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Abstract
Ex vivo evaluation of personalized models can facilitate individualized treatment se-
lection for patients, and advance the discovery of novel therapeutic options. However, 
for embryonal malignancies, representative primary cultures have been difficult to 
establish. We developed patient-derived cell cultures (PDCs) from chemo-naïve and 
post–treatment neuroblastoma tumors in a consistent and efficient manner, and 
characterized their in vitro growth dynamics, histomorphology, gene expression, and 
functional chemo-response. From 34 neuroblastoma tumors, 22 engrafted in vitro 
to generate 31 individual PDC lines, with higher engraftment seen with metastatic 
tumors. PDCs displayed characteristic immunohistochemical staining patterns of 
PHOX2B, TH, and GD2 synthase. Concordance of MYCN amplification, 1p and 11q de-
letion between PDCs and patient tumors was 83.3%, 72.7%, and 80.0% respectively. 
PDCs displayed a predominantly mesenchymal-type gene expression signature and 
showed upregulation of pro-angiogenic factors that were similarly enriched in culture 
medium and paired patient serum samples. When tested with standard-of-care cy-
totoxics at human Cmax-equivalent concentrations, MYCN-amplified and non-MYCN-
amplified PDCs showed a differential response to cyclophosphamide and topotecan, 
which mirrored the corresponding patients’ responses, and correlated with gene sig-
natures of chemosensitivity. In this translational proof-of-concept study, early-phase 
neuroblastoma PDCs enriched for the mesenchymal cell subpopulation recapitulated 
the individual molecular and phenotypic profile of patient tumors, and highlighted 
their potential as a platform for individualized ex vivo drug-response testing.
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1  | INTRODUC TION

Neuroblastoma is the commonest extracranial solid tumor of childhood 
and accounts for a disproportionate percentage of childhood cancer 
mortalities.1,2 Due to their histologic and biologic heterogeneity, evalu-
ation of new therapeutic strategies via classic clinical trials is slow and 
unable to account for individual tumor’s susceptibilities and evolution-
ary patterns.3,4 Thus, therapeutic advancements for neuroblastoma 
may be better realized via a personalized approach. However, current 
personalized-medicine approaches based on mutational profiling are 
limited by the low mutational burden of pediatric tumors, especially 
neuroblastoma.5 Also, these assays can only provide an assumption of 
treatment susceptibility. Personalized preclinical models can serve as 
avatars to facilitate individualized treatment strategies. However, cur-
rent systems have limited application in embryonal cancers. Patient-
derived xenografts (PDXs) are limited by cost, efficiency, and low 
engraftment rates, particularly in neuroblastoma.6-9 Matrix-based or-
ganoid cultures cultivate primarily epithelial cells and, while useful for 
adult carcinomas, have had limited application in predominantly mes-
enchymal embryonal tumors,10,11 with no patient-derived models of 
neuroblastoma developed to date using matrix-based systems.12

Small blue round cell embryonal tumors lack a prominent scaffold 
in vivo and, in fact, Schwannian stroma-poor tumors have been as-
sociated with poor prognosis.13 Thus, while traditional tissue culture 
may not fully recapitulate three-dimensional forms, in vitro aqueous 
environments may replicate their in vivo microenvironment just as 
well. In fact, neuroblastoma cultures spontaneously form spheroid 
aggregates in culture without the need for an artificial scaffold or 
matrix.14-16 Furthermore, it is inexpensive, highly scalable, and has 
demonstrated translational relevance in other pediatric tumors.17,18 
However, there has been limited experience with generation and 
translational use of patient-derived cell cultures (PDCs) of neuro-
blastoma. We hypothesized that by mimicking the aqueous milieu 
of their natural microenvironment, mixed cell populations could be 
consistently cultured from patient tumors. We developed PDCs from 
neuroblastoma patient samples with high efficiency and consistency, 
and demonstrated their recapitulation of the original tumors’ molec-
ular and phenotypic profile, particularly their translational potential 
to reflect individualized responses to chemotherapy.

