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Abstract

Over the past few years, the field of pediatric cancer has experienced a shift in momentum and this
has led to new and exciting findings that have relevance beyond pediatric malignancies. Here we
present the current status of key aspects of pediatric cancer research. We have focused on genetic
and epigenetic drivers of disease, cellular origins of different pediatric cancers, disease models, the
tumor microenvironment, and cellular immunotherapies.
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INTRODUCTION:

The treatment of pediatric cancers has been a success story, with current overall survival

of ~80% in the U.S. It is estimated that there are currently >500,000 survivors of pediatric
cancer in the U.S. Nonetheless, this success has occurred at a significant price, as the
prevalence of severe chronic health disorders among long-term survivors of pediatric cancer
is 3-fold higher than in matched controls. In addition, there are still close to 13,000 pediatric
cancer deaths per year in the U.S, and there are several tumors for which long-term survival
remains poor. Recently, the adult cancer research community has seen major advances

in detailing the molecular and cellular mechanisms of disease that have resulted in the
generation of novel targeted therapies and immunotherapies, some of which are applicable
to pediatric tumors. Here, we have reviewed several major topics that we believe have had

a major impact already on fundamental understanding of the biology of pediatric cancers
and will continue to impact the field going forward. To maintain the current relevance of
this review, we have restricted most of our literature search to the last 5-6 years and have
included a few older references for context. The following sections focus on new insights
into the genetic and epigenetic underpinnings of these cancers, therapeutic breakthroughs,
developmental and cellular origins of these tumors, model systems that have provided

new perspectives, microenvironmental influences on tumor biology, and immunotherapy
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approaches to treatment. While a comprehensive review of the current status of pediatric
cancer research is of course beyond the scope of this manuscript, we believe that each of the
areas discussed will continue to generate new ideas and hypotheses in the near future that
hopefully will lead to new and improved therapies that ultimately improve both short-term
and long-term outcomes of childhood cancer.

GENOMIC AND EPIGENOMIC PROFILING STUDIES

Pediatric Pan-Cancer Profiling Studies:

Large scale genomic profiling of various hematologic and non-hematologic tumors, so
called “pan cancer studies”, have been instrumental in revealing the overall landscape of
adult malignancies allowing for the identification of genetic drivers of disease, discovery of
mutational signatures and complex structural aberrations, and investigation of drug targets
(1,2). Recently, several pediatric pan-cancer genomic studies have been completed and have
reported that pediatric tumors contain fewer coding mutations than adult tumors, that 7P53
remains the most frequently recurring mutation, and that mutations in epigenetic-associated
genes were common events (3—-6). Profiling close to 1,700 pediatric leukemias and solid
tumors revealed 142 somatic driver gene mutations and found that copy number alterations
and structural variants were the most prevalent types of alterations to impact these driver
genes (3). Furthermore, this study discovered two new mutation signatures in addition to
the existing signatures within the COSMIC (Catalogue Of Somatic Mutations In Cancer)
database.

Analysis of DNA sequencing data obtained from 961 tumors across 24 different pediatric,
adolescent, and young adult patient histologies identified 34 genomic loci recurrently
impacted by copy number alterations (4). This study also demonstrated that of the 77
significantly mutated genes identified across the entire sample cohort, the majority of these
mutations were exclusive to specific tumor types (4). Furthermore, the authors highlighted
the differences between the genomic landscapes of adults and pediatrics showing that only
30% of the significantly mutated genes identified in pediatric tumors were present in adults.
Of the 24 tumor types profiled in this study, osteosarcomas and adrenocortical carcinomas
were the most genomically complex, hallmarked by an increased rate of hyperdiploidy

and chromothripsis, a catastrophic shattering of chromosomes with subsequent error-prone
repair (4,7). Whether the observed genomic complexity in adrenocortical carcinoma and
osteosarcoma represents the culmination of persistent chromosomal instability or the
product of a single early cataclysmic event is yet to be experimentally determined.
Collectively, these pan-cancer studies further highlight the unique biology driving several
pediatric cancers (Figure 1). Moreover, the data from these studies validate the seminal
publication by Bert Vogelstein and colleagues illustrating the age-associated differences in
the mutational landscapes across multiple cancer types (8).

DNA Methylation Profiling of Brain Tumors

DNA methylation refers to the addition of methyl groups to chromosomal DNA to regulate
gene transcription. Recently, numerous studies have emerged demonstrating the utility
of DNA methylation analysis to subcategorize central nervous system (CNS) tumors.
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Genome-wide DNA methylation profiling of 3,093 meningiomas revealed that clear cell
meningiomas, a histology predominantly observed in children and young adults, clustered
independently of all other subtypes (9). DNA methylation arrays subdivided Group 3 and
Group 4 medulloblastomas into 8 different molecular subgroups (10). DNA methylation
analysis of pilocytic astrocytoma specimens showed that tumors arising in the infratentorial,
midline, and cortical regions of the brain had distinct methylation profiles (11). A separate
study comparing diffuse astrocytoma and pilocytic astrocytoma specimens showed that the
pilocytic specimens were hypomethylated and had a different methylation profile than the
diffuse astrocytoma specimens (12). Integrated epigenetic profiling of CNS atypical teratoid/
rhabdoid tumors, identified three disease subgroups with distinct DNA methylation profiles
and epigenetic landscapes (13,14). Together, these data illustrate the power and applicability
of DNA methylation to subcategorize CNS tumors which has clinical implications pertaining
to the refinement of ambiguous diagnoses (15,16).

Mutational Activation of RAS-MAPK Pathway

Upstream and downstream components of the RAS and MAPK pathways are recurrently
mutated in various pediatric CNS and solid tumors (4,5,17). Analysis of the Foundation
Medicine sequencing data generated from 1,215 different pediatric tumors showed MAPK
mutations were common in hypermutant tumors driven by replication repair deficiency

and that the RAS/MAPK pathway was indeed active in these tumors (5). By performing
functional experiments using pediatric hypermutant glioma and pediatric hypermutant
colorectal cancer patient-derived xenograft (PDX) models, the authors showed that these
RAS-MAPK mutant replication repair deficient tumors were susceptible to MEK inhibition,
highlighting a potential context for synthetic lethality (5).

Whole genome sequencing of matched primary-relapsed neuroblastoma specimens led to the
discovery that 78% of relapsed specimens contained mutations in genes involved in RAS-
MAPK signaling (18). Similarly, mutations in PHOX2B, CIC, and DMD activated RAS-
MAPK signaling in neuroblastoma cell lines and tumor specimens (19). Importantly, both
studies demonstrated that mutations in genes involved in RAS-MAPK signaling conferred
increased sensitivity to pharmacologic MEK inhibition both /n vitroand in vivo (5,19).

In the largest study of its kind, mutational analysis of DNA from 641 rhabdomyosarcoma
patients indicated that mutations in the RAS pathway occurred at a frequency of 56% in
fusion negative tumors that lack the pathogenomic FOXO1 fusion oncogenes (20). This
study also showed that isoform-specific RAS mutations associated with age where HRAS
mutations were enriched in infants, KRAS in toddlers, and NRAS in adolescents (20). This
incredibly intriguing finding implies that the different RAS isoforms may impart specific
age-restricted oncogenic programs.

Somatic mutations to the RAS-MAPK pathway have also been reported in aggressive
pediatric hematological malignancies. Survivors of pediatric cancer are at increased risk
for subsequent malignancies due to the late effects of their highly cytotoxic chemotherapy
treatments (21,22). Genomic analysis revealed a high frequency of KRASand NRAS
mutations in pediatric cancer survivors who had developed therapy related myeloid
neoplasms (23). A combination of exome and whole genome sequencing discovered that
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44% of relapsed acute lymphoblastic leukemia (ALL) specimens had somatic mutations

in NRAS, KRAS, or PTPN11 (24). Using isogeneic leukemia cell lines expressing

either wild-type or the G12D KRAS mutant, this study showed that oncogenic KRAS
conferred resistance to methotrexate and an unexpected sensitivity to vincristine. Although
juvenile myelomonocytic leukemia has long been associated with oncogenic RAS signaling,
integrated genomic and DNA methylation analysis revealed that mutations in NRAS, KRAS,
and PTPN11 were differentially enriched in independent molecular subgroups (25). While
each of the subgroups were associated with different clinical and molecular features,

the extent to which the respective somatic RAS pathway mutations contributed to these
subgroup-specific features was not reported.

