 1, E. Sanders 1, A. 

Eggermont 1, W. Van Loocke 1, S. Loontiens 1, S. Zanotti 1, E. Dolman 2, P. Depuydt 1, J. De Wyn 1, B. 

Decaesteker 1, L. Tilleman 3, F. Van Nieuweburgh 3, D. De Force 3, C. Van Neste 1, B. De Wilde 1, W. 

De Vos 4, S. Eyckerman 1, F. Dela Cruz 5, S. Roberts 5, V. Vermeirssen 1, J. Molenaar 2, K. Durinck 1, 

F. Speleman 1 
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4 Antwerp University, Antwerp, Belgium 
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Background/Introduction: DNA replication is a tightly controlled process which is essential for cell 

survival. Oncogene-induced replicative stress increases fork stalling and collapse, resulting in double 

strand breaks which can drive tumor initiation. Further increased replicative stress can become a 

threat to cancer cells due to excessive DNA damage, imposing cells to adopt a replicative stress 

resistor phenotype. RRM2, a subunit of the ribonucleotide reductase, is critically involved in control of 

low dNTP levels in early S-phase, which represents a potential vulnerability for cancer cells. The role 

of RRM2 as a novel dependency factor and options for targeted therapy have not been studied in 

neuroblastoma. 

Aims: We aimed to study the role of RRM2 in neuroblastoma oncogenesis, its control during normal 

development and under the MYCN induced replicative stress adaptive regulatory network. Further, we 

also aimed to explore options for combination therapies targeting RRM2 both in vitro and in vivo. 

Methods/Materials: An integrated in silico analysis was performed using genomic and transcriptome 

data of more than 200 neuroblastoma cases. Functional assays were performed upon RRM2 

knockdown and overexpression. Drugging assays were done in neuroblastoma cell lines and organoid 

cultures. Zebrafish dßh-RRM2 and dßh-MYCN stable transgenic lines were generated. CasID 

technology was used to pull down RRM2 promotor bound proteins. 

Results: Computational analysis confirmed RRM2 as top-ranked putative co-driver in neuroblastoma. 

Strong RRM2 dependency was shown in vitro through knockdown in neuroblastoma cells, with 

transcriptome analysis revealing enrichment of expected FOXM1, cell cycle and TP53 gene 
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signatures. Transgenic zebrafish lines expressing RRM2 in immature sympathoblasts were crossed 

with a dßh-MYCN transgenic zebrafish line. RRM2 overexpression dramatically increased tumor 

penetrance from 20% to nearly 100%, accelerating neuroblastoma formation with tumors formed as 

early as 5 weeks of age in the double positive fish (p&lt;0.0001). To gain insight into which factors 

control RRM2 expression, we used CasID to identify RRM2 promotor bound proteins and identified 

NurD and PAF chromatin factors. The catalytic NurD subunit CHD4 is strongly upregulated during 

neuroblastoma formation in mice. Further, CHD5 is a commonly deleted presumed tumor suppressor 

located on 1p36 and known to replace CHD4 in NurD complexes during neuronal differentiation. We 

further mapped RRM2 expression levels in single cell RNA-seq trajectories in developing mouse 

sympathoblasts and noted highest expression levels of RRM2 in the so-called "bridging population", a 

highly proliferative population that interconnects Schwann cell precursor cells with the mature 

chromaffin cells. These findings suggest that, in addition to adaptive regulation of RRM2 to replicative 

stress, control of RRM2 expression levels may play a role in sympathoblast differentiation. Importantly, 

adaptive responses regulating RRM2 expression are also controlled by ATR/CHK1 and WEE1 cell 

cycle checkpoint kinases, as shown by pharmacological inhibition. We provide in vitro and in vivo data 

showing that RRM2 inhibition with triapine strongly sensitizes neuroblastoma cells to ATR/CHK1 and 

WEE1 inhibition. 

Summary/Conclusions: RRM2 is a critical dependency factor in high-risk NB which is also strictly 

regulated during sympathoblast differentiation. We propose RRM2 as a bona fide target for exploring 

novel synergistic drug combinations through phase I clinical trials. 

 

PA9.2 The Yes-Associated Protein suppresses Harakiri to promote therapy resistance under 

tumor environmental stress in high-risk neuroblastoma 

J. Shim 1, J. Lee 2, H. Jonus 2, A. Arnold 3, R. Schnepp 1, K. Janssen 4, V. Maximov 2, K. Goldsmith 1 
1 Emory University/Children's Healthcare of Atlanta, Atlanta, USA 
2 Emory University, Atlanta, USA 
3 Georgia State University, Atlanta, USA 
4 University of Alabama, Birmingham, USA 

 

Background/Introduction: High-risk neuroblastomas (NB) display more genomic alterations at 

relapse than at diagnosis, including increased transcriptional activity of the Yes-Associated Protein 

(YAP), a component of the Hippo signaling network. YAP is a transcriptional co-activator that binds to 

TEA Domain family transcription factors, regulating genes associated with organ growth, cell renewal, 

and survival. While increased YAP transcriptional signatures in NB portend a poor prognosis, its 

functional role in NB is not well characterized. Given the lack of YAP or upstream Hippo pathway 

mutations in relapsed NBs, it is unclear when YAP activity increases, at or before tumor recurrence, 

and whether it contributes to relapse. 

Aims: Our work aims to characterize the functional role of YAP in NB to elucidate how YAP may 

contribute to tumor recurrence and be therapeutically targeted. 

Methods/Materials: Patient-derived xenografts (PDXs) from the same patient’s diagnostic and 

relapsed tumor were evaluated by RT-qPCR for YAP and downstream targets. Therapy naïve PDXs 

were grown in NSG mice, treated with vehicle or 5 days of topotecan/cyclophosphamide (Topo/Cy), 

and evaluated for YAP protein. Gain and loss of function approaches were used to perturb YAP 

expression to analyze YAP effects on cell proliferation in vitro, tumor growth in vivo, and therapy 

response in both settings. NB cells with and without YAP were grown as neurospheres in neurobasal 

media and YAP expression, YAP-regulated stemness genes, and neurosphere formation were 

evaluated. RNA sequencing (seq) of SK-N-AS shYAP#2, shYAP#5 versus SK-N-AS control vector 

was analyzed for changes in gene expression. NLF shYAP and control vector cells were subjected to 

normal or serum starvation (0.1%FBS) conditions and Harakiri (HRK) expression and apoptosis were 

quantified. 

Results: Our results show that YAP expression and transcriptional activity are increased in relapsed 

versus diagnostic matched NB PDXs. One cycle of Topo/Cy in vivo causes immediate increase in YAP 

expression in previously YAP-null NB PDX tumors. Neurosphere conditions induce YAP expression 

and YAP knockdown inhibits stemness gene expression as well as colony formation. ShRNA inhibition 

of YAP does not affect cell proliferation or therapy response in vitro, yet strongly suppresses NB tumor 

growth and sensitizes xenografts to chemotherapy in vivo. RNA seq of SK-N-AS shYAP versus control 
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vector, focusing on genes regulating tumor environment, showed YAP significantly suppresses HRK, a 

BH3 protein known to activate mitochondrial apoptosis in response to nutrient deprivation. We 

confirmed HRK expression increases in NB-shYAP cells and decreases in NB cells transduced to 

overexpress YAP. Notably, HRK expression and intrinsic apoptosis significantly increase in response 

to serum starvation only when YAP is genetically inhibited. Importantly, HRK is decreased in the 

relapsed NB PDX compared to the diagnostic paired PDX, and HRK decreases in xenografts after 

Topo/Cy treatment, validating this reciprocal YAP-HRK relationship in vivo. 

Summary/Conclusions: YAP may drive the aggressive nature of recurrent neuroblastoma through 

modulation of in vivo stress conditions, promoting tumor growth and therapy resistance via inhibition of 

HRK. This supports YAP as a logical therapeutic target and HRK as a potential novel tumor 

suppressor in neuroblastoma. 

 

PA9.3 Functional genomic screens identify the nuclear export factor NXT1 as a therapeutic 

target in MYCN-amplified neuroblastoma 

C. Malone 1, N. Dharia 1, G. Kugener 2, B. Paolella 2, M. Rotherberg 2, M. Abdusumad 2, A. Gonzalez 2, 

N. Dumont 2, S. Younger 2, D. Root 2, F. Vazquez 2, K. Stegmaier 1 
1 Dana-Farber Cancer Institute, Boston, USA 
2 Broad Institute, Cambridge, USA 

Background/Introduction: Neuroblastoma, like most pediatric cancers, is notable for its relatively low 

mutation rate relative to adult cancers. This has made identifying new therapeutic targets for this 

disease a challenge, particularly as several of the known drivers, such as MYCN, are transcription 

factors which cannot be readily drugged. Therefore, an alternative approach to target discovery is 

required for neuroblastoma. 