2  | MATERIAL S AND METHODS

2.1 | Patients and ethics

With institutional review board approval (SHS/2014/2079), malignant 
pediatric solid tumor patients managed at KK Women's and Children's 
Hospital (KKH), Singapore, with excess tissues from surgical proce-
dures were recruited from June 2016 to May 2018. Parental consent 
and child assent were obtained. Data were collected from the Singapore 
Childhood Cancer Registry, including demographics, disease stage, histo-
logical diagnosis, cytogenetics, treatment status, and survival outcomes.

2.2 | Human tumor specimens

Following excision, sterile tumor specimens were first reviewed by 
the attending pathologist in order not to compromise clinical diagno-
sis. If excess tumor material was available, fresh tissue aliquots were 
placed in DMEM medium (Nacalai Tesque, Cat. no. 08458-45) with 
antimycolytic solution 0.1% (Nacalai Tesque, Cat. no. 09366-44) and 
transported on ice to the VIVA-KKH Pediatric Solid Tumor Research 
Laboratory, Singapore. Adjacent frozen section slides were reviewed 
to verify the lesional quality of the allocated tumor. Aliquots were 
snap frozen for molecular analysis.

2.3 | Cell culture and cytological characterization

Five published media formulations were compared by evaluating the 
engraftment success of explant cultures over sequential batches of 5 
tumors.19-22 Beginning with the first pair of conditions, media that en-
grafted ≤20% (ie, ≤1 of 5) tumors per batch were discontinued, while 
media that engrafted >20% (ie, ≥2 of 5) tumors per batch were retained 
and tested against the next media formulation, in order, until a single 
optimal condition was identified. See Supporting Information Data S1 
for details on media formulations and morphological evaluation.

Tumors were rinsed, finely minced and plated onto 60 mm tissue 
culture dishes (Corning Cat. no. 430196). Cultures were passaged 
when cells reached 70%-80% confluency. At each passage, cells were 
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counted and representative bright-field phase-contrast microscopy 
images captured. At passages 5-6, cells cultured on chamber slides 
(SPL Life Sciences, Cat. no. 30101) and/or used to create cytospots, 
were fixed in Shandon cytospin fluid (Thermo Fisher Scientific, Cat. 
no. 6768315) or 10% buffered formalin (Leica Biosystems, Cat. no. 
3800598) for FISH and immunohistochemical staining, respectively.

Commercial neuroblastoma cell lines used for comparative 
analysis (NB1; RRID:CVCL_1440, SK-N-DZ; RRID:CVCL_1701, SK-
N-FI; RRID:_CVCL1702, SK-N_SH; RRID:CVCL_0531, SH-SY5Y; 
RRID:CVCL_0019 (a sub-clone of SK-N-SH)) were obtained from 
the ATCC; the latter 4 were a gift from Dr. Ho MF, National Dental 
Centre, Singapore. Short tandem repeat (STR) genotyping of all cell 
lines and tumor-PDC pairs was performed using PowerPlex® 21 
(Promega, Cat. no. DC8902) using 1 ng of DNA. PCR products were 
resolved in an Applied Biosystems® SeqStudio genetic analyzer and 
compared.

2.4 | Molecular and protein characterization

Neuroblastoma cell lines, PDCs, and corresponding frozen tumors 
were lysed in TRIzol (Thermo Fisher Scientific, Cat. no. 15596026) 
and total RNA purified using RNeasy spin columns (QIAGEN, Cat. 
no. 74104). Gene expression profiling was performed using pooled 
probes from the nCounter® PanCancer Pathways panel (NanoString 
Technologies, XT-CSO-PATH1-12, CodeSet:C2535) and a custom-
ized neuroblastoma-specific 10-gene nCounter® Panel-Plus set 
(NanoString Technologies, CodeSet:C5938). Probes were hybrid-
ized at 65°C for 20 h. Automated imaging and counting of probes 
was performed using an nCounter Digital Analyzer on 555 fields of 
view and analyzed using nSolver 4.0 analysis software (NanoString 
Technologies, RRID:SCR_003420) using default settings, then sub-
jected to principal component analysis using pcaExplorer 2.10. 
Analysis was repeated with subsets of genes from the mesenchymal 
and adrenergic super-enhancer signatures (see Data S2).