Germline Variants Associated with Predisposition and Increased Disease Risk:

The importance of understanding the deleterious effects of germline mutations in pediatric
cancer patients can be traced back to Knudson’s original 1971 publication describing the
two-hit hypothesis of tumorigenesis in patients with retinoblastoma (26). Five decades

later, the prevalence and impact of germline variants in patients with pediatric tumors is

still an active area of research due, in large part, to the advances in genome sequencing
technology. A comprehensive summary of the various germline variants associated with
pediatric cancers and cancer predisposition syndromes is beyond the scope of this
manuscript but have been thoroughly reviewed (27-31). Analysis of germline DNA
sequencing data from 1,120 pediatric cancer patients diagnosed with leukemia, CNS
tumors, neuroblastoma, retinoblastoma, osteosarcoma, Ewing sarcoma, rhabdomyosarcoma,
adrenocortical carcinoma, and melanoma revealed that the overall rate of pathogenic or
likely pathogenic germline variants was a striking 8.5% (32). Two additional studies
estimate that the frequency of causative germline variants in pediatric cancer patients to

be slightly lower at 6% and 6.9%, respectively (4,33). When hematologic malignancies were
excluded, the percentage of pediatric patients diagnosed with solid tumors and CNS tumors
that carried germline variants in known cancer predisposition genes increased to 12% (34).
Strikingly, germline variants were frequently observed in the following DNA repair genes:
TP53 BRCAZ, PMS2, CHECKZ, MSHZ2, and MSH6 (32,35).

The frequency of germline variants in 7P53varies by tumor type. Germline variants in
7P53increased the risk of developing sonic hedgehog (SHH) medulloblastomas and were
associated with an increased prevalence of chromothripsis in these patients (36). This is
consistent with the finding that germline variants in 7P53 were associated with a higher
number of somatic chromosomal structural variations (4). In adrenocortical carcinoma,
germline 7P53variants were observed in approximately 50% of patients and rather than
clustering in hotspots, these variants were distributed throughout the gene (37). Between 4—
5.3% of patients with osteosarcoma harbored pathogenic or likely pathogenic germline 7P53
variants, with almost half of these mutations occurring de novo (38,39). These osteosarcoma
patients tended to be younger, have disease within the axial skeleton, were more likely

to present with metastatic disease upon diagnosis, and had an inferior prognaosis (38).
Germline TP53variants were observed at a frequency of 2% in pediatric B-cell ALL (40).
According to this study, pathogenic 7P53variants were enriched in older children and those
diagnosed with hypodiploid ALL, a more aggressive form of this disease. Moreover, these
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patients experienced inferior outcomes and were at a higher risk of developing a secondary
malignancy (40).

As stated above, there are several germline variants in genes other than 7P53that

have also been documented in pediatric cancers. Patients with osteosarcoma were found
to have pathogenic or likely pathogenic germline variants in COKN2A, MEN1, VHL,
POT1, APC, MSHZ, and ATRX (38). Amazingly, this study concluded that 28% of
patients with osteosarcoma had a pathogenic or likely pathogenic germline variant in a
cancer predisposition gene (38). Furthermore, the GLDC//L 33 locus has been identified
as an osteosarcoma susceptibility locus and two single nucleotide polymorphisms (SNPs),
rs3765555 and rs55933544, were associated with significantly decreased survival and
decreased /L33 expression (41,42). Data from the Children’s Oncology Group identified
germline variants in 15 genes at a frequency of 7.3% in children with rhabdomyosarcoma
(43). Similar results were obtained in a separate rhabdomyosarcoma study showing that
approximately 7% of patients had a germline variant in a known cancer predisposition
gene (44). Interestingly, in both studies these germline variants were enriched in

patients with FOXO1 fusion-negative disease. Separate genome wide association studies
(GWAS) have identified new SNPs associated with Ewing sarcoma risk at the 6p25.1,
20p11.22, and 20p11.23 loci (45,46). In patients with Ewing sarcoma, pathogenic or
likely pathogenic germline variants occurred at a frequency of 13% and were enriched

in several genes associated with DNA damage repair (47). GWAS of 707 neuroblastoma
patients revealed that the rs6720708 SNP at the BARD1 locus, a known high-risk
neuroblastoma susceptibility locus, was significantly associated with the development of
adrenal neuroblastoma versus developing thoracic disease (48).

A study consisting of 280 California patients with glioblastoma, anaplastic astrocytoma, and
astrocytoma not otherwise specified reported that pathogenic germline variants were present
in approximately 11% of the patients and that these variants were enriched in patients

with glioblastoma (49). In medulloblastoma, germline variants were differentially enriched
according to disease subgroups. The SHH subgroup of medulloblastoma had the highest
rate of germline alterations affecting various genes including 7P53, SUFU, PTCH1, PABL2,
BRCAZ, GPR161, and ELPI(36,50,51). Germline variants in APC were enriched in the
WNT subgroup whereas PALBZand BRCAZ germline variants were observed in SHH,
Group 3, and Group 4 medulloblastomas (36).

ETV6 germline variants were associated with increased risk of developing childhood ALL
and patients with these predisposing germline variants were more likely to be older at

the time of diagnosis and have hyperdiploid ALL, a leukemia subtype with a favorable
prognosis (52). The rs3824662 SNP in GATA3was recently discovered to confer increased
risk of relapse in patients with ALL (53). New ALL risk loci were also identified at 5q31.1,
6p21.31, 9921.31, and 17¢21.32 and associated with specific ALL subtypes (54). Two SNPs
rs886285 (at 5931.1) and rs210143 (at 6p21.31) were associated with high-hyperdiploidy
ALL, rs10853104 (at 17q21.32) with the E7TV6-RUNX1 subtype, and rs76925697 (at
9g21.31) with B-cell ALL (54). Patients with Down syndrome have an extraordinarily

high risk for developing various leukemias during childhood, including acute myeloid
leukemia (AML), ALL, and megakaryoblastic leukemia (55). ALL patients with Down
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syndrome exhibited an increased frequency of a risk allele in CDKNZA, a previously
established susceptibility locus (56). The /KZF1 SNP rs58923657, which maps to an active
B-cell enhancer, was also enriched in patients with Down syndrome and the risk allele
decreased the enhancer activity (56). Moreover, silencing /KZF1 preferentially increased
the proliferation of lymphoblastoid cells from individuals with Down syndrome versus cells
from those without Down syndrome (56). Together, these data suggest that presence of
trisomy 21 modifies the phenotypic effect of the rs58923657 risk allele.

Telomeres are complexes of proteins bound to repetitive DNA sequences positioned at the
end of each chromosome that shorten with each cell division, thus acting as a cellular

clock recording each replicative event. Telomere length is disproportionately associated with
cancer incidence where shorter telomeres seem to be protective while longer telomeres
confer an increased risk (57-59). For instance, longer telomere length was associated

with a higher risk of developing ependymoma with adolescent and adult onset (60).

In osteosarcoma, a weighted polygenic risk score revealed that longer telomere length

was a risk factor for developing disease in Hispanic, Asian/Pacific Islander, and African
American children (61). The association between telomere length and osteosarcoma risk
was recapitulated in a separate study where the data were not stratified by ethnicity (62).
Additionally, this GWAS study also found that SNPs in known telomere maintenance genes
increased the risk of developing neuroblastoma and ALL (62).

