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Abstract

As the field of neuro-oncology makes headway in uncovering the key oncogenic drivers in pediatric glioma, the
role of precision diagnostics and therapies continues to rapidly evolve with important implications for the standard
of care for clinical management of these patients. Four studies at major academic centers were published in the
last year outlining the clinically integrated molecular profiling and targeting of pediatric brain tumors; all 4 demon-
strated the feasibility and utility of incorporating sequencing into the care of children with brain tumors, in partic-
ular for children and young adults with glioma. Based on synthesis of the data from these studies and others, we
provide consensus recommendations for the integration of precision diagnostics and therapeutics into the practice
of pediatric neuro-oncology. Our primary consensus recommendation is that next-generation sequencing should
be routinely included in the workup of most pediatric gliomas.

Keywords

Within the past decade, considerable progress has been
made in uncovering the molecular drivers of pediatric glio-
mas. Though the cell of origin and evolutionary roadmap of
these tumors remain active areas of study, recurrent molec-
ular alterations have been identified through large sequenc-
ing datasets and preclinical validation." Importantly, 4
recent studies demonstrated the feasibility of clinically in-
tegrated sequencing and/or targeted therapy in unique pro-
spective cohorts of pediatric brain tumor patients.>® These
studies generally noted a higher likelihood of sequencing
information impacting the management of children with

gliomas. Precision medicine approaches are particularly
promising for pediatric gliomas as they tend to be more ge-
netically homogeneous and harbor fewer genetic drivers
than their adult counterparts, suggesting the presence of dis-
tinct oncogenic events critical to tumor development and the
potential for a robust, targeted response.>8This field is rap-
idly changing, with potential implications for a new standard
of care for young patients with glioma. In this review, we
synthesize the data from these and other recent studies and
provide consensus recommendations for the integration of
precision diagnostics and therapeutics for pediatric gliomas.
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Background and Current Treatments/
Prognosis

Pediatric High-Grade Glioma and Diffuse Intrinsic
Pontine Glioma

Pediatric high-grade glioma (HGG) and diffuse intrinsic
pontine glioma (DIPG) are 2 distinct entities often consid-
ered together due to similarities in histologic appearance
and poor prognosis, with median survival of 12-24 months
and less than 12 months, respectively.®'2 HGG is routinely
diagnosed by histology that demonstrates a tumor of
glial origin with World Health Organization (WHO) grade
Ill or IV features (mitoses, necrosis, and/or microvascular
proliferation), whereas DIPG has traditionally been diag-
nosed by radiographic and clinical features alone. When
tissue is obtained, histology shows a diffusely infiltrative
glioma with WHO grade frequently varying from Il to IV."13
A majority of DIPG harbor a point mutation in one of the
histone H3 variants (H3.3 or H3.1), which now defines the
new pathologic entity of diffuse midline glioma, H3-K27M
mutant, associated with a distinct epigenetic phenotype
and clinical behavior." Mutations in histone chaperone
protein alpha-thalassemia/mental retardation syndrome
X-linked (ATRX) (31%) and TP53 (54%) are found more
frequently in pediatric than in adult glioblastoma (GBM).?
Loss of ATRX has been shown, in pediatric GBM and in
other solid tumors, to be associated with a distinct mecha-
nism of telomere elongation called alternative lengthening
of telomeres,>'* as well as with promoting tumor growth
and genetic instability."®

Standard of care treatment for HGG in children is not
as clearly established as it is in adults. Gross total resec-
tion is attempted when feasible and has been shown to
improve survival.’® Adjuvant radiotherapy typically fol-
lows surgical resection with exceptions made for infants
and younger children due to concern for neuro-develop-
mental toxicity.'”'® Unfortunately, DIPG and midline HGG
are not amenable to surgical resection, because of their
location in essential structures and the infiltrative nature
of the tumor. The role of chemotherapy during or after ra-
diation remains unclear. Temozolomide, which is used in
the treatment of adult GBM, has not shown a clear benefit
in pediatric HGG."%2° As of yet, no chemotherapeutic reg-
imen has added benefit beyond radiation in the treatment
of DIPG."02'-26 Efforts are being directed toward the use
of precision medicine in developing new and innovative
chemotherapeutic treatments. A number of clinical trials
based on specific molecular targets are ongoing for pedi-
atric HGG and DIPG.

Pediatric Low-Grade Glioma

Pediatric low-grade gliomas (LGGs) include WHO grade
| tumors (pilocytic astrocytoma, ganglioglioma, subep-
endymal giant cell astrocytoma [SEGA]) and WHO grade
Il tumors (pleomorphic xanthoastrocytoma [PXA], dif-
fuse astrocytoma) and are the most common subgroup of
CNS tumors found in children.”® These lesions are found
throughout the brain and spine, with the most common

lesion being cerebellar pilocytic astrocytoma, which is
often amenable to complete resection with resultant excel-
lent prognosis.

Gross total resection, when possible, is the recom-
mended first-line therapy for pediatric LGGs and has
been associated with an excellent long-term prognosis.?’
Unfortunately, many pediatric LGGs are located in elo-
quent areas of the brain (brainstem, diencephalon, optic
pathway), where only a biopsy or partial resection is fea-
sible. While partial resection alone can lead to long-term
tumor control in a small subgroup of patients,?® many
patients require adjuvant therapy at tumor progres-
sion. Radiation is an effective therapy for the majority of
pediatric LGGs but is associated with high rates of mor-
bidity, including cognitive deficits,?® endocrinopathies,
and secondary malignancies.®® Therefore, it is currently
recommended only when all other therapy options have
been exhausted, particularly in younger patients (<10 y
of age). Given that most children and young adults with
LGG have a long overall survival, treatment strategies are
now focused on minimization of both acute and chronic
morbidity.