Aims: We aim to use functional genomic CRISPR-Cas9 screens to identify and prioritize new 

therapeutic targets in MYCN-amplified neuroblastoma.  

Methods/Materials: We mined genome-scale CRISPR-Cas9 dependency data to identify 197 putative 

genetic dependencies that are selective to neuroblastoma relative to other cancers. We then 

generated a focused sgRNA library targeting these genes and performed CRISPR and CRISPRi time-

course dropout screens, cell death positive selection screens using Annexin-V purification, and an in 

vivo screen in a subcutaneous xenograft model. Validation studies of the top hit were performed using 

CRISPR-Cas9 as well as a conditional degron system in multiple cellular models of MYCN-amplified 

neuroblastoma. 

Results: At the intersection of these screens, we identified the nuclear export factor NXT1 as a top 

dependency in MYCN-amplified neuroblastoma. We validated that NXT1 loss impairs viability and 

induces apoptosis in MYCN-amplified neuroblastoma cell lines. NXT1 forms a heterodimer with NXF1 

and together they mediate export of mRNA from the nucleus. While many cancer cell lines can grow 

normally after NXT1 loss, with neuroblastoma as an exception, NXF1 is essential in all settings. 

Interestingly, NXF1 protein levels decrease when NXT1 is lost in NXT1-dependent cells. However, in 

non-dependent settings loss of NXT1 does not reduce NXF1 levels, suggesting that NXT1 deletion 

eliminates an essential protein in a context-dependent manner. We integrated RNA-seq expression 

data with CRISPR dependency data, and identified low expression of NXT2, a paralog of NXT1, as the 

feature most associated with NXT1 dependency. Using overexpression of NXT2, we show that low 

NXT2 is necessary for dependency on NXT1. Finally, we discovered several other pediatric cancers, 

including rhabdomyosarcoma and medulloblastoma, have low expression of NXT2 and show exquisite 

sensitivity to NXT1 loss, demonstrating that these findings have relevance beyond neuroblastoma. 

Summary/Conclusions: Here, we use a series of functional genomic screens to identify the nuclear 

export factor NXT1 as a key dependency in MYCN-amplified neuroblastoma. We further find that 

NXT1 loss leads to selective depletion of the essential protein NXF1 in the context of low NXT2 

expression, and that NXT2 expression is a biomarker of NXT1 dependency. Further, we demonstrate 

that CRISPR-Cas9 functional screens can be used to identify new therapeutic targets, particularly in 

diseases like neuroblastoma that lack “druggable” oncogenic driver mutations. 

 

PA9.4 Variations of DNA mismatch repair genes in hypermutated neuroblastoma 

A.F. Petit 1, I. Jimenez 1, G. Pierron 1, L. Lacroix 2, J. Bhalshankar 1, Y. Iddir 1, M. Chicard 1, A. Bellini 1, 
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Background/Introduction: Next generation sequencing (NGS) approaches, aiming to describe the 

overall genomic landscape, highlight a generally low mutational burden in neuroblastoma (NB), with a 

mean of 15 non-synonymous single nucleotide variants (SNVs) per coding genome per sample, or 

&lt;1 variant per megabase (Mb) of coding genome, with a paucity of recurrently altered genes. 

Interestingly, previous NGS studies have indicated that a small group of NB patients display a high 

tumor mutational burden (TMB), which has been associated with a poor outcome. We hypothesize that 

these patients might constitute a distinct clinical subgroup, characterized by alterations in common 

biological pathways. 

Methods/Materials: Cases with an intermediate to high TMB, defined as &gt;5 somatic variants/Mb, 

were selected from different sequencing programs (MICCHADO NCT03496402; MAPPYACTS 

NCT02613962, or in-house sequencing programs). Molecular analysis consisted of standard Illumina© 

100PE 100x whole exome sequencing (WES) and/or 100x whole genome sequencing (WGS) of tumor 

tissue and paired germline material. Following filtering on germline, somatic SNVs/mutations were 

called using GATK-UnifiedGenotyper, GATK-HaplotypeCaller, Samtools and Mutect. Copy-number 

profiles were generated using Varscan and DNAcopy. 

Results: Among 150 NB cases (55 analyzed at diagnosis, 95 at relapse) 10 cases with an 

intermediate to high TMB &gt; 5 somatic variants/Mb were identified (4 at diagnosis, 6 at relapse). 

Median age was 45 months at diagnosis (range 14-155), all but one had INSS stage 4/INRG stage M 

disease. Three had primary refractory disease, 7 relapsed after a median of 20 months (range 8-55) 

from diagnosis. Three out of 10 patients had an amplification of MYCN. 

MLH1 was found to be altered in 4 cases: 2 patients had a pathogenic germline variant, whereas in 2 

cases known/predicted pathogenic monoallelic somatic variants of MLH1 were observed; two of them 

displayed microsatellite instability. One tumor had a somatic variation of MSH6. Interestingly, another 

tumor had a homologous deletion of NBN, a gene of the double-strand repair complex involved in 

Nijmegen breakage syndrome. Other variants of unknown significance were found in DNA repair 

genes such as RERE, BRCA1 and BRAT1. 

Among the other observed variants, genes previously described to be recurrently altered in NB were 

identified, including mutations of ALK in 2 cases, and mutations of RAS-MAPK pathway genes in 3 

cases. Furthermore, variants of genes involved in chromatin remodeling were observed in 4 cases, 

including variants in ARID1A (n=2), SMARCA4 and IDH1 (n=1 each). In addition, somatic pathogenic 

variations of TP53 were observed in 3/7 cases studied at relapse. 

Analysis of paired diagnosis-relapse samples is currently ongoing (n=4) with an aim to compare the 

overall TMB and mutational signatures between primary tumor and relapse, and to search for 

potentially therapy-induced mutational profiles at relapse. 

Summary/Conclusions: Hypermutated neuroblastomas are a small subset of tumors that need to be 

explored more thoroughly. Further studies are necessary to determine if hypermutation which might be 

associated with expression of new epitopes, is associated with response to checkpoint inhibitors and 

to determine if patients with hypermutated NB might benefit from an alternative treatment approach. 

PA10: Targeted therapy: ALK resistance and new strategies 
 

PA10.1 Adrenergic and Mesenchymal neuroblastoma cells have opposite resistance to ALK 

inhibitors and TRAIL, allowing dual therapy to impede resistance and relapse development. 

E.M. Westerhout 1, P.J.M. Stroeken 1, J. Van Arkel 1, A. Lakeman 1, N.E. Hasselt 1, N. Akogul 1, D.A. 

Zwijnenburg 1, R. Volckmann 1, J.J.B. Koster 1, W.J. Van Nes 1, L.J. Valentijn 1, M. Hamdi 1, R. 

Versteeg 1 
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Background/Introduction: One of the most devastating features of neuroblastoma is that initially 

therapy-responsive tumours often relapse as therapy-resistant disease. Neuroblastoma displays intra-

tumour heterogeneity and includes a majority of lineage-committed adrenergic (ADRN) tumour cells 

and a minor population of immature mesenchymal (MES) tumour cells. Both cell types can 

transdifferentiate into one another. MES-type cells are resistant to chemotherapy and are enriched in 

post-treatment samples, suggesting that they are selected by therapy and may essentially contribute 

to development of resistant relapses. Identification of drugs that are MES specific and drugs that are 

ADRN-specific would allow to test whether combination therapy limits the emergence of relapses in 

neuroblastoma. 

Aims: To identify drugs that specifically kill ADRN cells or MES cells and test whether combination 

treatment attenuates relapse development.  

 Methods/Materials: Gene expression and ChIP-seq studies were analyzed of 36 NB cell lines, 

including 4 pairs of isogenic MES- and ADRN-type cell lines and our isogenic model of ADRN-to-MES 

reprogramming. Lorlatinib and/or TRAIL sensitivity was analyzed in neuroblastoma cell lines and 

xenografts, including our reprogramming model. 

Results: MES-type Neuroblastoma cells were found to lack ALK expression, even when an oncogenic 

mutation was present. Consequently, MES cells were resistant to the ALK inhibitor Lorlatinib. 