Given that pediatric tumors are rare, germline variants that moderately increase risk in

adult disease may indeed have a larger affect size in certain pediatric tumors. That said,

not all germline variants in known cancer predisposition genes are causative of disease

but may impact disease severity and/or other phenotypic aspects of the tumor. Similarly,
germline variants in genes not previously associated with adult diseases may have biological
and/or clinical relevance in children and vice versa (63). However, the accessibility to

large scale genomic databases combined with growing institutional genomic profiling
efforts affords researchers a collaborative opportunity to perform clinically annotated
genotyping studies to further investigate the impact of germline variants in pediatric
cancers. For example, the MSK-IMPACT study (NCT01775072) is performing prospective
clinical germline sequencing on pediatric solid tumor patients and using the resultant

data to identify actionable targeted therapeutics and prioritize patients and families that

may benefit from further screening/surveillance (64). These types of clinical studies can
also inform the surveillance protocols for these patients. In 2017, the Pediatric Cancer
Working Group of the American Association for Cancer Research convened a Childhood
Cancer Predisposition Workshop where a set of screening and surveillance recommendations
were established. This meeting included the discussions on the use and interpretation of
whole-body MRI, the need for registries to enable natural history studies, the consultancy
role of syndrome-specific centralized centers of excellence, and modifications to existing
surveillance protocols (65-71).

In summary, the widespread adoption of advanced genomic technologies in both the clinic
and the research laboratory have led to the discovery of numerous germline variants.
Experimental investigations aimed at determining the functional impact of these and other
reported variants in racially and ethnically diverse cohorts will further our understanding
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of the biological and clinical significance of germline genetics in pediatric malignancies.
Nonetheless, the current data clearly indicate that subsets of pediatric cancer patients are
genetically predisposed to developing disease and supports the observed inverse relationship
between germline variants and age (37,38,72) (Figure 2).

Liquid Biopsies
Disease monitoring is an important aspect to the management of both pediatric and adult
disease. However, unlike the adult setting where repeated biopsies are more readily obtained,
performing serial biopsies in pediatric patients has traditionally been discouraged unless
deemed medically necessary. This “one and done” approach constrains the ability to identify
and/or develop reliable biomarkers for the longitudinal study of central nervous system
(CNS) and solid tumors in children. Liquid biopsies are minimally invasive tests that
utilize accessible body fluids (i.e.: blood, urine, saliva, and/or cerebral spinal fluid) to
detect cellular and/or molecular biomarkers of a given disease such as cell free DNA
(cfDNA), circulating tumor cells, microRNAs, proteins, and metabolites (73-75). Emerging
data suggests that liquid biopsies may circumvent these sampling limitations and allow for
longitudinal assessments of disease burden. Detection and quantification of cfDNA has been
documented in various solid and CNS tumors of childhood, with the earlier studies largely
relying on polymerase chain reaction-based approaches (76). These methods were reliable
in detecting cfDNA from diseases in which known recurrent driver mutations existed, for
example histone mutations in high grade glioma (HGG) (77,78).

More recently, next generation sequencing (NGS) based methods have been employed

and have the potential to identify mutations in tumors a priori. NGS profiling studies of
cfDNA from patients with neuroblastoma, Ewing sarcoma, Wilms tumor, osteosarcoma,
alveolar rhabdomyosarcoma, medulloblastoma, and high-grade glioma have consistently
reported positive associations between cfDNA abundance and disease burden (78-88). The
anatomical site from which cfDNA is obtained can impact the cfDNA yield for subsequent
downstream analyses. Studies have shown improved detection of cfDNA isolated from
cerebral spinal fluid versus that of plasma in patients with medulloblastoma and brain stem
glioma (84,88). For Wilms tumor, detecting mutations in cfDNA isolated from urine was not
only achievable, but more mutations were detected in the urine versus plasma from these
patients (83). Optimization of this urine-based Wilms tumor cfDNA profiling approach is
particularly appealing as it presents zero risk to the patient, allows for serial collections

in large quantities, and can be done at home. Moreover, this study provides rationale to
investigate the applicability of cfDNA profiling in other childhood kidney tumors such as
renal cell carcinoma, malignant rhabdoid tumors, and clear cell sarcoma of the kidney.

cfDNA has also been used to gain important biological insight. Longitudinal profiling

of cfDNA from patients with neuroblastoma demonstrated the ability to identify clonal
populations with distinct mutational patterns, model clonal evolution throughout the
treatment regimen, and identify relapse specific clones (79). Analysis of gene-specific
5-hydroxymethylcytosine modified cfDNA from neuroblastoma patients identified unique
profiles associated with disease burden (81). Further analysis revealed differentially enriched
biological processes and pathways in patients with and without active disease. Methylation
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analysis of cfDNA isolated from the cerebral spinal fluid of patients with medulloblastoma
was used to derive an epigenetic signature based on differentially methylated CpG sites that
could specifically and sensitively identify medulloblastoma subtypes (85).

Several companies have gained, or are seeking, US Food and Drug Administration (FDA)
approval for their respective adult oncology liquid biopsy assays including Guardant,
FoundationOne, Grail, and Thrive (89-95). Currently, liquid biopsies have not yet been
approved for use with pediatric patients but trials investigating the clinical utility of liquid
biopsies to monitor disease burden and treatment response in various pediatric cancers are
underway. It is likely that additional studies on the utility of liquid biopsies will increase
in the coming years and ultimately integrate into standard of care for patients with certain
tumor types.

Filling in the Knowledge Gaps

Despite the recent advances in exploring the genomic landscapes of various pediatric
cancers, knowledge gaps remain. One such knowledge gap is that there are only a few
studies that detail the genomic and transcriptomic profiles of specimens from patients with
recurrent, refractory, and/or relapsed CNS and solid tumors as the majority of published
genomic studies were performed using treatment naive specimens. The emerging data

from the few studies performed on recurrent, refractory, and/or relapsed specimens from
pediatric patients with CNS and solid tumors suggest a comparatively higher mutation
burden compared to treatment naive patient specimens (4,18,96-98). Additional descriptive
and functional studies are needed to uncover the mechanisms associated with disease
progression in each of these tumors and tumor subtypes.

Another knowledge gap is that most of the genomic profiling data has been generated
using short-read sequencing methods. While the identification of single nucleotide variants
from these data is well established, many short-read sequencing analytical tools struggle
to resolve complex genomic aberrations, necessitating the implementation of sophisticated
algorithms, each with their own biases and limitations (99,100). Long-read sequencing
platforms routinely produce continuous sequencing read lengths of >10kb and have

been demonstrated to resolve complex genomic rearrangements, including chromothripsis
(101,102). As part of the Gabriella Miller Kids First (GMKF) Pediatric Research Program,
long-read sequencing technologies will be used to uncover the genomic complexities
associated with certain pediatric cancers and birth defects. It is anticipated that long-read
sequencing technologies may supplement the existing data to better resolve the complex
structural variants inherent to tumors such as osteosarcoma and adrenocortical carcinoma.

BREAKTHROUGHS IN TARGETED THERAPIES

Unlike adults, few efficacious targeted therapies exist for childhood cancers. Recently,
larotrectinib and selumetinib received FDA and European Medicines Agency (EMA)
approval, a significant therapeutic advance for the treatment pediatric cancer patients bearing
driver mutations targeted by these kinase inhibitors. Larotrectinib targets TRK proteins and
is indicated for cancers with oncogenic TRK-fusions such as those found in 2.22% of
pediatric patients (103,104). The overall response rate for patients with TRK-fusion positive
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tumors treated with Larotrectinib was 79% with 16% having complete responses (105). In
addition to its potent and durable antineoplastic effect, larotrectinib improved the quality of
life for patients, the gold standard for any therapeutic agent (106).

Selumetinib is a MEK1/2 inhibitor indicated for patients with neurofibromatosis type 1 with
inoperable plexiform neurofibromas (107-109). Of the patients treated with selumetinib,
>70% exhibited a confirmed durable partial response of >20% reduction in tumor size
(107,108). Impressively, all the patients who had received selumetinib had experienced
some degree of tumor shrinkage. Selumetinib is also currently under clinical investigation
for pediatric patients with BRAF mutant pilocytic astrocytoma and NVFIZ-associated low-
grade gliomas (110). The approval of selumetinib marks the first ever approved targeted
therapy for patients with neurofibromatosis. Moreover, these two targeted agents validate the
necessity of a pediatric drug development pipeline.

