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Preface to ”Update in Pediatric Neuro-Oncology”

Pediatric Neuro-Oncology is a highly specialized field encompassing molecular biology, clinical

acumen, evidence-based medicine, cancer genetics, and neuropsychological care for the diagnosis

and treatment of children with central nervous system (CNS) tumors. In this Special Edition of

Bioengineering, we hope to demonstrate the wide breath of science and medicine that occurs in

the field of pediatric neuro-oncology. Faced with substantial mortality in children with aggressive

tumors as well as significant morbidity of survivors, we are always challenged to learn more about

these disease entities and improve the outcomes of these children. Topics that are discussed further in

this edition are: Molecular biology in pediatric gliomas, the clinical relevance of preclinical models,

updates on radiation therapy for pediatric CNS tumors, molecular neuro-imaging, embryonal tumors

and targeted therapeutics, and neurocognitive and psychosocial outcomes and palliative care in

children with central nervous system malignancies.
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Pediatric Neuro-Oncology is a highly specialized field encompassing molecular biology,
clinical acumen, evidence based medicine, cancer genetics and neuropsychological care for the
diagnosis and treatment of children with central nervous system (CNS) tumors. In data acquired by
the National Institute of Health’s (NIH) Surveillance, Epidemiology and End Results (SEER) Program,
there were 3.1 new cases of childhood brain tumors per 100,000 people from 2011–2015. This represents
the second most common pediatric cancer diagnosis (17.2% overall, second only to leukemia) as well
as the leading cause of mortality [1]. This special edition of the Bioengineering Journal highlights major
advancements in pediatric neuro-oncology as well as our current challenges.

The SEER data describes the overall survival of pediatric CNS tumors to be approximately 70%,
an improvement from less than 60% from the 1970s [1]. This statistic can be misrepresentative as
pediatric CNS tumors are heterogenous with diverse survival outcomes, ranging from the mostly
indolent nature of low grade gliomas with a 20 year overall survival (OS) of 80% [2] to the highly
aggressive diffuse intrinsic pontine glioma (DIPG) with a 2 year OS of less than 10%. [3,4].

Although survival has not dramatically increased for DIPG and high grade glioma over the
last few decades, there has been an increase in the survivability of other tumors such as the
medulloblastoma (MB) and atypical teratoid rhabdoid tumor (ATRT). This has resulted from the
surge of genomic and epigenomic data of pediatric brain tumors- forging an era of biologically
targeted therapy with improved survival outcome of CNS tumors. This is best illustrated by the
story of medulloblastoma subtyping and the somewhat recent discovery of ATRT. We now have
established molecular subgroups with defined demographics, oncogenic drivers and risk stratification
based treatment strategies. Retrospective analysis of medulloblastoma patients have determined that
children with WNT subgrouping have a significantly higher overall survival, and thus, clinical trials
are now focused on changing upfront treatment of these children to mitigate the profound late effects
medulloblastoma patients face [5].

Atypical Teratoid Rhabdoid tumor (ATRT) was only described in the 1980s, previously thought to
be a type of medulloblastoma or supratentorial PNET [6,7]. Advances in histologic characterization
and FISH for chromosome 22 helped to classify this as a separate entity. ATRT is a disease of primarily
infants, and was nearly always fatal, with the 3 years survival of children treated with the Pediatric
Oncology Group (POG) infant studies of less than 10% [7]. However, treatment with high dose
chemotherapy and/or autologous transplantation and radiation has now led to improved survival in
this population of young children. The two years overall survival for the DFCI regimen is 70 +/− 10%,
using intrathecal chemotherapy, focal or craniospinal radiation and dose intensive chemotherapy [7].
The Vienna regimen, which had a smaller cohort of patients, is also a dose intensive regimen and has an

Bioengineering 2018, 5, 109 1 www.mdpi.com/journal/bioengineering
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excellent 5 years overall survival of 100% using methotrexate, intrathecal chemotherapy, anthracyclines,
focal radiation and autologous transplantation [8]. As expected, there are long term effects from these
treatments and children have been found to have neurocognitive sequelae even in the absence of
radiation [9]. Molecular subtyping using methylation profiles has now delineated three subtypes of
ATRT, with the hope that risk stratification can help further improve survival while decreasing toxicity
and long term effects [10].

Arguably, as illustrated above, the most critical advancement in our field is the attainment of an
accurate diagnosis, which has implications not only for individual patient care but also for basic science
and clinical trial research [11]. The World Health Organization (WHO) Classification of CNS Tumors
represents a consensus opinion from world experts and allows pathologists and neuro-oncologists
across the world the opportunity to have guidelines to define CNS tumors [12]. A major change
occurred in the most recent edition of the guidelines set forth in 2016. Distinct molecular characteristics
were integrated into the classification of CNS tumors, allowing for an “integrated diagnosis” that is
“layered” with both histologic features and molecular biology [12]. Histologic analysis depends on
defining tumors by cell of origin and level of differentiation. This is accomplished by examining
“hematoxylin and eosin-stained (H & E) sections, immunohistochemical expression of lineage
associated proteins and ultrastructural characterization” [11]. This well-established method is now
augmented by molecular analysis of the genotype of these tumors. This change brings scientific
advancement into direct patient care and is an example of the innovative nature of this field.
Less formally, but perhaps no less important, parameters such as neuro-imaging and clinical course is
also taken into account to complete the integrated diagnosis.

Translational research bridges the gap between basic science and cancer treatments.
Major advancements in next generation sequencing technology has led to greater understanding
of cancer genomes and thus led to potential cures for patients [13]. This is beautifully illustrated
in the landscape of pediatric low grade glioma, the most common central nervous system tumor in
children [13]. The “integrated diagnosis” now routinely includes histologic grading as well as whether
the tumor has particular aberrations in the MAP kinase (MAPK) pathway [13–16]. While multiple
genetic changes have been seen in pediatric low grade glioma, the most common involve the MAPK
pathway, specifically, either an activating point mutation of BRAFV600E or activating of BRAF through
a tandem duplication. This results in the KIAA 1549-BRAF fusion protein [14–16]. Molecular analysis
has been correlated with histologic characterization, and 70–90% of pilocytic astrocytomas have been
found to have a BRAF-KIAA1549 fusion [15]. In addition, BRAF v600 E has been found to be aberrant
in other low grade gliomas such as pilomyxoid astrocytomas [14]. Drugs have been developed to
selectively inhibit these targets, and early phase clinical trials have been undertaken to understand
their tolerability and efficacy in children. The traditional methods of treating low grade glioma are
systemic chemotherapy and, more remotely, radiation. These modalities can cause significant late
effects in patients, and maximizing efficacy while minimizing long term effects are important in a
population with an expected long term survival [2,15]. A Phase I trial through the Pediatric Brain
Tumor Consortium (PBTC) used selumetinib (AZD6244, AstraZeneca), an oral small molecule inhibitor
of MEK-1/2, in children with recurrent low grade glioma. A dose was established to perform the
phase II trial, in which efficacy will be tested. However, promising antitumor effect was seen in the
phase I trial [16].

In this special edition of Bioengineering, we hope to demonstrate the wide breath of science
and medicine that occurs in the field of pediatric neuro-oncology (Table 1). Faced with substantial
mortality in children with aggressive tumors as well as significant morbidity of survivors, we are
always challenged to learn more about these disease entities and improve the outcomes of these
children. Topics that will be discussed further in this edition are: molecular biology in pediatric
gliomas, clinical relevance of preclinical models, update on radiation therapy for pediatric CNS
tumors, molecular neuro-imaging, embryonal tumors and targeted therapeutics, neurocognitive and
psychosocial outcomes and palliative care in children with central nervous system malignancies.
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Table 1. Published papers in Special Issue Update in Pediatric Neuro-Oncology.

