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Abstract
Pediatric high-grade gliomas (pHGGs) are a group of tumors affecting approximately 0.85 children per 100,000 annually. The
general outcome for these tumors is poor with 5-year survival rates of less than 20%. It is now recognized that these tumors
represent a heterogeneous group of tumors rather than one entity. Large-scale genomic analyses have led to a greater under-
standing of the molecular drivers of different subtypes of these tumors and have also aided in the development of subtype-specific
therapies. For example, for pHGGwith NTRK fusions, promising new targeted therapies are actively being explored. Herein, we
review the clinico-pathologic and molecular classification of these tumors, historical treatments, current management strategies,
and therapies currently under investigation.
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1 Introduction

Pediatric high-grade gliomas (pHGG) are a heterogeneous
group of tumors classified by the World Health Organization
(WHO) as Grade III and Grade IV [1]. The revised WHO
classification from 2016 is now incorporating molecular fea-
tures into the classification scheme differentiating between
IDH mutant and non-mutant HGG, diffuse midline glioma
H3K27M mutant and anaplastic oligodendroglioma, and
IDH mutant and 1p/19q-codeleted [1]. Overall, the survival
for patients with pHGG remains poor with 5-year survival
rates being fairly stagnant over the last decades at about
20% [2]. However, an increased understanding of the

molecular landscape of pHGG has led to the development of
new targeted agents that are being investigated with early
promising results for some subtypes. Improved understanding
of the underlying biology and better molecular stratification
for trial enrollment will be critical to improve outcomes for
pHGG.

2 Prevalence and survival trends

Gliomas are the most common central nervous system (CNS)
tumors in children. The majority of these are low-grade tumors
with generally excellent survival rates with a reported 20-year
overall survival (OS) of 87%± 0.8% in a study of 4040 patients
[3]. However, around 30% of these tumors are classified as high-
grade tumors and associated with inferior outcomes and few
long-term survivors [4]. The most recently published Central
Brain Tumor Registry of the United States (CBTRUS) statistical
report details the incidence of malignant CNS tumors in children
0–14 years old to be 3.83 per 100,000 people. In this same age
group, at least 16.7% of these tumors are malignant gliomas
(glioma malignant, NOS, and glioblastoma) [5]. These tumors’
age-adjusted mortality rate was reported to be 0.72 per 100,000
[5]. The OS for pHGG (age 0–14) by subtype is 65.4%, 25.2%,
and 20.4% at 1, 5, and 10 years for anaplastic astrocytoma (AA)
and 58.1%, 21.8%, and 18.1% for glioblastoma (GBM); howev-
er, these assessments do not take into account any molecular
characterization [5].
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The consistent set of clinical characteristics and outcomes
as well as frequency with which CBTRUS generates statistical
reports allows for opportunities to compare these data across
time and different populations. Generally, there seems to be an
increased incidence of pHGGs between the two-time intervals
across age groups (2007–2011 and 2012–2016) (Fig. 1). In a
report of NCI’s Surveillance, Epidemiology, and End Results
(SEER) Program data spanning from 1998 to 2013, pHGG
(age 0–19) displayed a rise in the incidence of 1.55 annual
percent change, though this increase did not reach statistical
significance. Glioblastoma, however, did significantly in-
crease with a 3.01 annual percent change (95% confidence
interval: 0.97, 5.01) [7]. While this may represent a true in-
creased incidence in these diagnoses, changes in diagnostic
ability, tumor classification criteria, and reporting frequency
may also account for these observations. However, epidemio-
logic studies in adult HGG suggest that there might be a true
increase in the incidence of these high-grade tumors. For ex-
ample, one study examining 81,135 brain tumor subjects in
England (1995–2015) showed a specific increase in GBM in
the frontal and temporal lobes suggesting that the incidence
cannot fully be accounted for by improved diagnostic tools
[8]. Thus far, no studies were able to demonstrate a clear
environmental risk factor associated with gliomas other than
ionizing radiation. Multiple studies have examined the rela-
tionship between cellular phone use and glioma, but no causal
relationship has been established [9, 10]. Further studies are
needed to better define and ascertain if there is true increase in
the incidence of pHGGs.

Generally, there is no evidence that the incidence of pHGG
differs by ethnicity or race. For example, both the Korean
Central Cancer Registry (KCCR) and Brain Tumor Registry
of Canada (BTRC) published inaugural incidence reports that
mirrored CBTRUS-employed methodologies to allow for

these comparisons. Table 1 outlines the rates of pHGG diag-
noses, which did not widely differ among the countries and
reports included.

In very young children, the diagnosis of pHGG is rare,
making for small cohorts reporting different incidence rates,
ranging from 5.5% (CBTRUS, USA, population 0–14 years
of age, percentage < 1-year old) to 17.8% (Germany, popula-
tion 0–19 years of age, percentage < 2 years old) of all brain
tumors in the corresponding age subgroups [15]. These pa-
tients present most often with tumors located in the cerebral
hemispheres. In the pediatric-focused review of 2007–2011
CBTRUS data, a pHGG diagnosis in infants (< 1-year-old)
was the only age group for which supratentorial tumors were
more common than brainstem tumors (39.1% and 33.3%, re-
spectively) [16]. In older children, midline HGGs are more
prevalent than hemispheric gliomas and also confer poor sur-
vival prognoses. Midline HGGs will not be discussed in this
review.