EPIGENETIC DRIVERS OF PEDIATRIC CANCER

Histone H3K27:

Since the first reports of somatic histone H3 mutations at lysine 27 (H3K27M) and

glycine 34 (H3G34) in pediatric high-grade gliomas (HGG) in 2012, the interest in these
“onco-histones” has sparked numerous investigations aimed at understanding their role in
tumorigenesis (111,112). Functional studies show that the H3K27M mutation increased

the self-renewal capacity of neurospheres /n vitro whereas CRISPR-mediated correction

of the H3K27M mutation in glioma cell lines decreased cell proliferation (113,114).

In genetically engineered murine HGG models, the presence of the H3K27M mutation
decreased tumor latency (113,115). Multiple studies have shown that the H3K27M mutation
regulated genes involved in neurogenesis and differentiation (113,114,116-118). Bivalent
promoters are chromatin domains that are marked by both repressive and activating histone
modifications. Mutant H3K27M histones colocalized with the H3K27Ac mark at bivalent
promoters and enhancers, diminished the deposition and spreading of H3K27me3 marks,
and allowed for transcription of polycomb repressed genes (113,114,117,118). Interestingly,
the H3K27M mutation did not sequester polycomb repressor complex 2 (PRC2) (117,118).
Correction of the mutation restored the balance between H3K27me3 and H3K27Ac marked
loci, reestablished polycomb mediated repression of developmental genes, and promoted
glial lineage commitment (114,116). Therapeutically, H3K27M mutant cell lines were
sensitive to pharmacologic inhibition of EZH2, the PRC2 histone methyltransferase, and
did so in a p16!NK4a_dependent manner and such interventions prolonged the survival of
tumor bearing mice (115). Bromodomain and extra-terminal (BET) proteins are “chromatin
readers” that bind to acetylated lysines to recruit chromatin remodelers that subsequently
regulate transcription. The BET inhibitor JQ1 forced the differentiation of H3K27M mutant
glioma cells /n vitro and prolonged survival /n vivo (118). Interestingly, an aggressive
subset of pediatric posterior fossa ependymomas have been identified as having low

levels of H3K27me3 and increased levels of H3K27Ac (119). These tumors exhibited

DNA methylation profiles like that of H3K27M mutant gliomas as well as overlapping
H3K27me3 ChlIP-seq peaks. This signifies that histone mutations are not the only means
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by which to achieve the molecular and phenotypic characteristics attributed to the H3K27M
mutation.

Enhancer Dysregulation:

Enhancers are regulatory chromatin domains that recruit transcriptional machinery to
promote or repress gene expression from a specific locus. The accessibility and activity

of enhancers are developmentally regulated and associated with lineage commitment but
can be dysregulated to aberrantly drive oncogenic transcriptional profiles. In pediatric HGG,
the presence of the H3G34 mutation arrested the cells in a developmental state where the
chromatin conformation juxtaposed the GSX2enhancer and PDGFRA locus and allowed
for PDGFRA to hijack the enhancer of this developmentally regulated transcription factor to
drive pathologic PGDFRA expression (120). Enhancer hijacking has also been observed in
MYCN-amplified neuroblastoma. An integrative genomic approach identified two classes of
MYCN amplicons (121). Class | amplicons were simple amplification events that contained
both MYCN and its local enhancer whereas class |1 amplicons contained MYCN without
the local enhancer. Further investigation revealed that these Class Il amplicons were double
minute chromosomes and circumvented the lack of the local MYCN enhancer by hijacking
distal enhancers through complex chromosomal structural rearrangements (121).

Differential enhancer activity was observed in matched primary-metastatic osteosarcoma
tumors and isogenic cell line pairs, revealing and that these metastatic-specific enhancers
promoted transcriptional programs necessary for metastatic seeding (122). Further analysis
indicated that an enhancer regulating the expression of coagulation factor 3 was positively
selected for in the metastatic cell lines and that perturbation of this enhancer reduced
pulmonary metastasis /n vivo (122). The EWS-FLI1 chimeric oncoprotein is the product
of the EWSRI1-FL/1 translocation that defines 85% of Ewing sarcoma tumors. GGAA
repeats are the known EWS-FLI1 binding motif in Ewing sarcoma (123). Recent data
demonstrated that these GGAA repeats are enriched at super-enhancers, were bound by
EWS-FLI1, and identified MEIS1, a developmentally regulated homeobox protein, as

a super-enhancer driven oncogenic transcription factor (124). Additionally, MEIS1 and
EWS-FLI1 co-localized at a subset of super-enhancers to further drive transcriptional
dysregulation.

Recently both mesenchymal stem-like and adrenergic-like cells were identified in primary
and established neuroblastoma cell lines, and each subpopulation of cells had unique super-
enhancer landscapes that were responsible for maintaining their respective lineage identities
(125). Additional functional analysis showed that ectopic expression of the mesenchymal
stem-like super-enhancer associated transcription factor PRRX1 partially reprogramed

the adrenergic-like neuroblastoma cells towards a more mesenchymal stem-like state as
evidenced by global shifts in the super-enhancer landscape and transcriptional profiles (125).

The PAX3/7-FOXOLI translocations, the hallmark chromosomal aberrations in alveolar
rhabdomyosarcoma, brings PAX3/7 gene transcription under the control of the FOXO1
super-enhancer (126). Mutations in the RAS-MAPK pathway drive a subset of fusion
negative rhabdomyosarcomas tumors (127). In this context, RAS-mutant cells were
developmentally arrested due to oncogenic MAPK signaling which imparted a RAS-
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dependent super-enhancer landscape (128). Inhibition of MAPK signaling by trametinib
altered the chromatin accessibility and restored the myogenic super-enhancer landscape to
drive differentiation of fusion negative rhabdomyosarcoma cells (128). SNAI2 was shown

to compete with MYOD1, a master myogenic transcription factor, and inactivate myogenic
enhancers to halt differentiation in fusion negative rhabdomyosarcoma (129). A separate
study demonstrated that TWIST2 repressed myogenesis by both upregulating SNAI2
expression and competing with MYOD1 binding at target genes associated with muscle
differentiation (130). The loss of H3K27Ac and deposition of H3K27me3 at TWIST2-bound
myogenic loci indicated that TWIST is capable of recruiting PRC2 to inhibit differentiation
in fusion negative rhabdomyosarcoma cells.

Pioneer Factors:

Pioneer factors are the first transcription factors to bind specific heterochromatic loci

and alter the local chromatin accessibility by recruiting additional chromatin remodelers.
OTX2 is a developmentally regulated transcription factor that was found to occupy several
active enhancers in Group 3 medulloblastoma cells (131). Additionally, NEUROD1, an
established neuronal pioneering factor, was shown to interact with OTX2 at enhancers
(131,132). Ectopic expression of OTX2 induced a Group 3 medulloblastoma chromatin
accessibility and enhancer signature in mesenchymal stem cells, suggesting that OTX2
functions as a pioneer factor (131). The EWS-FLI1 oncogenic fusion gene endowed Ewing
sarcoma cells with a unique enhancer profile (133). Mechanistically, EWS-FLI1 bound to
GGAA repeats to remodel chromatin and generate de novo enhancers and displaced ETS
transcription factors to promote transcription of target genes (134). The PAX3-FOXO1
fusion was found to function as a pioneering factor in alveolar rhabdomyosarcoma and
created de novo super-enhancers that drove oncogenic and myogenic transcription programs
in a BRD4-dependent manner (135). BRD4 is a member of the BET family of “chromatin
readers” and CHD4 is a chromatin remodeler. CHD4 interacted with BRD4 and colocalized
with PAX3-FOXOL1 at a subset of super-enhancers in alveolar rhabdomyosarcoma (136).
These data also demonstrated that PAX3-FOXOL binding was, at least in part, dependent on
the presence of CHD4 chromatin remodeling (136).