Papers Reference

Preclinical Models of Pediatric Brain Tumors—Forging Ahead [17]
Cutting Edge Therapeutic Insights Derived from Molecular Biology of Pediatric High-Grade

Glioma and Diffuse Intrinsic Pontine Glioma (DIPG) [18]

Polo-Like Kinase 4 (PLK4) Is Overexpressed in Central Nervous System Neuroblastoma (CNS-NB) [19]
Embryonal Tumors of the Central Nervous System in Children: The Era of Targeted Therapeutics [20]

Radiotherapy Advances in Pediatric Neuro-Oncology [21]
The Emerging Role of Amino Acid PET in Neuro-Oncology [22]

Palliative Care for Children with Central Nervous System Malignancies [23]
Neurocognitive and Psychosocial Outcomes in Pediatric Brain Tumor Survivors [24]
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Abstract: Neuroblastoma (NB) is the most common extracranial solid tumor in pediatrics, with rare
occurrences of primary and metastatic tumors in the central nervous system (CNS). We previously
reported the overexpression of the polo-like kinase 4 (PLK4) in embryonal brain tumors. PLK4
has also been found to be overexpressed in a variety of peripheral adult tumors and recently in
peripheral NB. Here, we investigated PLK4 expression in NBs of the CNS (CNS-NB) and validated
our findings by performing a multi-platform transcriptomic meta-analysis using publicly available
data. We evaluated the PLK4 expression by quantitative real-time PCR (qRT-PCR) on the CNS-NB
samples and compared the relative expression levels among other embryonal and non-embryonal
brain tumors. The relative PLK4 expression levels of the NB samples were found to be significantly
higher than the non-embryonal brain tumors (p-value < 0.0001 in both our samples and in public
databases). Here, we expand upon our previous work that detected PLK4 overexpression in pediatric
embryonal tumors to include CNS-NB. As we previously reported, inhibiting PLK4 in embryonal
tumors led to decreased tumor cell proliferation, survival, invasion and migration in vitro and tumor
growth in vivo, and therefore PLK4 may be a potential new therapeutic approach to CNS-NB.

Keywords: embryonal brain tumor; pediatric; CNS-PNET; low grade glioma; rhabdoid; ATRT;
medulloblastoma; kinase inhibitor

1. Introduction

Embryonal tumors of the central nervous system (CNS) are poorly differentiated tumors
resembling the developing embryonic nervous system. Embryonal tumors are biologically aggressive
and have a tendency to disseminate along cerebrospinal fluid pathways. In the CNS, this group
includes medulloblastoma (MB) [1], atypical teratoid/rhabdoid tumor (ATRT) [2], embryonal tumor
with multilayer rosettes (ETMR) [3], a spectrum of tumors called “CNS primitive neuroectodermal
tumors (PNETs)” and CNS neuroblastoma (CNS-NB) [4].

Neuroblastoma (NB) is the most common extracranial pediatric solid tumor [5]. Current therapies
have led to a 90% survival rate, but relapse and metastases have proven to be challenging to treat with
survival rates of less than 40% [6].

Bioengineering 2018, 5, 96 5 www.mdpi.com/journal/bioengineering
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Previously, we performed a partial functional screening of the kinome on a well-established
embryonal tumor cell line (MON—a rhabdoid tumor cell line provided by Dr. Delattre, Institut
Curie, Paris France) [7–9] using lentiviral-CRISPR to target 160 individual kinase encoding genes
representing the major branches of the human kinome and key isoforms within each branch. With
this approach we identified the polo-like kinase 4 (PLK4) as a putative genetic hit. The genetic
loss-of-function was validated by next-generation sequencing analysis, genomic cleavage detection
(GCD) assay, quantitative real-time PCR (qRT-PCR) and western blot [7]. We established that PLK4 is
overexpressed in embryonal brain tumors such as ATRT and MB [10,11]. We also demonstrated that
inhibiting PLK4 with the small-molecule inhibitor CFI-400945 (CAS#1338800-06-8) [12–14] resulted
in impairment of proliferation, survival, migration and invasion in ATRT and MB cell lines. Further,
we demonstrated that PLK4 inhibition induced apoptosis, senescence and polyploidy in these
cells. Moreover, we established that polyploidy induced by PLK4 inhibition increased tumor cell
susceptibility to DNA-damaging agents while sparing non-tumor cells [7,10].

PLK4 is a cell cycle regulated protein specifically recruited at the centrosome to promote the
duplication of centrioles in dividing cells [15–17]. Complete loss of PLK4 is lethal and its overexpression
triggers centrosomal amplification, which is associated with genetic instability and consequently,
carcinogenesis [18,19]. Active PLK4 protein levels have previously been described to be “mirrored by
PLK4 mRNA levels” meaning that mRNA expression varies proportionally to protein expression [15].
Although PLK4 has been found to be overexpressed in a number of adult peripheral tumors like
colorectal [20], breast [21], lung [22], melanoma [23], leukemia [24], and pancreatic cancer [25], we were
the first to report PLK4 overexpression in embryonal tumors and in pediatric brain tumors [7,10,11].
Recently, Tian and colleagues reported PLK4 overexpression in peripheral NB tumor samples and
primary NB cell lines. They also demonstrated that increased PLK4 expression was correlated with poor
clinical outcomes [6]. Here, we hypothesize that, as in other CNS embryonal brain tumors, CNS-NB
overexpress PLK4. To test our hypothesis, we examined PLK4 expression in NB samples of the CNS
as compared to other embryonal brain tumors (ATRT and MB) and low grade gliomas (LGG), which
are the most common form of primary CNS tumors. For this, we performed quantitative real-time
PCR (qRT-PCR) in our patients’ tumor samples and an extensive multi-platform transcriptomic
meta-analysis using publicly available databases.

2. Materials and Methods

2.1. Quantitative Real-Time PCR (qRT-PCR)

Fresh frozen tumor samples were obtained from the Falk Brain Tumor Bank (Chicago, IL, USA)
and the Center for Childhood Cancer, Biopathology Center (Columbus, OH, USA), which is a section
of the Cooperative Human Tissue Network of The National Cancer Institute (Bethesda, MD, USA).
Written informed parental consents were obtained prior to sample collection. The study was approved
by the institutional review board of the Ann and Robert H. Lurie Children’s Hospital of Chicago (IRB
2005–12,252; 2005–12,692; 2009–13,778; and 2012–14,887). Samples in the study included 2 CNS-NB
(primary n = 1 and metastatic n = 1), 6 embryonal brain tumors (ATRT n = 3 and MB n = 3) and 6
non-embryonal brain tumors (low grade gliomas—LGG).

Total RNA was isolated from each frozen tumor sample using TRIzol Reagent (Thermo Fisher,
USA). The expression of PLK4 (Hs00179514_m1) was accessed by TaqMan GE assays (Applied
Biosystems, USA). Three housekeeping genes: GAPDH (Hs02758991_g1), HPRT (Hs99999909_m1) and
HMBS (Hs00609296_g1) were used as references as previously described [7,10,26–28]. Total RNA (2 μg)
was used to make cDNA using the Applied Biosystems High Capacity RNA-to-cDNA kit (Thermo
Fisher Scientific, Waltham, MA, USA). Reactions were performed in triplicates with adequate positive
and negative controls. The normalized expression levels were calculated by the ΔΔCt method using
each housekeeping gene and a pool of all samples as calibrator. The normalized expression levels were
also calculated using a normalization factor which was obtained by calculating the geometric mean of
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relative quantities of all 3 housekeeping genes and dividing the relative quantity of PLK4 with this
normalization factor [7,10,26–28]. Statistical analysis was performed using a One-Way ANOVA using
PRISM (GraphPad 7 Software, Inc., La Jolla, CA, USA).