Chemotherapy has been shown to be an effective mo-
dality for the treatment of pediatric LGG.The most well-es-
tablished regimen, first studied in the Children’s Oncology
Group protocol A9952, involves carboplatin and vincris-
tine, which has an overall tumor control rate (stable di-
sease plus objective radiographic response) of 85% in
patients with neurofibromatosis type 1 (NF1) and 67% in
non-NF1 patients.?" Unfortunately, this therapy is logisti-
cally difficult (weekly intravenous therapy) and immuno-
suppressive. Alkylating agents such as lomustine (CCNU)3?
have proven efficacy in this disease, but their use is limited
due to the rare but not negligible risk of alkylator-induced
secondary malignancies such as leukemia.®3

Several recent genomic studies on archived pedi-
atric LGG specimens have uncovered driving alterations,
with the majority located in the receptor tyrosine kinase
(RTK)/Ras/Raf/mitogen activated protein kinase (MAPK)
pathway.*3* As discussed below, these studies have
sparked a precision medicine revolution for the treatment
of these tumors, and it is possible that biologically driven
therapy will eventually supplant cytotoxic chemotherapy
and radiation therapy for this subgroup of tumors.

Clinically Integrated Molecular
Profiling in Pediatric Gliomas

Given the everincreasing number of therapies targeting
specific genetic alterations, it is no surprise that institu-
tions are working to incorporate next-generation sequenc-
ing (NGS) into the care of children with brain tumors.
Multiple academic centers have reported success in being
able to deliver sequencing results in a timely manner with
significant implications for both diagnosis and treatment
(SupplementaryTable 1).5-8

Researchers at UCSF used targeted genome sequenc-
ing of 510 genes on a select cohort of 31 pediatric patients
enriched for HGG and recurrent tumors.5Their sequencing
infrastructure was able to produce actionable sequencing
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data in 2-3 weeks and these data had implications for pa-
tient care in 81% of cases. Clinical implications included
amendment of initial pathologic diagnosis, identification
of germline variants necessitating ongoing monitoring for
patient and family, and identification of therapeutic targets.
Sixty-one percent specifically contained genetic alterations
that had potential for clinical interventions.®

Ramkissoon et al (Dana-Farber/Harvard) applied
OncoPanel, targeted exome sequencing of 309 genes,
and OncoCopy, array comparative genomic hybridiza-
tion, either alone or in combination to analyze a total of
203 pediatric brain tumors of various subtypes and histo-
logic grades. Of the 146 tumors that were assessed with
OncoPanel sequencing, 56% contained alterations that
could serve as potential therapeutic targets.® Additionally,
37 patients who received OncoPanel sequencing had
alterations that could be targeted by small-molecule inhib-
itors currently being investigated in clinical trials, and
8 (22%) of these patients were subsequently enrolled in
one of these trials as a consequence of having sequencing
results.®

At Seattle Children’s Hospital during a study period
ranging from November 2015 to November 2016, all CNS
tumors, newly diagnosed or recurrent and without con-
sideration of histologic grade or risk stratification, under-
went a universal sequencing protocol. Sequencing was
performed on the UW-OncoPlex platform, which detects
genetic alterations in 262 cancer-related genes. Eighty-five
patients had sufficient tissue for sequencing, of whom 68
(80%) had genetic alterations of some clinical relevance.®
Sequencing revealed disease-defining or -modifying muta-
tions in 57 (67%) patients, and potential therapeutic targets
in 44 (52%).8

The University of Michigan conducted a study that spe-
cifically sought to evaluate how frequently having access
to genetic information would actually result in a demon-
strable change in clinical care.” A group of 50 pediatric
patients with brain tumors designated as “high risk” were
enrolled. The study used both exome (either whole exome
or 1706 gene panel) and transcriptome sequencing with
a median turnaround time of 78 days for formalin-fixed
paraffin-embedded (FFPE) samples and 49 days for frozen
samples.” Sixty-three percent of sequenced tumors with
adequate tissue for analysis revealed alterations with
clinical implications and, of these tumors, 53% actually
resulted in a change in clinical care—either in the form
of treatment decision or amendment of diagnosis. These
numbers were even higher when limited to glial tumors,
with 85% containing alterations of clinical significance and
70% of these actually affecting therapy.”

Molecular Profiling in Pediatric
Gliomas: Current Platforms and
Consensus Recommendations

Molecular Tests and Platforms for Profiling
Pediatric Gliomas

Many different clinical laboratory methods are used to clas-
sify and molecularly profile pediatric gliomas, but there is

currently no gold standard. These methods each have their
own strengths and weaknesses, as well as different turn-
around times, tissue requirements, and costs.

Traditional immunohistochemistry (IHC) is commonly
used in the evaluation of pediatric brain tumors. IHC rap-
idly detects expression of specific proteins in tumors,
including those that indicate an underlying mutational
status, such as identification of H3F3A or HIST1H3B
K27M and mutations of B-Raf serine/threonine kinase
(BRAF) V600E.353¢ Similarly, fluorescence in situ hy-
bridization (FISH) may be used to detect single gene
fusion or copy events such as the BRAF:KIAA tandem
duplication and fusion event or focally amplified genes
such as PDGFRA.?738 Targeted DNA and RNA sequenc-
ing (RNA-seq) panels have been developed to simulta-
neously detect targetable alterations in a defined set
of key cancer genes (eg, <50).3%4° While these methods
with limited complexity continue to be very useful, the
studies described above which analyzed anywhere from
262 to 1706 genes simultaneously have now clearly es-
tablished the utility of using larger targeted sequenc-
ing platforms in the workup of pediatric gliomas which
have a diverse set of mutations, copy changes, and rear-
rangements commonly present.’° Due to their breadth,
targeted capture-based DNA panels have been shown to
identify clinically relevant actionable mutations in a ma-
jority of children with glioma, and are currently being
performed as either clinical or research tests at several
institutions. Sequencing-based testing can offer dis-
tinct and confirmatory advantages when added to IHC
for recurrent alterations of pediatric glioma, such as for
determining clonality of somatic variants and for the iso-
lation of potential rare cases with discrepancy between
sequencing and IHC results. Global reduction of H3K27
trimethylation is uniformly present in diffuse midline
glioma with H3K27M mutation and is confirmatory of the
unique biology of these tumors.*' However, the potential
role of H3K27me3 IHC in the workup of pediatric gliomas
remains unclear until the significance of K27me3 loss in
H3K27 wild-type glioma is further established.

