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Natasha K.A. van Eijkelenburg a,11, Miranda P. Dierselhuis a, Godelieve A.M. Tytgat a,
Marc H.W. Wijnen a, Max M. van Noesel a,g , Ronald R. de Krijger a,h,12 , Selma Eising a,
Jan Koster b, Emmy M. Dolman a,13, Jan J. Molenaar a,i
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A B S T R A C T

Introduction: Despite druggable events to be present in 80% of neuroblastomapatients within the Princess
Máxima Center precision medicine program ’iTHER’, clinical uptake of treatment recommendations has been
low, and the clinical impact for individual patients remains hard to predict. This stresses the need for a method
integrating genomics and transcriptomics with functional approaches into therapeutic decision making.
Methods: We aimed to launch an online repository integrating genomics and transcriptomics with high-
throughput drug screening (HTS) of nineteen commonly used neuroblastoma cell lines and fifteen neuroblas-
toma patient-derived organoids (NBL-PDOs). Cell lines, NBL-PDOs and their parental tumors were characterized
utilizing (lc)WGS, WES and RNAseq. Cells were exposed to ~200 compounds. Results were transferred to the R2
visualization platform.
Results: A powerful reference set of cell lines is available, reflecting distinct known pharmacologic vulnerabilities.
HTS identified additional therapeutic vulnerabilities, such as a striking correlation between a positive mesen-
chymal signature and sensitivity to BCL2-inhibitor venetoclax. Finally, we explored personalized drug sensi-
tivities within iTHER, demonstrating HTS can support genomic and transcriptomic results, thereby strengthening
the rationale for clinical uptake.
Conclusion: We established a dynamic publicly available dataset with detailed genomic, transcriptomic, and
pharmacological annotation of classical neuroblastoma cell lines as well as novel sharable NBL-PDOs, repre-
senting the heterogeneous landscape of neuroblastoma. We anticipate that in vitro drug screening will be com-
plementary to genomic-guided precision medicine by supporting clinical decision making, thereby improving
prognosis for all neuroblastoma patients in the future.

1. Introduction

Despite aggressive multimodal approaches, overall survival of chil-
dren with high-risk neuroblastoma (HR-NBL) is limited to about 50% of
children, and effective treatments are lacking in refractory or relapsed
disease [1–10]. Tumors arise from sympathoadrenal progenitor cells and
occur along the neural crest. Distinct cell states from mesenchymal to
adrenal arise from epigenetic reprogramming [10–12]. Comprehensive
molecular profiling studies have provided insights into the landscape of
somatic alterations in newly diagnosed and relapsed neuroblastoma
[13–29]. Spatial and temporal intratumor heterogeneity is reported,
underpinning the importance of sequential and in-depth comprehensive
molecular analysis to guide clinical decision making [24,30,31].

Over the last decade, several large-scale pediatric precision oncology
programs have been initiated, investigating the potential of molecular-
driven precision medicine [32–40]. In fact, clinical benefit of applied
targeted therapies has been demonstrated for selected subgroups [34,37,
40,41]. However, allocation to matched treatments is limited to
12–33% due to absence of targets in a subset of patients, in addition to
lack of drug access, or the rapidly deteriorating clinical condition of the
patient [32,34,40–42]. Furthermore, failure rate of molecularly
matched treatments remains high and hard to predict. Drug develop-
ment is hampered by the fact that childhood cancer remains a rare
disease and thus depends on adult cancer indications and their potential
market to drive innovation.[32,43,44].

To complement state-of-the art individualized genomic approaches,
functional testing of drug sensitivities in patient-derived models is being
explored [45–49]. Current methods include high-throughput drug
testing of short-term as well as in vitro and in vivo expanded cultures [45,
49].Developing patient-derived xenograft (PDX) models requires time
and resources. Recent advances in tissue engineering and cell culture
techniques enabled the generation of a variety of methods to conduct in
vitro drug testing including three-dimensional patient-derived organoids

(3D-PDOs), organoids-on-a-chip, and micro-organospheres (MOS)
[46–48,50,51]. PDOs recapitulate the phenotypic and genotypic char-
acteristics of the native tumor, and hold promise to predict drug
response in a personalized fashion [46,47,52–58]. However, established
biobanks for pediatric cancer subtypes integrating molecular with drug
sensitivity data are rare, and have thus far only been reported for renal
tumors and rhabdomyosarcoma [59,60].

