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Informative and realistic mouse models of high-risk neuroblastoma are central to understanding mechanisms of tumour initiation,
progression, and metastasis. They also play vital roles in validating tumour drivers and drug targets, as platforms for assessment
of new therapies and in the generation of drug sensitivity data that can inform treatment decisions for individual patients. This
review will describe genetically engineered mouse models of specific subsets of high-risk neuroblastoma, the development of
patient-derived xenograft models that more broadly represent the diversity and heterogeneity of the disease, and models of
primary and metastatic disease. We discuss the research applications, advantages, and limitations of each model type, the
importance of model repositories and data standards for supporting reproducible, high-quality research, and potential future

directions for neuroblastoma mouse models.
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1 Introduction

Neuroblastoma is a tumour of infancy and early child-
hood [1] that arises from neural crest progenitors that
aberrantly persist during sympathetic nervous system de-
velopment [2]. High-risk disease is associated with am-
plification of the MYCN oncogene, which occurs in >
30% of high-risk tumours [3], and recurrent patterns of
whole-chromosome or large segmental DNA copy num-
ber alterations, which occur in almost all high-risk neu-
roblastomas [1]. Comprehensive genomic landscape
studies demonstrate that paediatric cancers, including
neuroblastoma, have lower mutation rates than adult
cancers [3-5]. Furthermore, in paediatric cancers, fre-
quently mutated driver genes typically occur in a mutu-
ally exclusive manner, in contrast to adult cancers
where co-mutation of multiple driver genes is more
common [4]. These differences reflect the distinct ori-
gins of paediatric and adult tumours, with the former
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arising over short time periods during development and
the latter a consequence of accumulated changes over
longer timeframes. These observations may have direct
consequences for therapy, with single, truncal driver
mutations being ideal therapeutic targets. Single, potent
cancer drivers are also well-suited to modelling with
genetically engineered mouse models (GEMMs).
GEMMs have consequently played a major role in the
experimental validation of MYCN amplification [6], ALK
mutation [7-9], and LIN28B overexpression [10] as
drivers of neuroblastoma tumorigenesis and in assessing
the contribution of a range of cancer-associated genes
with malignant transformation, tumour growth, and me-
tastasis. Neuroblastoma GEMMs have also been used to
characterize a range of drug resistance genes, validate
drug targets, and as pre-clinical testing models for the
initial assessment of novel therapeutics including immu-
notherapies. In contrast to GEMM models, patient-
derived xenografts (PDXs) developed directly from tu-
mour specimens allow biology and pre-clinical testing
studies that are more representative of the diversity of
high-risk neuroblastomas, allow for the study of meta-
static disease, facilitate modelling of more complex po-
tential drivers that are challenging for GEMM strategies,
and provide opportunities to refine personalized therapy
recommendations for neuroblastoma patients. Here, we
review current mouse models of neuroblastoma and
their diverse applications, focusing on GEMM and
PDX models.
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2 Genetically engineered mouse models:
understanding disease and validating drivers

2.1 GEMMs of MYCN-amplified high-risk
neuroblastoma

The Th-MYCN transgenic mouse model, developed in 1997
[6], is the most widely used and best characterized of the
neuroblastoma GEMMs. In this model, human MYCN expres-
sion is targeted to developing neuroblasts under control of a
rat tyrosine hydroxylase (Th) promoter. Mice homozygous for
the MYCN transgene spontaneously develop neuroblastoma,
which arises from highly proliferative Phox2B-positive neu-
ronal progenitors in early postnatal sympathetic ganglia [6, 11,
12]. Whereas neuroblasts in the ganglia undergo hyperplasia
and complete regression within 2 weeks of birth in normal
mice, MYCN transgene expression increases hyperplasia, de-
lays regression, and allows the persistence of neuroblasts from
which the tumour arises [11]. This process likely parallels the
neuroblast hyperplasia observed in the adrenal medulla of
infants, which is at observed at a 40 times higher incidence
than clinical neuroblastoma [2, 13]. Tumour incidence varies
substantially with mouse background but can reach 100% in
some genetic backgrounds [14, 15] (Table 1). Th-MYCN tu-
mours recapitulate the histopathology of the human disease
[6], and comparative genomic hybridization and copy number
analyses reveal that the mouse tumours can harbour copy
number alterations in regions syntenic to those commonly
altered in human neuroblastoma. These include gain of the
mouse orthologue of chromosome 17q and further amplifica-
tion of the MYCN transgene [14, 15, 17]. Th-MYCN mice
homozygous for the transgene have a short latency of 4—
7 weeks to tumour formation on a 129X1/SvJ background,
and a short time from palpable tumour to sacrifice, averaging
only 5 days [14]. Hemizygous mice develop tumours at sig-
nificantly lower incidence and longer latency [14, 15].
Microscopic metastases can be observed in a range of organs,
but are not typically present in bone or bone marrow [6, 18].