3 Clinical presentation

Patients who receive a diagnosis of pHGG present with a
variety of symptoms that are mainly determined by tumor
location and age of presentation [17].While patients with
hemispheric tumors experience higher rates of focal neurolog-
ical signs and seizures, patients with posterior fossa tumors
experience higher rates of cranial nerve palsies and symptoms
related to increased intracranial pressure (ICP). While tumor
location in cerebral hemispheres confers a higher risk of sei-
zures, seizures are generally more prevalent in pediatric low-
grade gliomas [18]. Infants often exhibit non-specific and de-
layed increased ICP-related symptoms due to increased skull
elasticity and correspondingly can demonstrate increased head
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Fig. 1 CBTRUS incidence rates
of pediatric anaplastic
astrocytoma and glioblastoma
multiforme from 2007 to 2011
and 2012 to 2016 reports. Data
adapted from [5, 6]
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circumference and unspecific clinical signs of poor feeding,
irritability as well as failure to thrive [19]. The duration of
symptoms prior to diagnosis tends to be shorter for high-
grade lesions than for lower-grade lesions [20, 21]. The aver-
age reported length of latency between symptom onset and
diagnosis varies between case series, though this is influenced
by the pathologic diagnoses included in the series. One series
of 245 pediatric patients with brain tumors, including patients
with both low-grade and high-grade tumors (33 patients with
pHGG), found a median interval of 24 days from symptom
onset to diagnosis (mean 59.3 days and range 0–795 days),
and this length was significantly shorter with increasing tumor
grade [20]. Another series of 104 pediatric brain tumors re-
ported a median duration of symptoms of 7.3 months (95%
CI, 4.99–9.67 months) though most patients had either astro-
cytoma with no defined grade or medulloblastoma [21].

4 Imaging findings

On diagnostic MRI, pHGG characteristically have ill-defined
margins due to their invasive nature. These tumors are often
contrast-enhancing on T1-weighted sequences, and accompany-
ing edema shows as hyperintense signal on T2 FLAIR sequences
[22]. While multiple MRI sequences and features can aid in dif-
ferentiating pHGG from other intracranial tumors, there is pres-
ently no single characteristic imaging feature that can be used for
differentiation. Additionally, at the current stage it is impossible to
differentiate between different pHGG histopathologies based on
imaging alone, and heterogeneity exists within these groups.

WhileMRI sequences at diagnosis may not be able to provide
insight regarding the tumor’s prognosis, advanced MRI se-
quences and PET imaging may hold promise for these purposes.
PerfusionMRI sequences are of particular interest for pHGGdue
to their ability to quantify vascular features in these tumors such
as microvascular proliferative changes. There is promise for per-
fusion sequences to aid in differentiating between HGG and

LGG by using perfusion measure thresholds and ratios [23]. In
cases when pHGGs are not amenable to safe surgical sampling
for pathologic analysis, advances in the field of radiogenomics
may be of particular value to assess specific genomic markers.
The field of radiogenomics aims to relate features on imaging,
such as tumor-related signal intensity and location, with genomic
markers in order to more quickly and less invasively determine
specific subtypes. There are, however, relatively few of these
analyses in pHGG, while promising analyses have been per-
formed in adult GBM [24]. One of the few pHGG radiogenomic
analyses classified H3K27M mutation status in pediatric brain
stem glioma patients based on a number of clinical and imaging
characteristics to achieve an accuracy of 84% [25]. Additionally,
with the availability of blood-brain barrier permeable positron
emission tomography (PET) ligands, PET is a separate modality
that may have the potential to prognosticate these tumors.
Leveraging the differential metabolic and protein synthetic pro-
files of these tumors, 18F-fluorodeoxyglucose (FDG), and amino
acid PET tracers have demonstrated promising ability to differ-
entiate different glioma grades but are early in the development
for pHGGs [26, 27].

A key challenge in the caring for children with pHGG is
assessment of these tumors with time and especially in re-
sponse to therapy. Using standard MRI sequences, it can be
challenging to differentiate between true tumor progression
and treatment related changes. In a small cohort of 10 adult
patients with GBM, it was noted that in observing contrast
changes for 75 min post injection, patients who had delayed
rapid contrast clearance were those with active tumors while
those with delayed clearance did not have active tumors
[28]. This led to larger studies and subsequently more wide-
spread use of delayed-contrast MRI for calculating high
resolution treatment response assessment maps (TRAMs).
TRAMS are used in adult GBMs to better differentiate ac-
tive disease from treatment changes [29]. Pediatric investi-
gations using TRAMS have not yet been reported but are
being actively pursued.