H3K27ac ChIPseq analysis showed that ALK has a strong super enhancer in all analyzed ADRN cell 

lines. MES-type cells lack this super enhancer, underscoring that ALK belongs to a core set of ADRN-

specific regulatory genes. Reprogramming of ADRN cells into MES cells by NOTCH3 induction 

eradicated the ALK super-enhancer, silenced ALK expression and rendered the cells resistant to 

Lorlatinib. This was also observed in a xenograft model, revealing a potential route for escape from 

therapy targeting ALK. In search for MES-specific drugs, we found that CASP8, a mediator of the 

extrinsic apoptosis pathway, was exclusively expressed by MES cells. Activation of this route by 

TRAIL killed MES cells, but did not harm ADRN cell lines. TRAIL treatment of ADRN-type xenografts 

had no effect on tumor outgrowth, while TRAIL induced complete regression of MES-type SK-N-AS 

neuroblastoma xenografts. 

Treatment of in vivo xenograft models of ALK-mutant neuroblastoma cell lines with Lorlatinib induced 

rapid tumor regression. This was followed by re-outgrowth of the tumor several weeks after cessation 

of treatment. This provided us with a model to test the effects of dual therapy on relapse development. 

Dual treatment of this model with Lorlatinib and TRAIL significantly delayed the onset of tumor 

regrowth as compared to Lorlatinib alone (p&lt;0.001; ANOVA).  

Summary/Conclusions: Our results show that MES- and ADRN-type neuroblastoma cells have 

complementary drug-sensitivity profiles. Lorlatinib inhibited only the ADRN cells and not the resistant 

MES cells, revealing an important potential route for escape from targeted therapy. Combining 

Lorlatinib with specific targeting of MES cells delayed outgrowth of tumors in a pseudo-relapse model, 

suggesting that targeting these cells can abate development of therapy-resistant relapses in 

neuroblastoma. 

 

PA10.2 Activation of downstream signalling pathways is a mechanism of ALK inhibitor 

resistance in neuroblastoma 
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Background/Introduction: About 8% of neuroblastomas harbour activating mutations in the kinase 

domain of the anaplastic lymphoma kinase receptor (ALK). The most frequent mutations are F1174L 

and R1275Q, causing constitutive kinase activation. While several patients responded initially well to 

treatment with ceritinib, a second-generation ALK inhibitor (ALKi), for their ALK-driven neuroblastoma, 

most eventually developed treatment resistance and relapsed or progressed. 
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Aims: Our aim was to identify and analyse potential mechanisms of ALK inhibitor resistance in 

neuroblastoma and develop strategies to overcome these resistance mechanisms. 

Methods/Materials: A genome-wide CRSIPR/Cas9 screen activating or inhibiting genes was 

performed as an unsupervised approach to identify genes involved in ALKi resistance in 

neuroblastoma cell lines. Serial biopsies of ALKi-resistant neuroblastomas were analysed using whole 

genome or exome sequencing. Cell models harbouring resistance mutations observed in patients and 

in vitro screens were generated using CRISPR/Cas9 technology. Cell models were validated using 

Sanger sequencing, T7 assays and western blotting, and were characterized using cell-based assays 

and transcriptome sequencing. ALK downstream signalling in these models was analysed by mass 

spectrometry-based quantitative proteome and phosphoproteome profiling as well as immunoassay-

based experiments and live-cell imaging during perturbation experiments. Sensitivity of resistant 

clones to several compounds was assessed. 

Results: An unbiased, genome-wide CRISPR/Cas9 screen to identify ALKi resistance genes in 

neuroblastoma cell lines harbouring ALK mutations revealed several genes, including SIK3 and 

CDCP1, regulating the canonical ALK downstream signalling pathways, RAS/MAPK and PI3K/mTOR. 

We also identified ABCE1, an ATP-binding cassette transporter that has previously been described in 

human cancers and associated with drug resistance. In line with these results, we observed de novo 

mutations or deletions in NF1, a negative RAS/MAPK pathway regulator, in relapsed tumours following 

ALKi therapy among the serial neuroblastoma biopsies analysed by whole genome or exome 

sequencing. Concordantly, inactivating NF1 in neuroblastoma cells harbouring ALK mutations and 

sensitive to ALKi using CRIPR/Cas9 technology conferred resistance against ALKi treatment. Western 

blotting confirmed ALK-independent activation of the RAS/MAPK pathway. However, (phospho-

)proteome profiling and perturbation experiments with targeted phospho-protein analysis revealed 

complex rewiring of signalling pathways downstream of ALK, which is currently being deciphered in an 

ongoing computational modelling approach. Gene expression profiling revealed increased RET 

expression in NF1 knockout cells in comparison to the parental control cells, pointing to a potential 

downstream mechanism of resistance. In line, NF1 knockout cells displayed stable ETV5 expression 

after 6 hours of ceritinib treatment in comparison to the parental control cells in which ETV5 

expression was reduced. To identify vulnerabilities in resistant clones, NF1 knockout cells were 

treated with different inhibitors. While the parental control cells harbouring ALK mutations retained 

intermediate sensitivity, ALKi-resistant NF1-deficient clones were ultra-sensitive to MEK inhibitors. 

Summary/Conclusions: (Re-)activation of ALK downstream signalling pathways is a mechanism of 

ALKi resistance observed in preclinical models as well as patients. Mutations inducing ALKi resistance 

confer new vulnerabilities, thereby pointing to potential combinatorial and/or sequential therapeutic 

strategies to overcome resistance. 

 

 

PA10.3 New therapeutic strategies for neuroblastoma:  Targeting Gal-3BP with a highly potent 

Antibody-Drug Conjugate 
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D'agostino 1, S. Bibbò 1, V. De Laurenzi 1, M. Iezzi 1, A. Sala 4, R. Lattanzio 1, F. Giansanti 2, M. 

Ponzoni 3, R. Ippoliti 2, S. Iacobelli 5 
1 University of Chieti-Pescara, Center for Advanced Studies and Technology (CAST), Chieti, Italy 
2 University of l’Aquila, 67100 Coppito, Italy., L'Aquila, L'Aquila, Italy 
3 IRCCS Istituto Giannina Gaslini, Genova, Italy, Genova, Italy 
4 Brunel University, London, United Kingdom 
5 Mediapharma srl, Chieti, Italy 

 

Background/Introduction: 

Neuroblastoma is a solid tumor affecting the peripheral nervous system accounting for ∼15% of all 

pediatric oncology deaths. Despite multimodal therapeutic treatments, the majority of relapsed, high 

risk neuroblastoma patients still succumb to the disease. Antibody Drug Conjugate (ADC)-based 

therapy has been successfully implemented at preclinical and clinical level, with different types of 

ADCs showing activity in a variety of malignancies. Galectin-3 binding protein (Gal-3BP) (aka Mac-2 

BP or 90K) is a highly glycosylated protein abundantly expressed by the majority of human cancers, 

including neuroblastoma, while being virtually undetectable in normal adult tissues. In clinical reports, 
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Gal-3BP was associated with low survival rate, development of cancer progression, and enhancement 

of metastasis. Moreover, Gal-3BP has been found to be overexpressed in the neuroblastoma 

microenvironment, leading to IL-6 production by monocytes and bone marrow mesenchymal stem 

cells (BMMSC). 

Aims: In this study, we have investigated whether Gal-3BP is a suitable target for non-internalizing 

ADC-based therapy in neuroblastoma. 

Methods/Materials: We have developed a non-internalizing ADC that specifically targets Gal-3BP, by 

directly coupling the maytansinoid thiol-derivative DM3-SH to unpaired cysteine residues of the 

engineered anti-Gal-3BP antibody 1959-sss, resulting in site-specific, linker-less thiol drug 

conjugation, with a drug-antibody ratio of 2. Therapeutic studies were conducted using subcutaneous, 

metastatic and orthotopic mouse models with conventional human neuroblastoma cell lines. To 

increase the clinical relevance of the results, we have also used patient-derived tumor (PDX) models 

expressing high levels of GAL-3BP. 

Results: Gal-3 BP-ADC induced complete, durable regression of xenotransplanted tumours formed by 

conventional cell lines or patient-derived neuroblastomas. Preliminary toxicology studies suggest that 

therapeutic concentrations of the ADC are well tolerated in rabbits, which is the only species where the 

1959 antibody binds endogenous Gal-3BP with an affinity similar to the human antigen. The ADC was 

highly stable in plasma in vitro and in vivo, and displayed a favorable biodistribution. 

Summary/Conclusions: Our results validate Gal-3BP as a suitable cancer target and provides a 

rationale for further clinical development of this newly engineered ADC for the treatment of Gal-3BP-

expressing neuroblastoma. 

