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Abstract——Cancer in children is rare with approx-
imately 15,700 newcases diagnosed in theUnitedStates
annually. Through use of multimodality therapy (sur-
gery, radiation therapy, and aggressive chemother-
apy), 70% of patients will be “cured” of their disease,
and 5-year event-free survival exceeds 80%. However,
for patients surviving their malignancy, therapy-
related long-term adverse effects are severe, with an
estimated 50% having chronic life-threatening
toxicities related to therapy in their fourth or fifth

decade of life. While overall intensive therapy with
cytotoxic agents continues to reduce cancer-related
mortality, new understanding of the molecular etiology
of many childhood cancers offers an opportunity to
redirect efforts to develop effective, less genotoxic
therapeutic options, including agents that target
oncogenic drivers directly, and the potential for use of
agents that target the tumor microenvironment and
immune-directed therapies. However, for many high-
risk cancers, significant challenges remain.

I. Status of Therapy for Childhood Cancer

Treatment of childhood cancer has essentially relied
on surgery, radiation therapy, and systemic therapy
using cytotoxic agents. From 1969 until 2012, childhood
cancer mortality rates have declined by 66% and 5-year
survival has increased from 58% to 83% (Siegel et al.,
2017). Thus, intensive therapy has resulted in dramatic
increases in survival for patients, particularly those
with hematopoietic malignancies, such as acute leuke-
mias and lymphomas (Fig. 1; Jemal et al., 2017). Simi-
larly, gains have been made for many other cancers,
including neuroblastoma, soft tissue sarcomas, and
some brain tumors. Standard of care agents that have
improved survival have been largely cytotoxic agents
that target DNA. For Ewing sarcoma and rhabdomyo-
sarcoma, drugs include cyclophosphamide, doxorubicin,
vincristine, etoposide, topotecan, irinotecan, actinomy-
cin D, and ifosfamide. Cisplatin is used in neuroblastoma
and temozolomide for treatment of synovial sarcoma and
glioblastoma and, at relapse, in Ewing sarcoma in com-
bination with irinotecan. With the exception of vincris-
tine, which causes depolymerization of microtubules and
mitotic arrest, the other classes of agents (bifunctional or
monofunctional alkylating agents, topoisomerase I or II
poisons) induce single- and double-strand DNA breaks
or DNA adducts that, if unrepaired, induce programmed
cell death, or apoptosis. Similarly, ionizing radiation,
used in most high-risk and intermediate-risk protocols,
targets DNA to induce single and double strand breaks.
Treatment is generally adjusted for stage of disease or
risk-factors, with more aggressive regimens being used
with advanced ormetastatic disease.While cytotoxic ther-
apies may induce complete responses in patients with
solid tumor metastatic disease, treatment is rarely
curative. Treatment of acute lymphoblastic leukemias
has used many of the same DNA-targeted agents,
with the addition of corticosteroids (prednisone and
dexamethasone), cytosine arabinoside (cytarabine),

6-mercaptopurine (antimetabolites), methotrexate (anti-
folate), and L-asparaginase.

While gains in survival have been very impressive,
long-term consequences of chemoradiation therapy can
be devastating (Eissa et al., 2017; Chow et al., 2018;
Henderson and Oeffinger, 2018; Turcotte et al., 2018).
For brain tumors, standard radiation doses (45–70 Gy)
far exceed the dose thresholds for neurocognitive defi-
cits (.18 Gy) and neuroendocrine deficits (growth hor-
mone .18 Gy, gonadotrophins-ACTH-TRH .40 Gy).
For soft tissue sarcoma, 36- to 65 Gy radiation doses
exceed the threshold for muscular hypoplasia (.20 Gy)
or bone growth retardation, resulting in deformity or
bone shortening (.20 Gy). Unfortunately, chronic health
conditions continue to increase in survivorswith increasing
age (Bhakta et al., 2016), and cardiovascular disease and
secondmalignancies contribute to life-threateningmorbid-
ities (Bhakta et al., 2017). Chronic health issues such as
myocardial infarction subsequent to mediastinal radiation
and anthracycline-related heart failure arewell recognized
outcomes (Chow et al., 2018), and hencemay be avoided by
morecontemporary treatmentprotocols.Thus, the futureof
pediatric cancer therapy presents many challenges. Cyto-
toxic agents with radiation therapy cure the majority of
patients, but the burden of late effects is unacceptable, and
efforts to reduce risks associated with cyclophosphamide
and radiation have been attempted with some level of suc-
cess, for example, in the treatment of rhabdomyosarcoma
(Hawkins et al., 2014).

Large-scale analysis of somatic mutations in adult
cancers have revealed oncogenic drivers that can be
targeted with biologic agents with or without small
molecule inhibitors for treatment of Her2 amplified
breast cancer (Pondé et al., 2018) or small molecule
inhibitors in ALK-rearranged NSCLC (Muller et al.,
2016; Peters and Zimmermann, 2018) BRAF mutant
melanoma (Knispel et al., 2018; Wahid et al., 2018),
with approximately 37% of patients having an identified
“actionable mutation” (Zehir et al., 2017). Recent

ABBREVIATIONS: ALL, acute lymphoblastic leukemia; AML, acute myeloid lymphoma; BCR, B-cell receptor; BiTE, bispecific T-cell
engager; CAR-T, chimeric antigen receptor engineered T-cell; CTLA-4, T-lymphocyte-associated protein 4; DIPG, diffuse intrinsic pontine
glioma; EZH2, enhancer of zest homolog 2; GEM, genetically engineered mouse; MATCH, Molecular Analysis For Therapeutic Choice; MLL,
mixed lineage leukemia; MMAE, monomethyl auristatin E; MTD, maximum tolerated dose; NK, natural killer; NSCLC, non-small cell lung
cancer; ORR, objective response rates; PARP, poly-(ADP-ribose) polymerase; PDL-1, programmed cell death protein 1; PDL-2, programmed
cell death protein 2; PDX, patient-derived xenograft; PPTP, Pediatric preclinical testing program; PRC, polycomb repressive complex 2;
RACE, Research to Accelerate Cures and Equity for Children Act; TME, tumor microenvironment; VGEF, vascular endothelial growth factor.
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studies have reported on the genetic landscape of
pediatric tumors. The somatic mutation frequency of
most tumors at diagnosis is low relative to adult cancers
(Mody et al., 2015). Many sarcomas are driven by fusion
oncogenes that result from chromosomal translocations,
whereas neuroblastoma appears to be largely driven
by copy number changes (Matthay et al., 2016). There
is some indication that mutation frequencies are
increased in neuroblastoma at relapse (Fletcher et al.,
2018), perhaps offering greater potential for molecular
targeted therapies or immune checkpoint inhibitors (Le
et al., 2015), although the threshold for mutational load
in patients with microsatellite instability who
responded to anti-PD1 therapy (1782 somatic muta-
tions) was far in excess of that reported in neuroblas-
toma at relapse. The relationship between mutational
load and response to immune checkpoint inhibitors also
assumes that increased mutation frequency translates
into increased neoantigen presentation, which has not
been validated in pediatric cancers. For hematologic
malignancies, the first targeted therapy was imatinib,
which inhibits the BCR-ABL tyrosine kinase in t(9;22)
Philadelphia chromosome (Ph1) positive chronic mye-
logenous leukemia and results in a significant survival
advantage when combined with intensive chemother-
apy (Schultz et al., 2014). For chronic lymphocytic
leukemia, diffuse large B-cell lymphoma, and other
mature B-cell malignancies, the importance of Bru-
ton’s tyrosine kinase has been established (Davis
et al., 2010; Herman et al., 2011; Ponader et al., 2012).
For certain acute leukemias, there is considerable
excitement for kinase inhibitors targeting B-cell re-
ceptor (BCR) signaling (Young and Staudt, 2013;

Burger, 2014). Most ALL with the t(1;19) chromosomal
translocation are dependent on pre-BCR-dependent
signaling for their proliferation (Bicocca et al., 2012),
and pre-BCR-dependent ALL are highly sensitive to
BCR signaling inhibitors (Geng et al., 2015; Köhrer
et al., 2016). Similarly, in MLL translocated mixed line-
age leukemias, the basis for transformation (Krivtsov
et al., 2017) and the relevance of binding of the MLL-
fusion to Menin (Yokoyama et al., 2005; Yokoyama and
Cleary, 2008) has led to development drugs that block
the MLL-Menin interactions and look highly promising
for treatment of MLL-rearranged ALL and AML in both
children and adults (Borkin et al., 2015). These examples
illustrate the importance of understanding the mech-
anism(s) by which transformation is driven that offer
great opportunities for developing effective and less
toxic therapeutics. Here, some of the challenges and
opportunities for developing effective new therapies
for childhood cancer will be reviewed.

II. Genetics of Childhood Cancer: Dividing
a Small Pie

For many childhood cancers, prognosis can be corre-
lated with stage of disease, tumor location, patient age,
and molecular phenotype. Molecular characterization,
by genome sequencing or expression profiling, can refine
subclassification, leading to more accurate risk assess-
ment, and reveal the underlying etiology of the disease.
Of potential importance, in an era of precisionmedicine,
these analyses may identify novel therapeutic targets.
However, from the perspective of conducting clinical
trials to assess new therapies, this creates a new

Fig. 1. Changes in 5-year relative survival rates for the most prevalent cancers in children 0–14 years. Data show 5-year survival in from the period
1975 to 1977 (orange bars) and from 2006 to 2012 (blue bars) [adapted from Jemal et al. (2017) with permission].
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challenge in that the numbers of patients within a
subclassification may be very small, requiring na-
tional or international trials to accrue adequate numbers
of patients. Unlike adult cancers, with the exception of
familial cancer disposition syndromes, such as Li Frau-
meni (Guha andMalkin, 2017),mutations ofTP53 tumor
suppressor gene are relative rare in pediatric tumors
(Taylor et al., 2000; Ognjanovic et al., 2012). This may
account, in part, for the relatively lowmutational burden
observed in many pediatric cancers (Mody et al., 2015).
Recent large-scale sequencing studies have defined
frequent somatic mutations in many pediatric cancer
histotypes, including acute lymphoblastic leukemias,
sarcoma, neuroblastoma, and brain tumors.