Th-MYCN tumours have been successfully imaged using a
range of clinically relevant imaging modalities, including
magnetic resonance imaging (MRI) [19, 20], ultrasound
[19], positron emission tomography (PET) [21], and '*'I-
metaiodobenzylguanidine (MIBG) scintigraphy [22].
Bioluminescence imaging has also been achieved by crossing
the Th-MYCN model with E,F,-luciferase mice [23].

A more recently developed transgenic model of MYCN-
amplified neuroblastoma, the LSL-MYCN;Dbh-iCre mouse
[16], allows conditional expression of MYCN in dopamine
[3-hydroxylase (Dbh) expressing cells. In this model, tumours
arise in the postnatal sympathetic ganglia and adrenal medul-
la. As with Th-MYCN mice copy number, gains and losses in
regions syntenic to those commonly altered in human neuro-
blastoma are observed, including gain of the mouse
orthologue of chromosome 17q and MYCN transgene ampli-
fication [16]. While time to tumour development in the LSL-
MYCN;Dbh-iCre model is much more variable and substan-
tially longer (80 days on average) than that of the Th-MYCN
model (Table 1), tumour incidence remains relatively high on
a range of genetic backgrounds, which is an advantage when
crossing these mice with other GEMM models.

2.2 GEMMs of ALK-mutant neuroblastoma

Gain-of-function germline ALK mutations are found in the
majority of familial neuroblastomas [24, 25] and 8-9% of
sporadic high-risk neuroblastomas at diagnosis, where it is
the most frequently somatically mutated gene [3, 26].
GEMM models have been described for the two most fre-
quently occurring activating mutations, ALK®'*”* (43%) and
ALK*"7* (30%) [26]. Dbh-iCre/CAG-LSL-ALK™"'7* mice
and Th-IRES-Cre/CAG-LSL-ALK*"'7*" mice [7] which ex-
press the ALK mutant in Dbh- or Th-positive neural crest
tissues respectively give rise to neuroblastoma with a pene-
trance <50% and very long latency of 130-351 days, with
tumours arising in paravertebral ganglia or adrenal gland, with
extensive liver metastases in some mice [7] (Table 1). As with

Table 1 GEMM models of high-risk neuroblastoma
GEMM Aberration modelled Tumour incidence' Average tumour latency’ Reference
Th-MYCN MYCN amplification 5-100% 4-7 weeks [6]
LSL-MYCN;Dbh-iCre MYCN amplification >75% 80 days [16]

. 1174L
Dbh-iCre/CAG-LSL-AL ALK mutation <50% 130-351 days (7]
Th-IRES-Cre/CAG-LSL-ALK" 74"
Th-ALK" 174" ALK mutation 0% NA [8]
ALK®'273Q knock-in ALK mutation 0% NA [9]
Dbh-iCre/CAG-LSL-Lin28b LIN28B overexpression 25% 56 days [10]

! Tumour incidence and latency varies between mouse backgrounds. * The Th-ALK*"'7# and ALK®'?7*Q knock-in models do not form spontaneous
tumours but cooperate with MYCN to accelerate tumour formation when crossed with Th-MYCN mice
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other neuroblastoma GEMMs, chromosomal aberrations
syntenic to those of the human disease were observed; how-
ever, the number of aberrations is significantly higher than in
models of MYCN-amplified disease [7, 27], consistent with
the hypothesis that ALK mutation alone is not sufficient for
tumorigenesis and that secondary hits are required for neuro-
blastoma development. When Dbh-iCre/CAG-LSL-
ALK mice were crossed with Th-MYCN mice, the
resulting progeny had markedly higher tumour incidence
and substantially shortened tumour latency, and the resulting
tumours had very few genomic aberrations [7, 27]. A second
ALKt mouse model, Th-ALK""'7*" [8], did not form
spontaneous tumours; however, when crossed with Th-
MYCN mice, the resulting double transgenic mice had sub-
stantially increased tumour incidence and decrease latency
compared to Th-MYCN mice on the same background, with
tumours arising in both paraspinal ganglia or adrenal glands
[8] (Table 1). Similarly, an ALK®'?7*? knock-in mouse
crossed with Th-MYCN mice on a 129 x B6 genetic back-
ground had complete tumour penetrance, whereas neither
the ALK®'?"5? knock-in mice or Th-MYCN mice developed
tumours on this background [9] (Table 1).