 

PA10.4 The astatine-labeled PARP inhibitor [211At]MM4 induces complete and durable 

responses in neuroblastoma patient derived xenograft (PDX) models 

M. Samanta 1, M. Makvandi 2, G. Groff 1, P. Martorano 2, H. Lee 2, V. Batra 1, S. Carlin 2, D. Martinez 1, 

J. Pogoriler 1, R. Mach 2, D. Pryma 2, J. Maris 1 
1 Children's Hospital of Philadelphia, PA19104, Philadelphia, USA 
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Background/Introduction: The Poly (ADP-ribose) polymerase 1 (PARP1) enzyme is essential for 

initiating DNA damage repair. While generally overexpressed in cancer, we previously showed that 

PARP1 is expressed at higher levels in neuroblastoma than other human cancers, and expression 

level is associate with patient outcome. We recently showed that targeting PARP1 with an alpha-

particle emitting radionuclide, astatine-211, conjugated to the PARP1 inhibitor MM4 ([211At]MM4) was 

over 109 times more potent than non-radioactive analogue PARP1 inhibitor, and potently cytotoxic 

against neuroblastoma cell lines in vitro (J Nuc Med, 2019). 

Aims: To define the tolerability and efficacy of [211At]MM4 in PDX models of high-risk neuroblastoma. 

Methods/Materials: Dose finding and toxicities studies were performed to determine maximal 

tolerated dose (MTD) in CB17 SCID mice. Bone marrow and hematological toxicities were directly 

assessed in C57B6 mice. Tissue biodistribution of 211At-MM4 was measured by gamma counting at 

time points beteween 30 min - 6 hours. Efficacy of [211At]MM4 was assessed in a panel of 11 

neuroblastoma PDX models with clinically relevant variability in PARP-1 expression and other 

molecular features at 325 µCi/kg, 650 µCi/kg and 975 µCi/kg intraperitoneally (IP) in four fractionated 

doses twice weekly, and animals were monitored for up to 100 days. [211At]MM4 impact on both 

tumors and normal tissues was evaluated by histopathology. 

Results: Weight loss and thrombocytopenia defined the MTD at 975 µCi/kg. Biodistribution of 

[211At]MM4 showed a tumor to muscle ratio of 10 at 1-hour post-infusion. Normal organs with elevated 

uptake included thyroid, stomach, and spleen. Nine out of eleven models treated at the MTD showing 

a complete response, and the two with the lowest PARP1 expression showed partial responses, albeit 

&gt;90% reduction in tumor volume. Long term progression free survival (PFS) revealed two distinct 

sub-groups, classified herein as exceptional responders and responders (mean PFS: 88 vs. 28 

days;p-value &lt;0.001). Exceptional responders (5 models) had a median PFS of 83 days and 70% 

showed no evidence of disease at 100 days. Responders (6 models) had a median PFS of 27 days. 

Relapsed tumors in 2 exceptional responder models were sensitive to retreatment. Histopathology of 

tumors showed effects after a single dose with increased DNA damage which corresponded to 
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decreased tumor cellularity and mitotic index. Post-treatment dissagregated tumors assesed by flow 

cytometry showed upregulation of gH2AX, accumulation of a pronounced sub-G1 peak, and absence 

of Ki-67 staining. 

Summary/Conclusions: [211At]MM4 is a potently active targeted radiotherapeutic that will be 

prioritized for clinical development. Biomarkers predictive of durability of response are being explored 

and will be presented. 

 

Figure 1  

PA11 Core Regulatory Circuitries 
 

PA11.1 Efficacious targeting of TERT-rearranged neuroblastoma with BET bromodomain 

inhibitor and proteasome inhibitor combination therapy 
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Background/Introduction:TERT gene rearrangement with transcriptional super-enhancers leads to 

massive TERT over-expression and neuroblastoma in 20-25% of high-risk neuroblastoma patients. 

Unfortunately, the majority of patients with this subtype of neuroblastoma die of the disease, as no 

targeted therapy is currently available. 

Aims: To identify the BET bromodomain protein BRD4 as a critical regulator of TERT expression in 

TERT gene rearranged neuroblastoma cells; to identify the anticancer agent which exerts the best 

synergistic anticancer effects with the BET bromodomain inhibitor OTX015 against TERT-rearranged 

neuroblastoma; and to demonstrate the considerable anticancer effects of the combination therapy in 

mice xenografted with TERT-rearranged neuroblastoma cell lines or patient-derived xenograft (PDX) 

tumors. 

Methods/Materials: The effects of BRD4 on TERT mRNA and protein expression, cell proliferation 

and survival were examined by RT-PCR, immunoblot and cell cycle analyses in TERT-rearranged 

neuroblastoma cells after transfection with control or BRD4 siRNAs or shRNAs. The US Food and 

Drug Administration-approved oncology drug library was screened to discover the proteasome 

inhibitor, carfilzomib, as the drug exerting the best synergistic anticancer effects with the BET 

bromodomain inhibitor OTX015 against TERT-rearranged neuroblastoma cells. The synergistic 

anticancer effects of OTX015 and carfilzomib were then examined by Alamar blue assays and flow 

cytometry analysis of apoptosis in TERT-rearranged neuroblastoma cell lines and PDX cells. Finally, 

mice were xenografted with TERT-rearranged neuroblastoma cell lines or PDX tumors, and the 

anticancer effects of OTX015 and/or carfilzomib were investigated in the mice. 

Results: Knocking down BRD4 considerably reduced TERT mRNA and protein expression and 

telomerase activity in TERT-rearranged neuroblastoma cells, and led to TERT-rearranged 

neuroblastoma cell cycle arrest. By screening a library of the US Food and Drug Administration-

approved oncology drugs, we identified the proteasome inhibitor carfilzomib as the drug exerting the 

best synergistic anticancer effects with OTX015 against TERT-rearranged neuroblastoma cells. 

OTX015 and carfilzomib synergistically induced apoptosis and synergistically reduced TERT protein 

expression in TERT-rearranged neuroblastoma cells with little toxicity against normal non-malignant 

cells, and the anticancer effect was substantially blocked by forced ectopic TERT over-expression. In 

mice xenografted with TERT-rearranged neuroblastoma cells, OTX015 and carfilzomib synergistically 

and considerably blocked TERT expression, induced tumor cell apoptosis, suppressed tumor 
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progression and improved mouse survival. Importantly, forced TERT over-expression considerably 

blocked the anticancer effects of OTX015 and carfilzomib combination therapy in mice xenografted 

with TERT-rearranged neuroblastoma cells, and OTX015 and carfilzomib also considerably blocked 

tumor progression and improved survival in a PDX model of TERT-rearranged neuroblastoma. 

Summary/Conclusions: TERT gene expression in TERT-rearranged neuroblastoma is controlled by 

the BET bromodomain protein BRD4. OTX015 and carfilzomib combination therapy synergistically 

blocks TERT expression, induces TERT-rearranged neuroblastoma cell apoptosis, and blocks TERT-

rearranged neuroblastoma progression in vivo. As OTX015 is currently in Phase II clinical trials and 

carfilzomib is an approved oncology drug, OTX015 and carfilzomib combination treatment is likely to 

be rapidly translated into the first clinical trial of targeted therapy for TERT-rearranged neuroblastoma 

patients. 

 

PA11.2 SOX11 as guardian of epigenetic plasticity in neuroblastoma 
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Background/Introduction: Normal human development is controlled through the complex interplay of 

multiple transcription factors and the reshaping of epigenetic landscapes. Tumor cells can co-opt 

normal developmental pathways for functions that are linked to tumor progression and may become 

addicted to survival mechanisms controlled by developmental master regulators. Neuroblastoma (NB), 

the most common extra-cranial tumor in childhood, arises from the sympatho-adrenergic lineage 

during normal embryonic development. The genomic landscape of NB is characterized by a low 

mutational burden and highly recurrent copy number changes. Consequently, these copy number 

alterations affecting lineage-dependency factors in the sympatho-adrenal lineage might be strong 

candidates for NB cell addiction. The study of such oncogenic lineage-dependency factors is 

considered of strong translational value as they could represent highly selective drug targets 

compared to conventional cytotoxic therapy. 

Aims: We aimed to scrutinize DNA copy number profiles for gains or amplifications of putative 

lineage-dependency transcription factors involved in the epigenetic landscape and development of 

NB. 

Methods/Materials: Using high resolution copy number analysis of NB tumors we sought for 

candidate lineage-dependency transcription factors. In vitro functional assays were performed upon 

SOX11 knockdown and overexpression. Tumor acceleration was evaluated upon SOX11 

overexpression in a MYCN-driven zebrafish model. ChIP-seq, ATAC-seq and RNA-sequencing was 

performed to evaluate the transcriptome and epigenetic landscape, which consequently resulted in the 

execution of drugging assays for strong candidate targets. 