Whole exome and whole genome sequencing have also
been used to detect key genetic drivers in tumors. Target
coverage is typically lower with these methods, but they
have the advantage of identifying alterations which are
not easily assessed on more targeted panels. Tumor mu-
tational burden is able to be reliably calculated by whole
exome or whole genome sequencing, which may have
implications for selection of targeted therapy versus im-
mune checkpoint inhibitors.*? Of note, recent work has
shown that tumor mutational burden may be reliably calcu-
lated using panels with coverage of as few as 300 genes.*
DNA sequencing of tumor tissue identifies mutations that
may be either somatic or germline; therefore, it is impor-
tant to confirm potential deleterious germline alterations
by testing a “normal” tissue sample (eg, peripheral blood,
saliva). RNA-seq is well suited for identification of gene
fusions, especially those that may be difficult to detect by
DNA sequencing.** Combined DNA and RNA profiling has
been used to comprehensively evaluate patients with high-
risk pediatric brain tumors.®

Numerous scientific studies have now shown the
ability of DNA methylation profiling to aid pediatric brain
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tumor diagnosis. This method of molecular profiling
exhibits exceptional utility in classifying diagnostically
challenging high-grade pediatric brain tumors and iden-
tifying tumor lineage.*® Additionally, methylation array
data can be used for copy number variation analysis to
isolate potentially actionable focal amplifications and
losses.*®> Methylation profiling has been limited to the
research setting in the United States, with few laborato-
ries offering this test, but such assays will likely become
more readily available as value in other cancer indica-
tions increase.

Recommendation for Approach to Molecular
Profiling

Recent experience has demonstrated the feasibility and
utility of including molecular profiling in the current bat-
tery of established molecular and pathologic tests for pe-
diatric gliomas.The pathologic diagnoses themselves have
also begun to reflect the impact of key recurrent alterations
on the prognosis, clinical course, and choice of therapy by
incorporating them into the naming conventions for pedi-
atric tumors in the 2016 revision of the WHO classification
of tumors of the central nervous system. Given the formal
incorporation of molecular findings into essential classifi-
cation and the diversity of genetic events required to be
detected, our consensus recommendation is for the ex-
panded use of tumor sequencing in clinical management
of patients (Table 1). For pediatric gliomas this appears to
be best accomplished with an NGS panel to identify rel-
evant genomic drivers. This consensus recommendation
reflects the combined experiences with molecular profiling
within our groups and aligns with our findings that tumor
genomic profiling has the potential to meaningfully impact
clinical care in the majority of patients. This recommenda-
tion is further driven by a growing list of pathways with
targeted therapies available to consider on- and off-trial for
the treatment of pediatric gliomas (Supplementary Table

Table 1

TumorType Molecular Subgroup

or Recurrent Alteration

Clinical criteria or molecular
confirmation of NF1.

LGG at diagnosis

Does not meet clinical criteria
for NF1 OR

2). The integration of expanded NGS into routine clinical
care for glioma patients may require some changes in clin-
ical practice such as ensuring tissue sampling is adequate
for both histopathologic and molecular analyses, as well
as utilizing tissue preservation protocols in pathology labo-
ratories. Increasingly, the rapid submission of appropriate
tumor tissue for NGS evaluation is also required given that
most testing requires 2-4 weeks for completion of results,
and treatment decisions and clinical trial enrollment often
require prompt decision making during or immediately
after this period. The potential benefits of incorporating
NGS into clinical “standard of care” for pediatric glioma
patients are significant as the data can be utilized to refine
tumor diagnoses, allow for patient-specific data-driven
discussions regarding prognosis, and support therapeutic
decision making such as selection of targeted therapies or
enrollment into genomically stratified clinical trials.

The majority of pediatric LGGs harbor a single driver al-
teration within a subset of recurrently altered genes (eg,
BRAF, FGFR1, NF1) and this alteration may be a point mu-
tation (missense, nonsense), gene fusion, or insertion/de-
letion. There are 2 general approaches to identifying these
genomic drivers in LGGs: (i) sequential or parallel single
gene testing or (ii) upfront tumor NGS (cancer-related
gene panel). The selection of one approach over another
may depend on accessibility to an NGS panel, quantity of
tissue, and/or turnaround times for each assay, but NGS
clearly offers logistical and clinical advantages. For these
tumors, we first recommend clarifying whether the pa-
tient meets clinical criteria for a diagnosis of NF1 using
National Institutes of Health criteria of at least 2 of the NF1-
associated clinical features. For patients with established
NF1 and radiographically diagnosed glioma at presenta-
tion, expanded molecular profiling may not be required
due to the likelihood of NF7 loss or mutation as the sole
genetic alteration. However, as co-occurring mutations can
be detected in these tumors, advancing with a DNA panel
for sequencing is advised if adequate tumor tissue is avail-
able, especially in cases with atypical clinical or pathologic

Summary of recommendation for approach to somatic molecular profiling of pediatric gliomas

Recommended Expanded MolecularTesting
No further testing unless atypical clinical or pathologic features.

Tumor NGS (DNA cancer-related gene panel, +RNA when available)

e Targeted testing for BRAF alterations, including BRAF:KIAA fusion (eg,
FISH for BRAF duplication)

* BRAFV600E (IHC and/or PCR)

e H3K27M mutation (IHC) in midline gliomas

e /DH1R132H mutation (IHC and/or PCR)

LGG at recurrence or
progression

Positive BRAF testing, first
relapse.

Positive BRAF testing, 2+
relapses.

Negative BRAF testing.

HGG or DIPG at
diagnosis or recurrence/
progression

No further testing
Tumor NGS (DNA cancer-related gene panel, +RNA when available)
Tumor NGS (DNA cancer-related gene panel, +RNA when available)

e H3K27M mutation (IHC) in midline gliomas
e Tumor NGS (DNA cancer-related gene panel, +RNA when available)
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features (Table 1).%6 For patients who do not meet clinical
criteria for NF1, we recommend advancing to expanded
NGS-based molecular profiling, particularly if tissue is
limited, as all relevant genomic drivers can be evaluated
using a single DNA extraction and assay. If, however, ac-
cess to expanded NGS testing is not possible, then at
minimum we recommend targeted testing for BRAF altera-
tions, including BRAF:KIAA fusion (ie, FISH for BRAF dupli-
cation) and BRAFV600E, as well as testing for IDH7 R132H
(IHC and/or PCR) and histone H3K27M mutations (IHC). In
the event that sequential single gene testing returns only
negative findings, then advancing to panel-based DNA
sequencing is recommended as alterations in FGFRT (mu-
tation, duplication) or other less common drivers (RAFT,
MYB, MYBL1, NTRK, or IDH1 mutations) may be present.*®
For pediatric patients with a recurrent or progressive LGG
with negative BRAF testing and/or those with positive
H3K27M testing, we recommend upfront pursuit of NGS-
based molecular profiling to look for tumor drivers. We also
recommend this testing for patients with multiply relapsed
NF1-related glioma. For recurrent glioma with new biopsy/
tissue, we recommend pursuit of repeat NGS-based pro-
filing to clarify clinically relevant molecular changes and
tumor evolution in response to prior therapies.