Cell supernatant collected from 70% confluent PDCs and 
matched patients’ plasma was centrifuged (18 500 g, 5 min) prior 
to overnight incubation on a Human Angiogenesis Antibody Array™ 
(ABCAM, Cat. no. 193655). Chemiluminescence imaging was per-
formed using a ChemiDoc™ Imaging System (Bio-Rad). Signal in-
tensities were quantified using ImageJ v.1.52 software (RRID: 
SCR_003070) and respective protein and internal control standard 
ratios analyzed.

Immunohistochemistry was performed for expression of key 
neuroblastoma protein markers TH, GD2, PHOX2B and FISH for 
profiling key cytogenetic features involving MYCN, 1p and 11q (see 
Data S1).

2.5 | Statistical analysis

Clinical and pathological variables were correlated with engraft-
ment of PDCs using the chi-square test, and 2-sided asymptotic 

significance reported. Group means of NanoString® counts were 
compared with one-way ANOVA using R 3.6.1. Genes from 
the NanoString PanCancer Pathways panel were matched with 
PharmGKB and DGIdb databases (accessed 8 February 2020),23,24 
and corresponding gene-drug linkages annotated. Linkages with “as-
sociated” and “definite” relationships were selected from PharmGKB 
and DGIdb databases respectively, and distributions compared with 
one-way ANOVA.

2.6 | In vitro drug-response assay

In vitro drug concentrations were tailored to match human serum 
Cmax of drug doses administered in clinical protocols, with cyclo-
phosphamide (Baxter, NDC 10019-955-01) at 250-2100 mg/m2 and 
topotecan hydrochloride (Accord Healthcare, NDC 16729-151-31) at 
0.75-2 mg/m2. See Data S1 for derivation of in vitro concentrations 
from pharmacokinetic data. PDCs were seeded onto 96-well plates 
containing Media 3 and IncuCyte Cytotox Red 250 nM (1:4000 dilu-
tion) (Essen Biosciences, Cat. no. 4632); 24 h later, 10 µL of drug at 
the above concentrations was added to each well. Fluorescent and 
phase-contrast images were captured on an IncuCyte® S3 system 
every 6 h using a ×4 objective lens and up to 72 h. Experiments were 
performed in triplicate and relative cytotoxicity against controls was 
measured.

3  | RESULTS

3.1 | Identification of optimal conditions for 
engraftment of neuroblastoma PDCs

Over 2 years, in a prospective study, we recruited 170 of 187 (90.9%) 
pediatric patients with tumors. Among 72 patients with neuroblas-
toma, excess tumor from 34 (47%) pre-treatment, post–treatment 
and patients who relapsed were used to generate preclinical mod-
els (Figure 1A). In total, 22 (64.7%) tumors were engrafted in vitro 
to generate 31 individual PDC lines; simultaneously 7 (20.6%) were 
engrafted in vivo as PDXs for comparison and validation; 5 did not 
engraft via either route (Table S1). To determine the media condi-
tions that would yield the most consistent engraftment of PDCs 
while optimizing the small amount of available starting material, we 
compared engraftment rates in sequential pairs of 5 published media 
formulations in a head-to-head elimination approach (Figure 1B).19-

22 Media 3, followed by Media 2, were the most consistent, engraft-
ing 16/26 and 9/20 PDC lines respectively (Figures 1B and S1A,B).

To evaluate the clinical significance of the PDCs, in vitro en-
graftment was correlated with clinical and pathological covariates. 
Engraftment was higher with metastatic tumors than with localized 
tumors, notably engraftment did not differ according to histopatho-
logical classification or cytogenetic risk features (Table 1).

To determine if PDCs could be sufficiently expanded within 
a clinically relevant time frame, we compared the time between 
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serial in vitro passages with the time between in vivo passages of 
corresponding PDXs, and times to relapse and death events of the 
corresponding patients. Median time to first passage of PDCs was 
17 days, while median time to first passage of PDXs was 59 days. By 

the time of the earliest disease relapse event (9.4 months from time 
of surgery), PDCs had completed a median of 10 passages, while 
PDXs had completed a median of 5 passages (Figure 1C). In Media 3, 
total cell numbers expanded exponentially from median 0.2 × 106 to 