A. Acute Leukemia

This disease represents the most frequently occur-
ring malignancy in children, and based upon phenotype
and clinical manifestations it has been subtyped into 12
different entities, the prevalence of some subtypes
varies with age. Genomic analysis has further defined
subclasses of leukemias and revealed the remarkable
genetic heterogeneity of this disease (Mullighan, 2014).
The Ph-like acute lymphoblastic leukemia (ALL) sub-
group, which has clinical manifestation similar to leuke-
mias harboring the “Philadelphia” chromosome (Nowell
and Hungerford, 1960) (a consequence of a reciprocal
chromosomal translocation between chromosomes 9
and 22), was identified through expression profiling.
These leukemias are negative for the BCR-ABL1 rear-
rangement found in chronic myelogenous leukemia, but
exhibit gene expression profiles similar to BCR-ABL1-
positive ALL. They have alteration of B-lymphoid tran-
scription factor genes and are associated with poor
outcome. Kinase activating alterations through chro-
mosomal translocations were found in 91% of cases
(Roberts et al., 2014). The genetic rearrangements
that juxtapose a kinase 39 to an actively transcribed
gene in Ph-like ALL are shown in Table 1 (Mullighan,
2014; Roberts et al., 2014). Importantly, transloca-
tions in these leukemias often involve a kinase as the
fusion partner, hence conferring putative therapeutic

targets. T-lineage acute lymphoblastic leukemia is asso-
ciated with genetic alterations that activate NOTCH1
signaling together with inactivation of INK4/ARF locus.
Genome-wide sequencing has revealed marked hetero-
geneity, with 106 putative driver genes being identified
with 10 recurrently altered pathways associated with
stage or subtype of T-ALL (Liu et al., 2017). Neuroblas-
toma, a malignancy of the developing sympathetic
nervous system, is associated with a low median exonic
mutation frequency, with few recurrently mutated genes
in samples taken at diagnosis (Pugh et al., 2013;
Chmielecki et al., 2017); however, two recent studies
identified a significantly increasedmutational frequency
in relapse samples (Eleveld et al., 2015; Schramm et al.,
2015), including increased frequency of ALK, ATRX, and
NRASmutations (Fletcher et al., 2018). Whereas obtain-
ing tumor at relapse is possible in the context of leuke-
mia and neuroblastoma (from bone marrow aspirates),
rebiopsy of recurrent solid tumors is rarely undertaken
in childrenwith solid or brain tumors for ethical reasons.
Consequently, our understanding of genetic or epigenetic
mechanisms of drug resistance is poorly understood
for most of these cancers. The Pediatric MATCH trial
(NCT03155620) will attempt to direct therapy based
upon “actionable mutations” (Allen et al., 2017). If
this trial is successful and the response rate for genomi-
cally directed therapy is superior to typical relapse
protocols, this may facilitate rebiopsy as standard of
care, as the results may be valuable in directing
subsequent therapy. Obtaining routine biopsy at re-
lapse will also facilitate our understanding of genetic
changes associated with therapy resistance. Cur-
rently, the pediatric MATCH trial is limited to test-
ing of single agents. While this may be informative,
developing combinations of targeted therapies based
on the genetic characteristics of individual tumors is
likely to be more successful in preventing emergence
of resistance. For example, combination of a BRAF
inhibitor (dabrafenib) with a MEK inhibitor (trame-
tinib), significantly increased event-free survival in
adults with advanced melanoma (Flaherty et al.,
2012; Spagnolo et al., 2015).

TABLE 1
Kinase rearrangement and therapeutic targets in Ph-like ALL. The TKIs shown are known or predicted to be active against rearrangements involving
the listed kinase in experimental models but, with the exception of imatinib/dasatinib in EBF1-PDGFRB ALL, have not been shown to be effective in

ALL [data from Roberts et al. (2014) and adapted from Mullighan (2014)].

Kinase TKI No. of Partners No. of Cases 59 Genes

ABL1 Dasatinib 6 14 ETV6, NUP214, RCSD1, RANBP2, SNX2, ZMIZ1
ABL2 Dasatinib 3 7 PAG1, RCSD1, ZC3HAV1
CSF1R Dasatinib 1 4 SSBP2
PDGFRB Dasatinib 4 11 EBF1, SSBP2, TNIP1, ZEB2
CRLF2 JAK2 Inhibitor 2 30 IGH, P2RY8
JAK2 JAK2 Inhibitor 10 19 ATF7IP, BCR, EBF1, ETV6, PAX5, PPFIBP1, SSBP2, STRN3, TERF2, TPR
EPOR JAK2 Inhibitor 2 9 IGH, IGK
DGKH Unknown 1 1 ZFAND3
IL2RB JAK1/3 inhibitor 1 1 MYH9
NTRK3 Crizotinib, LOXO-101 1 1 ETV6
PTK2B FAK inhibitor 2 1 KDM6A
TSLP JAK2 Inhibitor 1 1 IQGAP2
TYK2 TYK2 inhibitor 1 1 MYB
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B. Fusion-Driven Sarcoma

In general, fusion-driven tumors, where a transcrip-
tion factor is fused to another gene, have low rates
of mutations. Prevalent and novel (Xiao et al., 2018)
translocations and fusion partners for sarcomas are
presented in Table 2. Both pediatric and adult sarcomas
have a low overall somatic mutation burden (1.06/Mb)
(Cancer Genome Atlas Research Network, 2017). The
exonic mutation frequency in Ewing family of tumors,
characterized by fusion of EWSR1 with an ETS family
member (most frequently FLI1), is low (0.15 mutations/
Mb). Frequent deleterious mutations include homozy-
gous deletion of CDKN2A (p16), STAG2 (Brohl et al.,
2014; Crompton et al., 2014), a subunit of the cohesion
complex, and of note is that these mutations are
mutually exclusive (Tirode et al., 2014). Rhabdomyo-
sarcoma, a cancer of skeletal muscle lineage, based on
expression of myogenic markers (Abraham et al., 2014),
is classified as fusion positive (alveolar) or fusion nega-
tive (embryonal) variants that have different prognosis
and age of diagnosis. Alveolar rhabdomyosarcoma is
associated with fusions between PAX3 or PAX7 and
FOXO1 (P3F, P7F), and both fusion-positive variants are
associated with low mutational load. Embryonal tumors
have an increased mutation frequency and are associ-
ated with mutations in RAS, NF1, and activation of
FGFR4/PI3K pathways (Shern et al., 2014; Fig. 2).

C. Brain Tumors

For pediatric glioma, low-grade tumors are associated
with activation of BRAF through a truncated tandem

duplication that results in the KIAA1549-BRAF fusion
(Parsons et al., 2008) or through an activating point
mutation of BRAF (predominantly V600E). More recent
data suggest that the KIAA1549-BRAF fusion is largely
restricted to juvenile pilocytic astrocytoma (90%),
whereas BRAFV600E occurs more frequently in grade
II-IV gliomas [;23%; although lower frequencies have
been reported (Schindler et al., 2011)], ganglioglio-
mas, diffuse gliomas (Schindler et al., 2011; Dahiya
et al., 2013), and in 60% of xanthoastrocytomas (Dias-
Santagata et al., 2011; Schindler et al., 2011). Thus,
activating mutation of BRAF appears to be the most
common genetic alteration in non-juvenile pilocytic
astrocytoma. Homozygous deletion of the CDKN2A
locus is frequent (;70%) in tumors harboring the
BRAFV600E mutation (Schiffman et al., 2010), whereas
mutations in PIK3CA are reported to be rare in these
tumors (El-Habr et al., 2010). NTRK2 and -3 fusions
occur in pediatric gliomas (Vaishnavi et al., 2015), and
LOXO-101, a selective NTRK inhibitor, has shown ac-
tivity in preclinical models of TRK-fusions and clinically
in sarcoma (Doebele et al., 2015).

1. Medulloblastoma. A tumor arising in the cerebel-
lum is now subdivided into four distinct molecular
subgroups based upon gene expression signatures, the
spectrum of mutations, copy number alterations, and
clinical features (Northcott et al., 2012). This classifica-
tion allowed amolecular underpinning of clinical outcome
for low risk (.90% survival), average risk (75%–90%
survival), high risk (50%–75% survival), and very high
risk (,50% survival) (Ramaswamy et al., 2016). Group 1
has a WNT signature and Group 2 a Sonic Hedgehog

TABLE 2
Common and novel recurrent translocations in soft tissue tumors

Tumor Chromosome Translocation Fusion Transcript

Ewing sarcoma/primitive neuroectodermal tumor t(11;22)(q24;q12) FLI-EWS
t(21;22)(q22;q12) ERG-EWS
t(7;22)(p22;q12) ETV1-EWS
t(17;22)(q12;q12) E1AF-EWS
t(2;22)(q33;q12) FEV-EWS

Desmoplastic round cell tumor t(11;22)(p13;q12) WT1-EWS
t(11;22)(q24;q12) FLI-EWS

Synovial sarcoma t(X;18)(p11.23;q11) SSX1-SYT
t(X;18)(p11.21;q11) SSX2-SYT

Alveolar rhabdomyosarcoma embryonal rhabdomyosarcoma spindle cell
rhabdomyosarcoma

t(2;13)(q35;q14) PAX3-FOXO1
t(1;13)(p36;q14) PAX7-FOXO1
t(2;2)(q35;p23) PAX3-NCOA1a

t(2;8)(q35;q13) PAX3-NCOA2a

VGLL2-NCOA2a

TEAD-NCOA2a

t(2;8)(q35;q13) SRF-NCOA2a

Clear cell sarcoma t(12;22)(q13;q12) ATF1-EWS
Myxoid liposarcoma t(12;16)(q13;p11) CHOP-FUS

t(12;22)(q13;q12) CHOP-EWS
Extraskeletal myxoid chondrosarcoma t(9;22)(q22;q12) CHN-EWS
Dermatofibrosarcoma/giant cell fibrosarcoma t(17;22)(q22;q13) COL1A1-PDGFB
Congenital fibrosarcoma and mesoblastic nephroma t(12;15)(p13;q25) ETV6-NTRK3
Lipoblastoma t(3;8)(q12;q11.2) PLAG1-HAS2

t(7;8)(q31;q13) ?
Undifferentiated small round cell sarcoma T(4;19)(q35;q13.1) T(6;8)(p12;q11.2) CIC-DUX4a

Undifferentiated (infants) T(10;19)(q26.3;q13) T(17;22)(q12;q12) EIAF-EWSa

aNovel fusions [from Xiao et al. (2018)].
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expression signature, the latter offering a potential ther-
apeutic target using smoothened inhibitors.
2. Ependymoma. This is the third most common

brain cancer in children, occurring in different anatomic
sites (posterior fossa, hindbrain, spine) and now consid-
ered a distinct molecular entity based on location and
putative cell of origin. Radial glial cells from different
anatomic locations in the brain have distinct expression
profiles, and ependymomas resemble the radial glial
cell from the same location (Thompson et al., 2015).
Hindbrain ependymomas have an extremely low muta-
tion rate but demonstrate a CpGmethylator phenotype.
Transcriptional silencing converges on the polycomb re-
pressive complex 2 (PRC2) and represses expression of
differentiation genes through trimethylation of H3K27,
offering potential therapeutic rational for use of epige-
netic modifier drugs (Mack et al., 2014).
3. Diffuse Intrinsic Pontine Glioma. There has been

considerable progress in understanding the genetic and
epigenetic bases for pediatric cancers (Huether et al.,
2014). The highest frequency of mutations in epigenetic
regulator genes is in glioblastoma and diffuse intrinsic
pontine glioma (DIPG), with approximately 30% and
80%, respectively, demonstrating K27M mutations in
the H3F3A gene that encodes the histone variant H3.3
(Venneti et al., 2014). Other cancer “drivers” beingmore
recently recognized are genetic changes that result in
alteration in chromatin architecture and hence gene ex-
pression. Synovial sarcoma, which arises in adolescents

and young adults, is driven by the SS18-SSX fusion
oncogene, leading to loss of BAF47 subunit assembly
and retargets BAF complexes to polycomb domains to
oppose PRC2-mediated gene repression and to activate
bivalent genes (McBride et al., 2018).