Redirecting/Hijacking of Chromatin Remodelers:

BAF is the mammalian equivalent of the SWI/SNF chromatin remodeling complex, of
which SS18 is a member. The SS18-SSX chimeric oncoprotein, the gene product of the
translocation that defines synovial sarcoma, competed with SS18 to hijack the BAF complex
(137). The SS18-SSX fusion antagonized PRC2-mediated gene repression by directing the
BAF complex away from enhancers and towards bivalent genes to promote aberrant gene
transcription (138,139). Additionally, the histone demethylase KDM2B, a member of the
non-canonical PRC1.1 complex, has been shown to recruit BAF complexes containing

the SS18-SSX fusion to repressed developmentally regulated genes, resulting in their
transcription (140).

At active enhancers, the interaction between EWS-FLI1 and RING1B of the PRC1 complex
was necessary for target gene expression (141). These data also showed that RING1B
maintained its repressive function at non-EWS-FLI1 bound loci. Together, the data suggest
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that RING1B targets EWS-FLI1 to repressed enhancers to recruit additional chromatin
modifiers and transcription factors to activate these enhancers and subsequent transcriptional
programs (141). The prion domain present in wild type EWS is retained in the EWS-FLI1
fusion and this domain was deemed critical for recruiting the BAF complex to activate
enhancers (142).

As previously mentioned, most pediatric tumors have a relatively low mutational burden.

It is becoming clear that in contradistinction, many pediatric tumors have significantly
reprogramed epigenomes, leading to widespread transcriptional dysregulation. Better
mechanistic understanding of the means by which this epigenetic reprograming occurs may
lead to new therapeutic “targeted” approaches in a variety of pediatric tumors.

DEVELOPMENTAL AND CELLULAR ORIGINS OF PEDIATRIC TUMORS

Despite decades of research and various hypotheses, the question regarding the cell of origin
of childhood tumors has plagued the field of pediatric cancer research. Recent advances in
single cell RNA sequencing (ScCRNA-seq) technologies combined with powerful informatic
analyses have allowed investigators to more deeply probe this question. Since many
pediatric tumors are “embryonal” in appearance, an integrated approach utilized across
various studies from multiple groups has involved comparing the single cell transcriptional
profiles of normal developing tissues with that of tumors derived from the same tissue.
Comparative single cell analysis of transcriptomes from normal human fetal adrenal glands
and dissociated neuroblastoma tumors suggested that, of the cells profiled, neuroblastoma
cells most closely resembled developmentally arrested sympathoblasts (143). Strikingly, this
comparison was consistent across the different neuroblastoma risk groups. A separate study
used scRNA-seq data from embryonic and post-natal murine adrenal glands to demonstrate
that neuroblastoma cells significantly correlated with neuroblasts, a cell type whose
signature partially overlapped with that of sympathoblasts (144). This study also highlighted
a subset of neuroblastoma cells that closely resembled Schwann cell precursors which

were hallmarked by decreased MYCNand ALK expression (144). Another study mapped
neuroblastoma cells to cells isolated from early human embryos and fetal adrenal glands
and showed that neuroblastoma cells most closely resembled undifferentiated chromaffin
cells (145). In these studies, chromaffin cells clustered adjacently to sympathoblasts, thus
approximating the potential cellular origins of neuroblastoma (143-145). The creation of a
single cell transcriptome atlas derived from healthy fetal, pediatric, adolescent, and adult
kidneys and ureters identified ureteric bud cells and primitive vesicle cells of the developing
nephron as the cells that most closely correlated with Wilms tumor cells (146).

Similar comparative scRNA-seq approaches have been used to identify the cellular origin

in pediatric brain tumors. Comparing scRNA-seq data from human medulloblastoma cells

to cells from the developing mouse brain revealed that WNT subgroup medulloblastoma
cells were heterogenous and did not explicitly correlate with any cell type in the murine
cerebellum but, in fact, resembled lower rhombic lip mossy-fiber neurons of the pons
(147,148). Group 4 medulloblastoma cells mapped to unipolar brush cells and glutamatergic
cerebellar nuclei (147,148). The SHH subgroup were enriched in granule neuron progenitors
that varied in their differentiation status in accordance with age, highlighting the differences
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between adult and pediatric disease (147). scRNA-seq on both the developing brain and
tumor cells from a mouse model of SHH medulloblastoma revealed significant correlations
between cerebellar granule neuron progenitor cells and the murine tumor cells, thereby
independently validating the conclusions of similar studies (147-149). Projection of bulk
RNA-seq data onto a single cell atlas derived from scRNA-seq data of the developing human
brain stem, murine pons, and murine forebrain identified neural progenitor cells as the
potential cell of origin for H3K27M pontine gliomas (148). Similarly, the H3G34 mutation
arrested HGG tumor cells in a developmental state most consistent with interneuron
progenitor cells (120). Analysis of embryonal tumors with multilayered rosettes suggested
that these tumors were likely derived from fetal radial glial cells (148). The cellular origins
of atypical teratoid/rhabdoid tumors (ATRT) were more ambiguous and, while the precise
cell of origin was not identified, the data suggested that these tumors likely arose from early
progenitor cells of non-neuroectodermal origin (148).

EXPERIMENTAL MODEL SYSTEMS

Comprehensively Profiled Patient Derived Xenografts

In comparison to adult diseases, the rate of progress in the field of pediatric cancer research
has been somewhat constrained due to the relative rarity of these diseases, which ultimately
equates to a paucity of reliable models for experimentation. PDX models help to circumvent
this issue as the implanted tumor cells reflect the natural history of the disease. However,
assessing the fidelity of these models is of paramount importance in interpreting the
resultant data, thus necessitating comprehensive characterization of these models. Recently,
different groups have established large banks of clinically annotated and genomically
profiled pediatric PDX models (98,150-154). Collectively, these PDX models comprised
hematologic malignancies, solid tumors, CNS tumors, and rare histologies obtained from
patients with primary, relapsed, and/or metastatic disease and have been made available

to the research community (Table 1). A combination of genomic, transcriptomic, and
epigenomic profiling concluded that these PDX models closely resembled the original tumor
tissues from which they were derived.

Genomic data derived from molecularly characterized osteosarcoma PDX models were used
to identify druggable targets and demonstrated the efficacy of genome-informed therapeutic
approaches (150). Genomically characterized PDX models of high-risk rhabdomyosarcoma
were used to conduct Phase 11 and Phase 11 pre-clinical trials and identified that the addition
of a WEEL inhibitor improved the therapeutic response to irinotecan and vincristine (151).
A separate Pediatric Preclinical Testing Consortium study evaluating the efficacy of WEE1
inhibition in combination with irinotecan in neuroblastoma, osteosarcoma, and Wilms tumor
xenografts yielded similar results (155). Importantly, these two independent studies provided
compelling pre-clinical data resulting in the establishment of a Phase I/11 clinical trial to
investigate the combination of WEEL inhibition with irinotecan in pediatric patients with
relapse or refractory solid tumors (NCT02095132).

While these thoroughly characterized models are useful in facilitating the study of cell
autonomous mechanisms of disease and preclinical identification/evaluation of therapeutic
targets, they are not ideal for mechanistic immuno-oncology investigations, which require an
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intact immune system not present in PDX models. Expanding the use of these models into
humanized mice can partially address this deficiency, albeit certain species incompatibility
issues and other limitations remain (156). Furthermore, it is important to note that, although
PDX models exhibit high fidelity with respect to the source material, sampling bias still
exists, due to the variable extent of intratumoral heterogeneity present in CNS and solid
tumors. Therefore, depending on the abundance and distribution of clonal and/or sub-clonal
populations present in the tumor location from which the specimen was obtained, the PDX
generated from this material may or may not be representative of the bulk tumor, but rather a
regional sub-population. Nonetheless, PDX models are incredibly valuable in advancing the
field of pediatric cancer research.

Patient Derived Organoids

Several factors impact the engraftment of tumor tissues and thus the rate of successful PDX
generation varies markedly. The patient derived organoid is a newer model system that

fills the gap between PDX models and patient derived cancer cell lines (157). Recently a
pediatric renal tumor organoid biobank comprised of 54 organoids derived from tumors
including Wilms tumor, metanephric adenoma, malignant rhabdoid tumors, renal cell
carcinoma, congenital mesoblastic nephroma, and a hyperplastic intralobular nephrogenic
rest was established (158). Corresponding normal tissue organoids were also developed.