F I G U R E  1   Consistent engraftment and sustained growth of neuroblastoma PDCs can be achieved in a clinically relevant time frame. 
A, Experimental schema showing derivation of PDCs and characterization of early- and late-phase cultures, and comparison back with 
corresponding patient tumors and PDXs. B, Comparison of 5 media conditions, showing number of successful engraftments of explant 
cultures in each sequential batch of 5 tumors, with cessation of failed media conditions with ≤20% engraftment rate (red). C, Boxplots of 
median days from date of initial seeding or implantation to serial passages of 28 PDC (red) and 6 PDX lines (green), and to corresponding 
patient relapse and death events (blue). D, Boxplots of log median cell numbers obtained per passage for cultures grown under 5 serial media 
conditions
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6.8 × 108 over 9 passages (Figure 1D); median time to first passage 
was 17.5 days and median doubling time of PDC populations was 
5.8 days (Figure S1C,D). We selected Media 3 as the optimal growth 
condition for neuroblastoma PDC derivation.

3.2 | Neuroblastoma PDCs recapitulate 
cytological and cytogenetic characteristics of original 
patient tumors

On bright-field microscopy, PDCs in Media 3 grew as semi-adherent 
clusters of spheroidal cells with prominent nuclei and scant cyto-
plasm and occasional neurite processes, heaped over flat adherent 
cells with broad lamellipodia, consistent with the morphology of 
neuroblastic (N-type) and intermediate (I-type) cells heaped over 

stromal (S-type) cells (Figure 2A). Late passage cultures displayed 
less N- and I-type morphology with more predominant S-type popu-
lations (Figure S2A-F).

To determine if the relative distribution of cell types differed 
over time and between medium conditions, we scored phase-con-
trast microscopy images of PDCs for the presence of the 3 cell types. 
Over the first 10 passages, S-, N- and I-type cells were maintained 
at a near-equal frequency in Media 3 (40.9 ± 1.4%, 35.1 ± 1.2% and 
24.0 ± 1.7%, respectively) (Figure 2B). In other media, I-type cells be-
came relatively infrequent (≤20%) soon after the 2nd to 3rd passage 
before senescing (Figure S2G-P). Having observed that stromal and 
neuroblastic cell populations were present and maintained in Media 
3 PDCs over serial passages, we sought to determine if PDCs also 
maintained the cytological and molecular features of the original pa-
tient tumors.

Variable

Engraftment

Chi-square P-value

No Yes

n % n %

Gender

Male 8 53.3% 7 36.8% 0.925 .336

Female 7 46.7% 12 63.2%

Treatment status

Pre–chemo/relapse 1 6.7% 3 15.8% 0.672 .412

Post–chemo 14 93.3% 16 84.2%

INPC

FH 9 60.0% 10 52.6% 0.185 .667

UH 6 40.0% 9 47.4%

Metastatic

Metastatic 7 46.7% 15 78.9% 3.825 .051

Local/regional 8 53.3% 4 21.1%

MYCN

Amplified 3 20.0% 5 26.3% 0.186 .666

Non-amplified 12 80.0% 14 73.7%

1p deletion

Deleted 5 33.3% 5 26.3% 0.199 .656

Not deleted 10 66.7% 14 73.7%

11q deletion

Deleted 5 33.3% 9 47.4% 0.682 .409

Not deleted 10 66.7% 10 52.6%

INSS

1 1 6.7% 1 5.3% 8.557 .073

2 2 13.3% 2 10.5%

3 5 33.3% 0 0.0%

4 7 46.7% 15 78.9%

4S 0 0.0% 1 5.3%

Abbreviations: FH, favorable histology; INPC, International Neuroblastoma Pathology 
Classification system; INSS, International Neuroblastoma Staging System; UH, unfavorable 
histology.