Table 1 Incidence rates for
pediatric HGG Age-standardized rate

Country Year range Anaplastic astrocytoma Glioblastoma Glioma (malignant), ROS

Canada [11] 2010–2015 0.06 (0.00–0.13) 0.19 (0.05–0.33) 0.68 (0.42–0.94)

United States of
America [5]

2012–2016 0.10 (0.09–0.11) 0.17 (0.15–0.18) 0.80 (0.77–0.84)

Korea [12] 2005–2014 0.07 (0.05–0.08)a 0.13 (0.11–0.15)a 0.27 (0.24–0.30)a

Great Britain [13] 2001–2010 0.09b 0.14b –

England [14] 1995–2003 0.05b 0.12b –

Data was summarized from five studies (see references in table). Incidence rates are reported per 100,000 people,
age-standardized, and with reference to country standard population unless otherwise indicated. a Rates per
100,000 persons in the USA year 2000 population. b Rates per 100,000 persons in world standard population.
Anaplastic pleomorphic xanthoastrocytoma data not reported
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5 Overview and general approach
to treatment

The current therapeutic approach to pHGGs consists of max-
imal safe surgical resection followed by focal radiation thera-
py in children greater than 3 years of age. A standard chemo-
therapy regimen has not yet been established, and most neuro-
oncologists aim to enroll children with pHGG into clinical
trials. The standard of care for infant pHGGs is rapidly chang-
ing and no widely followed regimen has been developed.
Current approaches range from maximal safe surgical resec-
tion followed by high-dose chemotherapy protocols, standard
chemotherapy regimens, or observation alone given case re-
ports that highlight good outcomes without additional thera-
pies [30]. The approach to infant HGG is discussed in greater
detail below.

5.1 Surgery

The first method of treatment is surgical resection of the tumor
whenever feasible. Maximal safe resection is often desired but
sometimes not feasible given the extent of the tumor and lo-
cation. A number of studies report correlations between im-
proved extent of resection (EOR) and clinical outcomes such
as progression free survival (PFS) and OS [31–34]. There
exists contradictory evidence, however, for the association
between EOR and improved survival outlook for infant
pHGG [15]. In a study of 198 infants with brain tumors treated
on a chemotherapeutic protocol, a multivariate analysis of
PFS revealed that complete resection was the only significant
favorable factor (p < 0.001; relative risk, 0.33; 95% confi-
dence interval (95% CI), 0.20 to 0.54)). This analysis did
not however separate out different histologies, and only 17
of the included patients had HGGs [35]. In another study of
21 children under age 5 years with pHGG, 5 out of the 7
children who had complete surgical resection were alive at
the time of the publication, while only 7 out of the 14 with
incomplete resection survived; however, this difference was
not statically significant and may be attributable to the small
sample size [36].

5.2 Radiation

For children older than 3, focal radiation to 54 Gy after tumor
resection is considered the standard of care by many. While
pHGG are thought to be generally radiosensitive, this therapy
is often avoided or delayed in children under 3 years of age,
following studies reporting deleterious late effects on cogni-
tive function, neuroendocrine function, secondary neoplasm,
and vascular changes leading to increased stroke risk [35,
37–41]. Radiation induced tumors often arise within the prior
radiation field and are genomically distinct from the primary
tumor and will be discussed in greater detail below. Because

radiation-induced side effects are dose-dependent, re-
irradiation is not always considered a viable treatment option
but is an emerging strategy in the recurrent pHGG setting [42].
A recent retrospective study demonstrated that re-irradiation
for pHGG recurrence was well tolerated and correlated with a
longer median survival time. Compared to 26 patients not
undergoing re-irradiation, 14 patients with re-irradiation had
improved median survival from the time of first disease pro-
gression (9.4 vs 3.8 months, p = 0.005) [43]. Ongoing inves-
tigations are assessing if the use of combined immune directed
therapies with re-irradiation is a more effective treatment strat-
egy. For example, an ongoing study tests the combination of
PD-1 inhibition in combination with re-irradiation in children
with recurrent or refractory pHGG (Pacific Pediatric Neuro-
Oncology Consortium (PNOC) study 013, NCT03690869).

Little information exists regarding the use of proton radia-
tion therapy in pHGG, but it has been shown in other pediatric
brain tumor entities such as medulloblastoma and
ependymoma to lead to similar survival benefits with less
toxicities [44–47]. Proton therapy has a smaller exit dose than
photon therapy, which may translate into fewer toxicities [48].
For infiltrative tumors like pHGG, however, a diminished exit
dose may not be desired. In adult HGG patients, proton beam
therapy displayed similar survival outcomes and toxicity to
photon radiation therapy [49].