In our study, we created a publicly available repository relating in
vitro drug sensitivity to tumor genomics and transcriptomics of neuro-
blastoma cell lines and 3D patient-derived neuroblastoma organoid
models (NBL-PDOs), accessible through the R2 Genomics Analysis and
Visualization Platform (http://r2platform.com/pmc_nb_drugs/). In the
first part, we present a reference dataset of in vitro drug sensitivity
profiling (DSP) based on high-throughput screening (HTS) on a panel of
nineteen commonly used neuroblastoma cell lines, integrated with
molecular data fromWhole Genome Sequencing (WGS) and bulk mRNA-
sequencing (RNA-Seq), generated in parallel. In the second part, we
describe the establishment of nine 3D NBL-PDOs, based on a novel
culture protocol. These NBL-PDOs retain histologic and genomic fea-
tures of the original tumor, as demonstrated by comprehensive molec-
ular profiling. HTS of these NBL-PDOs, in addition to six previously
established models [61], confirms known correlations between molec-
ular targets and drug sensitivity, and reveals the opportunity to expand
therapeutic options in a subset of children with neuroblastoma.

2. Methods

2.1. Cell lines: culturing and comprehensive molecular profiling

In this study we used a panel of nineteen neuroblastoma cell lines
obtained from the Children’s Oncology Group (COG) Cell Culture and
Xenograft Repository at Texas Tech University Health Sciences Center
(www.COGcell.org), the American Type Culture Collection (Manassas,
VA), or the Children’s Hospital of Philadelphia (CHOP) cell line bank, or
via historic collaborations. All cell cultures were performed at the
Princess Máxima Center as reported in Supplemental data Extended
methods within a ML-1 certified laboratory. Cells were cultured in me-
dium with supplementation, grown at 37◦C and 5% CO2. Cultures were
tested for Mycoplasma infection every six weeks, and Short Tandem
Repeat (STR) profiles were performed routinely for cell line verification.
Total DNA and RNA were isolated and processed at the time of High-
Throughput Screening. Whole Genome Sequencing (WGS) data were
generated utilizing an in-house developed ‘No-control workflow’
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7 0000–0002-8259–9971.
8 0000–0003-2237–7354.
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pipeline at DKFZ, which was designed for samples without a germline
reference (i.e., cell lines). RNA sequencing data was analyzed at the
Princess Máxima Center as previously described [62].

2.2. Patient-derived neuroblastoma organoids: tumor sample acquisition,
organoid culturing, and comprehensive molecular profiling

Freshly obtained neuroblastoma tissue was collected as part of either
the iTHER study (n=7) [40], or the biobank initiative (n=2) of the
Princess Máxima Center for Pediatric Oncology, Utrecht, Netherlands.
Ethics approval was granted for both. All patients and/or their legal
representatives signed informed consent, and the study was conducted
in accordance with the Declaration of Helsinki.

Tumor and germline control samples were processed as per standard

of care. Only samples from primary diagnosis or relapse with a minimum
of 50% tumor content proceeded for culturing and characterization as
per Supplemental data Extended methods. In addition, six previously
generated patient-derived models were included [61]. Total DNA and
RNA was isolated using the AllPrep DNA/RNA/Protein Mini Kit (Qia-
gen) according to standard protocol on the QiaCube (Qiagen).
Comprehensive molecular profiling was performed and kindly provided
by the INFORM program utilizing low-coverage Whole Genome
Sequencing (lcWGS), Whole Exome Sequencing (WES), and mRNA
sequencing (RNA-Seq) [33,41], or according to the iTHER pipeline at
the Máxima, applying WES and RNA-Seq [40,62].

Fig. 1. A repository of neuroblastoma cell lines with detailed genetic and pharmacological annotation. (a) Oncoplot showing the genetic aberrations, TMM and
adrenergic-mesenchymal score found in the panel of 19 neuroblastoma cell lines as detected by WGS and RNA-Seq (snv = single nucleotide variant, LOH = Loss Of
Heterozygosity). (b) Heatmap showing the compound response profiles (AUC values) for the panel of 19 neuroblastoma cell lines. Only compounds are shown
measured for all 19 cell lines and with at least one AUC below 450. AUC values are standardized by row. (c) Boxplots showing the response of the cell lines to
idasanutlin treatment separated by TP53 status (WT = Wild Type; LOF = Loss Of Function). P value was determined with the Wilcoxon rank-sum test. (d) Fitted
curves for the idasanutlin response of the panel of cell lines. The red curves indicate a TP53 wild type status, the blue curves a TP53 loss-of-function. (e) Plot showing
the difference between the mean AUC of the cell line panel (excluding IMR32) and IMR32 (ΔAUC). A positive ΔAUC indicates an above average sensitivity of IMR32,
a negative value a higher resistance. A selection of common targets is highlighted. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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2.3. High-throughput drug screening