Results: We identified recurrent focal gains and amplifications encompassing the SOX11 locus and 

selected this transcription factor as a strong candidate based on (1) its expression in the normal 

sympatho-adrenal lineage and adrenergic NBs and (2) its control by multiple adrenergic specific distal 

(super-) enhancers, amongst others. Both in vitro SOX11 knockdown in NB cells and data from the 

Cancer Dependency Map are indicative for strong dependency of NB cell lines to elevated SOX11 

expression levels. Furthermore, SOX11 overexpression in a MYCN-driven NB zebrafish model 

showed accelerated tumor formation. ChIP-sequencing revealed SOX11 controlled transcription of 

multiple components of major epigenetic modulating protein complexes implicated in chromatin 

remodeling and enhancer activation (SWI/SNF), chromatin modification (PRC1 and PRC2), DNA 

methylation as well as several pioneer transcription factors including MYB. Furthermore, ATAC-

sequencing indicated SOX11 controlled chromatin opening, predominantly affecting distal enhancers 
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marked by SMARCC1 and MYB binding motifs. In addition to the strong co-regulation of MYB and 

SOX11, SOX11 high expressing NB cells showed increased sensitivity for peptidomimetic blockade of 

MYB. 

Summary/Conclusions: Our data suggest a key role for SOX11 in the activation of multiple 

epigenetic modulators in NB leading to an impact on maintenance of adrenergic NB chromatin 

accessibility and cell identity and contributing to the proliferative MYCN driven NB phenotype. 

 

PA11.3 The neuroblastoma specific lincRNA NESPR controls noradrenergic cell identity and 

neuroblastoma cell survival 

E.J. De Bony  1, D. Rombaut 1, L. Delhaye 2, E. D'haene 1, N. Yigit 1, C. Céline  1, J. Van Nes 3, B. 

Menten 1, M. Van Bulck 4, Y. Heremans 4, J. Vandesompele 1, S. Eyckerman 2, S. Lefever 1, P. 

Mestdagh 1 
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Background/Introduction: Neuroblastoma tumor cells are defined by a noradrenergic or 

mesenchymal state. Transcription factors composing the core regulatory circuitries (CRCs) that define 

these states are well described and include PHOX2B, ISL1, GATA3 and HAND2 for the noradrenergic 

state and FOSL1, FOSL2 and JUN for the mesenchymal state. The role of long non-coding RNAs 

(lncRNAs) in these CRCs remains poorly understood despite the fact that these molecules are 

emerging as transcription regulators. 

Aims: By studying the role that lncRNAs occupy in determining neuroblastoma cell identity and their 

relationship with protein-coding transcription factors we hope to paint a more accurate and 

comprehensive picture of core regulatory networks. 

Methods/Materials: We performed a pan-cancer lncRNA expression analysis comparing over 35 

different tumor types to identify neuroblastoma-specific lncRNAs. Antisense oligonucleotides (ASOs) 

and siRNAs were used to silence the identified neuroblastoma-specific transcript. Treated cells were 

then subjected to colony formation, cell growth and apoptosis assays followed by RNA-sequencing. 

We then used 4C-sequencing to chart potential interactions between relevant loci. Finally, Chromatin 

Immunoprecipitation by RNA-Pulldown (ChIRP) sequencing was performed to identify DNA binding 

regions of the identified lncRNA. 

Results: Pan-cancer expression analysis identified the neuroblastoma-specific lncRNA NESPR 

(NEuroblastoma Specific Phox2B Regulatory RNA). NESPR is located in the PHOX2B super-

enhancer region and, unlike many lncRNAs, NESPR is abundantly expressed, efficiently spliced, 

highly conserved in mammals and present in both the nucleus and the cytoplasm as observed with 

fractionation and single-cell expression data. In neuroblastoma, high NESPR expression is associated 

with high-stage disease, MYCN amplification, and poor patient survival. Interestingly, NESPR 

expression is confined to noradrenergic neuroblastoma cells and downregulated upon de-

differentiation to the mesenchymal state. Knockdown of NESPR significantly decreased colony 

formation and cell growth and lead to an increase in apoptosis. Of note, these effects were strictly 

dependent on the nuclear fraction of NESPR. RNA-sequencing of NESPR-silenced neuroblastoma cell 

lines revealed a significant reduction in the expression of PHOX2B and other components of the 

noradrenergic CRC, suggesting that NESPR may be involved in regulating PHOX2B expression and, 

as such, defining noradrenergic cell identity. 4C-sequencing demonstrated a long-range interaction 

between the NESPR locus and the PHOX2B promoter in noradrenergic cell lines but not in 

mesenchymal cell lines. Moreover, ChIRP-sequencing revealed binding of NESPR to DNA elements 

confined within the PHOX2B insulated neighborhood, suggesting NESPR regulates PHOX2B 

expression in cis. Strikingly, ChIRP-sequencing revealed binding of NESPR to various regions outside 

the PHOX2B locus. Motif analysis of these NESPR binding sites revealed a significant enrichment of 

GATA3, ISL1, and HAND2 binding motifs, suggesting a potential trans function for NESPR in the 

noradrenergic CRC. 

Summary/Conclusions: Experiments are ongoing to further validate these findings. Overall, our 

results have uncovered a key regulatory function for the lncRNA NESPR in the noradrenergic CRC 

and demonstrate its role in neuroblastoma cell survival. To further elucidate the molecular mechanism 
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underlying NESPR function, we are identifying its protein binding partners and potential influence on 

the chromatin environment of its target genes. Finally, we have established a NESPR knock-out 

mouse model to further study NESPR function in vivo. 

PA12: Immune landscape of neuroblastoma 
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Background/Introduction: Previously reported results of our randomized Phase III trial COG 

ANBL0032 demonstrated that immunotherapy including ch14.18 (dinutuximab), a chimeric 

human/murine anti-GD2 monoclonal antibody, GM-CSF, and interleukin-2 (IL-2) improved survival for 

children with high-risk neuroblastoma that had responded to standard induction and consolidation 

therapy. These results served as the basis for FDA approval of dinutuximab. 

Aims: To present extended follow-up results of the randomized COG ANBL0032 cohort to provide 

insights into the long-term benefits of dinutuximab-based immunotherapy. In addition, this study 

sought to identify potential biomarkers that may correlate with patient outcome. 

Methods/Materials: Patients recieved 6 cycles of isotretinoin with or without 5 cycles of 

immunotherapy. Dinutuximab was given with GM-CSF in cycles 1, 3, and 5 and with IL-2 in cycles 2 

and 4. Accrual was discontinued early due to meeting the protocol-defined stopping rule for efficacy, 

as assessed by analysis of event-free survival (EFS). Survival curves were compared by intention to 

treatment group using a one-sided log-rank test. Plasma levels of dinutuximab, soluble IL2 receptor 

(sIL2R) and human anti-chimeric antibody (HACA) were assessed by ELISA. Fcg receptor 2A and 3A 

genotypes were determined by PCR amplification and direct sequencing. The FcR SNP genotypes 

were correlated with EFS of patients based on actual treatment received with a log-rank test. 

Results: For 226 eligible randomized patients (out of 230 randomized, median follow-up 9.97 years), 

5-year EFS was 56.6±4.7% for patients randomized to immunotherapy (n=114) versus 46.1±5.1% for 

those randomized to isotretinoin only (n=112) (p=0.0417). Five-year overall survival (OS) was 

73.2±4.2% for immunotherapy patients compared to 56.6±5.1% for isotretinoin only patients 

(p=0.0445). For 179 stage 4, ≥18 months old patients, the EFS (5-year: 51.3±5.3% vs. 41.1±5.6%; 

p=0.0401) and OS (71.4±4.9% vs. 51.7±5.7%; p=0.0326) were superior for immunotherapy compared 

to isotretinoin. Thirteen of 122 HACA-evaluable patients receiving dinutuximab developed HACA. 

HACA positivity was not associated with EFS, OS, or with occurrence of DLT (p≥0.36 for all 3 

parameters). Similarly, plasma levels of dinutuximab and of sIL2R did not correlate with recurrence or 

DLT. Fcg receptor 2A and 3A genotypes matched reported frequencies, but did not correlate with 

clinical outcome. 
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Summary/Conclusions: The randomized cohort of 226 patients with a median follow-up of 10 years 

confirmed better EFS and OS for those that received immunotherapy compared with those treated 

with isotrentinoin only. Validated biomarkers of response have yet to be identified. 