5.3 Conventional chemotherapy

Until now, no standard chemotherapy approach has been de-
veloped that is widely accepted by the pediatric neuro-
oncology community, and therefore most care providers aim
to enroll pHGG patients into investigational clinical trials.
Following the success of the Stupp trial’s use of temozolomide
in adult glioblastoma patients [50], the Children’s Oncology
Group (COG) studies ACNS0126 and ACNS0423 similarly
employed the use of temozolomide concurrent with radiother-
apy and as single agent or in combination as adjuvant chemo-
therapy. ACNS0126 trial did not demonstrate survival benefit
compared to the treatment regimens of the previous Children’s
Cancer Group (CCG)-945 study conducted in the 1980s: 3-
year EFS rate for anaplastic astrocytoma (AA) was 13 ± 6%
compared with 22 ± 5.5% in CCG-945 (p = 0.95) and for
GBM it was 7 ± 4% compared with 15 ± 5% in CCG-945
(p = 0.77) [51]. While not demonstrating a difference, temo-
zolomide offers a more attractive toxicity profile when com-
pared with preceding treatment regimens, spurring its inclu-
sion in many treatment regimens. ACNS0423 built on
ACNS0126 by including lomustine as adjuvant chemothera-
py, similarly driven by an adult GBM study with encouraging
survival outcomes. With the addition of lomustine,
ACNS0423 reported a significant improvement in EFS and
OS compared to ACNS0126 (3-year EFS was 0.22 (95% CI,
0.14–0.30) in ACNS0423 compared with 0.11 (95%CI, 0.05–
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0.18) in ACNS0126) [52]. The German cooperative group is
conducting the HIT-HGG-2013 trial comparing the combina-
tions of temozolomide and chloroquine and temozolomide
and valproate with historical data from previous studies using
single agent temozolomide (NCT03243461). Of note, there
has been a reported increased risk of secondary hematologic
malignancies (SHM) associated with temozolomide in these
patients. In an analysis of 487 patients in the HIT-HGG data-
base, no secondary malignancies occurred in 194 patients after
first-line temozolomide therapy, but 4 out of 131 patients treat-
ed with temozolomide for relapse following first-line multi-
agent chemotherapy experienced SHM (20% at 10 years; p =
0.041) [53].

Unfortunately, despite a variety of therapeutic approaches,
the survival for patients with pHGG remains poor. Key chal-
lenges to assess new therapies lie in the inclusion of a very
heterogeneous group of pHGG subtypes, lack of tissue corre-
lates, and limited preclinical assessments in relevant and
subtype-specific model systems. With the increasing under-
standing of the molecular heterogeneity of pHGG, more
targeted agents are being investigated in the treatment of cer-
tain pHGG subtypes that hold great promise to improve
outcomes.

6 Subtypes of pediatric high-grade glioma
and associated molecular characteristics

Clinico-pathological features of the more common molecular
subtypes of non-brainstem pHGG are summarized in Fig. 2.
Key subtypes will be discussed below, along with potential
targeted therapies in greater detail.

6.1 BRAF V600E mutant pHGG

Point mutations in the BRAF gene that substitute valine to
glutamic acid at position 600 (BRAFV600E) and activate
the mitogen-activated protein kinase (MAPK) pathway are
most commonly identified in melanoma [62]. However, this
mutation has also been identified in other tumors including
10–15% of pHGG cases [63] and 17% of pLGG [64]. In a
group of 32 BRAFV600E mutant pHGGs, the 2-year OS was
67% and the average age at diagnosis 10 years [54]. It remains
unclear what drives malignant transformation of glioma, but a
retrospective study of 886 pLGG samples showed that the 26
low-grade lesions (2.9%) that did transform into secondary
higher-grade gliomas (sHGG) most often had BRAFV600E
mutations (39%) and CDKN2A deletions (57%) [65].
Multiple reports have shown success in managing
BRAFV600E pHGG with BRAF inhibiting drugs such as
MEK inhibitor trametinib and BRAFV600E-specific inhibi-
tors dabrafenib and vemurafenib [63, 66]. A phase 2 study of
dabrafenib with trametinib after local irradiation in newly

diagnosed BRAFV600E-mutant pHGG is underway
(NCT03919071). Trials examining the use of BRAF inhibition
in recurrent BRAF-mutated tumors including HGGs are also
ongoing (NCT01677741, NCT01748149). For example, in
pediatric patients with recurrent BRAFV600E mutant brain
tumors, vemurafenib has been shown to be well tolerated,
and to be effective ranging from complete responses, partial
responses to stable disease althoughmost responses were seen
in LGG [67].

6.1.1 Anaplastic pleomorphic xanthoastrocytoma

Anaplastic pleomorphic xanthoastrocytoma (anaplastic PXA),
a specific subtype of pHGG, harbors a particularly high inci-
dence of BRAFV600E mutation and was added as a distinct
entity in the 2016 WHO classification [1]. Anaplastic PXA is
a WHO Grade III HGG, whereas the WHO grade II PXA is
considered a low-grade lesion. The frequency of
BRAFV600E mutation is known to be lower in anaplastic
PXA than in PXA (49% vs 75%) [2]. CDKN2A homozygous
deletion in combination with RAF alterations have been
shown to be defining features of both PXA and anaplastic
PXA. PXA and anaplastic PXA however have differentiating
methylation profiles and anaplastic PXA clusters closer to a
rare IDH-wildtype subtype of GBM, epithelioid GBM [68,
69]. Alterations in the telomerase reverse transcriptase
(TERT) gene are also commonly found in anaplastic PXA
(7/15 (47%) of patients in a recent series) [68].

As expected, the 5-year OS for patients with anaplastic
PXA is shorter than for patients with PXA (57% vs 90% in a
group of 74 patients including 31 pediatric patients, p =
0.0003 [70]). As with other pHGGs, improved survival has
been associated with extent of resection and treatment with
BRAF-inhibiting agents [70, 71]. Some trials discussed eval-
uating the use of BRAF inhibitors in pHGG include patients
with anaplastic PXA, but responses and failures must be eval-
uated in the subtype-specific context.