High-throughput drug screens were conducted in duplicate in
collaboration with the high-throughput screening facility of the Princess
Máxima Center, as reported in Supplemental data Extended methods. In
summary, cells were seeded in a 384-well plate and treated with a ten-
fold dilution series of ~200 cytostatic and targeted drugs on a library
plate (0.1 nM to 10 µM). Readouts were performed at T0 and T72 (cell
lines) or T120 (NBL-PDOs), respectively. Viability was calculated per
drug and concentration, in relation to DMSO-treated cells (100%
viability) and medium-only controls without cells (0% viability).
Quality control included assessment of cell growth and variability be-
tween duplicates. Curve fitting was done using the drc R package using a
four-parameter log-logistic function [63]. Based on the fitted curves two
different metrics were calculated. The Area Under the Curve (AUC),
calculated by determining the definite integral of the dose-response
curve, and the concentration of the drug needed to achieve a 50%
reduction in cell viability (IC50).

3. Results

3.1. Establishment of a repository of neuroblastoma cell lines with
detailed genetic and pharmacological annotation

High-throughput drug screening was performed in duplicate for
nineteen commonly used neuroblastoma cell lines (Fig. 1B). Supple-
mentary Table 1 summarizes the details as included in this study.

In parallel, neuroblastoma cell lines were characterized by whole-
genome and bulk RNA sequencing (Fig. 1A). High-throughput drug
sensitivity profiling reflected distinct known pharmacologic vulnera-
bilities linked to specific genomic patterns. For instance, TP53-inacti-
vated cell lines were drug-resistant to MDM2-inhibitor idasanutlin
(Fig. 1C and D). Also, remarkable sensitivity to PARP- and CHEK1-
inhibitors is demonstrated in the DNA-damage-response (DDR) defec-
tive cell line IMR-32, carrying MYCN-amplification, ATM p.V2716A
SNV and loss of 11q (Fig. 1E). Moreover, we observed a distinct drug
resistance phenotype (Fig. 1B & Supplementary Figure 1A) that was
strongly correlated with high expression of the mesenchymal gene
signature and interferon alpha and gamma response genes
(Supplementary Figure 1B). Additionally, we identified genetic aberra-
tions associated with distinct patterns of drug sensitivity, for example in
MYCN-amplified versus MYCN-non-amplified cell lines (Supplementary
Figure 1C) but also for other well-known genetic drivers of neuroblas-
toma (Supplementary Figure 1D). We also found that expression of
specific gene sets is correlated with response to specific compounds
(Supplementary Figure 1E). In some cases, these associations are shared
by multiple gene sets (e.g. cobimetinib), but we also identified more
specific associations, such as high expression of apical surface genes and
resistance to temozolomide.

In conclusion, we generated a robust reference dataset of neuro-
blastoma cell lines with functional characterization of drug-sensitivity
integrated with genomic and transcriptomic data, providing a valuable
resource for the acceleration of neuroblastoma cancer research.

3.2. Establishment of a living neuroblastoma patient-derived organoid
biobank

Next, we established a neuroblastoma organoid biobank by culturing
nine novel 3D patient-derived neuroblastoma organoid models of tu-
mors of eight males and one female, aged 5–134 months at diagnosis.
Clinical and genomic characteristics of the patients and their native
tumor are summarized in Supplementary Table 2. Eight children were
diagnosed with INRG stage M neuroblastoma; one progressed from MS
to stage M. Eight samples were obtained at relapse; one at primary
diagnosis prior to initiating chemotherapy. One organoid was derived
from bone marrow cells and harvested postmortem (no genomic data

available from the patient’s sample). Segmental chromosomal aberra-
tions (SCA) were observed in all but one tumor, including loss of 1p
(87.5 %) and 11q (25.0 %) as well as gain of 17q (62.5 %) (Fig. 2A).
MYCN-amplification was the most frequently occurring event, detected
in six out of eight samples. Other aberrations include SNVs in ALK, TP53,
NRAS, FGFR1, and SMARCA4; a frameshift mutation in NF1, as well as
amplification of CCND1, reflecting the heterogeneous landscape of
neuroblastoma tumors.