TA B L E  1   Correlation of engraftment 
of PDC (in any medium) with clinical and 
pathological features
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We compared key cytogenetic characteristics of 14 PDC lines 
grown in Media 3 with the corresponding patient tumors. MYCN am-
plification, and 1p and 11q deletion status were concordant in 79% 
(11/14), 73% (8/11), and 89% (8/9) of PDC-tumor pairs, respectively 
(Figures 2C-E and S3A-F and Table S2). Immunohistochemical staining 
of PDCs demonstrated membranous GD2 synthase expression, cyto-
plasmic TH expression, and nuclear PHOX2B expression (Figure 2F-
H), similar to corresponding tumor sections, but generally of weaker 
intensity (Figure S3G-O). STR fingerprinting for all 16 PDC lines grown 
in Media 3 showed identical genotypes compared with the respective 
patient tumors (Figure 2I and Data S3 (Supplemental STR profiles)). 
These results showed recapitulation of individualized chromosomal 
and microsatellite markers in tumor-PDC pairs. However, given the 
expected heterogeneity of original tumor cell populations, we investi-
gated if PDCs might be enriched for particular subpopulations.

3.3 | Neuroblastoma PDCs demonstrate  
a predominantly mesenchymal gene 
expression signature

We compared the differential mRNA expression of 780 estab-
lished neuroblastoma- and cancer pathway-associated genes in the 
NanoString® PanCancer Pathways panel among 11 tumor-PDC pairs, 
and 5 commercial neuroblastoma cell lines (Table S3). Separate prin-
cipal components (PCs) delineated the differentially expressed genes 
that distinguished PDCs, tumors, and cell lines (Figure 3A). The genes 
that distinguished PDCs and tumors from cell lines (represented by 
PC1) included E2F1, a known regulator of MYCN25; CCNB1, a prog-
nostic biomarker recently described in neuroblastoma26-28; Wnt 
pathway genes, as well as multiple histone cluster family members 
(Figure 3B). The genes that distinguished PDCs and tumors (repre-
sented by PC2) were adrenergic-type neuroblastoma genes PHOX2B 
and TH, as well as pro-angiogenic factors such as IL-6, LIF, FGF, and 
vascular endothelial growth factor (VEGF) (Figure 3C).

As adrenergic (ADRN) and mesenchymal (MES) super-enhancer 
transcription states are thought to represent distinct neuroblastoma 
cell types,29,30 we evaluated the expression of genes from the neu-
roblastoma super-enhancer signatures that were in the PanCancer 
Pathways panel in tumors and PDCs. Compared with the original 
tumors, PDCs showed decreased expression of genes from the ad-
renergic signature and increased expression of genes from the mes-
enchymal signature (Figures 3D,E and S4A-C).

Given the high expression of pro-angiogenesis genes in PDCs, 
we compared the expression of pro-angiogenic proteins in the su-
pernatant of PDCs grown in Media 3 and paired plasma samples 
drawn at the time of surgery in 2 patients. TIMP-2, MCP1, ANGPT1, 
ANGPT2, GRO-alpha, TIMP1, endostatin, UPAR, VEGF, EGF, and IL-6 
were detected in both media and plasma samples. Notably, IL-8, IGF-
1, MMP-1 and GM-CSF were present in only in media, and RANTES—a 
chemokine associated with cell survival in neuroectodermal tu-
mors31,32—was the most abundant plasma protein, but absent in 
media (Figures 3F and S5).

Next, we sought to assess how differences in gene expression 
between tumors and PDCs might relate to the latter's capacity to 
extrapolate potential clinical characteristics. First, we compared the 
group means of the expression of the above 780 genes between 
tumors and PDCs using between-subjects ANOVA. At significance 
thresholds of P = .05, .005, and .0005, the expression of 38.8%, 
50.9%, and 64.6% of genes, respectively, were not significantly dif-
ferent between tumors and PDCs (Figure 3G). Then we mapped each 
gene to associated drugs from 2 public domain pharmacogenomics 
databases as a surrogate measure of potential therapeutic predic-
tions that might be estimated from gene expression. At the same 
significance thresholds, the percentage of corresponding drug-
gene linkages were similar, at 34.9%, 51.8%, and 59.7%, and 35.8%, 
48.2%, and 64.9%, for linkages mapped via the PharmGKB and 
DGIdb databases, respectively (Figure 3G).23,24 Notably, expression 
of actionable genes with available targeted agents were more simi-
lar between tumors and PDCs compared with commercial cell lines. 
These included tyrosine kinases RET, MET, and PIK3CA, checkpoint 
regulators ATM and ATR, and tumor suppressors TP73, BRCA1 and 
BRCA2 (Figure S4D).