6.2 G34 R/V

Mutations in histone genes, such as the H3K27mutation, have
had huge impact in our understanding and ongoing research
efforts for diffuse midline HGG. However, a subset of
supratentorial HGGs carry a distinct histone mutation that
substitutes glycine to arginine or valine at position 34
(G34R- or G34 V-H3.3). This mutation most commonly oc-
curs in adolescent and young adult patients (median age
20 years) and is almost exclusively found in HGGs of the
cerebral hemispheres [55]. Patients harboring tumors with this
mutation tend to have longer OS than diffuse midline gliomas,
H3K27 mutant (median survival 18 months and 2 year OS
27.3% in an analysis of 67 patients) [54, 72]. Mutations at
G34R have been found to co-occur with two other oncogenic
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mutations: the α-thalassaemia/mental retardation syndrome
X-linked (ATRX) and death-domain associated protein
(DAXX) [55]. Tumors with G34R/V mutation also carry a
high frequency of O6-methylguanine-DNA methyltransferase
(MGMT) promoter methylation and therefore might have a
better response to temozolomide [54, 73].

While there is a paucity of animal models to study this
mutation, some patient derived cell lines have been generated
[74] that are being utilized to further study this specific entity.
Overall, these observations highlight the need to assess thera-
pies in a subtype-specific manner in order to achieve signifi-
cant progress.

6.3 IDH-1

Isocitrate dehydrogenase (IDH) is an enzyme involved in cel-
lular energy and metabolism. Arginine-to-histidine missense
mutations in either the IDH1 or IDH2 genes are more

commonly found in adult patients with GBM but are also
present in a subset of pediatric patients but representing less
than 5% of pHGG, typically adolescent patients [56, 57].
IDH-mutant gliomas are generally associated with a more
favorable prognosis compared to wildtype tumors. However,
this correlation has been more clearly established in the adult
LGG setting. The prognostic implication of the IDHmutation
is still under investigation in pHGG, and current research is
limited by the rarity of this mutation in children. IDH muta-
tions induce DNA repair deficiency and induce a BRCA
mutant-like state which can be exploited with poly (ADP)-
ribose polymerase (PARP) inhibitors [75, 76]. PARP proteins
are involved in base excision repair (BER), which repairs
DNA damage induced by alkylators such as temozolomide.
PARP inhibitors either catalytically inhibit the ribosylation
function of PARPs or by “trapping” PARP proteins at sites
of DNA damage [77]. Preclinical investigations have shown
that these “PARP-trapping” PARP inhibitors synergize with

Fig. 2 Molecular subtypes of non-brainstem pHGG with associated incidence, survival, and ongoing trials. Data adapted from [54–61]
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TMZ more strongly compared to no-trapping PARP inhibi-
tors. This has led to the clinical investigation of the use of
temozolomide in combination with PARP inhibitors in IDH-
mutant cancers. A phase 1 study examining the use of specific
PARP inhibitor BGB-290 and temozolomide in adolescent
and young adult (AYA) patients with IDH1/IDH2-mutant gli-
oma is actively ongoing (PNOC017, NCT03749187).

6.4 Receptor tyrosine kinase-fused gliomas

The prognosis for infants with HGG is superior to that of older
children [54, 78]. Comparing survival in an international co-
hort of 150 infant HGGs to a cohort of older children with
HGG from Sick Kids hospital, the 5-year OS for infants was
54.5% (40.0–74.2%) vs 6.6% for older children (2.4–18.5%)
(p < 0.001) [58]. There are even reports of spontaneous regres-
sion of congenital glioblastoma, suggesting that this disease is
indeed distinct from the disease in older children and adults
[30]. Several studies have examined different chemotherapy
regimens in young children and demonstrated some survival
benefit. [36, 79–82]. However, the natural history of this dis-
ease makes these results difficult to interpret. While infant
HGGs are most often treated with conventional chemothera-
py, increased knowledge of the molecular characteristics of
these tumors opened the possibility of targeted therapies,
while large-scale genomic efforts have shown that infant
HGGs carry a lower rate of genomic alterations compared to
older children, and large percentage carry specific fusion
genes that can be exploited therapeutically [59]. An analysis
of 118 pHGGs demonstrated that 40% of non-brainstem infant
HGGs carry neurotrophic receptor kinase gene (NTRK) fu-
sions [59]. Fusions involving one of the three NTRK genes
lead to constitutive activation of the MAPK, phosphoinositide
2-kinase (PI3K) and protein kinase C (PKC) pathways respon-
sible for cellular proliferation, survival, and invasion [83]. A
recent study of an international cohort of pediatric glioma
samples from 150 patients between 1986 and 2017 defined
three subgroups of infant glioma based on clinical and molec-
ular characteristics. Group 1 were hemispheric tumors charac-
terized by receptor tyrosine kinase (RTK) fusions involving
the ALK/ROS1/NTRK/MET genes. Most of these Group 1
tumors were HGG (82.8%, 24/29, p < 0.0001). Group 2
(hemispheric RAS/MAPK-driven tumors) and Group 3 (mid-
line RAS/MAPK-driven tumors) were exclusively comprised
of low-grade gliomas [58]. MET fusions, which similarly
leads to increased MAPK signaling, have been found in a
small subset of pediatric GBM samples (5/53) in one study
[84]. Though mostly recognized in hemispheric HGGs in-
fants, alterations in these RTKs appear to be, as least in part,
neither restricted to infancy [84] nor to a histological entity/
grade [58, 85].