4. Rhabdoid Tumors. Other tumors associated with
the SWI/SNF (BAF) chromatin remodeling complex in-
cludemalignant rhabdoid tumors (AT/RT) of the central
nervous system or kidney that are frequently associated
with germ line alterations. This tumor occurs frequently
in infants, has a poor prognosis, and is associated with
homozygous deletion ofSMARCB1 (known also as INI1),
a core subunit of the BAF complex (Kalimuthu and
Chetty, 2016). Truncating mutations in both alleles of
SMARCB1, homozygous deletions or microdeletions
have been reported in extraskeletal myxoid chondro-
sarcoma, and complete loss of SMARCB1 expression
occurs in approximately half of epithelioid malig-
nant peripheral nerve sheath tumors and pediatric
soft tissue myoepithelial carcinomas (Hollmann and
Hornick, 2011). Approximately 45% of patients with
familial schwannomatosis have SMARCB1mutations
(Masliah-Planchon et al., 2015). It has been proposed
that tumors deficient in SMARB1, hence defective in
BAF complex function, have a synthetic lethal depen-
dency on EZH2 (enhancer of zest homolog 2) (Wilson
et al., 2010) and an EZH2 inhibitor-induced complete
regression of a SMARCB1-deleted rhabdoid tumor
model in mice (Knutson et al., 2013), although less

Fig. 2. Genomic landscape of pediatric RMS highlighting candidate alterations. Demographic characteristics, histologic subtypes, and selected genes
with copy number alterations or somatic mutations across 147 rhabdomyosarcoma cases. Unique sample identifier and sequencing platform. Sex,
males in blue, females in pink. Age, years at diagnosis divided into less than 5 years and greater than 5 years. Histologic diagnosis, red, alveolar; blue,
embryonal including spindle and botryoid subtypes; gray, RMS not otherwise specified. Mixed alveolar and embryonal histology in green. Copy number
gains and losses for selected genes. Blue, losses; red, gains; green, loss of heterozygozity. Selected genes with somatic mutations. Purple, fusion protein;
black, missense; orange, nonsense/splice site/indel mutations [from Shern et al. (2014) with permission].
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impressive activity was reported in other SMARCB1-
deficient models (Kurmasheva et al., 2017). EZH2 is the
enzymatic subunit of a multiprotein histone methyl-
transferase complex (polycomb recessive complex 2;
PRC2) and is associated with several cancer types.
Heterozygous mutations within the catalytic SET
domain occur in approximately 20% of germinal
center B-cell-like diffuse B-cell lymphoma and follic-
ular lymphoma, resulting in large increases in H3K27
trimethylation, abnormal repression of PRC2 targets,
and lymphoma development, providing the rationale for
treatment of these lymphomas with inhibitors of EZH2
(Morin et al., 2010; Knutson et al., 2014). Alterations in
BAF chromatin remodeling complexes are now impli-
cated in many pediatric and adults cancers (Fig. 3; St
Pierre and Kadoch, 2017) and potentially offer new
avenues for effective therapy of these tumors (McBride
and Kadoch, 2018).

III. Restrictions in Developing New Agents

Constraints in developing new therapies for treat-
ment of childhood cancer can be classified as both
logistical and ethical. Cancer in children is rare, but
when one considers each cancer type as an entity,
the numbers of patients with a particular diagnosis
become extremely small (Adamson et al., 2014). Thus,
ALL represents 40% of all pediatric cancer in theUnited
States but can be classified into multiple molecular
subtypes having different outcomes and potentially
responding to different “targeted” therapies. Thus,
even for the most common cancer type, the number of
patients within a molecular subtype is small, presenting

challenges to conducting clinical trials in these popula-
tions. The other consideration is that overall the “cure”
rate for pediatric cancer is around 70%, and most recent
American Cancer Society data suggest the 5-year event-
free survival is 83%. As a consequence, relatively few
patients are eligible for experimental trials (phase I or
phase II), and almost invariably these patients will have
received standard of care therapeutic regimens. For
example, the most recent Children’s Oncology Group
trial in patients with high-risk rhabdomyosarcoma
(NCT00354744) incorporated all known active drugs
plus radiation therapy over a 51-week period (Weigel
et al., 2016). Twenty-five percent of patients pro-
gressed during the period of therapy, and 80% had
events within 24 months of starting treatment. Thus,
patients moving to subsequent therapies probably
have tumors that express mechanism(s) of resistance
to highly complex multidrug therapies and may not be
optimal subjects in which to identify active new
agents. Some support for this comes from studies
conducted in the 1980s, where melphalan was evalu-
ated in a relapse setting and had relatively little
activity, whereas in an up-front window trial in
patients with advanced rhabdomyosarcoma, the drug
was highly active (Horowitz et al., 1988). However,
ethical considerations, including high progression
rates during “window” therapy, the potential for win-
dow therapy to compromise subsequent care, and in-
clusion of patients who may have a higher probability
for long-term survival, have essentially prevented
further testing of therapeutics in treatment naive
patients. Another ethical constraint is the issue of
testing a drug initially in children, where safety

Fig. 3. mSWI/SNF chromatin remodeling complexes in human cancer. Mammalian SWI/SNFcomplexes are separated into two separate forms: BRG1/
BRM associated factor (BAF or SWI/SNF-A) and polybromo-associated BAF (PBAF or SWI/SNF-B). BAF and PBAF complexes share numerous
subunits, including both ATPases BRG1 and BRM (depicted in red). BAF and PBAF differ from one another by incorporation of key peripheral subunits
(depicted in green). Mutations in the genes encoding mSWI/SNF complex subunits are present in over 20% of human cancers, with specific subunits
mutated in specific malignancies [from St Pierre and Kadoch (2017) with permission].
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guidelines require initial doses to be below those likely
to give therapeutic benefit. Thus, with few exceptions,
new agents are first tested in adult cancer patients,
and once a recommended phase 2 dose is established,
pediatric trials may start at one or two dose levels
below the recommended phase 2 dose. This minimizes
the number of patients required to establish a maxi-
mum tolerated dose in children and minimizes the
probability of dosing that will not be effective achiev-
ing target inhibition. However, for many agents,
pediatric trials are initiated after adult trials have
been completed, often years after the new drug has
been approved for use in adults (Khan et al., 2019).
Roadblocks to progress in drug discovery for pediatric
cancer include a lack of “market initiative” on the part
of pharmaceutical companies, where the pediatric
market is below that considered profitable and, al-
though unsubstantiated, a fear of adverse events in
children that could derail development for adult indi-
cations (Adamson et al., 2014). The Institute of Medi-
cine made recommendations for developing drugs for
children with cancer (Adamson et al., 2005) that in-
cluded creating a virtual drug development enterprise
that would facilitate partnerships of stakeholders in
the drug development process, including pharmaceuti-
cal companies, non-government organizations, and fed-
eral agencies. Worthy of note is the rapid development
and Food andDrug Administration approval of the TRK
inhibitor larotrecrinib for treatment of TRK fusion-
positive tumors that involved trials that simultaneously
enrolled both adult and pediatric patients (Drilon et al.,
2018; Laetsch et al., 2018). Another approach that may
speed drug development is the recent recommendation
that late-stage trials for diseases common to both adult
and pediatric populations routinely include patients
12 years of age or older. This is based on the similarity
in drug metabolism and excretion between adults and
postpubertal adolescents (Gore et al., 2017). Other
proposals include design of “master protocols” that
incorporate precision medicine processes with the abil-
ity to assess safety and efficacy in early stage clinical
trials, with the objective of accelerating approval of
agents for children with cancer (Khan et al., 2019). In
the United States, the regulatory environment, through
the Research to Accelerate Cures and Equity for
Children Act (RACE for Children Act) as part of the
FDA Reauthorization Act, requires FDA to develop
a list of molecular targets and molecular targets of new
drugs and biologics in development, which are deter-
mined to be substantially relevant to the growth and
progression of pediatric cancer and may trigger the
requirement for pediatric investigations, again with
the intent of engaging pharma in pediatric testing
at an early stage in drug development (https://www.
fda.gov/about-fda/oncology-center-excellence/pediatric-
oncology). Under the RACE for Children Act, FDA may
now require pediatric assessments when molecular

targets under FDA review are substantially relevant
to childhood cancer. While pediatric cancer drug de-
velopment has been largely undertaken in cooperative
groups such as the Children’s Oncology Group Phase I
Consortium and smaller groups such as the Pediatric
Oncology Experimental Therapeutics Investigators
Consortium (POETIC) and New Approaches to Neu-
roblastoma Therapy (NANT), there is now a trend to
establishing European-United States and other co-
operative groups to conduct trials in specific indica-
tions or rare subgroups with poor prognosis (Dome
et al., 2015; Mauz-Körholz et al., 2015; Moreno et al.,
2017). Such globalization, while presenting challenges
through standardization of assessment methods, risk
assessment, and conduct of clinical trials, appears to
be essential to meet the challenge of molecular strati-
fication and evaluation of molecularly targeted agents.

IV. Selection of Agents

It is estimated that over 1100 medicines and vac-
cines are currently in development by US biopharma-
ceutical companies for treatment of cancer (http://
phrma-docs.phrma.org/files/dmfile/2018_MID_Cancer);
however, with only rare exceptions (Erkizan et al.,
2009), are entities being specifically developed for
treatment of pediatric cancer. Taken together with
the limitations of clinical testing in children, it is
apparent that very few drugs or biologicals will be
tested adequately in the pediatric cancer population
(Adamson et al., 2014). One approach has been to
develop appropriate preclinical models that could be
used to identify drugs that had either broad-spectrum
activity or tumor-type specificity against pediatric
cancer. These models include cell culture, syngeneic
or genetically engineeredmouse (GEM)models, or cell-
line or patient derived xenografts (PDX) where human
cancers are grown in immune-deficient mice. PDXmodels
have been used extensively in drug development for both
adult and pediatric cancer, whereas the use of GEM
models has been more restricted, particularly in drug
development for pediatric cancer.

A. Patient-Derived Xenografts

Patient-derived xenograft models, where patient
tumor is directly implanted into immune-deficient
laboratory rodents, have increasingly become the pre-
ferred research tool to understand tumor biology, drug
sensitivity, and aid in translation for optimal use of
therapies in patients (Williams, 2018). PDX models
retain histologic characteristics of the original tumor,
and maintain a high degree of fidelity compared with
the original tumor with respect to genome, transcrip-
tome, and phospho-proteome integrity (Whiteford et al.,
2007; Neale et al., 2008; Li et al., 2013). While PDX
research in adult cancer has exploded over the past
decade, PDX models established from pediatric cancers
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(Houghton et al., 1982b; Meyer et al., 1990) have been
used for the past 40 years to identify novel agents
(Houghton et al., 1991, 1992, 1993), and drug combina-
tions that have been prospectively tested in the clinic.
Attempts to develop and molecularly characterize large
numbers of pediatric cancer PDX models are underway
in both Europe and the United States under the di-
rection of the Innovative Therapies for Children with
Cancer project – Pediatric Preclinical Proof of Concept
Platform (ITCC-P4), the Pediatric Preclinical Testing
Program/Consortium (PPTP/C) that has established
and characterized over 300 pediatric cancer PDX mod-
els, and the Childhood Solid Tumor Network (Stewart
et al., 2016). Other groups have developed panels of
hepatoblastoma PDX models that may advise clinical
management (Nicolle et al., 2016). Thus, large numbers
of well-characterized pediatric PDX models are avail-
able for the community. However, the number of models
available for study of extremely rare pediatric cancers
remains problematic. There are very few models of
alveolar soft part sarcoma or clear cell sarcoma, for
example, and panels of such models would be highly
valuable for developing novel therapeutic approaches.
An initiative to build a web-based inventory of all
adequately characterized pediatric PDX models is
ongoing. These newer large-scale PDX programs are
largely based on early studies at St. Jude Children’s
Research Hospital, which pioneered the development
of PDX models of sarcoma, neuroblastoma, and brain
tumors. These models identified known clinically
active agents and prospectively identified novel drugs
and combinations that have significant clinical utility
(Houghton et al., 1982a,b, 1992, 1993, 2002; Houghton
and Houghton, 1989) and are now components of
standard of care protocols in the United States,
Europe, and Japan. Early studies by Lock and col-
leagues (Lock et al., 2002; Liem et al., 2004) estab-
lished the value of acute lymphoblastic leukemia PDX
models for studying both biologic characteristics and
for evaluation of therapeutic agents (Jones et al., 2016)
or resistance mechanisms (Samuels et al., 2014; Yadav
et al., 2016). Promising results from these PDX models
led to the National Cancer Institute-sponsored Pediat-
ric Preclinical Testing Program (PPTP), which evalu-
ated over 80 drugs or drug combinations in a range
of pediatric cancer models (Houghton et al., 2007).
Summary results from the PPTP were published
recently (Geier et al., 2015; Jones et al., 2016;
Kurmasheva and Houghton, 2016) and demonstrate
some principles that may relate to how new agents
are developed in pediatric cancer. The PDX models
comprised kidney tumors (Wilms tumor and malig-
nant rhabdoid tumors), sarcoma (Ewing, rhabdomyo-
sarcoma, osteosarcoma), neuroblastoma, brain tumors
(medulloblastoma, ependymoma, glioblastoma), and
ALL, totaling about 50 models used for most of the drug
testing. This panel was limited as resource constraints