2.3 LIN28B transgenic mice

The RNA-binding protein LIN28B is a negative regulator of
let-7 siRNA family [28], which in turn function as tumour
suppressors by negative regulation of MYCN [29]. LIN28B
polymorphisms that cause elevated LIN28B protein expres-
sion are highly associated with the risk of developing of high-
risk neuroblastoma [30]. Conversely, LIN28B overexpression
is observed in the majority of high-risk neuroblastomas, with
LIN28B amplification also occurring in a small percentage of
tumours [10]. Conditional Lin28b transgenic mice (Dbh-iCre/
CAG-LSL-Lin28b mice) develop spontaneous neuroblastoma
with tumour incidence of 25% [10] and a short latency [27],
with tumours arising in ganglia and adrenal glands [10]
(Table 1). Lin28b transgenic tumours have fewer additional
genomic events than GEMMs modelling MYCN amplification
or ALK mutation, with event numbers closer to that of a Th-
MYCN-ALK™"*" double transgenic [27], suggesting that
LIN28B aberrations are strongly oncogenic.

2.4 Validating cancer-associated genes
in neuroblastoma GEMMs

Neuroblastoma GEMM models, particularly the Th-
MYCN mouse, have been utilized extensively to geneti-
cally dissect the role of cancer-associated genes in neuro-
blastoma tumorigenesis, metastasis, and drug resistance.
Tumorigenesis in this model is accelerated by clinically
relevant aberrations in a range of tumour suppressor or
putative tumour suppressor genes and by activation of

other oncogenes. Conversely, tumour formation is de-
layed, or the incidence of tumour formation reduced, by
loss of several other putative oncogenes (Table 2).

As discussed above, the most common activating ALK mu-
tations found in spontaneous human neuroblastoma,
ALK®27 and ALK""'7* [26], shorten the latency and increase
tumour penetrance in the Th-MYCN mouse [7-9]. Decreased
latency and increased tumour incidence are also observed with
loss of Neurofibromin 1 (Nf7) [6] in this model. Loss of NF'/
and other aberrations activating the RAS-MAPK signalling
pathway are relatively rare in high-risk neuroblastoma at di-
agnosis, however are highly enriched at relapse and also in-
clude activating mutations of PTPN11, NRAS, HRAS, BRAF,
and FGFRI [3,32, 35]. Loss of the tumour suppressor 7p53 in
the Th-MYCN model also shortens latency and increases tu-
mour penetrance [23]. Conversely, targeted deletion of the p53
E3 ubiquitin ligase MDM2 Proto-Oncogene (Mdm?2) leads to
p53 stabilization, delays tumour formation, and decreases tumour
incidence in the Th-MYCN model [44]. Notably, compensatory
silencing of Ink4a/Arf (alternate reading frame of Cdkn2a), a
negative regulator of Mdm?2 is observed in mice with heterozy-
gous Mdm?2 loss [44]. In human neuroblastoma, loss of p53
function is rare at diagnosis but common in post-treatment and
relapsed tumours and strongly associated with drug resistance.
Loss of p53 function occurs through multiple nodes of the p53
activation pathway, including by 7P53 mutation, MDM?2 ampli-
fication, and inactivation of INK4a/ARF [32-34]. Loss or loss of
function of other established tumour suppressors, including the
RB transcriptional corepressor 1 (RbI) [6] and Clusterin (Clu)
[37] also accelerate tumorigenesis or increased tumour incidence
in the Th-MYCN model, while delayed tumorigenesis and de-
creased tumour incidence are observed with deletion of the
cytokine/growth factor Midkine (Mdk) [45] or Caspase 2
(Casp2) [47]. While expression of extracellular and cytoplasmic
clusterin is associated with differentiated or localized neuroblas-
toma [37] and plasma midkine strongly associated with poor
prognosis [46], RBI and CASP2 aberrations are rarely if ever
observed in the human disease [36, 47].

Despite the spontaneous development of neuroblastoma at
clinically relevant anatomic sites in the Th-MYCN mouse
model, metastatic spread is limited to micrometastases in a
broad range of organs, with bulky metastases rarely observed.
Bone and bone marrow metastases are particularly uncommon
in this model, and limited to micro-metastatic disease [6, 18,
38]. As CASPS is frequently inactivated in high-risk neuro-
blastoma [39, 40] and CASPS loss increases the metastatic
phenotype in vitro [41], Teitz et al. crossed the Th-MYCN
mice with conditional Casp8 knockout mice. The resulting
progeny had a substantially increased incidence of bone mar-
row metastasis, increased from 5 to 37%, without impacting
the growth of the primary tumour [38]. Increased metastasis is
also observed in mice transgenic for both MYCN and
MYCNOS, the cis-antisense gene of MYCN (alternatively
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Table 2