 

PA12.2 A Phase II Trial of Hu14.18K322A in Combination with Induction Chemotherapy in 

Children with Newly Diagnosed High-Risk Neuroblastoma: An Update on Early Response and 
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Background/Introduction: Myelosuppression from chemotherapy given concurrently with anti-GD2 

antibodies was thought to adversely affect the effector cells necessary for the anticancer effects of 

antibodies. However, preclinical studies in neuroblastoma models and clinical studies of several 

antibody/chemotherapy combinations in adult cancers demonstrated that concurrent chemotherapy 

with various monoclonal antibodies provides additive/synergistic benefits. We therefore postulated that 

the addition of an anti-GD2 antibody to induction chemotherapy for neuroblastoma would further 

improve outcomes. 

Aims: We prospectively evaluated the combination of a humanized anti-disialoganglioside monoclonal 

antibody (hu14.18K322A) with induction chemotherapy in patients with newly diagnosed high-risk 

neuroblastoma. This report updates our earlier observations (Clin Cancer Res, 2019; 25:6320-8) in a 

larger number of patients treated at our center. 

Methods/Materials: We conducted a prospective nonrandomized, single-arm, three-stage, phase II 

clinical trial (NCT01857934). Six courses of induction chemotherapy, identical to that described by 

Park (JAMA, 2019), were coadministered with hu14.18K322A (40 mg/m2/d x 4) and followed with 

granulocyte/macrophage colony-stimulating factor (GM-CSF; 250 mcg/m2/d) and low-dose interleukin-

2 (IL-2; 1 MIU/ m2/ qod x 6). Consolidation used a busulfan/melphalan preparative regimen. An 

additional course of hu14.18K322A was administered with parent-derived natural killer cells, when 

available, during consolidation. After the first 47 patients completed consolidation the study was 

amended to eliminate the additional course of hu14.18K322A with or without parental-NK cells. 

Following completion of external beam radiation therapy, Hu14.18K322A, GM-CSF, IL-2, and 

isotretinoin were then administered, identical to that described by Yu et al, NEJM, 2010, with the 

substitution of hu14.18K322A for dinutuximab. Secondary outcomes included reduced tumor volume 

after the first two courses of induction and semiquantitative 123I-metaiodobenzylguanidine scoring [i.e., 

Curie scores (CS)] at the end of induction. The results of the first 43 patients enrolled have been 

previously reported (Furman et al, Clin Ca Res 2019; 25:6320-8). We update those results with all 

patients who have been enrolled. 

Results: Sixty-four patients have been enrolled on the trial and fifty-four have completed all planned 

therapy. Therapy was well tolerated, with continuous-infusion of narcotics adjusted to need. Response 

assessment following the first two courses of chemoimmunotherapy resulted in partial responses (PR) 

or better in 43/63 evaluable patients (68%, 95% confidence interval (CI), 55%-79%; P = 0.0131 when 

compared to ANBL02P1 early responses (40%, 12/30)). This was accompanied by a median of -73% 

primary tumor volume reductions (n=60 tumors; range, -100% to 5%). Of 53 patients with stage 4 

disease who have completed induction, 46 had end of induction CS of 2 or less. No patients 

experienced progression during induction. With the median follow up of 3.4 years (0.4 – 6.3 yrs.), two-

year event-free survival (EFS) was 82.6% (95% CI, 70.1 – 90.3%). 

Summary/Conclusions: Adding hu14.18K322A to induction chemotherapy produced early PR or 

better in most patients, resulted in no progression during induction, and improved CSs at the end of 

induction. These early responses have translated into a promising 2-year EFS and merit further 

investigation in a larger multi-institutional trial. 



 

74 

 

PA12.3 Haploidentical stem cell transplantation and subsequent immunotherapy with anti-GD2 
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Background/Introduction: Pediatric patients with relapsed metastatic neuroblastomas have a poor 

prognosis and additional therapeutic strategies are needed. We present results of a phase I/II-trial 

analysing subsequent immunotherapy with anti-GD2mAb (CH14.18/CHO) following HLA mismatched, 

haploidentical stem cell transplantation (SCT). 

Methods/Materials: T- and B-cell depleted stem cells from parental donors were used in combination 

with Melphalan140mg/m², Thiotepa10mg/kg, Fludarabin160mg/m², and ATG-F. Infusions with 

CH14.18/CHOmAb were started on day 60-180 post transplant: 6 cycles with 20mg/m²/day x 5 days; 

in cycles 4-6, 1x106 U/m² Interleukin 2 (IL2) was given additionally. The disease status was evaluated 

with whole body MRI, MIBG and BM-aspirates. 

Results: 68 patients with 1st to 5th metastatic relapse were enrolled, relapse treatment comprised 

induction chemotherapy and surgical intervention and local irradiation if possible. 70,1 % of patients 

received a backbone of temozolomide+irinotecan in combination with 

Topotecan/Cyclophosphamide/Etoposide based cycles. 

The median time from the start of relapse therapy to HSCT was 7 months. 

Stem cell transplantation was well tolerated without TRM, primary engraftment occurred in 64 patients 

(95,5%), the median time to an ANC &gt; 0.5 x 109/l was 11 days. 

Induction of relevant late onset acute GvHD (during antibody treatment) was seen in two patients, one 

steroid-sensitive stage III GvHD of the GI-tract, one stage II GvHD of the GI-tract. Frequent side 

effects of antibody treatment were pain, fever, and CRP elevation; rare side effects were SIRS (n=7) 

seizures (n=3), and accommodation disturbances (n=8). 

Thirteen of twenty-four patients (54,2%) who achieved CR already prior to antibody treatment, could 

maintain a complete remission (CR), 20/36 patients (55%) with partial remission prior to antibody 

treatment achieved CR or could significantly reduce their tumour load after antibody treatment. 2/8 

patients (25%) with NR (stable disease/mixed resp.) responded only transiently. 

In all patients the number of patients with CR increased from 24 before immunotherapy to 28 after the 

last treatment cycle. 

Thus, success of treatment, defined as stable disease or improvement after the last treatment cycle, 

was shown in 58,8%. Overall survival at 2 and 3 years was 68,6% and 58%. Event free survival at 2 

and 3 years was 51,2% and 46,9% (median follow up: 2.5 years). 

Significant factors of influence on OS and EFS were: remission status prior to SCT and bone marrow 

(BM) involvement after SCT. 

(3-year-EFS for patients in CR vs. PR vs. NR: 61,36 %, 53,2%, 20% p=0,02 (CR/PD), p=0,006 

(PR/PD); BM+ vs. BM-: 21,1% / 58,7%, p=0,007) 

(3-year-OS for patients in CR vs. PR vs. NR: 62,8 %, 69,1%, 20% p=0,03 (CR/PD), p=0,0002 

(PR/PD); BM+ vs. BM-: 31,1% / 65,7%, p=0,04)  

Summary/Conclusions: CH14.18/CHO infusions after haploidentical SCT appear to be feasible 

without increased risk of inducing GvHD. In patients with detectable tumour burden an immunological 

and clinical response could be shown due to combination of mAb and immune system of donor origin. 

Side effects of the treatment were tolerable and well manageable. 

In summary, for patients with refractory/relapsed NBL, haploidentical SCT plus ch14.18 plus Il2 can 

induce long-term remissions with favourable EFS. 
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Figure 1  

 

Figure 2  

 

PA12.4 Discovery and Immunotherapeutic Targeting of Lineage-restricted Major 

Histocompatibility Complex (MHC) Antigens in Neuroblastoma 

M. Yarmarkovich 1. J. Warrington 1, W. Li 2, M. Di Marco 3, T. Noel 1, S. Stevanovic 3, D. Dimitrov 2, J. 

Maris 1 
1 Children's Hospital of Philadelphia, Philadelphia, USA 
2 University of Pittsburgh, Pittsburgh, USA 
3 University of Tubingen, Tubingen, Germany 

 

Background/Introduction: The MHC presents a snapshot of the intracellular proteome for 
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surveillance by T cells, including peptides from mutated oncoproteins (neoantigens) and nonmutated 

but aberrantly expressed proteins. Neuroblastoma is characterized by low mutational burden and low 

MHC expression, thus presenting a unique set of challenges in identifying and targeting tumor-specific 

antigens. 

Aims: 1) Discover antigens derived from lineage-restricted oncoproteins in high-risk neuroblastomas. 

2) Engineer T cell receptors (CARs and TCRs) targeting neuroblastoma antigens and show anti-tumor 

efficacy. 