Several drugs are now being investigated in tumors with
these RTK alterations. A phase 1 study showed promising

responses to entrectinib, a new-generation CNS-penetrant oral
inhibitor of ALK/ROS1/NTRK kinases, in refractory CNS
tumors harboring alterations in these kinases [86, 87]. A study
of the safety and efficacy of entrectinib, a pan-TRK ROS1 and
ALK inhibitor, is also ongoing (NCT02650401). Ensartinib,
another CNS-penetrant ALK inhibitor, is currently being in-
vestigated through the COG pediatric MATCH trial for pa-
tients with relapsed or refractory ALK or ROS mutant tumors,
including those located in the CNS (NCT03213652).
Larotrectinib is a pan-TRK inhibitor that was granted acceler-
ated FDA approval (2019) for adult and pediatric solid tumors
with NTRK fusions. Larotrectinib is well tolerated in pediatric
patients and has shown significant antitumor activity in pa-
tients with TRK fusion-positive cancers [88, 89]. One pub-
lished case has reported efficacy of larotrectinib in a patient
with pHGG that had failed conventional chemotherapy [90].
Further studies assessing the efficacy of larotrectinib in up-
front and recurrent pediatric malignancies, including HGG are
ongoing (NCT03213704 and NCT02637687).

6.5 Hypermutant glioblastoma in patients
with constitutional mismatch repair deficiency

Homozygous germline alterations in mismatch repair (MMR)
genes PMS2, MLH1, MSH2, and MSH6 result in biallelic
MMR deficiency syndrome (bMMRD) [91]. Patients with
bMMRD develop cancers within the first two decades of life,
most commonly gliomas, hematologic malignancies, and gas-
trointestinal cancers [92]. GBMs that arise in the setting of
bMMRD have been shown to have the highest mutational
load in cancer [60]. Patients with germline POLE mutations
are also prone to the development of hypermutant tumors
[60].While these mutations are overall very rare, a series ex-
amining pHGG in Jordan, where consanguinity is more com-
monly present, found that 51% of pediatric GBMs had a
germline mutation in one of the four MMR genes [61]. In
contrast, in a German study, the incidence of hypermutated
samples accounted for only 5% of pHGG and in North
America 9% of pHGG patients were found to have a germline
mutation in a cancer predisposition syndrome, but only a
small number of these were in MMR genes [93, 94]. There
are little data about survival for patients with hypermutated
HGG. One report suggests that the outcome is similar to non-
hypermutated pHGGs [61],whereas another suggested slight-
ly improved OS for HGG occurring in the setting of bMMRD
when tumors were fully resected [95]. In a series of 13 patients
with bMMRD and HGG, the average age at diagnosis was
12 years and the 5-year OS survival was 30%; however, little
information is given on treatment received [61]. Hypermutant
cancers in adults with high neoantigen load have responded to
immune checkpoint inhibition [96, 97]. Nivolumab and
pembrolizumab are monoclonal antibodies that target pro-
grammed death 1 (PD-1). The use of checkpoint inhibitors
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enhances effector T-cell activation and aids in the initiation of
an antitumor response [98]. This strategy has been shown to
be effective in some cases of hypermutated pediatric GBM in
the bMMRD context [99–101]. These findings have led to the
initiation of a pilot study of nivolumab for pediatric patients
with hypermutant tumors, including gliomas which are cur-
rently being conducted (NCT02992964). Ipilimumab is an
anti-cytotoxic T lymphocyte-associated protein 4 (CTLA-4)
antibody which has also been used in adult cancers with high
mutational load. It is also currently being investigated for its
role in pHGG, including hypermutated tumors.

6.6 Secondary radiation-induced pediatric high-grade
glioma

The most common etiology for the development of second-
ary HGG is a history of ionizing radiation [102]. In a recent
large series of secondary pHGG, all patients had been pre-
viously treated for a malignancy and all lesions arose in
previous radiation fields [103]. The median OS for patients
in this study was 9.75 months [103]. In another cohort of 12
patients with radiation-induced HGG, the median age at
diagnosis is 14 [104]. The interval between radiation thera-
py and secondary glioma diagnosis ranged from 4 to
41 years (mean 16 years). In this study, a genetic analysis
of the radiation induced tumors was conducted and revealed
a genetic landscape different from that of primary pHGG
with high incidence of biallelic TP53 inactivation, CDK4
amplification or CDKN2A homozygous deletion, and am-
plifications or rearrangements involving RTK and Ras-Raf-
MAP kinase pathway genes [104]. Unfortunately, the sur-
vival for patients with radiation-induced HGG remains poor
with no effective therapeutic options.