For pediatric patients with DIPG and non-brainstem HGG
(including rarer gliomas with high-grade features, such as
anaplastic PXA), we recommend IHC testing for H3K27M
to quickly clarify diagnosis, as well as tumor sequencing
as above. Sequencing may be best performed at a tertiary
pediatric brain tumor center with expertise in the field
and a sequencing panel from a lab certified by the Clinical
Laboratory Improvement Amendments (CLIA), or through
send-out sequencing to another CLIA-certified lab with
potentially less specific expertise in pediatric brain tumors
(ie, academic labs accepting outside cases or private
labs with CLIA certification). For centers with a clinical or
research platform that includes RNA-seq, we recommend
inclusion of RNA-seq to assist with the identification of
both established and novel tumor-driving fusions. While
RNA-seq is a powerful tool for fusion detection, there is a
substantial risk of generating both false negative and false
positive calls; consequently, analysis should only be per-
formed at centers with advanced fusion-calling pipelines
and computational experience. As an example, sensitivity
can be improved with pipelines that allow for fusion detec-
tion regardless of breakpoint within gene bodies, such as
the CODAC pipeline at the University of Michigan. False
positives can be reduced with exclusion of calls that have
a low “fusion-quality score” using established metrics (eg,
number of spanning reads, alignment quality, repetitive-
ness of the DNA).#7

We also recommend the inclusion of methylation pro-
filing for recurrent or high-grade gliomas when available.
Though still an emerging technology, methylation appears
to be a promising tool for classification of pediatric brain
tumors and may be considered for diagnostically diffi-
cult glial tumors and glioneuronal tumors (such as primi-
tive neuroectodermal tumors) as a single platform that is
versatile for classification of diverse tumor types. In the
future, global or targeted methylation panels may rep-
resent important tools in integrated diagnostic workup
of pediatric gliomas. Methylation-based subgrouping of

medulloblastoma is already seeing use in the clinical realm
and this use will presumably increase if CLIA certification
is awarded.

Based on our shared published experiences of molecular
profiling in pediatric glioma, some important recommen-
dations can be made. All centers generated sequencing
results primarily using an lllumina HiSeq platform (2000
or 2500), which is increasingly considered the standard
for clinical-grade DNA or RNA sequencing*® and should
be considered the current standard for pediatric glioma.
While Michigan found that frozen tissue was more often
adequate than FFPE (96% vs 72%),” sequencing from FFPE
was found to be feasible in the vast majority of cases
among the 4 groups. The gene panels varied in size, but
the number of patients with actionable results did not de-
crease with smaller gene panels down to 262 genes. We
performed a comparison of the 4 panels and overlapping
genes (Supplementary Table 3). Future panels will need
to be adaptive to more recently discovered clinically ac-
tionable pathways unique to pediatric glioma (eg, ACVR1,
HISTIH3B). As pediatric gliomas may carry potentially ac-
tionable focal copy number gains and losses, we further
recommend the inclusion of copy number analysis and re-
porting. This can be performed with NGS data with anal-
ysis of interval-placed intergenic probes or concurrent
array comparative genomic hybridization analysis.®

In order to capture recurrent and novel rearrangements
in actionable genes, we recommend either intronic cov-
erage using a smaller gene panel (Dana-Farber n = 35,
Seattle Children’s n = 17, UCSF n = 38) or splice-junction
coverage of the entire gene panel paired with tumor RNA-
seq (Michigan). Depth of sequencing coverage varied be-
tween our centers’ platforms (average coverage ranged
150x-500x). As reported by the UCSF group, for samples
with 25% tumor content, >200x coverage provided 99%
and 83% sensitivity and 98% and 71% specificity for clonal
single nucleotide variants (SNVs) and small indels, respec-
tively.®We therefore recommend at least 150x average cov-
erage over the entire gene panel.

As is practiced in our collective institutions, we recom-
mend the generation of a short sequencing results report,
including SNVs (with variant allele fraction), copy number
changes, and fusions deemed to be actionable. The report
should utilize variant-specific information (eg, ClinVar, pub-
lished literature, curated gene-specific resources) and es-
tablished guidelines for reporting, such as those published
by the Association for Molecular Pathology, the American
Society of Clinical Oncology, and the College of American
Pathologists.*®

Germline testing and genetic counseling are being in-
creasingly recognized for their importance in pediatric
cancers. In the setting of pediatric gliomas, these should
be offered to patients in whom a cancer susceptibility syn-
drome is suspected, including those with (i) family history
of an immediate relative with childhood cancer or exclusive
family histories of adult cancer at younger ages, (ii) parents
with consanguinity, (iii) history of previous cancer diag-
nosis, (iv) new clinical diagnosis of germline predisposition
syndrome (eg, NF1), (v) features of a predisposition syn-
drome or multiple unexplained congenital malformations,
or (vi) a pathogenic variant in a cancer susceptibility gene
detected by tumor sequencing (eg, somatic TP53 mutation).
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Schematic of key pathways in pediatric glioma, including the frequent efflux of drugs from CNS tissue by efflux proteins such as

P-glycoprotein and breast cancer resistance protein MET = MET receptor tyrosine kinase; BMPR = bone morphogenetic protein receptor;
ACVR1 = activin A receptor type 1; Ras = Ras family GTPase; Akt = protein kinase B; SMAD1/5/8 = mothers against decapentaplegic homolog 1/5/8;
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denendent kinase inhibitor 2A (orotein): SETD2 = SET domain containina 2: 1D1/2 = inhibitor of DNA bindina 1/2.