Methods/Materials: We first performed LC/MS/MS proteomics on peptides eluted from purified MHC 

class I and II from 8 high-risk patient derived xenograft (PDX) and 8 primary archived patient tumors. 

We then compared antigens eluted from neuroblastoma tumors to healthy tissue ligandomes, and 

expression of parent genes between tumor and normal transcriptomes. We validated putative antigens 

by synthesizing peptides and performing LC/MS/MS, and validated binding to predicted HLA by 

refolding the pMHC complex. We then performed phage display to generate CARs directed at 

prioritized antigens in the proper MHC context, using decoy pMHC to remove non-specific binders. For 

any candidate binder with cross reactivity to MHC, we applied mutagenesis screens across the CDR 

loops to characterize the binding of each residue to MHC to abrogate non-specificity. TCRs were 

generated by enriching antigen-specific CD8 cells and performing single-cell sequencing on 

functionally expanded cells. CARs and TCRs were screened for anti-tumor efficacy in preclinical 

models through imaging of cleaved caspase. 

Results: We identified 265 novel antigens presented on MHC, and prioritized six (PHOX2B, IGFBPL1, 

HMX1, TH, GFRA2, and CHRNA3) as lead candidates based on binding affinity (&lt;500nM), level of 

differential gene expression, lack of MHC presentation in healthy tissue, relative abundance (&gt;95th 

percentile), biological relevance to neuroblastoma, recurrence across multiple tumors, and 

presentation by HLA-A2 or HLA-A24. LC/MS/MS of synthetic tumor peptides matched spectra of 

peptides eluted from tumors and peptides properly refolded with predicted MHC binders, resulting in 

crystal structures of both PHOX2B/HLA-A24 and IGFBPL1/HLA-A2 complexes. We engineered CAR 

and TCR receptors targeting PHOX2B and IGFBPL1 pMHC and find that the CAR targeting IGFBPL1 

is specific for tumor peptide and does not cross-react with MHC, whereas the PHOX2B-directed CAR 

cross-reacted with MHC. We developed a 2nd generation PHOX2B pMHC CAR in which MHC cross-

reactivity is ablated through mutation of two residues in the CDR binding loops. We demonstrate 

complete ablation of cancer cells using CARs at 2:1 E:T ratio following 24 hours of co-culture with T 

cells. 

Summary/Conclusions: Neuroblastoma cells present a unique ligandome, including a significant 

number of MHC antigens derived from lineage-restricted oncoproteins. We prioritized six antigens for 

preclinical development, demonstrating initial proof-of-concept with CARs showing potent cytolytic 

activity against PHOX2B and IGFBPL1 tumor antigens on common HLA alleles. These data 

demonstrate that lineage-restricted oncoproteins can provide a source of tumor-specific self-antigens 

that can be targeted using CARs, and support targeting these antigens in neuroblastoma and other 

low mutational solid tumors. Additionally, we present methods for engineering and optimizing CARs 

that can be applied to tumor neo/self-antigens, and activity of the pMHC CARs in PDX models of 

neuroblastoma. 

PA13: Hot and cold tumours 
 

PA13.1 High Throughput Proteomic Profiling of the Cell Surfaceome Identifies PTK7 as a Novel 

Immunotherapeutic Candidate for Neuroblastoma 

V. Maximov 1, S. Suttapitugsakul 2, K. Parwani 3, J. Lee 3, J. Shim 4, T. Spencer 1, C. Doering 1, R. Wu 
2, R. Schnepp 4, K. Goldsmith 4 
1 Emory University, Atlanta, USA 
2 Georgia Institute of Technology, Atlanta, USA 
3 Laney Graduate School, Emory University, Atlanta, USA 
4 Children's Healthcare of Atlanta, Emory University, Atlanta, USA 

 

Background/Introduction: The hallmark of targeted immunotherapy for neuroblastoma (NB) is the 

deployment of antibodies and host immune cells engineered to recognize tumor cell surface proteins. 

The introduction of the anti-GD2 antibody dinutuximab statistically improved high-risk NB patient 

survival. However, GD2-targeted immunotherapy is wrought with acute toxicities due to GD2 



 

77 

expression on normal tissues, including pain fibers and the CNS. Furthermore, recent research 

suggests that GD2 may be down-regulated from the NB cell surface following chemotherapy and 

relapse (Schumacher-Kuckelkorn, 2017). Thus, it is paramount to identify novel cell surface targets 

that remain upregulated throughout standard therapy and that are minimally seen on normal 

tissues.We therefore utilized a novel cell surface capturing (CSC) technology to define, in an unbiased 

fashion, the NB cell surfaceome before and after chemotherapy. 

Aims: We aim to identify novel proteins that are robustly expressed on the surface of neuroblastoma 

cells and minimally expressed on normal tissues with the goal of nominating potential targets for 

antibody or cell-mediated immunotherapy. 

Methods/Materials: Xenografts from 2 NB patient derived xenografts (PDXs) and one cell line 

xenograft (IMR5) were grown and treated with 5 days of topotecan/cyclophosphamide in vivo. Treated 

and untreated tumors were disaggregated and glycoproteins on intact NB cells were oxidized and then 

selectively labeled with biocytin-hydrazide. Cells were then lysed, proteins digested, and cell surface 

peptides enriched using NeutrAvidin beads, followed by LC-MS analysis. We prioritized cell surface 

proteins that did not change under the selective pressure of chemotherapy and that were abundant on 

all three NB models following treatment. We then confirmed cell surface expression (ProteinAtlas.org), 

effects on patient survival (R2-Database), normal tissue expression (PedcBioPortal), and evaluated 

top hits for functional relevance in NB by genetic modification (shRNA). 

Results: In two biologically replicate experiments, 292 unique cell surface proteins were identified as 

abundant and present across all NB models both before and following chemotherapy treatment. 

34/292 proteins had a high abundance of &gt;70 a.u. across all three xenograft models, including 

known NB surface proteins ALK and NCAM1, confirming cell location of proteins identified in this work. 

One protein identified was PTK7, a member of the non-canonical WNT signaling pathway. Gene 

expression datasets confirm that PTK7 is highly expressed in high-risk NB tumors, with very low 

expression in normal tissues. High PTK7 expression in NB is also associated with poor patient 

prognosis. PTK7 is widely expressed across 12 different NB cell lines and a panel of NB PDX’s both at 

the protein (western) and cell surface (immunofluorescence) level. PTK7 promotes NB cell 

proliferation and colony growth in vitro, and in vivo studies are ongoing. 

Summary/Conclusions: In summary, multiple cell surface proteins remain stable on NBs following 

chemotherapy treatment. PTK7 is a possible cell surface target for neuroblastoma that could be 

utilized for targeted therapy approaches while minimizing damage to normal tissues. Moreover, PTK7 

is robustly expressed in additional pediatric and adult histotypes, suggesting the possibility that it may 

have broader clinical relevance. Therapeutic experiments with antibody-drug conjugate and chimeric-

antigen receptor T cells against PTK7 are in progress. 

 

PA13.2 Particular poor treatment outcome of high-risk patients with low affinity FCGR2A/3A 

and IL-2-related high regulatory T cell levels during dinutuximab beta long-term infusion in two 

independent cohorts 

S. Troschke-Meurer 1, N. Siebert 1, M. Zumpe 1, K. Ehlert 1, J. Gray 2, G. Garaventa 3, S. Ash 4, V. 

Castel 5, D. Valteau-Couanet 6, H. Loibner 7, R. Ladenstein 8, H.N. Lode 1 
1 University Medicine Greifswald, Greifswald, Germany 
2 Southampton University, Southampton, United Kingdom 
3 Gaslini Institute, Genova, Italy 
4 Schneider Children Medical Center Petach, Tikva, Israel 
5 University Hospital La Fe, Valencia, Spain 
6 Gustave Roussy Université Paris-Sud, Paris, France 
7 HL Bioscience Research GmbH, Vienna, Austria 
8 St. Anna Children’s Hospital and Children’s Cancer Research Institute, Vienna, Austria 

 

Background/Introduction: We previously reported the role of regulatory T cell (Treg) levels as well 

as FCGR polymorphisms in therapy outcome of pts treated with a long-term infusion (LTI) of the anti-

GD2 antibody (Ab) dinutuximab beta in combination with interleukin-2 (IL-2). 

Aims: Here, we identified a subgroup of high-risk pts with poor treatment response by combining 

these parameters for the analysis of therapy outcome. 