7 New therapeutic approaches for pHGG

The most recent large-scale clinical trial for children with
HGG – the HERBY trial – evaluated the addition of
bevacizumab to radiation and temozolomide in patients
with non-brainstem pHGG [105]. For the overall cohort,
there was no clinical benefit to adding bevacizumab.
However, post-hoc analysis of the molecular characteris-
tics of the patients revealed that the addition of
bevacizumab provided some benefit to certain subgroups
of pHGG including hypermutated pHGG and pHGG with
BRAF V600E mutations [106]. This highlights that ther-
apies need to be evaluated within a subtype-specific con-
text and tissue correlates are absolutely necessary to un-
derstand responses and failures. Further, in the HERBY
trial , MGMT promoter methylat ion assessed by
methylation-specific PCR (MSP) did not confer similar
survival benefits seen adult trials [106]. These discrepan-
cies can be attributed to a number of factors, including the
method of determining MGMT promoter methylation
[107]. This emphasizes that international standards need
to be developed to assess potential prospective biomarkers
and harmonization needs to occur across study sites on a
national and international level in order to achieve better
outcomes for pHGGs.

As outlined above, standard chemotherapy has not been
effective in treating pHGG. Studies directed toward specific
mutations as well as studies harnessing the immune system are
being investigated and are summarized in Tables 2 and 3.
Precision medicine-based approaches with multi-agent thera-
py plans for newly diagnosed pHGG are actively being pur-
sued and are often used in clinical practice off studies as more
and more centers perform molecular profiling on these tumors
(NCT03739372).

Table 2 Small molecule drugs
and immune targeted treatments
in trial for newly diagnosed
pediatric HGG

Drug/treatment Molecular target Clinical trial

Dabrafenib, trametinib BRAFV600E
serine/threonine kinase

NCT03919071

Dasatinib BCR-ABL tyrosine kinase NCT03352427
Everolimus mTOR

BGB-290 PARP inhibitor NCT03749187

HLA-A2 restricted glioma antigen peptides vaccine,
poly-ICLC

HLA-A2 NCT01130077

Anti-tumor dendritic cell vaccine following dose-intensified
temozolomide

Patient-specific

dendritic cells

NCT03334305

CMV RNA-pulsed dendritic cells with tetanus toxoid pre-
conditioning and GM-CSF

Patient-specific

tumor cells

NCT03615404

HSPPC-96 Vaccine Patient-specific

tumor cells

NCT02722512

Abbreviations: mTOR, mammalian target of rapamycin; PARP, poly-ADP-ribose polymerase; Poly-ICLC,
polyinosinic-polycytidylic acid stabilized with polylysine and carboxymethylcellulose; GM-CSF, granulocyte
macrophage-colony stimulating factor; HSPPC-96, heat shock protein peptide complex-96
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7.1 Immunotherapy

Another strategy being explored in the treatment of pHGG
is that of harnessing the immune system to target tumor
antigens. The role of immunotherapy in the treatment of
pHGG is still under active investigation. The varied im-
munotherapeutic approaches to pediatric brain tumors
were recently reviewed [108]. While a full discussion of
immunotherapy for pHGG is outside the scope of this
review, we will discuss some approaches currently being
investigated. In an adult study of 35 patients with recur-
rent GBM, those treated with neoadjuvant pembrolizumab
had a significant survival advantage compared to those
only treated with adjuvant therapy (hazard ratio 0.39 com-
pared to adjuvant-only group; 95% CI 0.17 to 0.94, p =

0.04). In this study, the investigators found that neoadju-
vant PD-1 blockage induced functional activation of tu-
mor infiltrating lymphocytes leading to an intratumoral
interferon response and suggesting that the survival ben-
efit is driven by this immune response. This study under-
scores that the timing of administration of this class of
drugs may be key for efficacy [109]. This approach will
be investigated in pediatric patients in an upcoming trial
conducted through PNOC. Another immune therapy un-
der active investigation is the use of the cytokine
interleukin-12 (IL-12) which has anti-cancer properties
but is toxic when administered systemically. A phase
one trial of 31 adult patients with HGG investigating the
injection of IL-12 into tumor resection cavity followed by
the administration of veledimex which is an oral activator

Table 3 Small molecule drugs
and immune targeted treatments
in trial for recurrent/refractory
pediatric HGG