Genes modifying tumorigenesis, metastasis, and drug resistance in the Th-A/YCN mouse model

Modifier gene in Th-MYCN Correlate in human neuroblastoma

mouse

Mouse phenotype

Tumour suppressor loss
Tp53 deletion [23, 31]

Loss of p53 function through 7P53 mutation, MDM?2
amplification, and INK4a/ARF inactivation is com-

Accelerated tumorigenesis, increased tumour incidence,
resistance to ionizing radiation and cyclophosphamide

mon in post-treatment and relapsed high-risk neuro-

blastoma [32-34].
Nf1 loss of function [6]

enriched at relapse [3, 32, 35].
Rb1 loss of function [6]

Clu deletion [37]

NFI loss, and other aberrations activation RAS-MAPK
signalling are recurrent at diagnosis and highly

Rarely observed in neuroblastoma [36].

Accelerated tumorigenesis and/or increased tumour in-
cidence

Expression of extracellular and cytoplasmic clusterin is

associated with differentiated or localized

neuroblastoma [37].
Casp8 loss [38]

CASPS is frequently inactivated in neuroblastoma [39,

Increased metastasis

40] and increases metastatic phenotype in vitro [41].

Oncogene activation

ALK activating mutations [7-9] Activating ALK mutations are a driver of familial
neuroblastoma [24, 25], recurrent at diagnosis [3, 26]

Accelerated tumorigenesis and/or increased tumour in-
cidence

and significantly enriched at relapse [42].

MYCNOS expression [43]

Cis-antisense gene of MYCN (MYCNOS) co-amplified

Increased metastasis

and co-expressed with MYCN and associated with

poor prognosis [43]

Oncogene deletion
Mdm?2 deletion [44]

roblastoma [33].
Mdk deletion [45]
[46].
Casp?2 [47] Novel finding.

Abccl deletion [48, 49]

Abccd deletion [51]

Loss of p53 function through MDM?2 amplification and
p14(ARF) inactivation is common in high-risk neu-

ABCCI expression associated with poor survival [50].

ABCC4 expression associated with poor survival [52].

Delayed tumorigenesis and/or decreased tumour inci-
dence

Plasma midkine strongly associated with poor prognosis

Delayed tumorigenesis, resistance to vincristine and
etoposide

Resistance to irinotecan

known as NCYM) [43], although metastasis to bone and bone
marrow is not observed. MYCNOS is normally co-amplified
and co-expressed with MYCN and inhibits GSK3f3 activity,
thus stabilizing the MYCN protein. Interestingly, transgenic
mice for only MYCNOS did not develop neuroblastoma and
MYCN-MYCNOS double transgenic mice developed tumours
at the same rate as MYCN single transgenic mice [43].

The Th-MYCN model has also been used to assess the
contribution of cancer-associated genes to therapy resistance.
As mentioned above, loss of p53 function is uncommon at
diagnosis, but is frequently observed at post-treatment, and
is associated with chemoresistance. 7p53 loss in the Th-
MYCN mouse confers resistance to cyclophosphamide [23]
and ionizing radiation [31], in part through metabolic adapta-
tions. Beyond p53, the multidrug resistance proteins ABCC/
and ABCC4 are MYCN target genes are associated with neu-
roblastoma outcomes [50, 52] and are capable of conferring
resistance to a range of conventional chemotherapies used in
induction and salvage therapy for high-risk disease. Loss of
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Abccl in the Th-MYCN mouse sensitizes allografts to
etoposide and vincristine [48] and loss of Abcc4 sensitizes
Th-MYCN mouse tumours to irinotecan [51].

2.5 Neuroblastoma GEMMs as models for pre-clinical
testing

The high degree of similarity to human neuroblastoma, spon-
taneous development in appropriate tissues, high tumour inci-
dence, and short latency of the Th-MYCN model make it an
attractive and practical model for pre-clinical testing studies,
particularly for therapeutics directly or indirectly targeting
MYCN or pathways associated with MYCN amplification.
Tumour monitoring is also tractable in this model using a wide
range of imaging modalities, including those used clinically
[19-23] (Section 2.1).