2.2. Gene Expression Meta-Analysis

In order to validate the PLK4 expression levels observed in our patients, we performed
an extensive meta-analysis compiling publicly available gene expression data. Knowing, from our
previous studies that PLK4 is overexpressed in embryonal brain tumors [6,7,11], we selected low grade
gliomas (LGG), which are the most common form of primary CNS tumors arising in both children and
adults [29,30] to perform this comparison.

To evaluate the PLK4 expression profile in both tumor and normal human tissues, expression
levels of PLK4 (ENSG00000142731.6) were compared with expression levels of the neuroendocrine
marker used for the diagnosis of neuroblastoma chromogranin A (CHGA, ENSG00000100604.11) [31]
and the glioma markers glial fibrillary acidic protein (GFAP ENSG00000131095.10) and myelin basic
protein (MBP, ENSG00000197971.10) [32,33].

Tumors: Open access transcriptomic data (RNAseqV2, FPKM) from NB samples which were
deposited in the TARGET (Therapeutically Applicable Research to Generate Effective Treatments,
https://ocg.cancer.gov/programs/target) database and LGG expression data which were deposited
in the TCGA (The Cancer Genome Atlas, https://cancergenome.nih.gov/) database, were obtained
from the Genomic Data Commons (GDC) (https://portal.gdc.cancer.gov/).

Normal human tissue: Open access transcriptomic data from 51 tissue types represented in the
GTEx (Genotype-Tissue Expression, https://gtexportal.org) portal [34] was analyzed. Each gene of
interest was individually searched and gene expression data was manually extracted.

Data analysis: All available NB and LGG samples were downloaded, data were extracted from
the Data Transfer Tool using a custom C# script [35] and processed using Microsoft Excel. In order to
compare data obtained from multiple databases, we converted FPKM (Fragments Per Kilobase Million)
to TPM (Transcripts Per Million) using the following equation:

TPM = (FPKMg/ΣFPKMs) × 106

where FPKMg represents the FPKM of the gene of interest and ΣFPKMs represents the sum of all
FPKM values from the patient sample [36]. Statistical analysis for the open access RNAseqV2 data was
calculated using an unpaired t-test comparing NB samples to LGG.

3. Results

3.1. CNS Neuroblastoma

Among the 3,494 pediatric patients treated for CNS tumors in the Ann and Robert H. Lurie
Children’s Hospital of Chicago (former Children’s Memorial Hospital) from September 1981 to
September 2018 (37 years) only 20 cases of CNS-NB were recorded, including 12 children (0.34%)
diagnosed with primary CNS-NB (all in the spinal cord) and 8 children (0.23%) diagnosed with NB
metastatic to the brain (metastatic CNS-NB). Our study described 2 of our CNS-NB patients which had
frozen tissue available for further analyses: (1) a primary CNS-NB that was excised from a 20 month
old female patient in 1998 and was diagnosed as a NB according to the 1993 WHO classification [37]
(Figure 1) and (2) a NB metastatic from a primary tumor in the adrenal gland, that was removed from
a six year old female patient in 2001 and classified according to the 2000 WHO classification of CNS
tumors (Figure 2) [38]. Both tumors were located at the supratentorial region of the brain.
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Figure 1. Primary CNS-Neuroblastoma. (A) Computerized Tomography image of a primary CNS-NB
shows a large heterogeneous well-circumscribed lesion (arrows) measuring 5.7 × 5.2 × 4.8 cm, within
the right thalamus (10×). (B,C). Histopathological examination shows islands of densely cellular poorly
differentiated tumor cells, interspaced by sparsely cellular areas or finely fibrillary tissue. No mature
neurons are identified (10× and 20× respectively). (D) Immunostain for neuron specific enolase (NSE)
(20×); (E) Immunostain for synaptophysin (20×). Homer-Wright rosettes are frequent (red arrows).

Figure 2. Neuroblastoma metastatic to the CNS. (A) Computerized Tomography image of a metastatic
NB shows a large poorly delimited mass in the right posterior frontoparietal region of the brain (arrows).
(B) Biopsy of the metastatic tumor mass shows small poorly differentiated cells with hyperchromatic
nucleus and scant cytoplasm.

3.2. PLK4 Expression in CNS-NB Samples Determined by qRT-PCR

Three housekeeping genes (GAPDH, HPRT and HMBS) were used for analysis. In each individual
experiment using individual housekeeping genes, CNS-NB samples showed significantly elevated
PLK4 expression levels when compared to non-embryonal brain tumors (LGG) (GAPDH p = 0.0016;
HPRT1 p < 0.0001; HMBS p = 0.0116) (Figure 3A–C). Accordingly, normalization of expression values
using GAPDH, HPRT and HMBS simultaneously [26–28] also showed significant overexpression
of PLK4 in CNS-NB (FC: 15.05, p < 0.0001) (Figure 3D). Furthermore, in accordance with what we
previously described, other embryonal brain tumor samples (ATRT and MB) also overexpressed PLK4
(p < 0.0001) (Figure 3E and Table 1).
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Figure 3. qRT-PCR Expression Analysis of CNS-NB, ATRT, MB and LGG. (A–C) Relative PLK4
expression in CNS-NB, embryonal and non-embryonal pediatric brain tumors measured by qRT-PCR
normalized to the endogenous controls GAPDH, HPRT and HMBS respectively, compared to
LGG. (D) Relative PLK4 expression in CNS-NB when normalized to all three endogenous controls
compared to LGG. (E) Relative PLK4 expression in embryonal tumors compared to non-embryonal
tumors, normalized to all three endogenous controls. Fold changes and p-values were compared to
non-embryonal pediatric brain tumors (unpaired t-tests, * p < 0.1, ** p < 0.01, **** p < 0.0001).

Table 1. Relative PLK4 expression in NB, ATRT, MB and LGG. Relative PLK4 expression measured by
qRT-PCR, calculated against 3 different endogenous controls individually and normalized together.

Normalized
Expression

CNS-NB LGG
Fold

Change
p-Value

Embryonal
Tumors

Non-Embryonal
Tumors

Fold
Change

p-Value

PLK4/GAPDH 0.97 0.1 9.4 0.0016 1.88 0.1 18.14 0.006
PLK4/HPRT 1 1.062 0.14 7.78 <0.0001 1.28 0.14 9.33 0.0031
PLK4/HMBS 2.62 0.07 36.41 0.0116 1.36 0.07 18.89 0.0116

Normalized
Expression

CNS-NB LGG
Fold

Change
p-Value

Embryonal
Tumors

Non-Embryonal
Tumors

Fold
Change

p-Value

PLK4 1.58 0.1 15.05 <0.0001 1.4 0.1 13.3 <0.0001

3.3. Gene Expression Meta-Analysis

Because CNS-NB is a rare entity [39,40] and due to the limited number of samples available for
molecular analysis, we performed an extensive multi-platform transcriptomic meta-analysis compiling
publicly available gene expression data to validate the results observed in our patients’ tumors. For
this, we compared embryonal CNS tumors to non-embryonal CNS tumors represented by low grade
gliomas (LGG), which is the most common form of primary CNS tumor arising in both children and
adults [29,30].