To establish NBL-PDOs, tumor tissue was minced and enzymatically
digested, subsequently placed in optimized culture medium, and
passaged, as described in Supplemental data Extended methods. After
successful in vitro expansion, we characterized these novel organoids by
genomic and transcriptomic analysis. Genomic similarity of NBL-PDOs
to their tumor tissue counterparts was verified by comparing tumor
driving events in the parental tumor with the matching organoid, uti-
lizing WES and/or low coverage-WGS data (Fig. 2B). SCAs remained
identical for all 1p and 11q loss events. Gain of 17q differed in 2 models:
one NBL-PDO gained 17q (MaxNB039) while one PDO lacked the 17q
gain which was present in the paternal tumor (MaxNB293). Other
known tumor driving events were mostly re-capitulated in the NBL-PDO,
includingMYCN-amplification and TP53-loss. In two cases however, we
detected a known driver aberration in the NBL-PDO that was not present
in the parental tumor. Presumably, these organoids were established
from a subclone not detected in the patient’s tumor. This illustrates the
importance of longitudinal molecular analyses, especially since tumor
treatment might select for more resistant subclones. Finally, seven
organoid-tumor pairs with available RNA-Seq profiles, clustered
together using unsupervised hierarchical clustering (Fig. 2C), demon-
strating the potential of tumor-derived organoids as 3D-avatars on
genomic as well as transcriptomic level.

A point that is underlined by the distinct subdivision into two main
groups, which are characterised by differential regulation of, among
others, genes of the adrenergic signature and E2F targets genes (Fig. 2D).

All established NBL-PDOs are available upon request.

3.3. High-throughput drug screening reflects established drug sensitivities
and identifies additional therapeutic vulnerabilities in vitro

After successful long-term propagation, the nine novel NBL-PDOs
and six models previously established by our group were exposed to
the same drug library used for the neuroblastoma cell lines (Fig. 3A;
Supplementary Table 3) [64]. Again, known correlations between mo-
lecular targets and drug sensitivities were confirmed, as demonstrated
by sensitivity to idasanutlin treatment in TP53-wild type neuroblastoma
models versus resistance in models without functional TP53 (Fig. 3B and
C). We also observed a positive correlation of venetoclax sensitivity with
expression of its direct target BCL2, supporting BCL2 as a robust
biomarker, as reported previously (Fig. 3D) [65,66]. Comparing BCL2
expression between patients and organoids shows a conservation of
these expression levels, confirming the clinical relevance of these
models (Fig. 3E). Strikingly, we also observed a strong positive corre-
lation between venetoclax sensitivity and high expression of genes that
are part of the neuroblastoma mesenchymal signature. This suggests
venetoclax might be particularly effective against tumor cells with a
mesenchymal phenotype (Fig. 3F and G), which are deemed to be more
chemo-resistant in vitro [18,67]. In addition to previously reported
correlations, we also identified new associations of genetic driver events
with compound sensitivities, but also with specific expression pheno-
types of our NBL-PDO models (Supplementary Figure 2A & 2B).

3.4. Exploring high-throughput drug screening in patient-derived
neuroblastoma organoids in the precision medicine program “iTHER”

In addition, we prospectively explored the potential of high-
throughput drug screening for personalized treatment of neuroblas-
toma patients within The Individualized Therapies for Children with cancer
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program ’iTHER’, a clinically implemented precision medicine program
at the Princess Máxima Center in the Netherlands [40]. We hypothesized
that the additional value of HTS to molecular analyses only, could be
threefold. Firstly, in vitro drug sensitivity can support therapeutic rec-
ommendations suggested by genomic and transcriptomic results,
thereby strengthening the rationale for clinical uptake. Secondly, in vitro
insensitivity to drugs suggested by molecular analyses may avoid inef-
fective and thus unnecessary treatments. Lastly, novel treatment options
without known molecular biomarkers may be identified.