Concordant with most MYCN-amplified high-risk human
tumours at diagnosis, Th-MYCN mouse tumours respond to
standard-of-care induction therapy agents, including
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cyclophosphamide, vincristine, etoposide, cisplatin, and
irinotecan [23, 48, 51, 53, 54], as well as to standard salvage
regimens of cyclophosphamide/topotecan and irinotecan/
temozolomide [54—56]. Models of drug resistant neuroblasto-
ma have also been established that mirror the human disease.
Th-MYCN/Tp53*" mice are more resistant to cyclophospha-
mide [23], while Th-MYCN mice with a tamoxifen-inducible
p53ER™M fysion protein expressed from a knock-in allele
(Th-MYCN/Tp53*"® mice) are resistant to ionizing radiation
[31]. Repeated exposure to cyclophosphamide has also been
used to develop Th-MYCN tumours with intrinsic
chemoresistance and a propensity for bone marrow metastasis,
thus more faithfully representing relapsed or chemo-refractory
disease [57] and demonstrating that this model might be useful
for identifying drug resistance mechanisms.

As a pre-clinical testing model, the Th-MYCN model
has been extensively to assess novel small molecule in-
hibitors targeting angiogenesis [18], the polyamine path-
way [53, 55, 56], multidrug transporters [48], histone
deacetylases [58, 59], Aurora kinases [60, 61],
Bromodomain and extra terminal (BET) family adaptor
proteins [62], the histone chaperone FACT [54], cyclin-
dependent kinases [63], and PA2G4, a novel regulator of
MYCN stability [64], amongst numerous other examples
[65, 66]. In many of these examples, pre-clinical activity
is also observed in xenograft models of high-risk neuro-
blastoma, suggesting that activity is not simply attribut-
able to the use of a homogeneous and chemo-naive model
with dependence on a single oncogene.

A major advantage of GEMM systems for pre-clinical
testing is the development of tumours in an immune-
competent host, allowing assessment of immunotherapies,
and more informative assessment of conventional agents,
many of which stimulate tumour-specific immune re-
sponses [67]. In addition to GEMM models of neuroblas-
toma, transplantable cell line models derived from the Th-
MYCN mouse on a C57B1/6 background allow transplan-
tation into syngeneic hosts [68]. These models have
allowed testing combinations with standard-of-care GD2
MADb immunotherapy [69] and with checkpoint inhibitors
[70] and are likely to play a significant role in further
development of immunotherapy approaches.

3 Patient-derived xenograft models
of high-risk neuroblastoma

3.1 Modelling of the diversity of high-risk
neuroblastoma

While GEMM models have contributed enormously to
our understanding of neuroblastoma tumorigenesis, pro-
gression and response to therapy, particularly with respect

to the roles of MYCN amplification and ALK mutation,
they do not fully reflect the diversity of the human dis-
ease, and indeed different high-risk neuroblastoma model-
ling approaches have different strengths and weaknesses
for various applications (Table 3). Neuroblastoma is often
described as copy-number-driven cancer [1], with loss of
chromosome 1p, 11q and gain of chromosome 17q being
both recurrent and strongly associated with poor outcome
[12]. TERT rearrangements also occur in 25% of high-risk
neuroblastomas and are associated with very poor prog-
nosis [13, 14]. Modelling these more complex potential
drivers is considerably more challenging and while such
models might potentially be developed using contempo-
rary genome editing techniques [15, 17], no neuroblasto-
ma GEMMs exist for these aberrations to date.
Furthermore, the diversity of potential high-risk neuro-
blastoma drivers and potential drug targets that occur re-
currently at low frequency [3, 32, 34] makes comprehen-
sive modelling using GEMM strategies impractical.

In contrast, PDX models developed directly from pa-
tient tumour materials and subsequently maintained by
direct animal to animal passage allow more comprehen-
sive representation of the diversity of high-risk neuroblas-
tomas and provide opportunities to refine personalized
therapy recommendations for neuroblastoma patients.
PDX models are generally considered to more closely
represent human cancers than xenografts from established
cell lines, since the tumour material is not compromised
by in vitro adaptation, which can include acquisition of
new genetic aberrations [71]. PDX tumour models typi-
cally retain histologic and molecular heterogeneity char-
acteristic of the originating patient tumour [72—75] and at
least in the short term can maintain aspects of the tumour
architecture and microenvironment if transplanted as tis-
sue fragments [75, 76]. For these reasons, PDX models
are widely considered to provide a realistic pre-clinical
platform for assessing new treatments with a high proba-
bility of success when translated to patients [71, 76, 77].