A hepatoblastoma tumor-normal organoid pair was also recently reported (159). In both
studies, genomic and transcriptomic profiling revealed that the organoid models resembled
the tumors from which they were derived and demonstrated the applicability of these tumor
derived organoids for /n vitro drug screening (158,159).

Somatic Genome Engineering of Oncogenic Translocations

Numerous pediatric solid tumors are defined by hallmark translocations that give rise

to fusion oncoproteins that drive disease, most notably Ewing sarcoma (EWSRI-FL /1),
desmoplastic small round cell tumors (EWSR1-WTI), and rhabdomyosarcoma (PAX3/7-
FOXOI). Somatic genome engineering via CRISPR-Cas9 has been used to successfully
generate these translocations. Functional EWSRI-FL /1 translocations have been engineered
into HEK293 cells (160,161) as well as mesenchymal stem cells and induced pluripotent
stem cells (162). Functional EWSR1-WT1 translocations have also been engineered using
CRISPR-Cas9 (161,163). The PAX3-FOXO1 translocation was engineered into mouse
myoblasts using a Cre-Lox strategy to invert the FOXOZ locus followed by CRISPR-Cas9 to
create intronic double strand breaks in PAX3and FOXO1 (164). Here, the rate of successful
translocation formation varied between forelimb and hindlimb myoblasts and was attributed
to the differences in the 3D genome organization and physical proximity of the 24X3and
FOXOI loci.

All experimental models have inherent flaws, and their utility is dependent upon the specific
questions being interrogated. However, a thorough comprehension of the benefits and
limitations of each model will allow for strategic utilization of the most appropriate model(s)
to generate useful data that will drive the field forward. It is likely that integrated studies that
utilize scRNA-seq of tumor tissues and/or organoids to map the cellular origins of disease
will be critical in the development of new models where disease-specific mutations are
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engineered into the presumed permissive cells of origin. If successful, this approach could
provide new insights into diseases such as Ewing sarcoma, where despite immense effort
put forth by international groups of researchers, murine models have yet to be successfully
engineered (165).

IMMUNE MICROENVIRONMENT PROFILES OF PEDIATRIC TUMORS

The tumor microenvironment is comprised of neoplastic cells, immune cells, fibroblasts,
endothelial cells, pericytes, various extracellular matrix components, growth factors, soluble
stimulatory and inhibitory molecules, nutrient gradients, and variable oxygen tension that
work in concert to sustain tumor growth (166). Over the last decade, the number of

tumor microenvironment studies in adult cancers has increased dramatically. While still
less studied, recent reports documenting the landscape of the tumor microenvironment in
different pediatric cancers have increased. The use of computational tools to impute cell
types from RNA sequencing data has significantly contributed to this increase by allowing
for data mining and retrospective inquiry of established datasets (167-169). Functional
studies are also beginning to emerge, albeit at a reduced frequency which is likely
attributable to a scarcity of robust immunocompetent tumor models to study. In reviewing
the available literature, one more consistent finding is that the molecular and cellular
microenvironmental profiles of pediatric CNS and solid tumors is incredibly heterogeneous
and are thus deserving of their own discussion.

Osteosarcoma:

scRNA-seq analysis of osteosarcoma specimens revealed marked cellular heterogeneity
between primary, metastatic, and recurrent disease states (170). This study also reported

a decreased abundance of CD4* and CD8* lymphocytes in the recurrent and metastatic
specimens with CD8* cells expressing markers of T-cell exhaustion (170). This data is
consistent with reports that metastatic osteosarcoma specimens contained fewer CD8*
lymphocytes than non-metastatic specimens, expressed low cytotoxicity scores, and
exhibited lymphocyte exclusion (171-173). Additionally, an integrated multi-omic analysis
showed that osteosarcomas exhibited an ineffective immune response, and low neoantigen
expression (174). This study also showed that copy number alterations inversely correlated
with immune cell abundance. One of the most striking findings from this study was the data
showing the correlation between patient age and tumor inflammation with tumor infiltrating
lymphocytes being more abundant in adult specimens versus pediatric specimens (174). This
data further highlights the differences between pediatric and adult disease.

Myeloid cells are an important feature of the osteosarcoma microenvironment. Analysis of
osteosarcoma specimens demonstrated that myeloid lineage cells were the most abundant
immune cells present in these tissues (170). Clustering analysis of this data identified 10
distinct subgroups of myeloid cells, highlighting the heterogeneity of myeloid lineage cells
in osteosarcoma. Experimental data showed that M2 tumor associated macrophages (TAMS)
promoted osteosarcoma metastasis and that treatment with all-trans retinoic acid reduced
TAM-dependent metastasis /7 vivo (175). Myeloid derived suppressor cells (MDSCs) are
highly suppressive immature myeloid cells with demonstrated ability to limit the efficacy
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of chimeric antigen receptor (CAR) T-cells in osteosarcoma models /n vivo (176,177). All-
trans retinoic acid was sufficient to eliminate monocytic MDSCs and relieve the suppressive
phenotype of granulocytic MDSCs (177). These studies highlight the biological significance,
phenotypic plasticity, and functional heterogeneity of myeloid lineage cells within the
osteosarcoma microenvironment.

Ewing sarcoma:

Ewing sarcoma specimens exhibited the lowest lymphocyte abundance when compared

to other pediatric solid tumors and the presence of CD8* T-cells did not confer

a survival benefit to patients (178,179). Examination of pregnancy-associated plasma
protein-A (PAPPA) expression across various pediatric solid tumors illustrated that

Ewing sarcoma had the highest expression levels (180). Functional analysis demonstrated
that inhibition of PAPPA expression upregulated the expression of numerous genes
associated with an active immune response, suggesting that PAPPA is immunosuppressive.
Immunohistochemistry revealed that suppressive HLA-G* lymphocytes outnumbered HLA-
G~ lymphocytes in Ewing sarcoma biopsy specimens and that HLA-G was upregulated on
xenografted tumors cells in response to CAR T-cell treatment (181). Moreover, CCL21,

an immunostimulatory cytokine, was shown downregulated in metastatic patient specimens,
was inversely correlated with the CD4*/CD8* T-cell ratio and was associated with a better
prognosis (182). Together, these data highlight the immunosuppressive nature intrinsic

to Ewing sarcoma. Exactly how the EWS-FLI1 fusion oncoprotein contributes to the
immunosuppressive phenotype of Ewing sarcoma is not yet known.

Neuroblastoma:

Gene expression and immunochistochemical analysis of neuroblastoma specimens revealed
that T-cells positively correlated with intratumoral dendritic cells (DC) and natural killer
(NK) cells, both of which served as positive prognosticators of overall survival (183).
When compared to other pediatric solid tumors, the gene expression level of CD200 was
significantly higher in neuroblastoma specimens than in any of the other tumor types (184).
Moreover, CD200-high neuroblastoma specimens contained fewer CD4* and CD8* T-cells
and expressed lower levels of IFNy and TNFa, associating CD200 with a dampened T-cell
response. MY CN-amplified neuroblastoma tumors were shown to be less immunogenic than
non-amplified tumors as evidenced by lower immune scores and decreased MHC class

I gene expression (185,186). Interestingly, a separate study using RNA sequencing data
from the TARGET (Therapeutically Applicable Research to Generate Effective Treatments)
and GMKF cohorts demonstrated that the activation of downstream MY CN transcriptional
programs, rather than amplification of MYCN itself was inversely correlated with T-cell
abundance and tumor inflammation (187). This study also showed that increased T-cell
infiltration and a higher neoantigen load were independently associated with improved
overall survival in these patients (187). For high-risk MYCN non-amplified neuroblastoma
specimens with a high MYCN gene signature, T-cell clonal expansion was associated with
improved outcomes while a subgroup of these specimens demonstrated T-cell exhaustion
(185). Increased abundance of CSF1R* myeloid cells was associated with inferior relapse-
free survival for patients with neuroblastoma and therapeutically targeting these cells both
decreased tumor burden and sensitized animals to PD-1 inhibition (188).
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Wilms Tumor

In Wilms tumor specimens, an inverse relationship between M1 macrophage abundance
and tumor stage was observed, whereas the opposite was true for M2 macrophages

(189). Functional studies show that loss of the tumor suppressor WT1 upregulated COX2
expression in normal kidneys and that Wilms tumors derived from the WT1-1GF2 murine
model demonstrated robust COX2 expression, elucidating one possible mechanism by
which Wilms tumor cells promote a suppressive microenvironment (190). This study also
highlighted the immunosuppressive microenvironment of Wilms tumors as indicated by
increased abundance of regulatory T-cells, the expression of suppressive cytokines, and a
diminished Th1 response when compared to normal kidneys (190).