mandated only 3–8 models per tumor type, thus under-
representing the genomic heterogeneity/complexity of
each disease, although individual panels could be
expanded if a drug was highly active against specific
tumor models in the initial screen. However, several
principles for drug discovery are apparent from the data
set. First, response criteria relevant to clinical evalua-
tion criteria are essential for accurate translation to
clinical trials. The PPTP used approaches based upon
the NCI RECIST revised criteria (Eisenhauer et al.,
2009), with tumor regression and event-free survival
being criteria for advancing a drug or combination.With
these criteria, few molecularly targeted agents showed
high levels of activity. For example, against the neuro-
blastoma PDX panel (n 5 6), of 22 signaling inhibitors,
targeting IGF-1R/PI3K/mTOR, NOTCH or the MAPK
pathway, there were six objective regressions in 113
drug/tumor experiments (5.3%), similar to that in
sarcoma panels where the overall objective response
rate was 5.7% (20 regressions/346 drug/tumor tests
(Fig. 4 ; Geier et al., 2015). These large-scale screens
suggest that developing inhibitors of signaling path-
ways as broad-spectrum agents, as has been the
paradigm for cytotoxic agents, will not be a productive
approach to clinical development. Importantly, mere
demonstration of pathway activation (e.g., phosphor-
ylation of ERK1/2 or AKT) within a tumor model did
not predict drug sensitivity. In contrast, activation of a
pathway through mutation, such as BRAFV600E confers
sensitivity to the MEK inhibitor selumetinib in an
astrocytoma PDX (Kolb et al., 2010) and this agent
was subsequently shown to be active in children with
low-grade glioma (Banerjee et al., 2017; Fangusaro
et al., 2019). Comparisons between preclinical efficacy
and phase II clinical trials results are complicated;
many preclinical models represent disease at diagno-
sis, whereas new agents are tested in patients refrac-
tory to conventional therapy, a population that may not
be optimal for identifying an active drug in a diagnosis
setting (Horowitz et al., 1988). A second issue is the
relevance of the drug exposure in mice compared with
patients. While preclinical modeling may use data from
adult pharmacokinetics, this may not be appropriate
for translating to children. For example, alisertib, an
aurora kinase A-selective inhibitor, showed good activ-
ity in models of neuroblastoma and ALL, however,
toxicity in children resulted in an approximately eight-
fold decrease in exposure per 21-day cycle, and loss of
activity. This loss of activity was also observed in ALL
models using the clinical schedule (Mossé et al., 2019).
Other issues that preclude comparison between pre-
clinical and clinical efficacy include examples where the
agent is not advanced to phase II trials. The proteasome
inhibitor bortezomib, for example, was highly active in
B-precursor ALL xenografts (Houghton et al., 2008),
and subsequently in clinical testing (NCT00440726)
(Messinger et al., 2012), whereas the agent had little
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activity against solid tumor models and little activity in
phase I trials (Blaney et al., 2004; Horton et al., 2007),
and no phase II trials of single agent bortezomib have
been reported for solid tumor patients. Thus the
experience with pediatric PDX models appears to
parallel clinical experience and suggests that with
sufficient PDX models represented in a screen, excep-
tional responders can be identified and the underlying
molecular/genetic biomarker identified (Geier et al.,
2015; Smith et al., 2015a).
Another observation, made in retrospectively analyz-

ing the large data set generated through PPTP testing,
was that essentially the same data could be generated
using a single mouse in the treatment group, rather
than 8–10 mice as in conventional studies (Murphy
et al., 2016; Fig. 5). Use of a reduced number of mice to
signal “large effects” potentially allows a study design
that would encompass many more models of each
pediatric cancer type, facilitating the identification of
exceptional responders, and relating these to the un-
derlying molecular characteristics (Gao et al., 2015).
Although the PDX models have value, every model

system has its limitations. The PDX system lacks host
immunity, which limits their value in identifying
immune-oncology agents. Attempts to humanize the

mouse immune system is an active field of research
(vide infra). As discussed above, a spectrum of PDX
models can represent the “omic” diversity/heteroge-
neity of clinical disease. These PDX models retain
characteristics [mutations, expression profiles, DNA
methylation profiles (Neale et al., 2008; Stewart
et al., 2017)] of patient tumors more accurately than
cell lines in culture. The most obvious failure of PDX
models in general [also relevant to pediatric cancer
(Carol et al., 2011; Houghton et al., 2011)] is over-
prediction of efficacy for a novel agent. In most
instances, mouse tolerance for the agent far exceeds
that of patients, and the drug fails in phase II trials
(Carol et al., 2011; Houghton et al., 2011). While this
oversimplifies a complex set of issues that ultimately
lead to failure of 95% of oncology drugs, results from
the PPTP and others suggest this is a major issue in
successful translation of preclinical results in pedi-
atric PDX models and successful pediatric clinical
trials (Leggas et al., 2002; Peterson and Houghton,
2004). As most, if not all, drugs are first tested in
adults to define tolerability and pharmacokinetics, it
is important to define preclinical activity in childhood
cancer models using appropriate response criteria at
human-relevant drug systemic exposures (Peterson

Fig. 4. Heat map representation of the activity of signaling inhibitors screened by the PPTP against sarcoma xenografts. Drugs are shown in the left
column and sarcoma models in the top rows [from Geier et al. (2015) with permission].
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and Houghton, 2004), a point often neglected in both
in vitro and in vivo studies (Smith and Houghton,
2013).
Recently, PDX models of adult cancers have been the

focus of correlative clinical trials and have largely
demonstrated that PDX responses largely recapitulate
patient responses (Siolas and Hannon, 2013; Hidalgo
et al., 2014; Gao et al., 2015; Izumchenko et al., 2017).
The SPIDER trial at University of California, Davis,
is prospectively testing the validity of PDX models in
NSCLC that have an identified molecular driver
(Gandara et al., 2015). In this study, biopsy is taken
pretreatment and at the time of relapse to establish
PDXmodels that are treated with the same agent used
in the patient. The objective is to determine whether
the PDX models accurately recapitulate the sensitiv-
ity of the patient tumor at different points in the course
of disease. One of the objectives of such coclinical
studies is to use the tumor xenograft derived from an
individual patient (an “avatar”) to guide therapy for
that individual patient and to identify effective agents
that may be used at time of patient relapse (Malaney
et al., 2014). Conduct of similar coclinical trials has not
been reported for pediatric cancer PDX models, per-
haps in part because of the complexity of current
therapeutic protocols. While, for pediatric patients,
such studies are unlikely to yield real-time informa-
tion valuable for directing therapy for that individual
patient, developing PDX models resistant to multi-
chemoradiation therapy protocols may be valuable in
understanding the mechanism(s) that may confer re-
sistance under more “clinical” conditions (Nicolle et al.,
2016). However, it is unclear how such approaches

would model clinical situations where an indicator
lesion regresses on treatment, but another lesion
progresses, unless PDX models are established from
multiple biopsies. It is also important to understand
that transplantation of tumor from patient to mouse is
not always successful, hence the tumors that success-
fully engraft may represent a subset of a particular
cancer, as shown for subsets of NSCLC (John et al.,
2011; Stewart et al., 2015), or select for limited clones
within a heterogeneous tumor (Mardis, 2015).

B. Incorporating Targeted Therapies

One of the challenges in developing novel approaches
to treatment of many childhood cancers is that current
protocols are, in most cases, highly effective, thus
compromising the ability to test the new agent in the
drug-naive patient. Novel agents are evaluated in
phase I/II clinical trials, as single agents, or when
incorporated into “backbone therapy,” allowing for
direct comparison of the efficacy of experimental
agents when incorporated into a standard relapse
protocol—the so-called “pick the winner” trial design.
It is in this setting that PDX models may be valuable
in assessing the combination of targeted agents in
the context of standard of care cytotoxic agents. An
assumption is that addition of a targeted agent will
enhance standard of care therapy, although the support
for this is often based only on in vitro experiments that
use nonphysiologic exposures to drugs. Indeed, recent
studies indicate that small molecule kinase inhibitors
may antagonize cytotoxic agents, such as vincristine
(Morton et al., 2012), or compromise the doses of other
drugs frequently used for treatment of sarcoma
(Bandyopadhyay et al., 2018). In part, these effects
may be mediated by these ATP-competitive agents
interacting with ABC transporters that efflux xeno-
biotics (such as vincristine, topotecan, actinomycin D,
etoposide, and doxorubicin) and protect normal host
tissues (Erlichman et al., 2001; Houghton et al., 2004;
Stewart et al., 2004; Leggas et al., 2006). On the other
hand, angiostatic agents, such as sorafenib and suniti-
nib, may also sensitize tumor endothelial cells to
standard cytotoxic agents by inhibiting ABCB1, pro-
moting killing of vasculature and potentiating antitu-
mor activity (Bani et al., 2017). Although of interest,
one has to interpret combination studies with some
caution when the modulator is combined with stan-
dard of care drugs at doses far below the maximum
tolerated dose (MTD), where potentiation of toxicity
would not have been identified using this experimen-
tal design. While antiangiogenic agents can “normal-
ize” tumor vasculature, reduce interstitial pressure,
and enhance uptake of cytotoxic agents (Goel et al.,
2012; Jain, 2014), antiangiogenic drugs may also have
negative effects on intratumoral delivery of anticancer
agents (Steins et al., 2017). Recently, two antiangio-
genic agents, bevacizumab, an antibody that binds

Fig. 5. Objective response rates (ORR) were calculated for all tumor
models tested for a particular drug (n 5 1 to n 5 55) for different studies,
based upon the group median response. Red, responses predicted from
a randomly chosen single mouse are plotted against group median
response; blue, the single mouse ORR mean ORR correlation based on
1000 single mouse samples [from Murphy et al. (2016) with permission].
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to and neutralizes VEGF, and the macrocyclic lactone
temsirolimus (a rapamycin analog) that selectively
inhibits the TOR complex 1 through a non-ATP com-
petitive mechanism to inhibit angiogenesis (Guba et al.,
2002), were compared in a “backbone” in patients with
rhabdomyosarcoma at relapse. In preclinical testing,
rapamycin enhanced the antitumor activity of both
cyclophosphamide and vincristine administered at
their respective MTDs (Houghton et al., 2010) and
in the clinical trial was shown to be more active in
a therapy backbone of cyclophosphamide combined
with vinorelbine than bevacizumab in the same
backbone (Mascarenhas et al., 2010).
Of importance in interpretation of “modulator” stud-

ies is that the effect of the therapy for the combination is
compared with that of the cytotoxic agent administered
on an optimal schedule at its MTD. This is of critical
importance, as “modulators” in most instances will
enhance the toxicity to normal tissues of the anticancer
drug being modulated—for example, modulators of
P-glycoprotein-mediated multidrug resistance or mod-
ulators of DNA damage repair pathways (Tew et al.,
1993). Flawed preclinical experimental designs have led
to testing of agents such as O6-benzylguanine, buthio-
nine sufoxamine, and many multidrug resistance mod-
ulators in multiple clinical trials that ultimately failed.
With the sparse clinical resources for testing new
agents, it is imperative that these pediatric clinical
studies are informed by well-conducted preclinical
studies.