To investigate correlation between drug screening results and pre-
sumed clinically relevant and druggable genomic events, we analyzed
three NBL-PDOs derived from tumors which were identified to harbor
driving genomic events in ALK, NRAS, and NF1 of very high or high
priority, based on a previously published seven-scale algorithm [33,40].
Of these molecular targets known to confer drug sensitivity in neuro-
blastoma, clinically achievable IC50 values confirmed in vitro sensitivity
(Fig. 4). Crizotinib sensitivity correlated with the ALK F1174L mutation
in patient MaxNB129; sensitivity to MEK-inhibitor cobimetinib was
demonstrated in patient MaxNB139 harboring NRAS Q61R mutation; in
patient MaxNB272 harboring FGFR1 mutation in vitro sensitivity to
ponatinib was confirmed; and MEK-inhibitor trametinib sensitivity in
patient MaxNB293 correlated with loss-of-function of NF1 through
R156X mutation and Loss of Heterozygosity (LOH). These findings
might support clinical decision making for targeted treatment.

Remarkedly, predicted drug sensitivity that could not be confirmed
by drug screening includes lorlatinib in patient sample MaxNB129
harboring the ALK F1174L mutation [68]. Similarly, no clinically rele-
vant IC50 values were achieved for MEK inhibitors trametinib and
selumetinib in patient sample MaxNB139 harboring the NRAS Q61R

mutation. This illustrates the importance of personalized approaches
and suggests drug screening might potentially also be utilized to
establish the best drug in case of multiple candidates hitting the same
target, thereby further reducing the clinical use of ineffective therapies.

We also explored whether therapeutic options could be expanded
beyond those identified by molecular profiling by analyzing drug
sensitivity profiles in depth, unguided by prior molecular knowledge.
That this is a potentially useful approach is confirmed by several patient
samples with a striking sensitivity to ponatinib, a multi-tyrosine kinase
inhibitor. Interestingly, the tumors exhibited overexpression of proto-
oncogenes KIT or RET, an event of intermediate priority (score four out
of seven based on the current prioritization algorithm). This illustrates
the potential of utilizing drug sensitivity in addition to gene expression
measured by RNA-Seq, which is currently not recognized as molecular
biomarker within clinical trials to select patients for targeted treatments.

We then proceeded to examine the correlation between in vitro drug
sensitivity and clinical response retrospectively. Of the patients included
with a successful NBL-PDO, one was assigned to a molecularly matched
treatment (MaxNB182). The patient received monotherapy with cabo-
zantinib (40 mg/m2) to target an intermediate-priority event of RET
overexpression, but treatment was discontinued after 8 weeks due to
progressive disease. This lack of clinical efficacy was reflected by
insufficient in vitro sensitivity of the MaxNB182 organoid to cabozanti-
nib, with IC50 values above the clinically relevant range
(Supplementary Figure 3). In contrast, the ponatinib response did sug-
gest a potentially relevant clinical efficacy in vitro for the same organoid.
Unfortunately, these results were not yet available at the time of clinical
decision making.

In conclusion, drug screens can potentially support clinical decision

Fig. 2. Patient-derived neuroblastoma organoids resemble their parental tumor. (a) Oncoplot showing the genetic aberrations found in the panel of nine novel as
well as six previously established neuroblastoma organoids, as detected by lcWGS and/or WES (snv = single nucleotide variant, LOH = Loss Of Heterozygosity). (b)
Oncoplot showing the genetic aberrations of eight novel neuroblastoma organoids and their parental tumors. Aberrations were based on lcWGS and/or WES. (c)
Heatmap showing the clustered expression profiles of seven neuroblastoma organoids and their parental tumors (patient tumor data for MaxNB067 was not
available). The 75 genes with the highest standard deviation were included. Distance measure is ‘correlation’. The colored bars below the heatmap indicate the type
of sample (blue = organoid, yellow=patient tumor) and the patient identifier. Batch correction was applied to account for differences in platform and sample type
(see Methods). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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making by identifying patient-specific drug sensitivities and reveal the
opportunity to expand therapeutic options in a subset of children with
neuroblastoma.

3.5. Data analysis and visualization

To increase the utility of the genomic characterization and drug
sensitivity of cell lines and NBL-PDOs as a resource, data were trans-
ferred to the R2 Genomics Analysis and Visualization platform (http://
r2platform.com/pmc_nb_drugs/), where a comprehensive suite of visu-
alizations and analysis options was implemented (Supplementary
Figure 4). Specific tiles provide access to high-throughput drug
screening data and genomic profiles per sample, and in addition cohort-

based analyses can be readily performed. This web-based application
serves as tumor board platform for the iTHER study [40], and is
extensively used by the pediatric oncology community to integrate
genomic and clinical data as well as in vitro and in vivo model systems
and drug sensitivity profiles, including the “Innovative Therapies for
Children with Cancer Pediatric Preclinical Proof-of-concept Platform”
(ITCC-P4; https://www.itccp4.eu/).