Rhabdomyosarcoma

While the abundance of infiltrating immune cells did not dramatically differ between
embryonal and alveolar rhabdomyosarcoma, their distribution throughout the tumor tissue
did indeed vary. The vast majority of both CD3* and CD163" cells localized within 15um
of tumor blood vessels in alveolar specimens whereas the perivascular localization in
embryonal specimens was more diffuse (191). Additionally, tertiary lymphoid structures
were more frequently associated with the alveolar histology. Consistent across the
histologies was that both embryonal and alveolar rhabdomyosarcoma contained higher
numbers of TAMs than T-cells (191,192). Fibrocytes have been shown to promote an
immunosuppressive microenvironment and undermine the efficacy of immune checkpoint
inhibition in a syngeneic embryonal rhabdomyosarcoma model (193).

Medulloblastoma

Analysis of immune infiltrates across multiple CNS tumors revealed a consistent inverse
correlation between tumor grade and immune cell content (194). In comparison to

the other major brain tumor histologies, medulloblastomas were characterized as being
immunologically “cold” (195). However, within medulloblastomas, the relative abundance
of immune cells varied by subgroup with SHH and WNT tumors having higher proportion
of CD8™ T-cells than Group 3 and Group 4 tumors (194). In low-risk Group 3
medulloblastoma, a decreased T-reg abundance was associated with inferior progression
free survival (194). A murine model of SHH and Group 3 medulloblastoma also

revealed subtype-specific differences where SHH medulloblastoma tumors contained higher
numbers of infiltrating lymphocytes and myeloid-lineage cells than Group 3 tumors (196).
Interestingly, a murine model of SHH medulloblastoma demonstrated that tumoricidal
TAMSs were recruited to the tumors in a CCL2/CCR2-dependent manner, suggesting a
beneficial role of macrophages in the SHH medulloblastoma microenvironment (197). A
separate study using a p53-mutant medulloblastoma model demonstrated that mutant p53
inhibited the presentation of MHC class-I by negatively regulating the expression of TAP1
and ERAP1, molecules needed for successful antigen loading (198). Importantly, activation
of TNFR2 and LTPR signaling was sufficient to restore MHC class-I expression in the tumor
cells in vitro.
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Glioma

The microenvironmental heterogeneity of pediatric gliomas varied in accordance with
grade, subgroup, and histone mutation status (194,199,200). Multiplexed immunofluorescent
imaging showed that low grade gliomas (LGG) had a higher density of CD3* cells than
HGG and that, amongst the LGGs, pilocytic astrocytomas had the lowest T-cell density
(200). This study also reported increased vascularity in recurrent versus primary pilocytic
astrocytomas. Immunohistochemical evaluation of infiltrating immune cells demonstrated
that there were no statistically significant differences in the abundance of natural killer
cells or CD163* myeloid cells between LGG and HGG (201). In a separate study, diffuse
intrinsic pontine gliomas were shown to be “immunologically cold” tumors with little
immune infiltrate (202,203). Proteomic and phospho-proteomic analysis revealed marked
heterogeneity in the immune microenvironment of both LGG and HGG and showed that
different subgroups of gliomas were classified as “hot” or “cold” irrespective of histology
and/or diagnosis (195).

The pediatric tumor microenvironment field, while gaining interest, is still emerging and
additional studies are needed to comprehend the dynamic interaction between tumor cells
and the various components of their microenvironment. Studies directed at answering
important questions pertaining to the microenvironmental mechanisms that promote
immunosuppression and drive resistance to current immunotherapies are of critical clinical
importance and will contribute to shaping the therapeutic landscape.

IMMUNOTHERAPEUTIC APPROACHES FOR PEDIATRIC TUMORS

The 2011 approval of ipilimumab by both FDA and EMA marked the start of the
immunotherapy revolution (204,205). This rapidly evolving therapeutic landscape has
dramatically changed the treatment paradigm for adult and select pediatric malignancies
(Table 2). With the various late effects associated with certain prolonged cytotoxic
chemotherapy and radiation therapy regimens, it is the hope that immunotherapy may
increase the quality of life for pediatric and adolescent patients in addition to providing
durable responses, but this will require long-term follow-up.

Immune Checkpoint Inhibition in CNS and Solid Tumors

Data shows that robust expression of PD-L1 is not a universally common finding in most
pediatric tumors, although a subset of 11g-deleted neuroblastomas exhibited increased
expression of PD-L1 (202,206-208). Furthermore, somatic copy number gains at loci
encompassing genes that encode for PD-L1/PD-L2 has been shown in a subset of
osteosarcoma specimens (209). Two patients with hypermutant glioblastoma driven by
biallelic mismatch repair deficiency syndrome were successfully treated with single agent
nivolumab and exhibited durable clinical and radiologic responses (210). In a separate
study, a patient with a hypermutant glioma and constitutional mismatch repair deficiency
was treated with pembrolizumab yet succumbed to their disease (64). These two studies
support the findings that mismatch repair deficient tumors exhibit variable responses to
checkpoint inhibition (211). Nonetheless, immune checkpoint inhibition targeting PD-1 or
CTLA4 has shown limited therapeutic efficacy for most pediatric patients with CNS and
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solid tumors with some notable exception (206,212-214). Given the clinical inefficacy of
currently available immune checkpoint inhibition, adoptive cell therapies have played a
much larger role to date in the immunotherapy of pediatric tumors.

CD19 CAR T-Cell Therapy in Leukemia

One of the most remarkable advances in cancer research has been the development, clinical
implementation, and efficacy of chimeric antigen receptor (CAR) T-cell therapy in high-

risk pediatric B-cell ALL. Furthermore, the fact that the first FDA approved the use of

CAR T-cell therapy, tisagenlecleucel, was for a pediatric and adolescent indication before
being approved for adults was a ground-breaking milestone for field of pediatric oncology.
Infusion of these autologous CD19-directed CAR T-cells into pediatric and young adult
patients with relapsed/refractory B-cell ALL achieved a remission rate of >80% with no
evidence of residual disease at 3 months post-infusion (215). Additionally, these patients
demonstrated 1-year event free survival (EFS) and overall survival (OS) rates of 50% and
76%, respectively. Nonetheless, this therapy is not without side effects as a high incidence of
cytokine release syndrome was observed with 40% of these patients experiencing neurologic
events (215). CD19 CAR T-cell therapy has also demonstrated efficacy in pediatric patients
with CNS B-cell ALL (216,217). In these patients, neurotoxicity was associated with an
increased CNS disease burden prior to treatment (217). The acute effects of cytokine release
syndrome can be managed but late effects may exist in children and longitudinal monitoring
is needed in these patients (218).

Leukemic B-cells can escape killing by CAR T-cells by employing a variety of
mechanisms, including downregulating the expression of CD19 (219). To address this,
studies investigating sequential infusion of CD19 and CD22 CAR T-cells and preclinical
efficacy of CD19/CD22 bivalent CAR T-cells are underway (220-222). Additionally, the
use of low affinity CD19 CAR T-cells demonstrated superior /n vitro and in vivo T-cell
responses when compared to high affinity CAR T-cells (223). In patients, these lower
affinity CAR T-cells were associated with increased persistence and expansion of the
adoptively transferred cells, lower toxicity, a remission rate of 85%, a 1-year EFS rate

of 64%, and a 1-year OS rate of 46% (223). With a median follow-up of 4.8 years, a
recent study found that allogeneic hematopoietic stem cell transplant after CD19 CAR T-cell
infusion significantly reduced the relapse rate in patients with recurrent B-ALL (224).