C. Exploiting DNA Damage Repair Deficiencies

Inhibitors of poly-(ADP-ribose) polymerase (PARP)
that exploit the deficiency in homologous recombination
in BRCA-deficient cancers such as breast and ovarian
carcinomas (Lord and Ashworth, 2013; Konecny and
Kristeleit, 2016) have confirmed the concept of “syn-
thetic lethality” established first in yeastmodel systems
(Hartwell and Weinert, 1989) in a clinical setting.
Spurred by the success of PARP inhibitors in adult
cancer trials, there are several approaches in addition to
PARP inhibitors that are being pursued for treatment of
pediatric cancers. However, whereas the synthetic
lethality of PARP inhibition in the context of deficient
homologous recombination has a mechanistic under-
pinning, it is less clear what mechanisms confer syn-
thetic lethality to cell cycle checkpoint inhibitors or
ATM/ATR inhibitors in the context of pediatric cancers.
Rare hematopoietic and brain cancers in pediatric
patients with a severe form of Fanconi anemia are due
to inherited biallelic BRCA2 mutations (Howlett et al.,
2002); however, the frequency of BRCA mutations and
loss of heterozygosity, with the possible exception of
osteosarcoma (Kovac et al., 2015), appears low in most
pediatric cancers. In osteosarcoma over 80% of clini-
cal samples exhibited combinations of single-base
substitutions, loss of heterozygosity, or large-scale

genome instability signatures considered characteristic
of BRCA-deficient tumors (Kovac et al., 2015), although
such a relationship was not reported in another study
(Chen et al., 2014). In support of the BRCA-ness it was
reported that osteosarcoma cell lines were sensitive to
the PARP inhibitor talazoparib (with IC50 concentra-
tions between 33 and 450 nM) (Engert et al., 2017).
However, in vitro, both Ewing sarcoma (IC50 range:
3.7–68 nM) and rhabdomyosarcoma (IC50 range 5–31
nM) cells were markedly more sensitive to talazaparib
than osteosarcoma cell lines, even allowing for differ-
ences in assay conditions (Smith et al., 2015a); hence
the meaning of “sensitivity” based on a BRCA-ness
profile is unclear. Ewing sarcoma has a negligible
incidence of BRCA mutations, thus, alternative mech-
anisms must be in play to explain the sensitivity of
Ewing sarcoma to PARP inhibitors (Garnett et al.,
2012). The fusion oncogene, EWSR1-FLI1, caused by
reciprocal translocation between chromosome 11 and
22, in Ewing sarcoma has been reported to enhance
transcription of PARP1 and PARP1 enhances the
transcriptional activity of EWSR1-FILI1 (Brenner
et al., 2012), suggesting that inhibition of PARP1 may
partially suppress the EWSR1-FLI1 oncogene. An
alternative hypothesis is that EWSR1-FLI1 may in-
crease transcription to cause R-loops and block BRCA1-
mediated DNA repair (Gorthi et al., 2018). However,
while Ewing sarcoma cells are among the most sensi-
tive to PARP inhibitors in vitro, across a spectrum of
pediatric solid tumors, including osteosarcomas and
leukemia xenografts, the PARP inhibitor talazoparib
showed little activity. The most sensitive xenograft
model was a Wilms tumor with a PALB2 truncating
mutation analogous to mutations associated with he-
reditary breast and ovarian cancer that abrogate ho-
mologous recombination repair (Smith et al., 2015a).
The lack of single agent activity in Ewing sarcoma
models is consistent with the clinical activity of the
PARP inhibitor olaparib (Choy et al., 2014). In contrast,
when combined with temozolomide, talazoparib was
synergistic in 5 of 10 Ewing sarcoma xenograft models
but showed very little activity in other tumor types
(Smith et al., 2015b). The lack of talazoparib single
agent activity against preclinical osteosarcoma models
(Smith et al., 2015a) would appear also to refute the
BRCA-ness phenotype proposed (Kovac et al., 2015) and
susceptibility for talazoparib sensitivity of osteosar-
coma cells in vitro (Engert et al., 2017). Notable in the
preclinical study showing synergy in Ewing sarcoma
models was that maintaining higher doses of talazo-
parib required dose reduction of temozolomide to
,20% of its MTD, whereas lower doses of talazoparib
allowed 50% of the MTD for temozolomide, with both
regimens giving similar antitumor synergy. Early
results from the NCT02116777 trial in the Children’s
Oncology Group suggest similar dose reductions are
necessary when these agents are combined. PARP
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inhibitors also potentiate the topoisomerase I poisons
in preclinical models (Stewart et al., 2014), although
like temozolomide require dose reduction in human
trials (Kummar et al., 2011). Preliminary data indicate
a very low response rate in both trials, suggesting that
the preclinical models overpredicted the clinical utility
of these combinations. In general combinations of PARP
inhibitors with standard of care cytotoxic agents have
not shown superiority over single agent activity in adult
trials (Khan et al., 2011; Plummer et al., 2013).
The success of PARP inhibitors has raised the

possibilities of using other inhibitors of DNA damage
repair pathways for cancer therapy (Puigvert et al.,
2016; Carrassa and Damia, 2017). In a model of cancer
progression, it has been proposed that in premalignant
conditions, oncogenes induce replication stress through
activating ATR/Chk1 signaling, which in turn activates
the ATM/Chk2-p53 pathway to induce apoptosis or
senescence and to prevent tumor progression or genome
instability (Gorgoulis et al., 2005; Bartkova et al., 2006;
Halazonetis et al., 2008). Loss of ATM-p53 checkpoint
control allows cell proliferation in the presence of
oncogene-mediated replication stress (Puigvert et al.,
2016), but potentially presents a cancer cell-specific
vulnerability to inhibition of the ATR-Chk1 pathway
(Sanjiv et al., 2016). Levels of ATM were reported to
be lower in solid tumor PDX models than in leukemia
PDXs (Cam et al., 2010). Inhibitors of the ATR-Chk1
and ATM-Chk2 pathways are being actively pursued
(Manic et al., 2015; Babiker et al., 2017; Forment and
O’Connor, 2018). Pediatric cancer cell lines were among
the most sensitive to the Chk1 inhibitor prexasertib,
and this drug induced regression of neuroblastoma
xenografts (Lowery et al., 2017). ATR inhibitors AZ20
and MSC253 also inhibited growth of Ewing sarcoma
xenografts (Nieto-Soler et al., 2016), although more
modest antitumor activity was reported from the PPTP
study, which evaluated the ATR inhibitor M6620
against solid tumor panels, including neuroblastoma
(Kurmasheva et al., 2018). Consistent with the notion
that oncogene-induced replicative stress may confer
hypersensitivity to Chk1 inhibitors, a medulloblas-
toma cell line with high c-MYC was reported to
be more sensitive than a Sonic Hedgehog subtype
cell line (low c-MYC) to the Chk1 inhibitor AZD-7762
(Krüger et al., 2018). An alternative strategy to disrupt
cell-cycle checkpoints is to target Wee1 kinase. DNA
damage activates ATR/Chk1, and Chk1 phosphorylates
and activates Wee1 that then phosphorylates and
inhibits CDK1/Cyclin B function, resulting in G2 arrest
potentially allowing for DNA repair (Do et al., 2013).
Wee1 kinase is expressed at elevated levels in several
pediatric malignancies, including high-grade glioma
(Müller et al., 2014), diffuse intrinsic pontine glioma
(DIPG) (Caretti et al., 2013), leukemia (Chaudhuri
et al., 2014), and osteosarcoma (Kreahling et al.,
2013). The Wee1 kinase inhibitor AZD1775 (MK1775)

has shown some single agent activity and has en-
hanced the activity of radiation, some chemothera-
peutic agents, and the HDAC inhibitor panobinostat
in pediatric cancer cell lines and xenografts (Tibes
et al., 2012; Kreahling et al., 2013; Müller et al., 2014;
Qi et al., 2015). Introduction of cell-cycle checkpoint
inhibitor therapies into pediatric cancer trials is now
a major thrust with inhibitors of ATR-Chk1, ATM-
Chk2, Wee1, cyclin-dependent kinases (CDK4/6, CDK4/
6/9), and mitotic kinases (Aurora A/B, polo-like kinase
1) being evaluated as single agents and in combination
(Mills et al., 2017). Thus there are abundant potential
combinations that could be tested in clinical trials. Of
importance is that there is compelling rationale, based
upon genetic deficiencies of particular cancer types
or robust preclinical data to support advancing an agent
or combination for clinical evaluation. For example,
a genetic screen revealed neuroblastoma cells to be
highly dependent on the function of Chk1 (Cole et al.,
2011), thus establishing a rationale for evaluating
Chk1 inhibitors.However, evaluation of theChk1 inhibitor
MK-8776 as a single agent showed almost no single agent
activity against neuroblastoma xenograft models, and,
even in combination with the Wee1 inhibitor, MK1775
tumors progressed within 2 weeks while on treat-
ment (Russell et al., 2013). Thus, while such preclinical
results are of interest, it is worth reiterating the
discussion above concerning use of clinically relevant
endpoints in preclinical studies for making decisions
on advancing drugs or combinations to clinical trial.
While cell-cycle checkpoint inhibitors will almost cer-
tainly enhance the toxicity of systemic chemotherapy
necessitating compromising drug doses, these agents
may be valuable in sensitizing tumor tissue to radiation
therapy (Qiu et al., 2018).

D. Targeting the Tumor Microenvironment

While the focus of many studies is on the cancer cell
per se, there is increasing evidence that targeting
the tumor microenvironment (TME) may be equally
important (Cairns et al., 2006; Kenny et al., 2007).
Within tumor tissue, the vasculature is disorganized
with structural and functional abnormalities (Vaupel,
2004), a complete lack of lymphatics, and frequently
lacking a layer of pericytes or an intact basement
membranemaking the vessels leaky. Because of pericyte
deficiency and lack of basement membrane formation,
endothelial pores tend to be larger in tumor tissue
allowing extravasation of particles such as nanocar-
riers, which are not removed efficiently from tumor
tissue and are retained (enhanced permeability and
retention effect), potentially allowing exploitation of
the microenvironment (Danhier et al., 2010). Passive
nanocarriers include polymeric micelles, nanoparticles,
polymer-drug conjugates, and liposomes. Active vascu-
lar targeting strategies include targeting the trans-
ferrin receptor, folate receptor, targeting lectins, or
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receptors (VEGF, vascular endothelial growth factor),
RGD peptide to target aVb3 integrin, VCAM-1, and
matrix metalloproteinases expressed on endothelial
cells. Strategies directed to the TME include targeting
extracellular matrix, intratumoral hypoxia and acido-
sis, endothelial cells and pericytes, immune infiltrates,
chronic inflammation, activating antitumoral activity of
the immune system, targeting cancer-associated fibro-
blasts and targeting TME secreted exosomes (Roma-
Rodrigues et al., 2019).
1. Targeting Angiogenesis. Tumor cells interact

with stromal and other cells within the specific micro-
environment, which may be different in the context of
primary or metastatic disease. Soluble factors secreted
by either malignant cells or stroma may impact each
other, for example secretion of vascular endothelial
growth factor (VEGF) stimulates angiogenesis and can
be targeted either by binding ligand (e.g., bevacizumab,
VEGF-Trap) or inhibiting VEGF receptors with small
molecule kinase inhibitors (e.g., cediranib). Other
approaches to preventing angiogenesis include target-
ing PDGF receptor on pericytes, targeting integrins,
and developing vascular targeting agents that occlude
the pre-existing blood vessels of tumors, causing cells
death from ischemia and hemorrhagic necrosis (Thorpe,
2004). These include microtubule destabilizers, cyto-
kine inducers, and VEGF-toxin conjugates. In preclin-
ical studies from the PPTP, small molecule multikinase
inhibitors targeting VEGFR1–3 prolonged time to
event, although did not induce tumor regression.
Notable was the rapid resumption of tumor growth
upon cessation of treatment. The vascular-disrupting
agent OXi4503/CA1P also slowed growth of a Ewing
sarcoma xenograft model, reducing microvessel den-
sity and increasing areas of necrosis in tumor tissue
(DuBois et al., 2010).
2. Targeting Tumor-Stroma Interactions. Targeting