Targeted Therapies for Pediatric
Glioma: Strong Likelihood of Efficacy

As noted above, pediatric gliomas harbor many of the re-
current genetic alterations found in other human solid
tumors (eg, BRAF, FGFR1, PIK3CA) that may drive tumor-
igenesis. Although the clinical implications of many of
these variants have not been firmly established, guidelines
have recently been developed for the annotation of tumor
variants in a tier-based system.* With this framework in
place, there are a growing number of targeted therapies
that are being evaluated in the precision medicine setting
for gliomas, with the obvious additional issues of blood-
brain barrier (BBB) penetration and drug efflux affecting

the potential usefulness of drugs used in other cancers
(Fig. 1).To this end, we sought to clarify the pathways and
agents that have “strong likelihood of efficacy” and “po-
tential efficacy” in gliomas (SupplementaryTable 2).

Mutations of Tuberous Sclerosis Complex and
Inhibitors of Mechanistic Target of Rapamycin

While the majority of pediatric gliomas are sporadic, a
subset arise from germline mutations, such as those re-
lated to tuberous sclerosis complex (TSC). TSC results
from mutations in the genes TSC7 and TSC2. These muta-
tions are inherited in an autosomal dominant fashion and
result in a phenotypically variable syndrome that can af-
fect the skin, heart, lungs, kidneys, eyes, and CNS.5° About
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10% of patients withTSC develop slow-growing, low-grade
SEGAs.5' SEGAs most frequently arise adjacent to the fo-
ramen of Monro and, consequently, are known to cause
increased intracranial pressure due to hydrocephalus,
as well as seizures.’? The products of TSC7 and TSC2 are
hamartin and tuberin, respectively, which form a complex
that inhibits downstream mechanistic target of rapamycin
(mTOR). Thus, mutations in either of these genes will lead
to unchecked activation of mTOR.5% In perhaps the most
effective and well-established example of precision med-
icine therapy for pediatric brain tumors, the mTOR inhibi-
tors sirolimus and everolimus have been used to target the
tumor-driving activation of mTOR in the development and
progression of SEGAs.>*% In general, direct clinical com-
parisons of sirolimus and everolimus are lacking. However,
in one cross-sectional review comparing patients treated
with either sirolimus or everolimus, tumor responses
appeared to be quite similar.%®

BRAF V600E Mutation and BRAF and MEK
Inhibitors

Alterations in BRAF, such as the V600OE mutation, result in
dysregulated signaling of extracellular signal-regulated
kinase (ERK, also known as MAPK) and glial tumor prolif-
eration. The BRAF V600E mutation is frequently found in
multiple different pediatric LGGs, including PXAs (66-78%)
and gangliogliomas (49%).#%758 While some studies have
reported V60OE mutations in pilocytic astrocytoma,® such
tumors appear to have increased risk of progression and
most likely do not represent classic pilocytic astrocyto-
mas. The majority of studies have shown that V600OE and
BRAF fusions are mutually exclusive events. Lassaletta
et al studied 510 pediatric LGGs (99 with BRAFV600E mu-
tation) and found that patients with BRAF V600E mutant
tumors had lower 5-year and 10-year progression-free sur-
vival than those with LGGs of wild-type status (5-y PFS,
50.1% mutant vs 72.8% wild type; 10-y PFS, 27% mutant
vs 60.2% wild type), despite conventional treatment. When
compared with those with BRAF:KIAA fusions, patients
with BRAFV600E mutant LGGs showed significantly worse
overall survival.%® In a study analyzing the genetic events
leading to transformation of pediatric LGG to secondary
HGG, Mistry and colleagues found that 39% of secondary
HGG patients harbored the BRAF V600E mutation.®° Five
of 9 patients identified in the HERBY trial as having “PXA-
like” HGGs had BRAF V600E mutations, and 3 of the re-
maining 4 had an NF7 mutation. All BRAFV600E mutant
PXA-like tumors fell into the histologic epithelioid variant
of GBM on pathologic re-review.%!

BRAF inhibitors prevent the phosphorylation of mitogen-
activated protein kinase kinase (MEK; activates MAPK/
ERK) and ERK in V600E-mutated cells, preventing signaling
required for cellular proliferation. The aforementioned case
series analyzed by Lassaletta et al utilized these agents and
demonstrated impressive clinical responses, including sig-
nificant cytoreduction and prolonged survival, in patients
with V600E-mutated pediatric glioma®8; a case report also
described a sustained complete response to vemurafenib.t?
Initial findings from a phase | clinical trial of dabrafenib in

V600E-mutated pediatric LGG also seem promising, with a
41% overall response rate.®® Importantly, most BRAF inhibi-
tors have poor in vitro activity against cells with non-V600E
mutations or wild-type BRAF, and use of BRAF inhibitors
in the setting of wild-type BRAF may lead to paradoxical
activation of the Raf-MEK-ERK pathway via Ras activation,
thus enhancing tumor growth.%* It is therefore of particular
importance to determine the status of BRAF with respect to
VB00E and fusions prior to initiation of therapy to prevent
administration to fusion and wild-type patients where use
of these inhibitors may be detrimental.

Multiple trials are currently accruing pediatric HGG
patients with known V600E mutation to evaluate single
agent BRAF inhibitor therapy (NCT01677741, NCT01748149,
NCT03220035). Of BRAF inhibitors with FDA approval for
any indication, dabrafenib displays reasonable CNS pen-
etration, followed closely by vemurafenib; however, both
are substrates of efflux transporters, which may limit their
effectiveness in brain tumors.® Resistance to BRAF inhibi-
tors has been reported to emerge in other cancers due
to intrinsic ERK activation via mutation, or by alternative
activating BRAF mutations. As such, the addition of a MEK
inhibitor (which prevents ERK activation) to a BRAF V600E
inhibitor was recently shown to be efficacious in a case se-
ries of 3 pediatric patients with HGG.% A clinical trial is cur-
rently accruing to further evaluate BRAF/MEK inhibition as
a combination regimen in pediatric HGG (NCT02684058).
MEK inhibition has additionally been identified as a tar
geted therapy for non-V600E BRAF mutations; the MEK in-
hibitor trametinib has been shown to reduce proliferation
of BRAF-mutated cell lines with deficient kinase activity.5¢