The analysis of transcriptomic data from 51 normal tissue types represented in the GTEx Portal
database (n = 11,688) and all NB and LGG tumor samples from the TARGET and the TCGA databases
(n = 153 and 508 respectively) demonstrated that PLK4 expression was low in almost all tissues, with
75% of them expressing ≤1.3 TPM (transcripts per million). The highest PLK4 expression was observed
in testis (23.7 TPM). NB showed significantly high PLK4 expression (14.0 TPM) while LGG showed
2.2 TPM (p < 0.0001, unpaired t-test) (Figure 4, Tables 2 and 3).
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Figure 4. GDC Expression Analysis of NB and LGG. (A) PLK4 expression in NB and LGG shows
significant overexpression in neuroblastoma (NB) when compared with low grade gliomas (LGG)
(**** p < 0.0001, unpaired t-test). (B) Relative frequency distribution of PLK4 expression among samples
described in Table 2: NB (TARGET n = 153), LGG (TCGA n = 508) and 51 normal human tissue sample
types (GTEx Portal). (C) Descriptive statistics of PLK4 expression in the cohort of tissue sample types
(GraphPad). (D,E) The glioma markers MBP and GFAP respectively, show significant overexpression in
LGG compared to NB (**** p < 0.0001, unpaired t-test). (F) The NB maker CHGA, shows overexpression
in NB compared to LGG (**** p < 0.0001, unpaired t-test). All graphs were generated and statistics
calculated using PRISM (GraphPad Software, Inc.).

Table 2. GDC and GTEx Portal Gene Expression Data. RNAseqV2 data extracted from the GDC
database (Neuroblastoma and Low Grade Glioma) and GTEx Portal (51 normal human tissue samples).
Genes displayed are: PLK4 (Polo-like kinase 4), CHGA (Chromogranin A), MBP (Myelin basic protein)
and GFAP (Glial fibrillary acidic protein). Expression is represented as median TPM (Transcripts per
million) values.

Organ # Organ Name Sample Size PLK4 CHGA MBP GFAP

Neuroblastoma 153 14.0 658.1 2.9 0.3
Low Grade Glioma 508 2.2 45.4 212.4 8535.2

1 Adipose—Subcutaneous 442 1.4 0.1 6.3 1.9
2 Adipose—Visceral (Omentum) 355 0.8 0.1 6.3 1.2
3 Adrenal Gland 190 0.9 7.5 1.5 0.8
4 Artery—Aorta 299 0.5 0.2 6.8 2.9
5 Artery—Coronary 173 0.8 0.2 6.5 2.1
6 Artery—Tibial 441 0.7 0.2 6.7 1.4
7 Bladder 11 1.1 0.6 7.5 0.4
8 Brain—Amygdala 100 0.6 29.2 905.8 1669.7
9 Brain—Anterior cingulate cortex (BA24) 121 0.6 87.7 302.3 1027.0
10 Brain—Caudate (Basal ganglia) 160 0.6 26.9 422.6 1577.2
11 Brain Cerebellar Hemisphere 136 0.2 4.8 208.6 600.3
12 Brain—Cerebellum 173 0.2 4.4 177.7 696.6
13 Brain—Cortex 158 0.6 219.6 267.8 1200.6
14 Brain—Frontal Cortex (BA9) 129 0.8 335.6 332.5 961.1
15 Brain—Hippocampus 123 0.4 40.5 1472.2 2225.0
16 Brain—Hypothalamus 121 0.7 79.3 890.0 3809.2
17 Brain—Nucleus accumbens (basal ganglia) 147 0.9 32.6 335.9 913.3
18 Brain—Putamen (basal ganglia) 124 0.5 23.0 884.8 985.9
19 Brain—Spinal cord (cervical c-1) 91 0.8 5.7 9405.2 12,714.4
20 Brain—Substantia nigra 88 0.5 32.2 2607.8 4370.6
21 Breast—Mammary Tissue 290 1.2 0.3 6.5 2.8
22 Cervix—Ectocervix 6 1.4 0.4 8.9 0.2
23 Cervix—Endocervix 5 1.2 1.6 11.5 0.5
24 Colon—Sigmoid 233 0.5 5.8 5.5 0.9
25 Colon—Transverse 274 1.7 38.4 5.9 0.5
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Table 2. Cont.

Organ # Organ Name Sample Size PLK4 CHGA MBP GFAP

26 Esophagus—Gastroesophageal Junction 244 0.5 1.9 6.1 0.8
27 Esophagus—Mucosa 407 4.5 0.2 7.1 0.3
28 Esophabus—Musclaris 370 0.5 2.2 5.4 0.6
29 Fallopian Tube 7 1.1 1.8 7.3 0.4
30 Heart—Atrial Appendage 297 0.2 0.1 2.8 2.0
31 Heart—Left Ventricle 303 0.1 0.1 2.5 1.4
32 Kidney—Cortex 45 0.5 0.4 5.1 0.6
33 Liver 175 0.2 0.1 3.6 0.3
34 Lung 427 1.2 0.3 9.9 0.9
35 Minor Salivary Gland 97 0.1 0.2 7.0 1.1
36 Muscle—Skeletal 564 0.1 0.1 9.8 0.6
37 Nerve—Tibial 414 1.2 0.3 418.9 13.3
38 Ovary 133 1.4 0.3 4.9 0.6
39 Pancreas 248 0.3 42.3 3.4 0.5
40 Pituitary 183 0.4 781.6 7.6 16.3
41 Prostate 152 0.9 7.7 6.2 0.8
42 Skin—Not Sun Exposed (Suprapubic) 387 2.7 0.4 9.9 0.9
45 Skin—Sun Exposed (Lower Leg) 473 2.7 0.4 9.5 1.0
43 Small Intestine—Terminal Ileum 137 2.0 86.5 8.1 0.4
44 Spleen 162 2.1 0.2 11.3 0.5
46 Stomach 262 0.7 226.5 5.3 0.4
47 Testis 259 23.7 158.6 3.3 1.5
48 Thyroid 446 1.0 0.3 9.4 1.4
49 Uterus 111 1.1 0.3 7.8 0.4
50 Vagina 115 2.3 0.6 7.9 0.6
51 Whole Blood 407 0.3 0.2 18.3 1.0

Table 3. Expression of PLK4, CHGA, MBP and GFAP obtained from the GDC. Genes displayed are:
PLK4 (polo-like kinase 4), CHGA (chromogranin A), MBP (myelin basic protein) and GFAP (glial
fibrillary acidic protein). Expression is represented as average TPM (Transcripts per million) values.
Statistics were calculated in PRISM (unpaired t-test; p < 0.0001).

Neuroblastoma Low Grade Glioma Fold Change p-Value

PLK4 14.92 3.49 4.28 p < 0.0001
CHGA 879.97 75.63 11.63 p < 0.0001
MBP 5.26 411.70 −78.32 p < 0.0001
GFAP 1.68 11,046.77 −6578.74 p < 0.0001

4. Discussion and Literature Review

Primary CNS-NB is a rare malignant embryonal tumor that can arise intracerebrally, intraorbitally
or intraspinally [41]. Although it can be found in adults, it most often occurs within the first 5 years of
life [39]. CNS-NB is a controversial entity which diagnostic classification has undergone a number
of changes since the first publication of the WHO Classification of Tumors of the Central Nervous
System in 1979 where primary NB of the CNS was classified as a “poorly differentiated neuronal
tumor” [42]. In the second edition, published in 1993, CNS-NB was classified for the first time as
an “embryonal tumor”, which is the designation that persists today [37]. In 2000, CNS-NB was
subclassified as an embryonal tumor of the “supratentorial primitive neuroectodermal tumor” (sPNET)
subgroup [38]. The WHO’s fourth edition classification in 2007 changed the terminology of sPNET to
CNS-PNET and primary NB of the CNS was then classified as “CNS-NB” [43]. In the WHO’s most
recent classification published in 2016, the categorization of embryonal tumors underwent extensive
changes. The term primitive neuroectodermal tumor (PNET) was eliminated from the diagnostic
terminology and a category of CNS embryonal tumor “not otherwise specified”, that includes tumors
previously designated as CNS-PNET was created. Currently, CNS-NB is again classified as a singular
entity under the umbrella of embryonal tumors [44]. Recently, extensive CNS-NB molecular data
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has been published. In a large study, 323 tumor samples diagnosed as CNS-PNET were subjected to
histological examination, DNA methylation profiling, Affymetrix GeneChip Array and next-generation
DNA and RNA sequencing analyses. Within the CNS-PNET samples, 44 CNS-NB samples were found
to overexpress FOXR2 and thus categorized as “CNS NB-FOXR2” [45]. Interestingly, FOXR1 has been
previously found to be overexpressed in peripheral neuroblastoma [45] and PHOX2B mutations have
been recently described in NB as a potential target for therapy [46,47].