interactions between stromal cells andmalignant cells
also appears to be an effective approach to control-
ling metastatic disease, at least in preclinical models.
Although there are multiple examples of stroma-tumor
cell interactions, childhood osteosarcoma presents an
interesting malignancy, as bone (the primary site) and
pulmonary tissue (the metastatic site) are predomi-
nantly involved, with only 2% of patients developing
lesions in other organs (Aljubran et al., 2009; Khanna
et al., 2014). Thus, this disease is of interest because of
the pulmonary tropism for metastatic growth, and
a valuable model to identify the tumor-host interac-
tions that may occur within the early metastatic niche
(Vanharanta and Massague, 2013). Clinical samples
of osteosarcoma, where primary tumor was compared
with lung metastasis from the same patient, revealed
increased IL-6 and CXCL8 expression in metastatic
lesions, and overexpression of these genes induced
greater pulmonary seeding and metastatic growth in
xenograft models (Gross et al., 2018). It was found that

osteosarcoma cells induced a strong interaction with
primary bronchial epithelial and smooth muscle cells
that increased IL-6 and CXCL8 production. Impor-
tantly, while suppression of either IL-6 or CXCL8 had
little effect on cell proliferation in vitro or in vivo,
combination treatment inhibited metastasis in sev-
eral osteosarcoma models (Gross, 2018).

3. Targeting Tumor Microenvironment: Clinical
Experience. The clinical experience with TME-
targeted therapies is limited to phase I evaluation
of bevacizumab in patients with solid tumors (Glade
Bender et al., 2008), where several patients demon-
strated prolonged disease stabilization, whereas in
combination with cytotoxic agents for treatment of
Ewing sarcoma the benefit was unclear (Wagner
et al., 2013) or combined with irinotecan for treat-
ment of brain tumor patients where the combination
showed minimal efficacy (Gururangan et al., 2010).
Interestingly, in a phase II trial in patients with
rhabdomyosarcoma at relapse (NCT01222715), which
compared two antiangiogenic agents, bevacizumab and
temsirolimus, a rapamycin analog, combined with the
same backbone therapy (cyclophosphamide, vinorel-
bine), the temsirolimus combination wasmore effective,
suggesting that all antiangiogenic agents are not sim-
ilar (Mascarenhas et al., 2014); however, temsirolimus
also has direct effects on tumor cells. Of note, rapamycin
caused therapeutic enhancement with both vincristine
and cyclophosphamide in pediatric rhabdomyosarcoma
models (Houghton et al., 2010).

4. Genetically Engineered Mouse Models. Genetically
engineered mouse (GEM) models of pediatric cancer
have been highly valuable for understanding the biology
of tumor formation and metastasis (Day et al., 2015) in
the context of a normal immune system and, as such,
have advantages over PDX models. Advantages and
disadvantages of the use of GEMs in cancer research
and drug development have been extensively reviewed
(Herter-Sprie et al., 2013; Day et al., 2015; Kersten
et al., 2017).With respect to pediatric cancers,models of
rhabdomyosarcoma (Keller et al., 2004; Abraham et al.,
2014), osteosarcoma (Sharpless and Depinho, 2006;
Rickel et al., 2017; Jacques et al., 2018), medulloblas-
toma (Wu et al., 2011), neuroblastoma (Weiss et al.,
1997; De Wilde et al., 2017), malignant peripheral
nerve sheath tumors (Kim et al., 2017), and leukemia
(Hauer et al., 2014) have been developed. The major
limitation of use of primary GEM cancer models has
been relatively low penetrance of the cancer phenotype,
and the period, and variance, to develop cancer. To
overcome some of these logistical constraints, primary
GEM transplantation to recipient syngeneic mice as
orthotopic or heterotopic implants has been used for
drug screening, although such approaches negate some
of the intrinsic virtues of the GEM concept. However,
even using this “pragmatic” approach, relatively few
studies using engineered models of pediatric cancer
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have been reported (Sampson et al., 2013; Evageliou
et al., 2016; Kim et al., 2017). Inhibition of the poly-
amine pathway by difluoromethylornithine (DFMO)
and other inhibitors has been proposed for treatment
of neuroblastoma, and inhibition of this pathway has
similar effects in both transgenic and PDX models of
neuroblastoma (Evageliou et al., 2016). In contrast,
whereas MYCN amplified neuroblastoma GEMs were
highly responsive to the curaxin CBL0137 (Carter et al.,
2015), neuroblastoma PDX models were completely
unresponsive (Lock et al., 2017). Which model system
more accurately recapitulates clinical sensitivity will
await further examples in which the models yield
different results and the subsequent clinical trials.
5. General Limitations to Accurate Model

Translation. The experience with preclinical models
in drug development has been quite variable, allowing
many to question their value. In pediatric cancer, PDX
models have identified novel agents that were found
to be active in the same disease, although these drugs
and combinations have been largely classic cytotoxic
agents. The most frequent failure of these models has
been overprediction of clinical efficacy due to the host
(mouse) being more tolerant to these agents (Peterson
and Houghton, 2004) or as a consequence of using
“activity” criteria that in a clinical setting would be
progressive disease (i.e., tumor growth inhibition rather
than tumor volume regression). A further concern arises
when targeted therapies are developed specifically
using human systems, where murine toxicity (or other
species) may not be relevant, for example, with inhib-
itors of the MDM2-P53 interaction, where target affin-
ity for the human proteins greatly exceeds that for
inhibiting the interaction of murine homologs (Canon
et al., 2015). These agents demonstrated minimal
toxicity until tested in patients (Ray-Coquard et al.,
2012). Similarly, two inhibitors of the antiapoptotic
protein MCL1, AMG 176 and AZD5991, have greater
affinity of human MCL1 compared with mouse, mak-
ing it difficult to assess therapeutic index in the
xenograft model unless the mouse is humanized to
express only human MCL1. Thus, with drugs devel-
oped specifically against human systems, the toxicity,
or lack thereof, in mice may be misleading.

V. Humanized Mice for Immuno-Oncology

There are now estimated to be over 240 immuno-
oncology medicines and vaccines in development
(https://www.phrma.org/report/list-of-2017-immuno-
oncology-medicines-in-development). One of the obvious
limitations of immune-deficient mice to propagate
PDXs is the lack of human/murine immunity and
human stroma in tumors. The lack of a human im-
mune system obviously impacts the utility of these
models to evaluate immune-oncologic agents, such as

immune checkpoint inhibitors. To address these defi-
ciencies, concerted efforts have been made to “human-
ize”mice. Reconstitution of mice with peripheral blood
from human donors or tumor infiltrating lymphocytes
leads to some immune reconstitution, but leads to graft
versus host disease, limiting the window for tumor
growth to 2–5weeks (King et al., 2009; Guichelaar et al.,
2013). More contemporary models have focused on
using non-obese diabetic (NOD) severe combined im-
munodeficient (SCID) (IL2-Rg)-deficient (NSG) or NOG
(NOD/Sci-SCID/IL2Rg) strains to reconstitute the hu-
man immune system through transplantation of hu-
man hematopoietic stem cells (Drake et al., 2012;
Holzapfel et al., 2015) or human mesenchymal stem
cells (Ando et al., 2008), in some cases using busul-
phan as a conditioning regimen with human cord
blood-derived CD341 cells (Kang et al., 2016). Amajor
limitation of the CD341 reconstituted mouse is that
T-cells undergo selection in the context of the mouse
histocompatibility complex (Shultz et al., 2012). In
part, this can be overcome by implantation of fetal
liver and thymus (hu-BLT) under the renal capsule
followed by injection of CD341 hematopoietic cells,
providing a more complete human environment for
immune cell development (Shimizu et al., 2010;
Vatakis et al., 2012). Ideally, CD341 reconstituted
mice would be reconstituted with hematopoietic donor
cells from the same patient as tumor (Morton et al.,
2016); however, this would not be possible with hu-
BLT mice. NOG mice, reconstituted with human
peripheral blood mononuclear cells, have been used
to evaluate a novel T-cell bispecific antibody that
binds membrane bound carcinoembryonic antigen
and increases activation of T-cells and immune infil-
trates and causes tumor regression (Bacac et al., 2016;
Lehmann et al., 2016), suggesting these models can
be valuable in preclinical testing of immuno-oncology
approaches.

Of note, PDXs of different origins have been reported
to grow in CD341 reconstituted or hu-BLT mice
without prior human leukocyte antigen matching
(Kozlowska et al., 2017). These models, although
perhaps not optimal, at least offer the potential to
explore immune-oncology agents that have been de-
veloped specifically for testing in human systems
(Byrne et al., 2017).

VI. Immuno-Oncology

The armamentarium of immune-oncology agents now
encompasses immunostimulatory agents, naked anti-
bodies, antibody conjugates and bispecific antibodies,
chimeric antigen receptor T-cells (CAR-T), NK cell-
based therapeutics, immune checkpoint inhibitors, as
well as vaccines including oncolytic viruses. A role for
antibody therapy is well established for neuroblastoma,
where the anti-GD2 antibody (dinutuximab) has

Pediatric Cancer Drug Development 685

https://www.phrma.org/report/list-of-2017-immuno-oncology-medicines-in-development
https://www.phrma.org/report/list-of-2017-immuno-oncology-medicines-in-development


significantly improved outcome for patients in first
remission in a posttransplant setting (Yu et al., 2010;
Hoy, 2016; Ozkaynak et al., 2018), and addition of anti-
CD20 antibodies (rituximab and ofatumumab) to che-
motherapy has improved outcome for several B-cell
lineage malignancies (Kochuparambil and Litzow,
2014), including mature B cell (Burkitt) leukemia/
lymphoma, non-Hodgkin lymphoma (Thomas et al.,
2006; Meinhardt et al., 2010), and follicular lymphoma
(Czuczman et al., 2012). These antibodies trigger
antibody-dependent cellular cytotoxicity through en-
gagement of macrophages, NK cells and neutrophils,
antibody-dependent phagocytosis, and complement-
dependent cytotoxicity when bound to the target
antigen (Reichert and Valge-Archer, 2007).

A. Antibody Therapy

Numerous clinical trials have been initiated combin-
ing humanized 3F8 (Hu3F8) or Ch14;18 antibodies
for treatment of neuroblastoma and GD2-positive
solid tumors, either as a single agent (NCT01419834,
NCT01662804) or combined with allogeneic natural
killer (NK) cells, 13-cis-reinoic acid, lenalidomide,
granulocyte-macrophage colony stimulating factor, or
chemotherapy (Capitini et al., 2014). Infusion of NK
cells as a therapeutic intervention is largely restricted
to hematologic malignancies, although some trials
enroll patients with solid malignancies with or with-
out concomitant recombinant IL-15 (NCT01875601,
NCT01337544).