BRAF:KIAA Fusion, NF1 Loss, and MEK
Inhibitors

Jones et al first described a tandem duplication at 7q34
which produced an in-frame fusion between KIAA1549
and BRAF. This fusion results in constitutively active ki-
nase activity without the BRAF autoregulatory domain,
with subsequent activation of the Ras-MAPK pathway and
anchorage-independent growth in NIH3T3 cells.’” The gain
at7q34 is fairly specific for pilocytic astrocytoma; the fusion
is found in 59-90% of pilocytic astrocytomas and is used
as a diagnostic marker.6%68 Children with NF1, germline
loss of neurofibromin 1 (NFT), are predisposed to develop
gliomas such as optic pathway low-grade astrocytomas.'s
Pathologically, the majority of both NF1-associated and
-sporadic optic nerve gliomas are WHO grade | pilocytic
astrocytomas. Because of location and ability to diagnose
based on radiographic appearance, these tumors are rarely
biopsied, thus limiting knowledge of their molecular char-
acteristics.®® NF1 is a classic tumor suppressor, and loss of
both copies of NF1 promotes Ras signaling and tumor cell
proliferation. Rodriguez et al analyzed 59 patients (both pe-
diatric and adult) with optic pathway gliomas (7 with NF1)
and demonstrated that all analyzed tumors were either
NF1 associated or had BRAF duplication.5®

Monotherapy with a MEK inhibitor has now been es-
tablished as an effective therapy for NF1-deficient or
BRAF:KIAA-driven recurrent or refractory pediatric LGG.



Miklja et al. Precision medicine approach for pediatric gliomas

A phase Il Pediatric Brain Tumor Consortium study exam-
ining the use of selumetinib in recurrent pediatric LGG
showed impressive efficacy, with 40% of 25 NF1 patients
achieving partial response and only 1 patient progress-
ing while on treatment.”® While use of selumetinib has
not achieved FDA approval and is thus difficult to obtain
off-trial, future trials will likely explore its use for newly
diagnosed pediatric LGG. Trametinib and selumetinib both
display good CNS penetration. Targeting NF7 loss in HGG
with MEK inhibitors shows promise, but will likely require
a multipronged approach due to other concurrent altera-
tions. A case report of NF1-associated GBM showed di-
sease regression that was maintained for at least 4 months
posttreatment initiation with trametinib.”’

Germline Mismatch Repair Deficiency and
Checkpoint Inhibitors

Through whole genome sequencing of recurrent GBM,
Bouffett et al demonstrated higher rates of mutational
burden, including germline mutations associated with
cancer predisposition, in pediatric patients compared
with adults.*? Cancer predisposition syndromes associ-
ated with these tumors include biallelic mismatch repair
deficiency (bMMRD) syndrome and Lynch syndrome,
caused by germline mutations in mismatch repair genes.
Because of their particularly high mutational burden, pe-
diatric HGG in the setting of bMMRD may be responsive
to immune checkpoint inhibition, which would allow resto-
ration of antitumor immunity. Restoration of antitumor im-
munity, allowing for self-destruction of malignant cells by
a patient’'s own T cells, has shown encouraging results in
melanoma, colon, and lung cancers where high mutational
burden was demonstrated.

Nivolumab, an anti-programmed cell death 1 directed
checkpoint inhibitor, was used as a novel treatment for 2
related pediatric patients with recurrent GBM in the set-
ting of bMMRD. Repeat imaging of the patients demon-
strated encouraging results, with both patients returning
to school within 9 months of treatment.*> Ongoing studies
will hopefully validate this case series. Though targeting
germline mismatch repair deficiency via checkpoint inhibi-
tion is a promising area of research in other malignancies,
early studies in adult and pediatric HGG have shown some
concerns for immune-related toxicity in large, unresected
tumors.’?73

Other Targeted Therapies: Potential
Efficacy and Future Directions

Histone Mutations and Histone Deacetylase
Inhibitors

A genetic alteration of particular interest is a group of his-
tone mutations with greater prevalence in pediatric HGG
than in any other human cancer. In a hallmark study that
sequenced the exomes of 48 pediatric HGG, mutations
in H3F3A, the gene that encodes the histone H3.3 var-
iant, were identified in 31% of specimens.? Histone H3.3

is associated with heterochromatin silencing and is incor-
porated into nucleosomes in a manner that is replication
independent.”* The histone mutations identified in this
study lead to amino acid substitutions within the histone
tail at positions K27, leading to K27M, and G34, leading
to G34R/V.2The K27M mutation is also seen in HIST1H3B,
the gene encoding the histone H3.1 variant, which is only
incorporated during DNA synthesis, in contrast to H3.3.7*
These single point mutations confer distinct tumor bi-
ology in terms of co-occurring mutations, tumor location,
age group, and prognosis. Of these mutations, H3F3A
G34R/V is associated with the best prognosis, followed by
HIST1H3B K27M, and H3F3A K27M is associated with the
worst overall survival. Collectively, any one of these his-
tone mutations confers a poorer prognosis than histone
wild-type status.’

The K27M mutation is believed to contribute to onco-
genesis by interfering with normal posttranslational modi-
fications of the histone H3 protein.”® Histone deacetylase
(HDAC) is responsible for the removal of acetyl groups
from histone tails, one example of posttranslational mod-
ification. HDAC inhibitors induce epigenetic changes, pri-
marily increases in H3 acetylation, which reduce cellular
proliferation and viability.”® A study by Grasso et al showed
that treatment with the HDAC inhibitor panobinostat
restored H3 acetylation of K27M-mutant DIPG cell lines,
as well as being efficacious in mouse DIPG xenografts.”’
However, a more recent study demonstrated that the ac-
tivity of HDAC inhibitors is similar among wild-type and
K27M-mutated DIPG cell lines and the inhibitors had little
to no efficacy in in vivo studies.”®

Clinical trials in pediatric HGG have not selected spe-
cifically for histone mutations, though a phase | trial of
panobinostat is evaluating K27M mutations as a sec-
ondary outcome (NCT02717455). Results of clinical trials
utilizing HDAC inhibitors in pediatric HGG have had sub-
optimal outcomes, potentially due to the poor BBB perme-
ability of these agents and/or secondary to efflux transport.
However, identification of populations that may specifi-
cally benefit from HDAC inhibitor therapy or concurrent
therapies to improve BBB penetration may improve out-
comes.® In addition to HDAC inhibitors, a novel therapy,
ONC201, is currently in clinical trials for K27M-mutated pe-
diatric glioma (NCT03416530). ONC201 is an imipridone,
a novel therapeutic class that antagonizes dopamine re-
ceptor D2. ONC201 has demonstrated tumor penetration,
and initial studies are reporting promising response rates
in both adult and pediatric GBM patients with the K27M
mutation.”®