Metastases of NB to the CNS are very rare, comprising less than 10% of all cases of metastatic
NB [15]. These are often osseous involving the calvarium, orbit or skull base, while primary CNS-NB
commonly originate intraparenchymally spreading to the leptomeninges and subarachnoid space [48].
NB metastatic to the CNS is most commonly found within the first 18 months of age after the initial
diagnosis and increased MYCN amplification has been reported in these recurrent tumors [41,49].
A recent meta-analysis combining profiles of NB from 761 patients with MYCN amplification, identified
enrichment of the members of the P13K family of kinases as biomarkers of MYCN amplification and
suggested that P13K inhibitors may represent a new therapeutic opportunity for MYCN-amplified
NB [50].

To date, there is no established protocol for treating primary CNS-NB, references [4,51] with
treatment approaches varying from palliative care to aggressive multimodality therapies. Surgery,
craniospinal radiotherapy and chemotherapy have led to increased median survival, however, NB
metastatic to CNS are almost universally lethal [52]. The heterogeneous nature of NB leads to diverse
clinical presentations [53]. Depending on the location of the primary tumor and metastases, as well
as histology and genomic data, treatment regimens range from observation of low-risk patients, to
multimodal approaches in high risk patients [5]. Due to the lack of adequate drugs with sufficient
brain-blood-barrier penetrance, the CNS is considered a “safe haven” for many cancer types, making
both primary and metastatic CNS-NB difficult to treat and therefore, classified as high risk [52,54].
Treatments for both metastatic and primary CNS-NB begin with surgical resection, as much as possible.
After surgery, a combination of chemotherapeutic agents is used, followed by craniospinal radiation
and additional chemotherapy [52]. More recently GD2-targeted immunotherapy has been found to
improve progression-free survival in NB metastatic to the CNS [54,55]. Stem cell implantation has
been used with immunotherapy, but has not led to significantly increased survival [55].

We previously demonstrated PLK4 overexpression in pediatric embryonal brain tumors and
suggested its potential as a therapeutic target for these tumors. Furthermore, it has been recently
demonstrated that PLK4 is upregulated and negatively correlated with clinical outcome in peripheral
NB [6]. While promising treatments for NB [54] have led to an increase in survival rates, both primary
and metastatic CNS-NB have proven more difficult to treat than peripheral NB, leading to significantly
decreased survival rates [4,56]. Here, we show that PLK4 was overexpressed in CNS-NB both primary
and metastatic to the CNS and validate these findings by performing a multi-platform transcriptomic
meta-analysis of PLK4 in normal and tumor tissue.

The Polo-like kinase 4 (PLK4) is a member of the polo-like family of serine/threonine protein
kinases that shares little homology with the other members. While PLK1-3 have two structural polo-box
domains, PLK4’s second domain has been replaced with a crypto polo-box domain [15]. PLK4 is
involved in cell cycle regulation and is localized to the centrosome during cell division, where it plays
a major role in centriole duplication. PLK4 overexpression results in centrosome amplification, which
has been found to cause genetic instability and spontaneous tumorigenesis [18,57]. PLK4 expression
levels are tightly regulated by an auto-regulatory feedback loop in which PLK4 autophosphorylates its
own phosphodegron, marking it for proteasomally mediated degredation [58]. This tight control
maintains its expression low [59] and therefore preventing centriole over-duplication [60]. In
recent years, PLK4 is becoming a subject of interest for the treatment of multiple types of adult
peripheral tumors.

Although we were the first to identify PLK4 as a potential therapeutic target for pediatric
embryonal tumors [7,10], PLK4 overexpression has also been described in adult peripheral tumors
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such as colorectal [20], breast [21], lung [22], melanoma [23], pancreatic cancer [25] and leukemia [24].
In fact, PLK4 inhibition using the small molecule CFI-400945 (CAS#1338800-06-8) [12,13,61] is currently
in clinical trial for advanced solid tumors in adults (NCT01954316).

PLK4 substrates are mainly involved in cell cycle progression. PLK4 mediated phosphorylation
of the centriolar assembly protein STIL, recruits STIL to site of the pre-procentriole and facilitates
its interaction with Sas6 [62], which together, form the centriolar cartwheel, a complex essential to
proper centriole duplication [63]. PLK4 is also involved in the regulation of centriole assembly through
its direct phosphorylation of CP110, a coiled-coil protein controlling centriole length [64]. PLK4 has
been found to be implicated in the localization and stabilization of the cleavage furrow through its
interactions with Ect2, a Rho GEF, which activates RhoA [16]. Other notable cell cycle related PLK4
substrates include CDC25c [65], FBXW5 [66] and AURKA [67].

5. Conclusions

Our previous findings together with the findings of the present study highlight the prevalence
of PLK4 overexpression in embryonal tumors and suggest the potential of PLK4 as a new target for
therapeutic intervention. Although we recognize that the number of cases in this study is small,
the rarity of CNS-NB, the consistency of the results corroborated by extensive meta-analysis, the
novelty and the translational potential of PLK4 as a biomarker and/or a therapeutic target is suitable
for further investigation.
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Abstract: Imaging plays a critical role in the management of the highly complex and widely diverse
central nervous system (CNS) malignancies in providing an accurate diagnosis, treatment planning,
response assessment, prognosis, and surveillance. Contrast-enhanced magnetic resonance imaging
(MRI) is the primary modality for CNS disease management due to its high contrast resolution,
reasonable spatial resolution, and relatively low cost and risk. However, defining tumor response to
radiation treatment and chemotherapy by contrast-enhanced MRI is often difficult due to various
factors that can influence contrast agent distribution and perfusion, such as edema, necrosis, vascular
alterations, and inflammation, leading to pseudoprogression and pseudoresponse assessments.
Amino acid positron emission tomography (PET) is emerging as the method of resolving such
equivocal lesion interpretations. Amino acid radiotracers can more specifically differentiate true
tumor boundaries from equivocal lesions based on their specific and active uptake by the highly
metabolic cellular component of CNS tumors. These therapy-induced metabolic changes detected
by amino acid PET facilitate early treatment response assessments. Integrating amino acid PET in
the management of CNS malignancies to complement MRI will significantly improve early therapy
response assessment, treatment planning, and clinical trial design.

Keywords: magnetic resonance imaging; positron emission tomography; amino acid PET; central nervous
system malignancy; pseudoprogression; pseudoresponse

1. Introduction

Malignancies of the central nervous system (CNS) account for an estimated 23,000 cases and over
16,000 deaths each year [1]. Cerebral gliomas are second to meningiomas in frequency and account for
the highest number of cancer mortalities in adults under the age of 35 [2]. Brain tumors arising from
metastasis originating from peripheral tumors such as lymphoma, melanoma, lung, and breast cancer
occur at an even a higher rate with an incidence of 9–17% [3].

The most recent 2016 World Health Organization (WHO) Classification of Tumors of the Central
Nervous System defines CNS malignancies within four categories (grades I, II, III, and IV) based on
molecular parameters and histology [4]. Grades I and II gliomas are devoid of anaplastic features and
are classified as low-grade gliomas (LGG). High-grade gliomas (HGG) are classified in grades III and
IV and include the most aggressive form, glioblastoma (grade IV), which has a median overall survival
of 1.5 years [5].