Early attempts of neuroblastoma xenografting were re-
ported in the 1980s and assessed tumour growth following
chemotherapy and surgery [78] and the relationship be-
tween PDX growth rate, drug sensitivity and expression
of tumour-specific markers [79]. Engraftment of a large
cohort of 58 neuroblastoma tumours was reported in 1993
and established a correlation between engraftment poten-
tial and patient treatment outcome [80]. Following these
early studies there was a paucity of model development
for many years in favour of the technical and economical
simplicity of cell culture. However, given the limited
translational potential of results obtained from in vitro cell
cultures [81], PDX models are increasingly been
established as a highly valuable tool in drug development,
pre-clinical testing and personalized medicine [82]
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Disadvantages
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Disadvantages
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* Primary tumour development is

« Ability to model spontaneous

« Difficult to model common high-risk

* Spontaneous tumour development allows

Tumorigenesis

bypassed

and experimental metastasis
(as orthotopic models)

neuroblastoma aberrations, such as
segmental chromosomal gains

and losses, chromothripsis
« Limited scope to study mechanisms of

study of primary tumour initiation

studies

« Allows interrogation of the role of genes

tumour metastasis

in tumour initiation
* Potential for forward genetic screens

» Immune-deficient host, currently limited

* Limited availability of models representing * Representative of the diversity of

» Well-characterized models of MYCN-amplified,

Pre-clinical

scope for immune reconstitution

the patient population

commonly altered drug targets or

pathways
« Limited scope to study response in

ALK-mutant, and TP53-deficient

neuroblastoma available
* Immune-competent host allows testing

testing
studies

* Large numbers of models available internationally ¢ Tumour stroma and vasculature are

different species

metastatic disease
* Most models represent chemonaive disease * Potential for patient-specific modelling and direct

of immunotherapies
« Tumours maintain native stroma and vasculature

comparisons to patient outcomes (early passage)

* Drug targets are human

* Drug targets are murine

» Tumours arise at anatomically relevant sites
* Clinically relevant imaging modalities are

metastatic disease
* Clinically relevant imaging modalities are

» Can model response to both primary and

effective

effective

(Fig. 1) and several new cohorts of neuroblastoma models
have recently been reported [83, 84].

3.2 Methodologies for PDX development

Heterotopic neuroblastoma PDX models are typically
established as subcutaneous xenografts, while orthotopic neu-
roblastoma models are typically established in the mouse adre-
nal [83—-85] (see Section 3.3). Neuroblastoma xenografts have
successfully been established form a range of patient biomate-
rials, including primary and metastatic solid tumour samples,
bone marrow, peripheral blood, fluids drained from malignant
ascites, pleural effusions, and residual cells from routine cyto-
genetics analysis [83—85]. Patient tumour materials that contain
a substantial number of T-lymphocytes, such as bone marrow,
pleural fluid, and lymph node samples, may require lympho-
cyte depletion prior inoculation to avoid graft versus host dis-
ease in recipient mice [84, 86]. Additionally, the presence of B
lymphocyte populations in samples such as lymph node or
pleural fluid may cause development of EBV-associated atypi-
cal B-lymphoma proliferation in highly immune-deficient
strains [84, 87-89], with incidence in NOD/SCID/IL2y-recep-
tor null (NSG) mice reported to be as high as 32% [87].

We recently reported higher engraftment success for sam-
ples from patients at relapse (100% from 6 samples) than for
those from patients at diagnosis (31% from 13 samples) [84],
consistent with other studies that reported 33% at relapse and
of 24% at diagnosis [83] or 45% from INSS stage IV disease
with an association between patient outcome and engraftment
success [80]. Engraftment times are frequently long however,
with previous studies reporting a range of 2 to 10 months [90],
2.5 to 10 months [83], and 1 to 7 months [84]. A range of
approaches may improve engraftment rate and decrease en-
graftment time. While BALB/C nude, SCID, and NOD/SCID
strains have all successfully be used to establish neuroblasto-
ma xenografts, NOD/SCID/IL2y-receptor null (NSG) mice
are now commonly utilized and have superior success rates
than other models [82]. Using head-to-head comparisons,
orthotopic adrenal inoculation has recently been shown to
result in more rapid and reliable engrafiment than either sub-
cutaneous or intramuscular sites, despite high concordance
between tumours from each site based on histology and copy
number analyses [84]. While the reasons for more rapid
orthotopic engraftment are unclear, the adrenal gland is the
most common site of origin for primary neuroblastoma [1]
and previous studies have suggested that non-subcutaneous
sites may provide greater protection of the engrafted cells
against hypothermic insult [91], or a greater capacity for an-
giogenesis [90, 92, 93]. PDX model engraftment success is
influenced by many other factors, including the viability and
cellularity of the donor sample, time from biopsy to inocula-
tion, patient treatment status at tissue collection, and sample
type [82, 94]. Given the central role of the microenvironment
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Fig. 1 Patient-derived xenograft (PDX) models of high-risk neuroblasto-
ma in translational research and personalized medicine. Tumour samples
for xenografting can be obtained from tumour biopsy, resection, haema-
tological samples, or cytogenetics residual cells and processed for prima-
ry inoculation by mincing the tumour into smaller pieces or isolating
mononuclear cells (MNC) from haematological samples followed by
lymphocyte depletion. Upon establishment and expansion, xenograft