Together, this suggested that PDCs were enriched for the 
mesenchymal cell subpopulation and were supported in vitro by 
pro-angiogenic factors also present in the tumor microenvironment. 
Furthermore, at stringent statistical thresholds, the expression of 
clinically relevant genes did not significantly differ between tumors 
and PDCs.

3.4 | Drug-response phenotype of neuroblastoma 
PDCs reflect individual patients’ treatment response

To determine if PDCs would reflect individual patient's treatment re-
sponses, we tested PDCs with serum Cmax-equivalent concentrations 

F I G U R E  2   PDCs recapitulate established cytological characteristics of neuroblastoma. A, Representative phase-contrast 
photomicrograph of S-type (white arrow), N-type (white arrowhead), and cluster of I-type (black arrow) cells in PDC culture (NBL27-0218A, 
Media 3 passage 5) (×20 magnification; bar, 100 µm). B, Proportion of viable PDCs grown in Media 3 with S-, N-, and I-type cells identified, 
over the first 11 passages (adjusted Wald proportion, 95% CI). C, Comparison of success of FISH assays for MYCN amplification, 1p and 11q 
deletion for 14 PDCs grown in Media 3, and concordance with respective patient tumors. D, E, Representative fluorescence microscopy 
images demonstrating amplification of NMYC (green) compared with control (CEP2, red) in PDC and corresponding patient tumor (NBL06-
0318, Media 3) (×60 magnification; bars, 10 µm). F-H, Representative photomicrographs of PDCs showing immunohistochemical expression 
of neuroblastoma markers GD2 synthase (NBL03-0117), TH (NBL07-0317), and PHOX2B (NBL23-0418) (×20 magnification; bars,100 µm). 
I, Representative electropherograms from 21-STR loci panels of PDC (upper panel) and corresponding patient tumor (lower panel) (NBL 10-
0518, Media 3)
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of chemotherapy from common first- and second-line protocols, 
and correlated them with the tumor response on serial imaging. A 
3-y-old child with high-risk MYCN-amplified disease demonstrated 

an enhanced response to a high-dose cyclophosphamide-based 
neoadjuvant regimen (2100 mg/m2, Modified N7),33 mirroring the 
response seen in a non-MYCN-amplified tumor (96.4% and 96.6% 
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post–chemotherapy volume reduction, respectively) (Figure 4A,B). 
Corresponding PDCs showed comparable cytotoxicity (median 1.8-
fold and 2.3-fold normalized response, respectively) following 72 h 
treatment with Cmax-equivalent concentrations of cyclophosphamide 
(383 µM) (Figure 4C,D).34 The patient achieved complete remission 
with the high-dose cyclophosphamide regimen, and remained disease-
free 3 years after completion of therapy.

Additionally, we explored PDC responses to other doses of cy-
clophosphamide, and to topotecan, modeling expected serum Cmax 
exposures if other treatment protocols were used.35-38 At lower 
doses of cyclophosphamide, such as in alternative front-line regi-
mens (Rapid COJEC), or second-line regimens (P9642), the MYCN-
amplified PDCs still showed increased cytotoxicity compared with 
non-MYCN-amplified PDCs (median 4.7-fold and 5.4-fold, vs 2.9-fold 
and 3.5-fold responses, respectively). We correlated the observed 
drug responses with the expression of genes known to be differen-
tially regulated in cyclophosphamide resistance. Compared with a 
panel of 8 other neuroblastoma tumors, the index MYCN-amplified 
tumor and corresponding PDC both showed increased expression 
of genes related to inflammation, apoptosis, TGF-beta signaling and 
cell proliferation (ID1, ANGPT1, ITGA2, DUSP6, RRAS2, LAT, COL2A1, 
TNFSF10, CCNE2, BNIP3), a signature associated with sensitivity to 
cyclophosphamide (Figure S6C,D).39 In contrast, at Cmax-equivalent 
concentrations of topotecan from second-line regimens (P9642 and 
HD-CTV) (Figures 4E,F and S6A-B), MYCN-amplified PDCs showed 
less sustained response to topotecan compared to the MYCN 
non-amplified PDCs, interestingly, as topotecan is known to induce 
senescence especially in MYCN-amplified neuroblastoma cells.40 
Overall, these suggested that this anecdotal patient's fortunate and 
unique gene expression profile might have accounted for the high 
degree of tumor response observed, and demonstrated how the pa-
tient's gene expression profile and phenotypic response were both 
accurately reflected by his corresponding PDCs.