GD2-targeted CAR T-Cell Therapy

GD2 is a carbohydrate-containing sphingolipid that is expressed by many cell types
throughout the body and highly expressed by neuroblastoma cells (225). GD2-targeted CAR
T-cells engineered to co-express IL15 reduced T-cell exhaustion /n vitro and enhanced the
therapeutic efficacy /n vivo (226). Interestingly, GD2-targeted CAR T-cells were effective

at killing neuroblastoma xenografts but were ineffective in osteosarcoma and Ewing
sarcoma xenografts, both of which expressed GD2 (177). Moreover, the expansion and
immunosuppressive effects of MDSCs in the sarcoma microenvironment was responsible for
the lack of therapeutic effect of the CAR T-cells (177).
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Tumor cells can evade GD2 CAR T-cells. Upon encountering GD2-targeted CAR T-cells,
osteosarcoma cells upregulated PD-L1 to induce exhaustion and apoptosis of the CAR
T-cells (227). Systemic administration of GD2 CAR T-cells in orthotopic DIPG xenografts
resulted in a durable reduction in tumor burden and improved survival, however a small
subset of xenografted tumor cells lost antigen expression (228). Retinoblastoma cells that
were initially responsive to GD2 CAR T-cell therapy escaped killing by downregulating
GD2 expression and increasing the expression of PD-L1 and PD-1 on the surface of tumor
cells and CAR T-cells, respectively (229,230). Sequential exposure of retinoblastoma cells to
CAR T-cells against different targets (GD2 and CD171) enhanced tumor cell killing /in vivo
(230). In neuroblastoma xenograft models, engineering GD2 CAR T-cells to express IL15
improved the therapeutic efficacy and reduced the expression of PD-1 on the CAR T-cells
(231).

In phase 1 studies of patients with relapsed/refractory neuroblastoma, lymphodepletion
prior to infusion of GD2 CAR T-cells was deemed safe (232,233). In one study, despite
demonstrated evidence of transient tumor regression in 25% of patients, the investigators
did not observe an objective clinical response (233). The second study showed a significant
CAR T-cell expansion in the patients who received prior lymphodepleting therapy versus
those show did not and that inhibition of PD1 did not improve the performance of the CAR
T-cells (232). This study also observed an expansion of CD11b*CD163* myeloid cells after
GD2 CAR T-cell infusion. While the results are promising, comprehensive investigations of
the tumor-specific microenvironments needs to be performed in order to better understand
the complexities of immune escape and optimize immunotherapeutic interventions.

NY-ESO-1 Engineered T Cell Receptors

NY-ESO-1 is a cancer testes antigen expressed in the majority of synovial sarcoma tumors
and a subset of malignant peripheral nerve sheath tumors (234,235). Synovial sarcoma
patients treated with autologous T-cells expressing a NY-ESO-1 engineered T cell receptor
(NY-ESO-1 °29T-cells) resulted in an overall response rate of 50% (236). After infusion,
NY-ESO-1 ¢259T-cells generated a memory T-cell response, did not exhibit signs of T-cell
exhaustion, were clonally expanded, and persisted /n vivo. A second study revealed that
increased expression of NY-ESO-1 was likely associated with more robust and durable
therapeutic responses (237). These studies provide a degree of optimism for a difficult to
manage adolescent/young adult tumor.

Despite some successes, immunotherapy for pediatric cancer patients is still in the early
phase of development. To realize the full potential of immunotherapy to provide efficacious
and durable responses for pediatric patients, especially those with CNS and solid tumors,

a better understanding of the interaction between the tumor, the microenvironment and

the immune cells will be required to move this field forward. To address this, the

Cancer Moonshot has created the Pediatric Immunotherapy Discovery and Development
Network and the Cancer Immunotherapy Trials Network. The goal of these networks is

to collaboratively advance the field of pediatric cancer immunotherapy by characterizing
new targets, generating suitable experimental models for preclinical evaluation, and better
understand pediatric tumor immunology.

Cancer Res. Author manuscript; available in PMC 2022 December 06.
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CONCLUSIONS AND OUTLOOK

The last 5 years has witnessed significant advances in our understanding of the genetic and
epigenetic underpinning of pediatric cancers as well as the treatments of some pediatric
tumors. At the genetic level, it is clear that many genetic changes identified are distinct
from adult cancers and will require unique interventions (FIGURE 2). Furthermore, it is
also clear that pediatric tumors appear to have a high degree of epigenetic changes that lead
to widespread alterations in gene expression secondary to these changes. This in turn may
ultimately lead to novel therapeutic approaches in the future. Germline genetic variations
associated with predisposition to cancer appears to occur at a higher frequency in pediatric
patients with cancer compared to adult cancer patients, and these findings may ultimately
allow both earlier intervention in identified high-risk children and hopefully prevention in
the future. Finally, adoptive immunotherapy, particularly CAR-T cells have had a major
impact on the treatment of childhood ALL, but immune checkpoint inhibitors have to

date been of minimal use in pediatric tumors. Ongoing work identifying the impact of the
tumor microenvironment on trafficking of immune cells necessary for ICI activity may help
improve the effect of these agents in the future.
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Figure 1: Features of pediatric tumors.
(A) SV’s are more common than SNVs. (B) Somatic mutations in 7P53are frequently

recurrent and mutations in epigenetic genes are also common. (C) The mutation spectra
between adult and pediatric tumors share little overlap. SNV, single nucleotide variant; SV,
structural variant, Epi; epigenetic associated genes.
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Figure 2: Comparison of germline and somatic mutationsin pediatric versus adult cancers.
Germline variants are more frequently observed in pediatric cancer patients than in adult

cancer patients whereas adult tumors have an increased somatic mutation burden than
pediatric tumors.
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Table 1:

PDX Repositories

Childhood Cancer Repository

www.cccells.org/xenografts

EuroPDX Consortium

www.europdx.eu

PDX Development and Trial Centers Research Network

www.pdxnetwork.org

PDXFinder

www.pdxfinder.org

Pediatric Preclinical Testing Consortium

www.ncipptc.org

Childhood Solid Tumor Network at St Jude Children’s Research Hospital

www.stjude.org/research/why-st-jude/data-tools/childhood-solid-
tumor-network.html

Cancer Res. Author manuscript; available in PMC 2022 December 06.


http://www.cccells.org/xenografts
http://www.europdx.eu/
http://www.pdxnetwork.org/
http://www.pdxfinder.org/
http://www.ncipptc.org/
http://www.stjude.org/research/why-st-jude/data-tools/childhood-solid-tumor-network.html
http://www.stjude.org/research/why-st-jude/data-tools/childhood-solid-tumor-network.html

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

McEachron and Helman

Table 2:

FDA approved immunotherapies for pediatric oncology patients
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Drug Trade Name Pediatric Indication Target Type of Immunother apy
Ipilimumab Yervoy Colorectal Cancer, Melnaoma CTLA-4 Monoclonal Antibody
Nivolumab Opdivo Colorectal Cancer PD-1 Monoclonal Antibody

Hodgkin Lymphoma, Merkel Cell
Pembrolizumab Keytruda Carcinoma, Non-Hodgkin Lymphoma, Solid PD-1 Monoclonal Antibody
Tumors
Blinatumomab Blincyto Acute Lymphoblastic Leukemia C19, CD3 Bi-specific T-cell engager
Tisagenlecleucel Kymriah Acute Lymphoblastic Leukemia, CD19 Chimeric Antigen Receptor T-cell
Gemtuzumab Ozogamicin Mylotarg Acute Myeloid Leukemia CD33 Antibody-drug conjugate
Avelumab Bavencio Merkel Cell Carcinoma PD-L1 Monoclonal Antibody
Dinutuximab Unituxin Neuroblastoma GD2 Monoclonal Antibody
Naxitamab-gqgk Danyelza Neuroblastoma GD2 Monoclonal Antibody

Table contents obtained from National Cancer Institute: cancer.gov/about-cancer/treatment/drugs/childhood-cancer-fda-approved-drugs
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