Drug/treatment Molecular target Clinical trial

Dabrafenib, trametinib BRAFV600E tyrosine kinase NCT02684058

Cemiplimab (REGN2810) with radiation PD-1 NCT03690869

Selinexor XPO1 NCT02323880

Mebendazole Anti-helminth, unknown
anti-neoplastic mechanism

NCT02644291

Olaparib PARP NCT03233204

Larotrectinib NTRK fusions NCT03213704

Palbociclib CDK4/6 NCT03526250

Abemaciclib (LY2835219) CDK4/6 NCT02644460

Tazemetostat EZH2 NCT03213665

LY3023414 PI3K, mTOR NCT03213678

Erdafitinib FGFR NCT03210714

Vemurafenib BRAFV600E NCT03220035

ONC201 DRD2 NCT03416530

NCT02525692

NCT03134131

Pembrolizumab PD-1 NCT02359565

Nivolumab PD-1 NCT02992964

Nivolumab and ipilimumab PD-1/CTLA-4 NCT03130959

Fimepinostat PI3K, HDAC NCT03893487

Volitinib c-Met tyrosine kinase NCT03598244

DSP-7888 WT-1 peptide NCT02750891

Dendritic cell vaccine Tumor cells NCT01808820

AdV-tk vector (expresses herpes thymidine kinase
gene) and valacylovir

Tumor cells remaining in tumor bed
post-operatively

NCT00634231

APX005M CD40 APX005M

EGFR806-specific CAR-T cell locoregional immu-
notherapy

EGFR NCT03638167

HER-2 specific

CAR-T cell locoregional immunotherapy

HER-2 NCT03500991

Abbreviations: PD-1, programmed death receptor 1; XPO1, exportin 1 (nuclear export protein); PI3K,
phosphoinositide 3-kinase; mTOR, mammalian target of rapamycin; PARP, poly-ADP-ribose polymerase;
NTRK, neurotrophic tyrosine receptor kinase; CDK4/6, cyclin-dependent kinase 4/6; EZH2, enhancer of zeste
2 polycomb repressive complex 2 subunit (histone methyltransferase); FGFR, fibroblast growth factor receptor;
DRD2, dopamine receptor 2; HDAC, histone deacetylase; WT-1, Wilms’ tumor 1; EGFR, epidermal growth
factor receptor; HER-2, epidermal growth factor receptor 2
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of IL-12 showed tolerability of this approach [110]. This
approach is also currently being tested in the pediatric
setting (NCT03330197). Another immune directed thera-
py being investigated is the use of oncolytic viruses. For
example, a phase 1 study examining the safety of
oncolytic poliovirus (PV) immunotherapy with polio-/rhi-
novirus recombinant PVSRIP in pediatric patients with
HGG is ongoing (NCT03043391).

7.2 CNS directed delivery

While multiple different therapies are being investigated in the
treatment of pHGG, the delivery of these drugs to the tumor
can be challenging. The treatment of pHGG is particularly
difficult because of the challenges posed by the blood-brain
barrier (BBB) and the blood-tumor barrier (BTB). This ana-
tomical and efflux-pump equipped boundary limits the selec-
tion of available systemic agents or mandates the use of dos-
ing regimens that may have significant toxicities. Some strat-
egies are being investigated to overcome these challenges in-
cluding tumor-directed delivery strategies. Convection-
enhanced delivery (CED) is a technique for administering
drug to tumor that was first described by Bobo et al. in 1994
[111]. Clinical trials have examined CED of different chemo-
therapies or immune-directed therapies to adult HGG patients
with varying rates of success and continue to be studied
[112–114]. The first phase 1 trial using CED in pediatric pa-
tients with DIPG demonstrated that this approach appeared to
be safe and overall well tolerated [115]. Two ongoing trials
examining different agents being administered using CED in
pediatric patients with DIPG are currently being conducted by
PNOC (NCT03086616, NCT03566199). Another method for
CNS-directed delivery is the use of focused ultrasound to dis-
rupt the BBB [116]. This approach is being tested clinically in
adults with recurrent glioma (NCT03551249).

7.3 Tumor-treating fields (TTF)

A different approach that is also being investigated in recur-
rent or refractory pHGG is the use of the external device
Optune NovoTTF-200A, which when worn delivers alternat-
ing electrical fields toward the tumor acting as a locally deliv-
ered antimitotic treatment interfering with cell division and
organelle assembly and is FDA approved in adults for newly
diagnosed GBM [117]. In a randomized clinical trial of adults
with GBM, the addition of tumor-treating fields to temozolo-
mide resulted in an increase in OS (20.5 months; 95% CI
16.7–25 months; n = 196 vs 15.6 months 95% CI 13.3–
19.1months n = 84, p = 0.004) [118]. This device is also being
examined in pediatric patients with recurrent or refractory
HGG (NCT03033992).

8 Novel diagnostic approaches

Another challenge that arises when treating patients with
HGG is the invasive nature of diagnosing and assessing mo-
lecular tumor response. The location of many pHGGs as well
as the invasive nature of the procedure can make repeat sam-
pling difficult. This makes it challenging to understand how
these tumors might change in response to therapy or how they
might evade treatments. In adult patients with brain tumors,
cerebral spinal fluid (CSF)-derived circulating tumor DNA
(ctDNA) is used for aiding diagnosis and assessing response
to therapy [119]. In pediatrics, this method is starting to be
investigated. CSF has previously been shown to better detect
genomic alterations in brain tumors than serum [120].
However, in children, collection of CSF often requires seda-
tion and can therefore be more challenging. With technologi-
cal advances, the sensitivity of plasma derived ctDNA may
improve. In PNOC003, serum-derived ctDNA was able to
detect H3K27 mutation in 11/13 patients at diagnosis [121].

9 Conclusions

Pediatric HGGs are a heterogeneous group of tumors with
poor clinical outcomes. With our increasing knowledge of
the molecular landscape of pHGG, new directed therapies
are being evaluated. Future investigations should consider
the heterogeneity of these tumors and design subtype-
specific trials when appropriate. Tissue correlates will remain
necessary until noninvasive assessments such as ctDNA is
further developed. International collaborations are needed to
harmonize investigations of new drugs given the overall rarity
of these tumors.
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