in tumour biology and the presence of tumour-associated mac-
rophages, fibroblasts, pericytes, endothelial cells, and extra-
cellular matrix in neuroblastoma xenografts [95], maintaining
tumour cell interactions as mouse components replace these
cellular components may also improve engraftment. Matrigel
is often used to increase engraftment efficiency; however,
emerging approaches that mimic biological scaffolds, such
as graphene-based nanomaterials [96], functionalized scaf-
folds [97], and biodegradable matrices [98], may provide
new opportunities to increase engraftment efficiency.

3.3 Orthotopic PDX model development

Orthotopic models of neuroblastoma are typically established
directly in the mouse adrenal gland [92], thus modelling the most
common site of human neuroblastoma development [1]. While
in general orthotopic models are more labour intensive to estab-
lish, they have been reported to be more similar to donor tumours
based on histology and gene expression levels and to better pre-
dict patient tumour progression and response to treatment [94,
99]. As mentioned above, orthotopic implantation of high-risk
neuroblastoma samples may also increase the likelihood of de-
veloping a patient-specific models within a clinically useful
timeframe [84]. Surgical establishment of adrenal xenografts in-
volves exposing the adrenal gland and injection of cells through
the adrenal fat pad into the adrenal gland [92], or placement of
intact tumour fragments in the para-adrenal space [95].
Alternatively, ultrasound-guided injection of cells into the

tissues can be banked as renewable source of research materials, and
along with other newly established models can be used as a platform
for systematic pre-clinical testing of novel anticancer drugs. PDX models
can also play a key role in personalized medicine by providing material
for unbiased ex vivo drug sensitivity screening and avatar-based pre-clin-
ical testing to inform individualized patient therapy

adrenal or para-adrenal space has been described as less invasive
procedure [19]. Here, a catheter is inserted into anaesthetised
mice through the skin, and guided by ultrasound, a needle
with syringe containing cell suspension is inserted
through the catheter and into the space between the kid-
ney and adrenal gland or into the adrenal capsule [19].

Orthotopic models demonstrate growth and dissemination of
neuroblastoma cells similar to that observed in high-risk neuro-
blastoma patients. Numerous studies report spontaneous metas-
tasis to clinically relevant sites such as liver, spleen, and lymph
nodes [100], with other studies showing dissemination to bone
and bone marrow [90, 92]. Further, metastatic patterns appeared
similar to patients with particular genomic features, such as a
high frequency of liver metastases as seen in MYCN-amplified
high-risk patients [101]. Importantly, orthotopic tumours retain
histopathological features such as robust expression of
synaptophysin and chromogranin, preserve subcellular features
of primary patient tumours such as dense core vesicles and gene
expression and DNA methylation profile of patients’ tumours
[90, 100]. Orthotopic tumours have also been reported to show
increased proliferation, invasion, chemosensitivity, and angio-
genesis [92, 101, 102] in comparison to subcutaneous models.

While monitoring tumour progression is less straight for-
ward for orthotopic models, a range of clinically relevant im-
aging modalities are suitable for monitoring PDX tumours, as
for GEMM models (see Section 2.1) and stable incorporation
of reporters for bioluminescence and fluorescence is well
established in xenograft models [103—105].
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3.4 Xenograft models of metastatic neuroblastoma

While GEMMs and PDXs provide excellent and diverse
models of primary neuroblastoma tumours, modelling of met-
astatic neuroblastoma is less commonly attempted, despite the
clinical imperative for new treatments for metastatic disease,
the presence of widespread metastasis as a defining feature of
high-risk neuroblastoma [1] and the possibility that neuroblas-
toma relapse arises from disseminated clones present at diag-
nosis [106]. Common sites of high-risk neuroblastoma metas-
tases include bone (55% of patients with metastatic disease),
bone marrow (80%), liver (30%), lymph nodes (30%), and
central nervous system (CNS, 5%) [107-109].