B. Antibody-Drug Conjugates

Two antibody-drug conjugates directed against CD22
(inotuzumab ozogamicin) and CD33 (gemtuzumab ozo-
gamicin) with calicheamicin “warheads” have been
tested in pediatric leukemia patients with 25%–

30% objective response rates (ORR) in AML (Aplenc
et al., 2008) and 52% complete response rate in ALL
(Kantarjian et al., 2012), respectively. Additional
antibody-drug conjugates targeting CD19, CD22,
and CD33 are in preclinical testing. These have disul-
fide or protease cleavable linkers and have maytansi-
noid (DM4) or MMAF or MMAE warheads. SAR3419
(coltuximab ravtansine) has shown good preclinical
activity in B-cell leukemia and lymphoma models
and signs of clinical activity (Blanc et al., 2011), although
with schedule-dependent ocular toxicity. Clinical de-
velopment of this agent has been terminated. SGN-
CD33A (vadastuximab talirine), is a humanized anti-
CD33 antibody with engineered cysteines conjugated
to a pyrrolobenzodiazepine dimer, a highly potent,
synthetic DNA cross-linking agent, via a protease-
cleavable linker (Kung Sutherland et al., 2013). It has
shown activity in adult patients with AML (Stein
et al., 2018). However, concerns about liver toxicity
and toxicity to normal hematopoietic cells have led to
termination of a phase III trial. Denintuzumab (SGN-

CD19A) has also shown activity in patients with
relapsed/refractory ALL or lymphoma and is also
associated with microcystic keratopathy (Wei et al.,
2017), although no pediatric trials are proposed. The
anti-CD22-MMAE conjugate pinatuzumab vedotin
(MMAE, monomethyl auristatin E) has shown encour-
aging activity in refractory and relapsed non-Hodgkin
lymphoma (Advani et al., 2017), but no pediatric trials
are ongoing in the United States. Blinatumommab,
a bispecific T-cell engager (BiTE) antibody, is a single
chain peptide connecting to variable antibody frag-
ments directed against CD3 and CD19 (Bargou et al.,
2008) and is the first approved bispecific construct for
treatment of relapsed and refractory ALL. Blinatumu-
mab is considered to induce formation of a cytolytic
synapsis and activates T-cells without requirement for
costimulatory molecules. This leads to continuous
recharging of granzymes and continuous killing of
leukemic cells without inducing anergy or apoptosis of
T-cells (Wong et al., 2013). In patients with ALL with
minimal residual disease , stepwise dose escalation [5
(mg/m2)/day for 7 days then 15 (mg/m2)/day] appears to
have less toxicity compared with starting at the 15 (mg/
m2)/day dose level (Topp et al., 2014; von Stackelberg
et al., 2016). Blinatumumab has activity in pediatric
patients with relapsed or refractory BCP-ALL
(Hoffman and Gore, 2014; von Stackelberg et al.,
2016). A multinational phase I/II study in pediatric
ALL patients has been completed (NCT01471782)
with preliminary results available (clinicaltrials.gov)
and a second trial for pediatric patients with second or
later bone-marrow relapse or relapse after alloHSCT is
currently accruing (NCT02187354). One advantage of
BiTES over T-cells engineered to express a chimeric
antigen receptor (CAR-T cells) is that BiTES are biologics
that can be produced and stored rather than tailored to
each individual patient.

C. Chimeric Antigen Receptor Engineered T-cells

CAR-T cells are genetically modified and linked to
an antibody directed at a surface antigen expressed
on malignant cells, and is a personalized approach
using immune cells from a patient that are genetically
modified in vitro and reintroduced to the patient
(Fig. 6; Davila et al., 2014a). The chimeric receptor
cDNA comprises an extracellular domain fused to
a single chain variable fragment from a monoclonal
antibody, a spacer domain, transmembrane domain,
and the intracellular signal transducing domain. Sec-
ond and third generation CARs incorporate CD3z, as in
first generation CARs, but with additional intracellular
signaling domains from costimulatorymolecules (CD28,
4-1BB, or OX40), and have significantly enhanced T-cell
cytokine production and ability to expand in vitro and
persist in vivo. CARs containing 4-1BB/CD3z or CD28/
CD3z have been evaluated in clinical trials (Salter et al.,
2018). CD19 CAR-T cells are highly effective for
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treating several B-cell malignancies and were recently
approved by the US Food and Drug Administration
for children and adults with relapsed/refractory ALL or
non-Hodgkin lymphoma (Neelapu et al., 2017; Maude
et al., 2018). Therapy with CARs is not without toxicity.
Cytokine release syndrome onset occurs within the first
several days of T-cell infusion and is coincident with
activation and proliferation of the CARs. Cytokines
associated with an acute inflammatory response are
frequently elevated after CAR-T cell infusion (Davila
et al., 2014b; Maude et al., 2014b; Lee et al., 2015;
Gardner et al., 2017). Symptoms are mild in the
majority of cases; however, infrequently patients de-
velop fulminant hemophagocytic lymphohistiocytosis
(Maude et al., 2014a). Other toxicities include neuro-
logic symptoms from headache, delirium, and aphasia
to more serious conditions including rare incidences
of fatal cerebral hemorrhage or edema (Gust et al.,
2017; Neelapu et al., 2018). B-cell aplasia is an
expected on-target effect of targeting CD19. In most
patients, prolonged loss of B-cells is well tolerated, with
recovery of B- cells with the decline in CD19 CARs.
However, approaches to eliminate CAR-T cells in
patients with durable remission, but with persistent
B-cell aplasia, are being developed (Paszkiewicz et al.,
2016).

D. Resistance to Chimeric Antigen Receptor
Engineered T-cell Therapy

While immunotherapies targeting CD19 are effec-
tive therapeutics for B-ALL, resistance is often asso-
ciated with loss, mutation, or downregulation of
surface CD19 and is increasingly recognized as a cause
of treatment failure (Lee et al., 2015; Sotillo et al., 2015;
Gardner et al., 2016). CD22-CAR therapy is effective
in CD19-resistant disease, but similar to resistance to
CD19-CAR therapy, resistance is associated with di-
minished CD22 site density, although without changes
in mRNA levels or detectable mutations (Fry et al.,
2018). Based upon this data, and activity of a multi-
specific CD19/CD22-CARs in a mouse model, it is
proposed that targeting multiple antigens may re-
duce the frequency of antigen loss escape as a mecha-
nism of resistance (Fry et al., 2018). Thus, for
immunotherapy, as for chemotherapy or treatment
of HIV, simultaneous targeting of several different
cellular processes may reduce the probability of
resistance emerging.

E. Chimeric Antigen Receptor Engineered T-cell
Therapy for Solid Tumors

Although alternative antigens to CD19 are being
developed for B-cell malignancies, extending the CAR-
T cell concept to other malignancies presents chal-
lenges. For pediatric applications, most of the focus

Fig. 6. Production of CAR-T cells in a GMP facility. Production begins with (1) leukapheresis of the patient and is then followed by selection of T cells
(2), and their activation, from the leukapheresis product by positive selection with a CD3 antibody 6 anti-CD28 antibody. After a few days the
activated T cells are incubated with retroviral supernatant to transfer the CAR gene (3). Expansion, washing, and formulation result in infusion back
into the patient [from Davila et al. (2014a) with permission].

Pediatric Cancer Drug Development 687



has been to develop CAR-T cell therapy for neuroblas-
toma. Initial studies used CARs directed to the cell
adhesion molecule L1 present on neuroblastoma and
other pediatric cancer cells (Park et al., 2007) as well
as adrenal medulla. More recent studies have focused
on using the ganglioside GD2 as the target for CAR
therapy. In a phase I trial in refractory neuroblastoma
use of GD2-targeted CARs induced complete remis-
sions, with occasional durable remission of greater
than 5 years (Louis et al., 2011). Because cytotoxic T
lymphocytes do not survive long term and have limited
antitumor activity, Epstein-Barr engineered CTLs
expressing a chimeric GD2-specific receptor have been
developed. EBV-specific CTLs were shown to survive
longer than noninfected T-cells and induced tumor
regressions or necrosis in neuroblastoma patients
(Pule et al., 2008). Other approaches include using
autologous activated T-cells transduced with a third
generation GD2-CAR and an inducible caspase 9 as
a safety switch within the construct to trigger apopto-
sis and rapidly eliminate gene modified cells (Di Stasi
et al., 2011). A recent phase I/II trial in osteosarcoma
using HER2-directed CARs resulted in stable disease
for some patients and no dose-limiting toxicities
(Ahmed et al., 2015) in contrast to cardiopulmonary
toxicity observed in a prior study in adults (Morgan
et al., 2010). CAR-T cells engineered to target the
testes specific antigen, NY-ESO-1, are in clinical de-
velopment following initial promising treatment of
synovial cell sarcoma patients (Robbins et al., 2011).
Application of CAR-T cell therapy for glioblastoma has
another added level of complexity, namely distribution
and trafficking of cells following intracavity, intraven-
tricular, or intravenous administration (Migliorini
et al., 2018). Targeting has been based on expression
of IL13Ra2 (Brown et al., 2015), HER2 (ERBB2)
(Ahmed et al., 2017), or the EGFRvIII variant
(O’Rourke et al., 2017; Sahin et al., 2018), which may
have relevance also to childhood glioblastoma
(Kawakami et al., 2004; Bax et al., 2009). Of impor-
tance is the observation that following intravenous
administration, EGFRvIII targeting CAR-T cells
trafficked to intracerebral tumors, successfully tar-
geting and eradicating this antigen in tumor (Choi
et al., 2017). While the role of targeted CARs remains
undetermined outside their use in B-cell malignan-
cies, many new ideas in improving their efficacy are
in preclinical development for several solid malig-
nancies that have relevance to pediatric cancer
(Burgess and Tawbi, 2015; Wedekind et al., 2018).

F. Immune Checkpoint Inhibitors

The clinical activity of immune checkpoint inhibitors,
which boost immunity against cancer cells, has gener-
ated considerable excitement with ongoing clinical
trials of individual agents and combinations of agents

often exceeding the activity of standard of care therapy.
Most clinical studies have evaluated the anticancer
activity of antibodies directed against PD-1 [pro-
grammed death protein-1 (Ishida et al., 1992)] and
CTLA-4 (T-lymphocyte-associated protein 4) that
have demonstrated significant activity in a range of
adult carcinomas (Seidel et al., 2018). The physiologic
function of PD-1, its ligands (PDL-1, PDL-2), and CTLA-
4 is to contain immune responses and avoid immuno-
pathology. Tumor cells abrogate T-cell function through
expressing PDL-1 (Fig. 7; Topalian et al., 2016). It is
well established that under conditions of chronic in-
flammation, T-cells become exhausted and upregulate
a broad range of nonredundant inhibitory receptors
that includes PD-1 and CTLA-4. PD-1 is homologous to
the costimulatory molecule CD28 and functions to
inhibit immune signaling, being an essential regulator
of adaptive immune responses (Nishimura et al.,
1999). PD-1-deficient mice develop autoimmune dis-
eases (lupus-like proliferative glomerulonephritis and
arthritis) as they age and have exacerbated inflam-
mation during infections (Nishimura et al., 1998,
1999). CTLA-4 knockout mice die within 2 to 3 weeks
of birth due to massive lymphoproliferation with
infiltration and destruction of major organs (Khattri
et al., 1999). CTLA-4 is characteristically expressed
on exhausted T-cells and regulatory T-cells and medi-
ates immune suppression by indirectly decreasing
signaling through the costimulatory receptor CD28.
CTLA-4mayalso removeCD80andCD86 fromthe surface
of antigen presenting cells, a mechanism by which regu-
latory T-cells mediate immune suppression of bystander
cells (Wing et al., 2008).