The complexity and diversity of CNS malignancies necessitate a multifaceted approach to
therapy that includes surgery, radiation treatment, chemotherapy and, more recently, immunotherapy.
Historically, therapy of CNS tumors entailed surgery and radiotherapy. Improving outcomes relied on
radiotherapy dose escalation and responses were measured by overall survival. With the advent of
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chemotherapeutics and immunotherapy (bevacizumab), radiographic assessment became necessary to
assess immediate responses manifested in anatomic and molecular changes. Thus, imaging became
an integral component of every stage of CNS disease management providing information that is
critical to staging, formulating preoperative strategies, monitoring therapy response, surveillance,
and prognosis.

2. Role of Vascularity in Magnetic Resonance Imaging of CNS Tumors

Magnetic resonance imaging (MRI) is the primary diagnostic method given its high soft tissue
contrast, spatial resolution, low risk, ready availability and relatively low cost. Intensity contrast
between tumor mass and surrounding brain tissue along with anatomical distortions of normal
brain structures and contrast-enhanced regions typically delineate tumors in MR images although
the tumor boundaries are often notoriously difficult to demonstrate accurately by imaging. T1- and
T2-weighted and fluid-attenuated inversion recovery (FLAIR) are the standard sequences utilized.
Compared to healthy brain tissue, CNS tumors typically appear hypointense to myelinated white
matter on T1-weighted images and hyperintense on T2. Other structural characteristics associated
with tumor mass may include cysts, necrosis, hemorrhage, and calcification.

CNS tumors are generally hyper-vascularized in contrast to the highly structured and selectively
permeable blood-brain barrier (BBB), which acts to protect the privileged chemical environment of
the brain. The BBB is formed by tight junctions between endothelial cells supported by pericytes
and astrocytic foot processes limiting permeability to the vast majority of circulating agents [6].
Although microglia within the vicinity of blood vessels can repair a transient injury to the BBB [7],
pathologies of the brain can compromise the integrity of the barrier increasing permeability to large
therapeutic agents such as antibody drugs [8–10]. Access of anti-CTLA antibodies and bevacizumab,
for example, depend explicitly on a compromise of the BBB [11].

In contrast to the highly integrated nature of the BBB [12,13], tumor vascularity is irregular, leaky,
and poorly structured. This abnormality gives rise to permeability, interstitial fluid pressure, hypoxia,
necrosis, and edema characteristically exhibited by glioblastomas. Aberrant tumor vascularity can
be established within the structured BBB environment by metastatic cancer cells that are capable
of breaching and penetrating the tight junctions of the barrier through adherence and proteolytic
processes that mimic leukocyte extravasation. Once established beyond the BBB, the metastatic
tumor microenvironment signals the development of a new heterogenic vascular supply characterized
by increased permeability due to altered pericyte composition [14]. This leaky neovasculature can
favorably influence the delivery of therapeutics by way of leakiness but may also unfavorably raise
interstitial pressures to resist penetration of therapeutic agents [12].

The vascular disparity between the tumor and healthy brain tissue facilitates contrast-enhanced
tumor resolution with gadolinium agents for critical response assessments of CNS tumors by
MRI [15–17]. Increased tumor vascularity is a surrogate of elevated proliferation and aggressiveness
and has been employed to delineate tumors through perfusion contrast-enhancing agents to diagnose
and monitor brain tumor response. Congruently, the hypervascularity of glioblastomas has also been
exploited as a therapeutic target of antiangiogenic drugs such as bevacizumab. Although bevacizumab
has yielded little improvement of overall survival, an undefined subset of glioma patients do receive
survival benefit from this agent, and a marginal improvement of progression-free survival and quality
of life has justified the use of the drug in combination with standard-of-care regimens [18].

3. Limitations of Treatment Response Assessments by MRI

The role of imaging in CNS tumor management has evolved to meet the needs of advances in
therapy. Early therapeutic approaches relied primarily on resection and postoperative radiotherapy
of CNS malignancies. These measures provided a survival benefit which was reflected in overall
survival as the primary endpoint. Renewed efforts over the last 30 years to improve therapeutic
outcomes through radiation dose escalation and adjuvant chemotherapy necessitated formulating new
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early response assessment parameters to provide objective and mechanistic insights into treatment
response [19]. Consequently, the Macdonald criteria were established in 1990 as a means of reporting early
radiographic response based on contrast-enhanced computed tomography and MRI [20]. The Macdonald
criteria use contrast enhancement metrics to objectively stratify therapeutic responses into four categories:
(1) complete response, (2) partial response, (3) stable disease, and (4) progressive disease [20,21].

Progression-free survival is a more immediate assessment of therapeutic efficacy and serves the
needs of a more precise readout for specific therapies. This requires an accurate imaging readout at
chosen intermediate time points during therapy. However, the limitations of anatomic and volumetric
measurements, compounded by the subjective interpretation of equivocal lesions have hindered the
ability of current imaging modalities in providing an intermediate clinical readout. These inadequacies
with the Macdonald metrics became apparent with recognition of contrast-enhancing or -diminishing
artifacts elicited by radiation-induced necrosis and the alteration of vascularity by chemotherapy
(temozolomide) and immunotherapies (bevacizumab) leading to misinterpretation of therapeutic
responses. These artifacts have introduced new caveats in the interpretation of radiological data based
on the Macdonald criteria.

Therapies affecting vascular permeability and perfusion give rise to the phenomena of
pseudoprogression and pseudoresponse where the tumor alternately appears worse or better on imaging
due to spurious effects on the vasculature. This presents a formidable challenge to the accurate and objective
evaluation of therapeutic outcomes, as intermediate time points gauging progression-free survival become
very difficult to interpret (Figure 1).

 

Figure 1. Glioblastoma (WHO IV) patient at presentation (left), shows an insular tumor with islands of
enhancement. Following 60 Gy of radiation with Temozolamide 75 mg/m2 daily (middle column),
there is an apparent increase in both enhancement and edema with mass effect. These worsened
imaging findings resolve one month later with Decadron 6 mg twice daily, with a near return
to imaging baseline. This apparent worsening on imaging is known as pseudoprogression and
represents an inflammatory response to therapy that is difficult to distinguish from true progression.
Pseudoprogression complicates the imaging and clinical management of glioma patients.
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Increased BBB permeability, necrosis, inflammation, and hemorrhage may be instigated by
radiation-induced injury along with edema, and can appear mass-like on imaging. Unlike a tumor
mass, however, these contrast-enhancing regions are not associated with cellular density or vascular
intensity but represent a site of tissue breakdown and leakiness that mimics many of the imaging
attributes of a tumor. The combination of radiotherapy and cytotoxic agents will often cause this effect
and is known as pseudoprogression, which mimics the imaging appearance of tumor progression
and can even cause clinical symptoms due to mass effect but is not due to true progressive disease.
Checkpoint-blockade immunotherapy is also likely to present as pseudoprogression [22].

Conversely, antiangiogenic agents, such as bevacizumab, may cause short-term decreased
perfusion and reduced contrast enhancement due to "normalization" of the tumor vasculature leading
to a false appearance of treatment response, or pseudoresponse, not associated with a real anti-tumor
effect or improved overall survival [23,24]. Bevacizumab’s effects can cause imaging to show decreased
T1 contrast enhancement, edema, and mass effect. This imaging outcome, however, does not correlate
with long-term benefit or improved overall survival [24].

The challenges and limitations associated with MRI limit objective assessment of timely therapy
response assessment and prognostication. Contrast-enhanced MRI is mostly a function of BBB integrity
and tumor vascularity and is, therefore, a nonspecific form of tumor mass characterization that is
prone to equivocal interpretation. These imaging artifacts may be instigated by transient effects of
therapeutic interventions enhancing contrast leading to overestimation of their therapeutic efficacy.
Therefore, evaluation over multiple time points is critical to circumvent misinterpretation of the
single-point transient anomaly.