A range of approaches have been applied to modelling
metastatic neuroblastoma, including spontaneous metasta-
sis models where metastases arise stochastically from a
xenografted primary tumour, thus modelling the entire
metastatic process; experimental metastasis models where
tumour cells are delivered intravenously, thus bypassing
the steps of tumour invasion and intravasation; and direct
injection models where tumour cells are engrafted directly
in the site of interest. Orthotopic neuroblastoma xeno-
grafts have been reported to spontaneously metastasize
to clinically relevant sites including as bone marrow, liver,
and lymph nodes [92, 101, 103, 105, 110]. While the
post-mortem identification of microscopic metastases is
labour intensive [111], this process is considerably sim-
plified by incorporating reporter genes allowing biolumi-
nescence or fluorescence, and the technical issue of in-
tense primary tumour signal limiting the ability to accu-
rately detect metastases [105] can be overcome by surgi-
cal resection of the primary tumour [112, 113]. This ap-
proach also allows the further growth of micrometastases
in mice that would have reached ethical endpoints based
on primary tumour size. For experimental metastasis
models, intravenous (tail vein) delivery of tumour cells
is a commonly used, leading to the formation of tumours
in the bone, liver, spleen, and adrenals/kidney [114-116],
although lung metastases can be rate limiting with some
models [105]. Alternative approaches include intra-
cardiac injection, which disseminates cells via the arterial
blood stream [117], or intra-caudal artery injection, which
is technically simpler and allows entry into femoral artery
and delivery cells to the bone marrow of hind limbs [118].
Experimental metastasis approaches have also been used
to select cell populations with increased metastatic capac-
ity by serial engraftment and isolation of metastases from
specific organs [117]. Direct injection models have in-
cluded a liver metastasis model where neuroblastoma cells
are injected directly into the spleen of immunodeficient
mice from where they can metastasize to the liver [119,
120], and bone metastasis model involving direct injec-
tion into of cells into the femur [121, 122].
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3.5 PDX repositories, systematic pre-clinical testing
initiatives, and personalized medicine

While individual neuroblastoma PDX models have been rou-
tinely utilized for pre-clinical assessment of individual antican-
cer agents [56, 93, 123—125], the greatest potential for realizing
clinical benefit may come from the systematic application of
PDX panels facilitated by large collections of diverse PDX
models. The National Cancer Institute (NCI) Paediatric
Preclinical Testing Consortium has conducted systematic test-
ing of novel therapeutics in panels of paediatric cancer xeno-
graft models, including neuroblastoma, for more than a decade
[126] and has recently reported the development and genomic
characterization of 35 high-risk neuroblastoma PDX models
with a range of aberrations [85]. Similarly, the European
Innovative Therapies for Children with Cancer (ITCC-P4) pro-
gram aims to generate large panels of PDX models representing
high-risk paediatric solid tumours to enable novel drug testing
in partnership with industry. Xenograft repositories that bring
together large collections of patient-derived xenograft models,
such as the NCI Patient-Derived Models Repository, the Public
Repository of Xenografts [127], The Children’s Oncology
Group (COG) Childhood Cancer Repository and the
Childhood Solid Tumour Network (CSTN) established at St.
Jude Children’s Research Hospital [ 128] play important roles in
access to models, as do PDX model development initiatives
within personalized medicine clinical trials. Large collections
of PDX models create opportunities for more thorough and
representative pre-clinical evaluation of drug efficacy through
more clinical trial like studies using single mouse designs [129]
and have the potential to accelerate biomarker development
[127]. Consistent and robust standards for PDX models and
their associated clinical data have recently been proposed
[130] and should allow standardization across PDX reposito-
ries, as well as consistency and reproducibility between pre-
clinical studies that utilize them.

A developing area for neuroblastoma PDX models is integra-
tion into personalized oncology (Fig. 1) and PDX models utilized
in this way are often referred to as “avatar” models. Xenografting
can allow expansion of limited patient tumour material for addi-
tional profiling assays, including unbiased ex vivo drug sensitiv-
ity profiling [84]. Avatar PDX models also providing an in vivo
platform for evidence-based validation and prioritization of ther-
apeutic options identified by either by molecular methods or
unbiased drug screening. Biobanking of PDX models may also
allow similar PDX models to be used to support decision-making
in the absence of a model for a given patient.

4 Conclusions

Animal models of high-risk neuroblastoma are central to bet-
ter understanding tumorigenesis, tumour progression and
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metastasis, validating tumour drivers and drug targets,
conducting high-quality, informative assessment of new ther-
apies and in supporting treatment decisions for individual pa-
tients. Complementary approaches to modelling high-risk
neuroblastoma, including GEMM models of MYCN-ampli-
fied and ALK-mutant tumours, PDX models representing both
the diversity of the human disease and individual patients, and
models of disseminated disease each have important roles to
play in these areas (Table 3). New directions for animal
modelling of high-risk neuroblastoma will likely include
GEMMs with complex recurrent aberrations developed using
genome editing techniques, PDX models in humanized mice
for assessment of immunotherapies and an increasingly im-
portant role for model repositories with consistent and rigor-
ous data standards.
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