Clinical studies show quite variable response rates
and durations of response. Hodgkin’s lymphoma is
highly sensitive to the anti-PD-1 antibody nivolumab,
with ORR of 87% (Ansell et al., 2015), whereas
squamous cell carcinoma of head and neck the re-
sponse rate is far lower (13%) (Ferris et al., 2016). In
treatment of melanoma, anti-PD-1 alone yields re-
sponse rates around 30% (Robert et al., 2014; Weber
et al., 2015), whereas combination with anti-CTLA-4
increases this to 60% (Larkin et al., 2015), which
correlated with progression-free survival. Because
of the variable response rates and the high cost of
treatment, there is considerable effort to identify
biomarkers that may accurately predict patient re-
sponse. High level expression of PD-1 and/or PDL-1
may predict poor prognosis in some cancers (melanoma,
renal cell, and ovarian carcinomas), whereas it may
predict improved survival in others (angiosarcoma,
gastric) (Seidel et al., 2018). Intratumoral PD-1 and
PD-L1 levels may be of predictive value for anti-PD-1
therapy in NSCLC andmelanoma (Buder-Bakhaya and
Hassel, 2018). Inmelanoma, resistance to PD-1 directed
therapy may correlate with a transcriptional profile
(innate anti-PD-1 resistance) (Hugo et al., 2016).
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Mutational load may also be a marker for responsive-
ness, as tumors associated with a high level of muta-
tions have higher response rates to anti-CTLA-4
treatment (ipilimumab) (Lawrence et al., 2014;
Rizvi et al., 2015; McGranahan et al., 2016; Balar
et al., 2017). Also, in a stratified trial, the response
rate for patients with tumors exhibiting mismatch
repair deficiency (high microsatellite instability and
mismatch repair deficiency) was 40% whereas there
were no responses in the repair proficient stratum (Le
et al., 2015). FDA granted biomarker-based approval for
pembrolizumab (anti-PD1) for both pediatric and adult
patients with unresectable or metastatic solid tumors,
and for colorectal cancer with high microsatellite in-
stability ormistmatch repair deficiency (Overman et al.,
2017). Of interest is that no pediatric patients were
entered into the clinical trial that demonstrated en-
hanced response to pembrolizumab in microsattelite
instability. However, response to immune checkpoint
inhibitors is clearly complex, being tumor intrinsic and
extrinsic, including the tumor microenvironment, the
load of tumor infiltrating lymphocytes, tumor stage
or burden, performance status, and the gutmicrobiome
(Buder-Bakhaya and Hassel, 2018; Seidel et al., 2018).
As discussed by Seidel et al. (2018), checkpoint inhib-
itors appear to be most effective in patients that
display evidence of an antitumor immune process prior
to therapy.

G. Combination Immunotherapies

The potential combination of immune checkpoint
inhibitors with molecularly targeted drugs, vaccines

such as talimogene laherparepvec, or cytokine thera-
pies is vast. While the prospect of immune-oncology
is exploding in adult cancer trials, there have been
relatively few trials of immune checkpoint inhibitors
in pediatric cancer. Anti-CTLA-4 targeted treatment
is FDA approved for pediatric melanoma, and a recent
phase I trial demonstrated increased cytotoxic T lym-
phocyte activation, but no antitumor responses were
reported (Merchant et al., 2016). CTLA-4 is expressed
highly on several other pediatric cancers (Contardi
et al., 2005; Wolchok et al., 2010; Hingorani et al.,
2015), thus offering the prospect of activity in these
tumors. Expression of PD-1 in childhood cancer is more
controversial, with positivity reported to be 1%–33%.
In the study by Majzner et al. (2017), which examined
over 400 samples, the highest expression was found
in Burkitt lymphoma (8 of 10), glioblastoma (5 of 14),
and neuroblastoma (17 of 118). Inferior survival was
correlated with PD-L1 staining in neuroblastoma.
Similarly, a low level of expression was found for PD-
L1 in Ewing sarcoma samples (0 of 60), with only one
and four samples demonstrating infiltration of PD-L1
or PD-1 positive T-cells, respectively (Spurny et al.,
2018). In contrast, a higher rate of positivity has
been reported (121 of 364) in patients entered in the
phase I/II KEYNOTE trial (Georgerer et al., 2017a).
Preliminary results from the KEYNOTE-051phase
I/II trial indicate occasional responses in several
tumor types with an ORR of 6.1%. In sarcoma, the only
responses to anti-PD-1 antibody (pembrolizumab) ther-
apy were in pleomorphic sarcoma. In this trial, patients
.12 years of age with bone tumors were eligible, but

Fig. 7. Constitutive broad (innate) expression of membranous programmed cell death 1 ligand 1 (PDL1) by tumor cells is thought to be driven by
dysregulated signaling pathways such as PI3K-AKT, or chromosomal alterations and amplifications such as are found in Hodgkin lymphoma. In
contrast, adaptive focal expression of PDL1 by tumor cells and macrophages occurs at the interface of tumor cell nests with immune infiltrates
secreting pro-inflammatory factors such as interferon-g (IFNg; the “immune front”). The ligation of PDL1 with programmed cell death protein 1
(PD1) molecules will down-modulate T-cell function, essentially creating a negative feedback loop that dampens antitumour immunity. The
innate and adaptive mechanisms for PDL1 induction are not mutually exclusive: constitutive oncogene-driven PDL1 expression may be further
upregulated by inflammatory cytokines. In boxed insets, tumor cells are shown as blue, macrophages are purple, and T-cells are orange; black
outlining of cells indicates PDL1 protein expression, such as would be demonstrated with immunohistochemistry [from Topalian et al. (2016) with
permission].
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there were no responses in Ewing sarcoma (0 of 13),
with one response in osteosarcoma (1 of 22). A phase I/II
evaluation of atezolizumab (anti-PD-L1) in children and
young adults also showed a relatively low response rate
for tumors other than Hodgkin’s lymphoma, with no
responses in patients with osteosarcoma (n 5 12),
Ewing sarcoma (n 5 11), neuroblastoma (n 5 11),
rhabdomyosarcoma (n 5 10), non-RMS (n 5 10), Wilms
tumor (n 5 6) (Georgerer et al., 2017b).

H. Mutation Frequency

As discussed above, one of the biomarkers that
positively correlates with response to immune check-
point inhibitors is high mutational load, although the
mutational load for most pediatric cancers is low in
comparison with adults. Currently, the NCT02992964
trial is accruing patients to a multi-center, pilot study
of nivolumab in pediatric patients with recurrent or
refractory hypermutant malignancies. This study will
assess clinical and radiologic benefits of treatment
with nivolumab in children with hypermutated can-
cers, including those with biallelic mismatch repair
deficiency syndrome that is associated with exception-
ally high mutation frequencies (.250/Mb) (Shlien
et al., 2015). Nivolumumab alone or in combination
with ipilimumab is also being investigated in pediatric
patients with high-grade primary central nervous
systemmalignancies (NCT03130959), including DIPG
(after completing radiotherapy), and in recurrent or
progressive high grade glioma, medulloblastoma, or
ependymoma.

VII. Strategies Going Forward

The cure rate for children with cancer now exceeds
70%, and 5-year event-free survival surpasses 80%.
However, patients with advanced or metastatic dis-
ease are rarely cured, and for most patients who
relapse, prognosis is poor. Current front line and second
line chemoradiation therapies for most tumors are
highly intensive and toxic, thus more effective and less
toxic therapies need to be developed. For those patients
that survive cancer, the risk of long-term chronic
toxicities and secondary malignancies remain a life-
long consequence of their treatment. For surviving
brain tumor patients, the progressive cognitive de-
cline due to high-dose radiation therapy remains
a serious consideration. Thus, going forward there
are two objectives: first, to improve or maintain cure
rates and, second, to reduce the burden of toxicity
induced by current multimodality therapy. In the
current environment for drug discovery and regulatory
reform, there is reason to be optimistic that these goals
can be achieved. While “up-front window” trials have
fallen out of favor for cytotoxic agents, which have the
potential to compromise subsequent “curative” treat-
ments, genetic studies are identifying molecular targets

that drive pediatric cancers, and drugs that target these
“drivers” may be used in front-line therapies, allowing
reduction in the intensity of current cytotoxic agents
or radiation therapy. For example, incorporation of
CD19/CD22 directed CAR-T cells being used earlier
in treatment of B-cell leukemia, use of anti-GD2 anti-
bodies earlier in the treatment of neuroblastoma and
other GD2-expressing malignancies, incorporation of
PD1 blockade with into frontline therapy for Hodgkins
lymphoma (Moy and Younes, 2018), or use of MEK/
BRAF inhibitors in BRAF-mutant low-grade glioma
(Banerjee et al., 2017) prior to chemoradiation treat-
ment. As the pediatric MATCH trial matures, we will
understand more about the efficacy and limitations of
targeting single “drivers” and start to evaluate rational
combinations. It is here that development of adequate
preclinical models, both in vitro and in vivo, will play
an important role in identifying synergistic interactions
within the context of the genetic profiles of individual
tumors. Again, international cooperation between
groups who have developed and genetically anno-
tated PDX models will be essential for enhancing
development of combinations. These models will also
be important in determining how such targeted
therapies will combine with current cytotoxic agents
and radiation, with the potential to reduce toxicity.
Changes in FDA regulations through the RACE for
Children Act will ensure more rapid access to drugs
and biologics developed for adult indications where
these are relevant to childhood cancer, and the recom-
mendation that children 12 years or older can be
included earlier in trials, along with adult patients,
will speed the rate at which novel drugs can be
evaluated in children. Additionally, initiatives under
the Childhood Cancer Survivorship, Treatment, Ac-
cess, and Research (STAR) Act will expand funding
for specimen collection, hence enhance the capabil-
ities for expanding our understanding of genetic and
epigenetic caused of childhood cancer.

VIII. Summary

Conventional multimodality treatment of children
with cancer has dramatically increased survival over
the last five decades, but significant challenges remain.
Our current chemo-radiotherapy approaches lead to
unacceptable life-long health deficiencies, and cure
rates for many cancers, particularly in patients with
advanced or metastatic disease or those who relapse,
remain quite dismal. In part, the “success” of multi-
modality therapy presents a challenge to developing
new approaches. New drugs and biologics are used in
patients that relapse or are refractory to current
treatments, and these patients may be a suboptimal
signal population to identify drug activity. Strategies
that introduce novel therapeutics earlier in treat-
ment regimens, improve outcomes, and reduce long-
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term toxicities need to be developed. The potential
for immune therapies either cellular or antibody-
mediated remains an exciting prospect for the future,
with an established role for CD19 CAR-T cells in
treatment of B-cell malignancies and clinical trials
testing the efficacy of immune check point inhibitors
just starting in pediatric cancer. Many innovative
approaches to enhance the activity of chemothera-
peutic agents or radiation therapy through modula-
tion of DNA damage repair pathways are ongoing.
However, the process of clinical trials is slow, in part
because there are few patients eligible for these
trials, although recent changes in FDA regulations
and inclusion of younger patients earlier in trials will
alleviate this to some extent. With further subclassi-
fication of tumors through genomic profiling, patient
numbers eligible for targeted therapies will necessi-
tate globalization of trials, which in itself is not
a trivial undertaking. Preclinical models, particu-
larly PDXs have a role in identifying novel therapeu-
tics and, with approaches that allow testing in large
numbers of models for each cancer type that simulate
the genetic heterogeneity of the clinical disease, offer
the potential for biomarker identification (Gao et al.,
2015; Murphy et al., 2016). As with international
clinical trials, collaborations in the preclinical arena
will need coordination and some level of standardi-
zation in defining response criteria. Further, some
criteria for the level of preclinical activity need to be
developed for progressing to clinical testing. While all
preclinical models have deficiencies, approaches to
humanizing the immune system of mice offer great
potential for developing immune therapies that are
relevant to treatment of pediatric cancer. Thus, while
many challenges to curing childhood cancer with
acceptable quality of life remain, this is a time of
great excitement as the options for developing
effective and less toxic treatments have never been
greater.
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