4. Positron Emission Tomography of CNS Tumors

Positron emission tomography (PET) is an imaging modality that is based on the preferential
uptake and retention of radiolabeled tracers by the target tissue. These radiotracers mimic or are
sometimes chemically identical to, metabolites that are avidly taken up by proliferative cells to meet
their energy or biomass demands. Tumor cells have a higher tendency to absorb these metabolites
generating contrast in uptake between tumor mass and surrounding healthy tissue.

The development of PET radiotracers has addressed some of the limitations of structural MRI
in discerning pseudoprogression from true progression. Tumor delineation based on metabolic
radiotracer uptake offers a functional basis of detection that yields enhanced differentiation of
tumor from equivocal lesions over MRI, improved delineation of tumor boundaries for surgery and
radiotherapy planning, differentiation between tumor progression and treatment-related responses,
and monitoring of tumor response to therapy.

Over the last four decades, PET with 2-deoxy-2-[18F]-fluoro-D-glucose (18F-FDG PET) combined
with computed tomography has emerged as a standard-of-care imaging modality for the detection of
tumors based on their elevated glucose metabolic rate (Warburg effect). The utility of 18F-FDG PET in
imaging brain tumors, however, is hindered by the elevated background uptake level of glucose by
normal brain tissue generating little discernable contrast. Moreover, immune cell activation within
inflammatory responses also exhibits elevated glucose metabolism further obscuring distinction from
brain or tumor tissue [25]. While metabolic contrast between tumor and healthy brain for FDG is low,
there are considerable differences for amino acid and nucleotide metabolism. Tumor cell division
(DNA replication) and growth (biomass generation) demand amino acid and nucleotide building
blocks to meet the needs of the rapidly proliferating cells.

Accordingly, elevated DNA replication of tumor cells can be readily discerned using
3′-deoxy-3′-18F-fluorothymidine (18F-FLT) PET against the background of the relatively quiescent
normal brain cells. Importantly, 18F-FLT does not readily accumulate in inflammatory lesions, as is the
case with 18F-FDG, and is, therefore, able to report on cellular proliferation. Inflammatory immune
cells primarily undergo aerobic glycolysis during activation, and are, therefore, not detected by 18F-FLT.
The specificity of 18F-FLT for cellular proliferation facilitates its utility in reporting on tumor response
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to therapy [26] and has been shown to a better predictor of overall survival than MRI following
treatment of recurrent gliomas with bevacizumab and irinotecan [27]. Moreover, 18F-FLT uptake
detects treatment response early and is highly predictive of overall and progression-free survival
following bevacizumab treatment [28,29]. However, the need for BBB breakdown for 18F-FLT limits its
reliability in reporting on brain tumor treatment response [30].

4.1. Amino Acid PET

Amino acid PET has been evaluated extensively for detecting tumor mass based on metabolic
tumor volume and is playing an increasingly important role in the management of CNS tumors.
Ambiguous brain lesions that may complicate an accurate diagnosis of brain malignancies include
hemorrhage, necrosis, edema, infarctions, abscesses, and inflammation. These extraneous lesions
may be caused by a response to radio- and chemotherapy (inflammation and necrosis) or secondary
anatomical disruptions caused by tumor outgrowth. In contrast to structural MRI, which cannot
accurately differentiate lesion traits, amino acid radiotracer accumulation is a function of tumor avidity
for the carbon source to meet its high demands for biomass and energy generation. This differential
uptake of amino acid tracers can be exploited to specifically delineate cellular mass and tumor
boundaries from surrounding normal tissue. Analogs of methionine, tyrosine, phenylalanine, alanine,
and leucine have been evaluated for their specificity in delineating CNS tumors yielding nearly equally
effective outcomes.

The ability of amino acid tracers to cross the BBB is a crucial advantage that transcends the
limitations of contrast-enhanced MRI, which relies on leaky vascularity or compromise of the barrier
for delivery of contrast enhancing agents. Compromise of the BBB by tumor growth does not appear
to be a requirement for amino acid tracer permeability [31,32]. The intracellular uptake of amino acid
tracers by the tumor cells is an active process facilitated by the L (large) transport system with subtypes
LAT1 and LAT2 and is, therefore, more specific in reporting on live proliferating cells rather than
structural changes [33–36]. This is further evidenced by dexamethasone or antiangiogenic treatment
with bevacizumab not affecting amino acid uptake by brain tumors [37,38]. Prior or ongoing treatment
with temozolomide, however, may impact the tumor-to-background ratio of amino acid uptake and
must be considered in therapy response assessments [39].

The PET radiotracer [11C-methyl]-L-methionine (11C-MET) is the most well-established and
utilized amino acid probe. 11C-MET PET has been shown to be useful in delineating ependymomas,
medulloblastoma, and astrocytomas in pediatric patients and can also effectively differentiate
between radiation-induced brain tissue injury and tumor recurrence [40–43]. It is superior to MRI in
differentiating tumor necrosis following gamma knife radiosurgery from recurrent tumor [44] and
offers accurate tumor size correlation of WHO grades II and III meningiomas [45].

The short 20-min half-life of the 11C, however, limits the practical implementation
of 11C-MET PET to highly specialized imaging centers with onsite cyclotron facilities.
Consequently, 18F-labeled amino acid tracers (with a half-life of 110 min), such as
O-(2-18F-fluoroethyl)-L-tyrosine (18F-FET), 3,4-dihydroxy-6-18F-fluoro-L-phenylalanine (18F-FDOPA),
and anti-1-amino-3-18F-fluorocyclobutane-1-carboxylic acid (18F-FACBC, fluciclovine, a non-natural
amino acid) have been developed among many others to overcome this logistical limitation. Amino
acid radiotracers, such as 18F-FET, also exhibit tumor type-specific kinetics that can facilitate differential
diagnosis of CNS tumors [46–51] (Figure 2). Metabolic changes in response to bevacizumab treatment
of glioblastoma identified by 18F-FET PET imaging occur earlier than morphologic changes providing a
more immediate indication of tumor progression than changes detected by MRI [52]. Both 11C-MET and
18F-FACBC were able to differentiate tumor from equivocal lesions (edema) [53].

Although 18F-FDOPA exhibits differential tumor uptake, its similarity to dopamine results in
preferential accumulation in the striatum presenting an obstacle to accurately demarcating gliomas
involving this region of the brain [54]. In comparison to 11C-MET, 18F-FACBC yields lower background
accumulation levels (i.e., higher tumor-to-brain signal ratios) and, hence, higher detection sensitivity
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and specificity. 18F-FDOPA PET metabolic tumor volume measurements at two weeks following
antiangiogenic treatment are highly predictive of outcome. A first follow-up scan at two weeks
predicted increased overall survival and progression-free survival. Responders identified based on
18F-FDOPA-PET survived 3.5 times longer in contrast to responders identified by MRI who lived
1.5 times longer. 18F-FDOPA PET is more accurate at identifying responders only two weeks following
antiangiogenic treatment [55].

 

Figure 2. 18F-FET PET summation image from 5–15 min is contrasted to a T2 MR image in this patient
with a WHO III astrocytoma, IDH-wild-type, without 1p/19q co-deletion. This was a non-enhancing
tumor on MRI. Note excellent tumor to background contrast for the FET PET image, with standard
uptake values (SUV) of up to 3. Adapted from Unterrainer et al. Eur. J. Nucl. Med. Mol. Imaging 2018,
45, 1242 with permission [51].