Methods/Materials: 53 pts received up to 5 cycles (35 days (d)) LTI of 100 mg/m2 ch14.18/CHO (d8-

18) in combination with 6x106 IU/m2 subcutaneous IL-2 (d1-5; 8-12), and 160 mg/m2/d oral isotretinoin 
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(d22-35) in a closed single-center program (APN311-303). Therapy-related Treg (CD4+/CD25+/CD127-

) counts were determined by flow cytometry (d15, day 8 of Ab-infusion). FCGR2A-H131R- and 

FCGR3A-V158F polymorphisms were assessed with real-time PCR. The impact of all parameters on 

4-year PFS was evaluated. To validate the results of the single-center program 124 pts enrolled in a 

prospective open label multi-center SIOPEN Phase II clinical trial (EudraCT-Number: 2009-018077-

31) were additionally analyzed. 

Results: We identified pts with unfavorable high Treg levels (&gt; 138 cells/µl) and low affinity 

FCGR2A/3A revealing a particular poor outcome (non-responder). These pts showed a PFS of 0% 

(95% CI[0; 0], n = 10) compared to 8% (95% CI [0; 0.24], n = 12) and 50% (95% CI [0.28; 0.72], n = 

24) in pts with either one (intermediate responder; FCGR2A/3A high affinity or low Treg level) or both 

favorable parameters (high responder), respectively (P = 0.013). These observations could be 

confirmed in the SIOPEN trial showing a PFS of 19% (95% CI [0.04; 0.33], n = 27) in non-responder 

pts compared to 50% (95% CI [0.35; 0.66], n = 40) and 63% (95% CI [0.47; 0.78], n = 35) in 

intermediate and high responder, respectively (P &lt; 0.001). 

Summary/Conclusions: IL-2-dependent Treg counts and FCGR-polymorphisms could be utilized to 

identify pts with particular poor therapy outcome of pts treated with dinutuximab beta in combination 

with IL-2. 

 

 

Figure 1  

 

PA13.3 Immune correlative markers in refractory or relapsed neuroblastoma patients treated 

with irinotecan/temozolamide/dinutuximab immunotherapy 
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Background/Introduction: In the Children’s Oncology Group (COG) ANBL1221 trial (NCT01767194) 

the partial or complete response rate following treatment with irinotecan/temozolomide/dinutuximab 

(I/T/DIN) was 41% in patients previously treated for high-risk neuroblastoma and enrolled at the time 

of first relapse or first declaration of refractory disease. In light of this impressive response rate, 
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identification of predictive biomarkers is critical. 

Aims: This study sought to identify biomarkers associated with patient response. These included 

plasma dinutuximab levels, human anti-chimeric antibody (HACA) status, levels of immune cell 

markers and regulators, and KIR-KIR-ligand genotype combinations. 

Methods/Materials: Plasma, mononuclear cells, and nucleic acids were isolated from blood samples 

of patients enrolled on ANBL1221. Forty-five patients who received chemo-immunotherapy provided 

consent for biology studies. NK marker levels were determined by flow cytometry. CD276, HACA and 

dinutuximab plasma levels were evaluated using ELISA. NKp30 isoform status and KIR/KIR-ligand 

status were assessed using RNA and DNA analyses, respectively. Preliminary statistical analyses are 

reported here and will be finalized prior to the ANR meeting. 

Results: The median dinutuximab trough level (measured prior to start of cycle 2) in the 20 patients 

with objective responses (CR or PR) was 852 ng/ml (range = 132-12,595). This was higher than the 

median level in non-responders (21 patients with stable or progressive disease) which was 511 ng/ml 

(range 101 – 1553; p&lt;0.001, Mann Whitney-Wilcoxon test). A HACA response was detected in only 

2 patients. Both HACA+ patients were among the 13 that had received dinutuximab prior to entry; 

none of the dinutuximab-naïve patients developed HACA. Although the number of patients was small, 

HACA+ patients had very low plasma dinutuximab levels following detection of HACA, consistent with 

the hypothesis that the HACA was neutralizing detectible dinutuximab in vivo. Variation in the levels of 

NK cell marker levels (KIR, NKp44, CD161 and CD226) within individual patients during therapy was 

limited (ANOVA p&gt;0.05). Based on preliminary analyses, the number of NK cells expressing KIR, 

CD161 and CD226 (by flow cytometry) appear to be higher in responders than non-responders. In 

contrast, there were no statistically significant differences between responders and non-responders 

based on: total NK cell (CD3-/CD56+) number, the NKp44+ cell populations, NKp30 isoform or the 

genotypes for KIR/KIR-ligand. Pretreatment plasma levels of CD276 did not appear to correlate with 

clinical responses, although preliminary analyses suggest that high plasma levels of CD276 may be 

associated with poor progression-free survival. 

Summary/Conclusions: In this study, higher dinutuximab trough levels appear to correlate with 

complete/partial response. HACA positivity was strikingly rare, potentially due to the concurrent 

chemotherapy administered with the dinutuximab. KIR/KIR-ligand status did not correlate with 

outcome in this setting. NK cell surface marker expression of KIR, CD161 and CD226 may be 

associated with response, though further evaluation is needed. Additional study of these biomarkers in 

a larger group of patients treated with chemo-immunotherapy may aid in identification of patients most 

likely to respond to this therapy. 

 

PA13.4 GD2-directed bispecific trifunctional antibody demonstrates therapeutic activity in a 

metastasized murine neuroblastoma model 
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Andersch 1, J.H. Schulte 1, H.N. Lode 4, A. Eggert 1, P. Hundsdörfer 5, A. Künkele 1 
1 Charité–Universitätsmedizin Berlin, Berlin, Germany 
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3 German Cancer Consortium (DKTK), Berlin, Germany 
4 University Medicine Greifswald, Greifswald, Germany 
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Background/Introduction: Treatment with the ch14.18 monoclonal antibody (Dinutuximab beta) has 

improved survival in high-risk patients, and this antibody therapy was recently introduced into standard 

therapy. Bispecific trifunctional antibodies (trAbs) are IgG-like molecules that can redirect T cells and 

accessory immune cells towards tumor cells. Thus, trAbs increase the amount of effector cells fighting 

against the tumor, compared to monoclonal antibodies. TrAbs, directed against the GD2 

disialoganglioside, have demonstrated promising preclinical activity in a mouse model of melanoma, 

but have not yet been tested in preclinical neuroblastoma models. 

Aims: We aimed to preclinically evaluate anti-tumor activity of trAbs, directed against GD2, in models 

of neuroblastoma to assess whether it might be used to treat patients with high-risk neuroblastoma. 

Methods/Materials: Two different trAb constructs were used in experiments. EKTOMUN, which is 

directed against GD2 and human CD3, and SUREK, which is directed against GD2 and murine Cd3. A 

tumor-unspecific trAb and the ch14.18 monoclonal antibody served as negative and positive controls, 
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respectively. We established a co-culture model with both human peripheral blood mononuclear cells 

(PBMCs) and neuroblastoma cell lines to evaluate trAb efficacy in vitro using a luciferase-based 

cytotoxicity assay, the ELISA-based release of proinflammatory cytokines by the PBMCs and the flow 

cytometric assessment of PBMC activation profiles. SUREK activity was also assessed in a syngeneic 

immunocompetent neuroblastoma mouse model for experimental metastases. A/J mice intravenously 

received 5 x 105 NXS2 cells, a GD2 expressing hybrid murine neuroblastoma cell line, which is 

derived from C1300, a neuroblastoma tumor that spontaneously arose in A/J mice. SUREK or control 

antibodies were intraperitoneally administered on days +1, +5, and +10, and the number of liver 

metastases was assessed on day +21. 

Results: The EKTOMUN bispecific trifunctional antibody mediated a GD2-dependent cytotoxic effect 

in vitro against human neuroblastoma cell lines harboring MYCN amplifications or with diploid MYCN 

status in the presence of PBMCs. EKTOMUN also induced the GD2-dependent release of 

proinflammatory cytokines from co-cultured PBMCs and activated T cells in co-culture with 

neuroblastoma cell lines. SUREK administration to mouse models in vivo activated Cd4+ tumor-

infiltrating T cells and expanded the population of Cd8+ tumor-infiltrating T cells. Treatment with 

SUREK strongly reduced or completely prevented liver metastases in the mouse model for highly 

aggressive murine neuroblastoma. SUREK also outperformed the current state-of-the-art in antibody 

therapy (ch14.18 anti-GD2 antibody) when administered at equal doses in the syngeneic 

immunocompetent neuroblastoma mouse model. 

Summary/Conclusions: Here we provide the first evidence that a GD2-directed bispecific trifunctional 

antibody is a promising new therapeutic agent against high-risk neuroblastoma. 

 

 

 

 

 

 

 

 

 

 