4  | DISCUSSION

Individualized multilineage cultures could be generated from pre–
chemotherapy and post–chemotherapy neuroblastoma specimens 
that reflected the original tumors’ cytogenetic characteristics and 
retained their gene expression profiles over multiple passages. 
Recapitulation of the in vivo tumor serum milieu appeared to be a criti-
cal factor to facilitate PDC generation. Despite the lack of a supporting 

matrix, neuroblastoma PDCs in aqueous media were able to engraft 
and propagate consistently as stable cultures. Typical of primitive small 
blue round cell tumors, neuroblastoma cells lacked a robust scaffold 
in vivo. In our tumor-derived PDCs, stromal and neuroblastic cell sub-
populations spontaneously formed semi-adherent clusters, similar to 
the spheroid forms seen in neuroblastoma bone marrow metastasis-
derived primary cultures.19 As early-phase cultures, PDCs avoided 
the artificial adaptation associated with commercial cancer cell lines 
that resulted from selection pressures and mutational drift from re-
peated passaging or the use of non-physiological conditions such as 
serum-free medium. However, even in serum-free medium, it has been 
shown that the gene expression profile of tumor cells from patients 
with neuroblastoma are still more similar to tumors from patients than 
to commercial cell lines.21 Cancer cell lines also show a bias toward 
more aggressive tumor types and so may be less representative of true 
tumor heterogeneity.41 Indeed, these factors have been identified as 
critical considerations to support the use of patient-derived in vitro 
platforms for personalized-medicine applications.42-44

To justifiably use in vitro primary cultures for clinical phenotypic 
response prediction, PDCs must preserve clinically important tumor 
cell subpopulations and thereby conserve the global tumor heteroge-
neity and parent tumor fidelity. Our findings support the hypothesis 
that neuroblastomas are composed of a highly plastic, multilineage 
mix of stromal, neuroblastic and stem-like cells. Arising from em-
bryonal neural crest progenitors, these cells can interconvert and 
establish an equilibrium through inter-population crosstalk.14,16,45-47 
Among them, the stromal cell population plays a central role in de-
termining tumor behavior and proliferation.15 This subpopulation is 
characterized by upregulation of Wnt pathway genes and are recog-
nizable by their adherent, spindle forms;29,48 they are associated with 
stroma-poor tumor histology and increased resistance to chemother-
apy.46 Thus, for phenotypic drug-response assays to meaningfully de-
termine potential chemoresponsiveness, the patient-derived avatar 
may need to adequately preserve this high-risk population of cells 
that plays a central role in treatment success.

More recently mesenchymal and adrenergic states have been 
defined,29,49 with the mesenchymal subpopulation principally re-
sponsible for mediation of immune response, chemoresistance and 
clinical relapse.48 In contrast with established cell lines, which are 
predominantly adrenergic,50 we found neuroblastoma PDCs to be 
enriched for the mesenchymal gene signature, with differential ex-
pression of Wnt pathway and histone cluster genes. Wnt signaling 
has been proposed to play a key role in regulating neuroblastoma 