PDGFR/FGFR Alterations and Tyrosine Kinase
Inhibitors

Recent studies suggest that a large subset (20-30%) of
pediatric patients with HGG have mutation and/or ampli-
fication of platelet-derived growth factor receptor alpha
(PDGFRA), an RTK.® PDGFRA mutations are found in older
pediatric patients and are associated with worse prognosis
in pediatric HGG as determined by multivariate analysis.”®
A recent meta-analysis of over 1000 pediatric high-grade
brain tumors showed that PDGFRA alterations tend to

975
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co-segregate with H3F3A K27M specifically in tumors
located in the pons. PDGFRA amplification is also seen
in histone wild-type tumors in conjunction with MET am-
plification and is associated with an intermediate overall
survival compared with other histone wild-type HGG."To a
lesser extent, alterations in fibroblast growth factor (FGF)
and its corresponding receptor, FGFR, are also found in
pediatric HGG and may be isolated more frequently with
platforms that include RNA sequencing to help isolate
fusions.”

Mutations and amplifications of RTKs, such as PDGFRA
and PDGFRB, or their ligands, PDGFA and PDGFB, result in
activation of both the phosphatidylinositol-3 kinase (PI3K)
and Ras/Raf pathways. Multiple tyrosine kinase inhibitors
(TKls), such as dasatinib, pazopanib, ponatinib, and suni-
tinib, inhibit wild-type PDGFRA at nanomolar concentra-
tions and may be therapeutic options for pediatric patients
with PDGFRA mutations. TKls may also be considered for
mutations, fusions, or amplifications of other RTKs such
as FGFR. Pazopanib and ponatinib, as well as other in-
vestigational agents such as erdafitinib, inhibit wild-type
FGFR3 in nanomolar concentrations. The first case report
of ponatinib use in a primary pediatric CNS malignancy,
resulting in a partial response that was maintained over
several months, was recently published. Among the TKls
with current FDA approval, dasatinib and ponatinib ap-
pear to have the highest likelihood of achieving good CNS
penetration.5®

PIK3CA Mutations and PI3SK/mTOR Inhibitors

In addition to growth factor receptor alterations, the PI3K/
mTOR pathway may also be activated through other so-
matic variations such as deletion of phosphatase and
tensin homolog (PTEN) or mutation of PIK3CA (phospha-
tidylinositol-4,5-bisphosphate 3-kinase catalytic subunit
alpha). Activation of this pathway represents an oppor-
tunity for additional targeted therapy selection. A study
utilizing PedcBioPortal demonstrated PTEN alterations
in pediatric HGG and DIPG at a rate of 4.9% overall, 1.9%
specifically in the brainstem. Homozygous loss of PTEN
was seen in 0.8% of tumors with copy number informa-
tion available.®? Mutations in the genes encoding subunits
of PI3K tend to co-segregate with the HISTTH3B K27M
mutation.”

Within the PI3K pathway, mTOR inhibitors function
downstream of PI3K by forming a complex with FK506
binding protein 12, which binds to mTOR complex 1 and
inhibits pathway signaling. Targeted PI3K inhibitors have
also been developed for more upstream inhibition. To
date, evaluations of mTOR inhibitors in pediatric HGG
have not selected for activating mutations of the PI3K
pathway and, similar to HDAC inhibitors, have had sub-
optimal efficacy despite the adequate BBB penetration of
these agents.®” However, utilization of mTOR inhibitors
has demonstrated clinical efficacy in other cancers harbor-
ing PIK3CA mutations. Dual PI3K and mTOR inhibitors are
also being investigated. Targeted utilization of everolimus
(mTOR inhibitor) or LY3023414 (dual PI3K and mTOR in-
hibitor) is currently being investigated in pediatric patients
with PI3K-activating mutations (NCT03213678). Another

novel dual target therapy, CUDC-907 (HDAC and PI3K in-
hibitor), has demonstrated preclinical efficacy as a radio-
sensitizer in pediatric HGG and DIPG, and is currently
being evaluated for pediatric patients in a phase | clinical
trial (NCT02909777).

CDK4/6 Amplification, CDKN2A Loss, and
Cyclin-Dependent Kinase Inhibitors

Genetic alterations in genes encoding cyclin-dependent
kinase (CDK) are frequently identified in pediatric HGG.
Both alterations in CDK4/6 and loss of CDK inhibitor 2A
(CDKNZ2A) can contribute to dysregulated cellular prolifer-
ation.82 CDKNZ2A is inhibitory of CDK signaling, and homo-
zygous loss is exclusively found in non-brainstem pediatric
HGG.3 Mistry and colleagues found that 57% of pediatric
secondary HGG harbored deletions of CDKN2A.8°

Loss of CDKN2A or amplification of CDK4/6 repre-
sents an opportunity for targeted treatment with the
development of CDK4/6 inhibitors. CDK4/6 inhibitors
prevent progression from the G1 phase to the S phase
of the cell cycle by inhibiting the phosphorylation of
retinoblastoma protein (Rb1), thereby preventing rep-
lication.8 Efficacy of CDK4/6 inhibitors therefore is de-
pendent on intact Rb1, and Rb1 loss is a demonstrated
mechanism of CDK4/6 inhibitor resistance. This class of
agents has been shown to have activity against in vitro
and in vivo murine models of GBM.® Palbociclib dem-
onstrated efficacy in an INK4a/ARF-deficient (CDKN2A
loss) murine model of brainstem glioma.®? No reports of
CDK4/6 inhibitors in pediatric HGG have been published;
however, 2 phase | clinical trials are currently accruing to
evaluate the safety and efficacy of these agents in pedi-
atric HGG, though neither of these studies requires that
the discussed genetic alterations be present for eligibility
(NCT02255461, NCT02644460). Ribociclib has the most
promising characteristics for BBB penetration, as it is the
only CDK4/6 inhibitor that is not a significant substrate
for both efflux transporters, P-glycoprotein and breast
cancer resistance protein.Through intrinsic CNS penetra-
tion and preclinical data alone, abemaciclib and riboci-
clib have the most promising characteristics, followed by
palbociclib.