4. Discussion

In the past decade, tailored treatment of neuroblastoma patients has
evolved based on clinical and biological prognostic factors. However, a
significant unmet need remains for children with high-risk, relapsed, or

Fig. 3. Patient-derived neuroblastoma organoids resemble their parental tumor. (a) Heatmap showing the compound response profiles (AUC values) of the panel of
15 neuroblastoma organoids. Only compounds are shown measured for all 15 organoids, with at least one AUC below 450 and not flagged previously (see Methods).
AUC values are standarised row-wise. (b) Boxplots showing the response of the organoids to idasanutlin treatment separated by TP53 status (WT =Wild Type; LOF =

Loss Of Function). P value was determined with the Wilcoxon rank-sum test. (c) Fitted curves for the idasanutlin response of the panel of organoids. The red curves
indicate a TP53 wild type status, the blue curves a TP53 loss-of-function. (d) Plot showing the correlation between BCL2 gene expression of the organoids and their
sensitivity to the BCL2 inhibitor Venetoclax. AUC values on the x-axis decrease from left to right. (e) Plot showing the correlation of BCL2 gene expression in
organoids and their matching patient tumor, where available (n = 7). (f) Top 5 results of the GSEA testing the association of RNA expression gene sets with the
sensitivity to Venetoclax treatment (AUC). Values shown are the − 10 log of the adjusted P values. Red indicates a positive correlation with venetoclax sensitivity,
blue a negative correlation. (g) Heatmap showing the expression of genes included in the neuroblastoma mesenchymal and adrenergic signatures (van Groningen
et al.). Only genes are included with a significant correlation (limma, adjusted P value < 0.05) with the venetoclax sensitivity. The organoids (columns) are ordered
by venetoclax sensitivity. The bar on the left side of the heatmap indicates gene set membership (red = mesenchymal, blue = adrenergic). Gene expression values are
standarised row-wise. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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refractory disease. Translating cancer genomic data into therapeutic
prospects remains challenging, yet essential to support novel curative
approaches.

In our study, we created a dynamic publicly available dataset
comprised of classical neuroblastoma cell lines as well as novel patient-
derived organoids with detailed genomic, transcriptomic, and pharma-
cological information. Our novel NBL-PDOs display overall genetic
stability and retain the molecular characteristics of the parental tumor
they were derived from, allowing the use of high-throughput screening
approaches. Although immortalized cell lines in general are easy to
propagate and manipulate at low cost, they frequently do not resemble
the originating tumor due to long-term growth in artificial culture
conditions, thus possessing only limited predictive value. By generating
in depth genomic and transcriptomic data together with high-
throughput drug sensitivity data, these challenges regarding genoty-
pe–drug sensitivity associations might be alleviated. Given the genomic
complexity of neuroblastoma however the current dataset is too small to
statistically prove association or correlate the drug sensitivity to certain
genomic biomarkers and thus only allows to validate the already known
associations We’re aiming to expand this repository prospectively to

support clinically relevant development of promising therapeutic stra-
tegies for children with neuroblastoma.

The successful development of NBL-PDOs harbors unique opportu-
nities to contribute to crucial advancements in neuroblastoma. Firstly,
establishing a “living” biobank of preclinical models reflecting the
genomic heterogeneity in neuroblastoma is essential to study the
biology and support biomarker-driven preclinical studies, since many
anti-cancer agents entering clinical trial fail to acquire regulatory
approval due to insufficient safety or inefficacy [69,70]. NBL-PDOs are
generated faster and at a lower cost compared to patient-derived xe-
nografts and can contribute to reduction of use of animal models in
preclinical and translational research. Secondly, NBL-PDOs might reveal
personalized drug sensitivities, thereby supporting clinical decision
making. Although potentially druggable events are reported in a ma-
jority of pediatric patients, the application of molecularly matched
treatments is still limited, and clinical efficacy remains hard to predict
[34,37,40,41,71]. Recently, the Australian ZERO Precision Childhood
Cancer Program as well as the German-led international INFORM pro-
gram reported the first pediatric precision oncology studies integrating
comprehensive molecular profiling with in vitro, in ZERO additionally