F I G U R E  3   Neuroblastoma PDCs demonstrate a predominantly mesenchymal gene expression signature. A, Principal component analysis 
plot illustrating the relationships between NanoString® gene expression signatures of PDCs, commercial cell lines, and patient tumors, 
with factors summarizing linear combinations of original variables specimen type, medium, and passage. B, C, Genes with top and bottom 
loadings for PC1 and PC2; factor loadings being correlation coefficients between factors and above variables. D, E, Signature scores of 
condensed 43-gene neuroblastoma adrenergic and mesenchymal gene expression signatures of PDCs and patient tumors. F, Comparison 
of semi-quantitative western blot signal intensity of pro-angiogenic factors and controls detected in paired samples of patient serum at 
the time of diagnosis, and supernatant of corresponding PDCs grown in Media 3. G, Comparison of number of genes from a 780-gene 
NanoString panel with group means above or below statistical significance thresholds at P = .05, .005, and .0005, by between-subjects 
ANOVA (top panel); number of drugs mapped to associated genes according to “associated” and “definite” drug-gene linkages from 
PharmGKB and DGIdb databases (middle and lower panels)
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mesenchymal and adrenergic cell lineages,51,52 as well as induction 
and development of fetal neural crest cells,53,54 while epigenetic al-
terations have been shown to block the apoptotic effect of cytotoxic 
chemotherapy in neuroblastoma, through functional suppression of 
p53-induced apoptosis.55 Correspondingly, in our uniquely chemo-
sensitive high-risk MYCN-amplified patient, expression of Histone 
Cluster 1 H3 family genes were globally downregulated in compari-
son with other high-risk patients in our study population. His PDCs, 
reflecting the same cyclophosphamide-sensitive phenotype in vitro, 
supported the purported significance of the mesenchymal subpopu-
lation in determining treatment response, and the potential for PDCs 
as a platform for individualized treatment response prediction.

The mainstay of personalized-medicine strategies in current clin-
ical use involved sequencing-based mutational profiling of patient 
tumor specimens, rather than phenotypic drug-response testing. 
While the former has shown benefit in adult cancers with predomi-
nant driver mutations, it may have limited value in genomically quiet 
embryonal cancers such as neuroblastoma.56 Prior pediatric person-
alized-medicine programs have had poor yield with neuroblastoma, 
with actionable genomic alterations detected in only 1 in 4 patients 
using whole exome sequencing and 3 in 8 patients using a targeted 
sequencing panels, with none in either study actually receiving the 
identified therapy.57,58 Using genome-wide mRNA expression pro-
files, targeted therapies prescribed by a molecular tumor board 
yielded a partial response in only 1 of 14 neuroblastoma patients.59 
Attempts at using cell line-derived genomic predictors for personal-
ized treatment-response prediction have also met with varying suc-
cess.60 However, high and consistent engraftment rates and accurate 
chemotherapeutic response prediction have been achieved in PDCs 
of epithelial carcinomas, sarcomas, and neuroendocrine tumors.60,61 
Our findings add to the existing evidence that supports the potential 
for PDC-based personalized treatment-response prediction.

This study was most constrained by the limited size of the avail-
able tumor specimens and the number of cells generated at each 
passage, which had to be distributed sparingly for experiments, 
passaging, and cryopreservation. By limiting molecular and pheno-
typic characterization to only the initial passages, this further limited 
the number of technical replicates. Also, preclinical models may not 
fully capture the clonal heterogeneity of the original tumors.8,62 In 
a panel of orthotopic pediatric solid tumor PDXs, only 31% main-
tained the original tumor's major clonal features, with the lowest 
temporal stability and clonal preservation among neuroblastoma 
PDXs.6 However characteristic and clinically significant chromo-
somal changes such as MYCN amplification and 1p deletion remained 
well preserved between neuroblastoma tumors-PDX pairs.8,62,63 

Similarly, PDCs preserved the key chromosomal features of original 
patient tumors, despite being enriched for the mesenchymal tumor 
cell subpopulation. Also, patient-derived preclinical models are a 
snapshot of the tumor at 1 time point and cannot reliably predict 
treatment response at potential future relapses or at other anatomic 
sites.64 In vitro drug-response studies were limited by the scarce 
material. Also, only Cmax-equivalent concentrations were tested 
as an exclusion study and may not fully represent dynamic in vivo 
physiological conditions. Future ex vivo systems that could model 
metastatic progression of tumor cells and predict potential changes 
in drug response could potentially benefit patients with metastatic 
disease or at high risk of future relapse.65 To date, such models have 
been attempted in epithelial cancers,66-68 but not for embryonal tu-
mors, so further work in this area is needed.

We demonstrated that early-phase neuroblastoma PDCs re-
flected the molecular and drug-response phenotype of original mul-
tilineage tumor cell populations. These could potentially be used to 
provide individualized characterization and drug testing of tumors in 
an accelerated time frame, to facilitate the prediction of treatment 
outcomes and discover potential therapeutic alternatives.
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