Loss of CDKN2A with a BRAFV600E mutation has been
identified as a distinct subset of pediatric CNS malignancy.’
The combination of a BRAF inhibitor with a CDK4/6 inhibi-
tor improved survival in a human xenograft model of HGG
with BRAFV600E mutation and CDKN2A homozygous loss
compared with single agent therapy.® To date, this combi-
nation has not been evaluated in clinical trials in pediatric
glioma but may represent a promising therapeutic strategy
for patients harboring both mutations.

MET Amplification and MET Inhibitors

Methionine (MET) signaling aberrations are found in many
human malignancies, including adult GBM, sarcomas,
carcinomas, and cancers of the hematopoietic system.
Approximately 3-7% of pediatric GBMs display MET gene
amplification.388 A recent study found MET fusions in 10%
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of 53 pediatric GBMs through tumor sequencing.8’” MET
phosphorylation has the potential to lead to activation of
a number of downstream targets that have likewise been
implicated in tumorigenesis, including PI3K and Ras/Raf/
MEK/ERK.

A targeted strategy to prevent the activation of these
downstream targets is the administration of MET inhibi-
tors. MET inhibitors have been shown to reduce Akt and
ERK phosphorylation in preclinical HGG models.®” A phase
| study of the MET inhibitor tivantinib has been completed
in pediatric patients, and, similar to other agents discussed,
responses were suboptimal; however, this outcome may
be explained by the lack of selection for MET amplification
during patient enrollment.® Of the commercially available
MET inhibitors, cabozantinib appears to have the highest
BBB penetration.®> Clinical trials are currently accruing
to evaluate the impact of targeted MET inhibitor therapy
in adult patients, but more studies are needed to deter-
mine the clinical impact in pediatric HGG (NCT02978261,
NCT02465060).

ROS1, FGFR, and MET Gene Fusions

In considering personalized and targeted therapy for brain
cancer, gene fusions may represent a particularly prom-
ising area for targeted therapy. As seen in other solid
tumors and human cancers, in-frame fusions involving
established tumor drivers, such as FGFR intragenic trans-
locations resulting in a fusion protein that causes FGFR
dimerization and constitutive activation, are frequently
pivotal clonal events that are essential to tumor survival
and growth.®® Some of the largest successes in preci-
sion medicine involve the targeting of recurrent fusions.
As regards adult and pediatric gliomas, targeting fusions
are increasingly being studied in vitro and in vivo. Case
reports have been published demonstrating the efficacy
of targeting of ROS1, FGFR, and MET gene fusions in pe-
diatric HGG.8’% Bender et al found gene fusions of the
MET oncogene in 5 of 53 pediatric GBMs and treated one
patient with a PTPRZ1 (protein tyrosine phosphatase, re-
ceptor type Z1)-MET fusion-driven GBM with the targeted
inhibitor crizotinib, resulting in tumor regression over the
next 2 months.®” Multiple TKIs with FDA approval for other
indications, such as cabozantinib, as well as many inves-
tigational agents, such as brigatinib (ROST7), entrectinib
(ROS1/TRK), and larotrectinib (TRK), have demonstrated
promise as potential CNS therapies. A prospective study
of entrectinib in pediatric solid tumors, including CNS
tumors, with ALK, ROS, or TRK fusions is currently accru-
ing (NCT02650401).

Future Directions

Although many of the agents discussed herein have dem-
onstrated in vitro efficacy against pediatric HGG, clin-
ical utility may be significantly limited by their ability to
reach the intended site of action. Evaluating drug char-
acteristics can help to predict whether the drug will be
able to penetrate the BBB.%® Low molecular weight, high

lipophilicity, and low protein binding increase the likeli-
hood that an agent will achieve sufficient CNS concentra-
tions. Agents that are not substrates of efflux transporters
(P-glycoprotein and breast cancer resistance protein) are
most likely to be maintained in the CSFE These criteria can
be applied to determine which agent in a class may be the
most beneficial for CNS disease. In addition to poor BBB
penetration, unfavorable outcomes from clinical studies
may be due to nontargeted patient recruitment to assess
efficacy of the agent against the mutation of interest. The
National Cancer Institute-Children’s Oncology Group
Pediatric MATCH trial (NCT03155620), an umbrella trial for
children with treatment-refractory tumors that is currently
matching patients with actionable mutations to 9 investi-
gational targeted therapies, with plans to include addi-
tional agents in the future, may help to clarify the utility of
these targeted therapies for specific mutation types. CNS
tumors (and relevant alterations) are eligible for pediatric
MATCH, and effective CNS penetration was taken into con-
sideration when deciding which agents had indications for
CNS tumors. Future trials should therefore consider both
targeted patient selection and BBB penetration of the in-
vestigational agent to determine the clinical utility in pe-
diatric glioma. As more institutions incorporate molecular
results into the selection of targeted therapies for children
with gliomas, we also strongly support institutional and
consortium-based clinical programs to prospectively track
targeted treatment outcome data with paired tissue and
NGS results.

In addition to concerted efforts to devise new treat-
ment strategies, work is being done to develop inno-
vative ways to monitor response to treatment. One
promising avenue in this regard is cell-free DNA of
tumor origin in the CSE Previous studies have demon-
strated that such DNA can be detected in CSF samples
from brain tumor patients,® and a recent study dem-
onstrated that droplet digital PCR could detect cell-free
H3K27M DNA in spinal fluid from patients with midline
glioma and detect changes in the amount of this DNA in
response to therapy in an in vitro model.®2This could po-
tentially represent a specific and noninvasive method to
supplement serial imaging.

In summary, the role of precision diagnostics and thera-
pies in neuro-oncology is rapidly evolving with important
implications for the standard of care for management
of pediatric gliomas. The clinically integrated molecular
profiling and targeting of pediatric brain tumors in re-
cent studies has demonstrated the feasibility and utility
of incorporating sequencing into the care of children
with brain tumors, particularly children and young adults
with glioma. Based on the studies discussed herein and
others, there is sufficient justification for our consensus
recommendations for the integration of precision diag-
nostics and therapeutics into the management of pediatric
gliomas.

Supplementary Material

Supplementary data are available at Neuro-Oncology
online.
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