Fig. 4. Neuroblastoma organoids representing clinically relevant molecular targets and their respective in vitro drug sensitivities. Every neuroblastoma model is
depicted microscopically, as well as its circos plot (also available on (http://r2platform.com/pmc_nb_drugs/). Subsequent target matching selected drug sensitivities
are demonstrated, as well as unexpected in vitro insensitivities. The dotted line represents maximum achievable plasma concentration.
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combined with in vivo drug efficacy testing [45,49]. Both programs
observed differential drug sensitivity as predicted by molecular events,
e.g., ALK or TP53 status. ZERO also demonstrated a strong correlation
between in vitro drug sensitivities and PDX results, and the clinical re-
sponses in patients. Striking parallels between clinical course and in vitro
sensitivities were also observed for selected cases in INFORM. In our
dataset, high-throughput drug screening also confirms established drug
sensitivities, but correlation to clinical efficacy is limited due to lack of
data. Future prospective research might support individual therapeutic
approaches, for instance selecting the optimal ALK inhibitor based on
functional drug testing in patients with ALK activation. In addition,
compounds ineffective in vitro might be avoided, and the proportion of
patients with viable treatment options might be expanded.

However, several challenges remain regarding the establishment of
PDOs, analysis and interpretation of in vitro data, and the implementa-
tion of in vitro drug testing to support clinical decision making. Firstly,
culture success rate strongly depends on the quality and quantity of fresh
tumor material, which is obviously limited due to minimally invasive
procedures used in children. Of 46 eligible fresh samples, 31 samples
across all tumor types were subjected to in vitro expansion within the
ZERO pilot, and seven were successfully expanded to proceed to HTS.
INFORM included 132 fresh samples, and 69 were included after quality
control. Also, the time needed to establish long-term cultures (ZERO: 4.5
months) might hamper clinical implementation, as patient treatment
cannot be delayed. Alternatively, upfront drug screening is piloted, as
reported by INFORM, reducing median turnaround time to 7 days.
Again, tumor tissue availability is the most important limiting factor: of
the 46 fresh samples included, adequate cell numbers allowing upfront
HTS were available in only three cases [45]. Furthermore, intratumoral
heterogeneity as well as evolution of genetically distinct drug-resistant
subclones is likely not represented in a single biopsy, indicating a
need for resampling at relapse and an opportunity for liquid biopsies, in
particular of the bone marrow niche in neuroblastoma [24,72,73].

Another challenge includes the lack of consensus on translating in
vitro responses into drug hits and subsequent treatment advice. In our
study, we employed single dosing of drugs in different concentrations
and explored AUC, AUC z-scores and IC50 values, taking published
achievable plasma levels into account [74]. Others utilized a z-score
outlier approach (ZERO), or quantitative Drug Sensitivity Score (Insti-
tute for Molecular Medicine Finland) [75]. Importantly, monotherapy is
not curative in hard-to-treat neuroblastoma, and drug sensitivity testing
should aim to test combination strategies, including combining novel
therapeutics [70]. Finally, future directions will need to include gener-
ating novel culture systems to study immunotherapeutics, for example
in organ-on-chip short-term spheroid cultures with accompanying
microfluidic culture [48].

5. Conclusion

In conclusion, we established a publicly available dataset with
detailed genomic, transcriptomic, and pharmacological annotation of
classical neuroblastoma cell lines as well as novel patient-derived neu-
roblastoma organoids representing the heterogeneous genomic and
phenotypical landscape of neuroblastoma. All established models are
available upon request, and reported data are accessible through the
user-friendly R2 Genomics Analysis and Visualization platform (http://
r2platform.com/pmc_nb_drugs/). We explored integrating genomic,
transcriptomic, and in vitro drug sensitivity testing for neuroblastoma
patients within a precision medicine program, demonstrating the po-
tential to tailor therapeutic options for children with neuroblastoma.
International collaborations are urgently needed to optimize and stan-
dardize in vitro drug sensitivity combination testing and evaluate clinical
responses.

We anticipate that in vitro drug screening will be complementary to
genomic-guided precision medicine by providing additional evidence
for clinical decision making, improving prognosis for all neuroblastoma

patients in the future.
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