4.2. Response to Therapy

Specific detection of early responses to therapy is a significant advantage of amino acid PET as it
can specifically differentiate the cellular component of a tumor mass from inflammatory and necrotic
lesions. Amino acid PET detects metabolic changes, which occur earlier than morphological changes
detected by MRI in response to chemotherapy, radiation treatment, or antiangiogenic treatment.
Favorable outcomes following three cycles of temozolomide treatment can be predicted by reduced
11C-MET uptake in high-grade glioma patients [56,57]. Furthermore, the tumor-associated breakdown
of the BBB does not appear to be a requirement for amino acid tracer permeability resulting in more
accurate tumor boundary delineation even after vascular normalization by bevacizumab [31,32].
18F-FET and 18F-FDOPA can be used to detect response to bevacizumab treatment before the
appearance of morphological changes and thus provide a much earlier prediction of response [52,55,58].
In preclinical glioma models, 18F-FET PET reports on early response to combination therapy with
temozolomide, interferon-beta, or bevacizumab [59]. Management of recurrent high-grade glioma
patients treated with bevacizumab and radiotherapy using 18F-FET PET and MRI is cost effective
and may potentially enhance the treatment quality. These outcomes are realized by the avoidance of
unnecessary costs associated with overtreatment and unnecessary side effects [60].

4.3. Grade Differentiation

Differentiation between low and high-grade gliomas by imaging is a potentially beneficial
diagnostic tool that would enhance the management of CNS tumors. Generally, WHO grade I and
II tumors and a significant number of WHO grade III gliomas are contrast non-enhancing on MRI
limiting tumor burden and therapy response assessments. Furthermore, differentiation between LGG
and HGG by MRI remains challenging.

The utility of amino acid PET to differentiate between LGG and HGG based on the level of radiotracer
uptake has been assessed in a limited number of studies. Generally, amino acid uptake is higher in
grade III/IV gliomas compared to grade I/II [61–63]. [N-methyl-11C] alpha-Methylaminoisobutyric acid
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(11C-MeAIB), an amino acid analog, can differentiate between low-grade and high-grade astrocytoma
as determined by the tumor to normal brain uptake ratio [64]. Differential uptake of alpha-[11C]
methyl-L-tryptophan (11C-AMT) can be used to identify LGGs, even if they are not contrast-enhancing on
MRI, and distinguish them from HGGs based on tumor-to-cortex radiotracer uptake [65].

Despite differential LGG/HGG imaging in many studies, a recent systematic review of amino
acid PET of LGGs has revealed a difficulty in interpretation due to inconsistencies in radiotracer
uptake and different correlations between uptake ratios and LGG molecular status [66]. Radiotracer
uptake intensities for each group can vary widely resulting in overlap and unreliable preoperative
grading [67].

Kinetic PET imaging, however, may offer a better differentiating parameter based on the differing
rate of radiotracer uptake by LGG and HGG. Time-activity curves of grade II tumors exhibit a slow,
steady increase compared to the rapid uptake of amino acid radiotracers by grade III/IV tumors.
Thus, LGG and HGG can be more reliably differentiated based on a dynamic or dual-time-point PET
than static or endpoint imaging [47,48,61,68–70].

4.4. Prognostication

As an extension to its capacity to report on the early response to therapy, amino acid PET has
proven to be a reliable prognostic tool in predicting overall and progression-free survival. Decreased
18F-FET uptake following radiochemotherapy was associated with overall survival compared to
increased or stable uptake [71,72]. True responders to bevacizumab treatment following recurrent
glioma identified by 11C-MET PET at eight weeks were predicted to have more favorable prognoses [73].
Determination of metabolic tumor volume of 11C-MET-PET is prognostic of progression-free survival in
high-grade glioma patients [74] and predictive of patients developing recurrent malignant glioma [75].

Amino acid uptake may also serve as a reliable predictor of survival in patients with LGGs.
18F-FET PET combined with anatomic MRI predicted outcome and progression-free survival [76].
Kinetics of amino acid uptake have also been demonstrated to be useful in predicting regions of
malignant transformation and progression within LGG [70,77]. Detection of metabolic abnormalities in
LGGs by amino acid PET following treatment may also serve as a predictor of tumor recurrence [78].

4.5. Biopsy Guidance

Diagnostic inaccuracies based on image interpretation carry risk and compromise CNS tumor
therapy outcomes. Biopsy provides diagnostic accuracy at a higher rate than neuroimaging and
is essential to tumor grading and treatment planning. Therefore, image-guided stereotactic biopsy
of tumor volumes is crucial to achieving higher diagnostic yields. Delineation of tumor extent and
identification of regions of higher grade and density with 18F-FET and 18F-DOPA PET proved useful for
biopsy guidance and resection planning in most cerebral glioma cases compared to 18F-FDG [67,79–81].
Needle guidance to hypermetabolic foci by PET produce a higher diagnostic yield than MRI reducing
sampling to a single trajectory. Reducing sampling frequency through accurate image data is
particularly important to minimize the risks associated with a biopsy of intrinsic infiltrative brainstem
malignancies [82].

4.6. Case Studies Validating Amino Acid PET

Some case studies illustrate the advantages of amino acid PET over MRI in delineating tumor
extent, informing on response to therapy, and detecting disease recurrence. Amino acid uptake has
also been shown to be consistent with exhibited symptoms and biopsy results. A unique case study
involving a 37-year old woman with a “butterfly” glioblastoma exemplifies tumor extent delineation
by amino acid PET. MRI findings were equivocal and imprecise, indicating bifocal growth with slight
contrast enhancement despite the large extent of the bilateral tumor mass. 11C-MET PET was more
diagnostically precise than contrast-enhanced MRI in delineating a broad and continuous tumor
mass [83].
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Amino acid PET has also proved valuable in detecting recurrence and differentiating it from
pseudoprogression as confirmed by biopsy. Detection of recurrence by PET was illustrated by high
18F-DOPA uptake in the left parietal lobe of a 46-year-old patient, where resection of a glioma had
taken place two years earlier. 18F-FDG uptake was not elevated and did not indicate any abnormalities.
Recurrence of the tumor in this patient was confirmed by biopsy demonstrating the accuracy of amino
acid PET in detecting metabolic tumor volume [84]. Similarly, pseudoprogression has been reliably
determined by amino acid PET in other case studies. Morphological changes on MRI suggested
recurrent tumor eight months following radiochemotherapy in a glioblastoma patient. 18F-FET PET,
however, was negative for focal uptake and, indeed, histopathology of the resected tumor revealed
necrotic tissue consistent with pseudoprogression. The lesion regressed in follow-up MRI further
confirming the diagnosis [85].

In contrast to MRI, consistency of amino acid uptake with patient symptoms has been demonstrated
in a number of case studies. Vision problems exhibited by 16-year old female optic pathway glioma
patient correlated with an increase in 11C-AMT uptake indicating recurrence. 11C-AMT uptake
decreased upon chemotherapy and radiotherapy and correlated with a symptomatic improvement [86].
Likewise, 18F-MET PET was able to detect recurrence of a benign oligodendroglioma in a patient exhibiting
recurrent temporal epileptic seizures 15 months following resection. 18F-MET PET uptake was high in
the region of the previous tumor. Secondary resection and biopsy confirmed recurrence as predicted by
PET [87]. In both of these cases, MRI did not reveal morphological changes indicating tumor recurrence
and was inconsistent with exhibited patient symptoms.

5. Combined PET/MRI for the Management of CNS Tumors

The strength of MRI in providing high anatomical resolution of soft brain tissue coupled with
the specificity of amino acid PET in delineating CNS tumors promote combining the modalities
to improve diagnostic specificity in the management of CNS malignancies. When combined with
MRI, 11C-MET-PET has been shown to be a reliable identifier of true responders to bevacizumab
therapy with favorable prognoses [73,88,89]. Furthermore, improved diagnostic confidence of primary
low-grade astrocytoma and high-grade astrocytomas [90] and reliable early differentiation between
tumor recurrence and radionecrosis in high-grade glioma patients have been demonstrated [91].
The benefits of combined PET/MRI have also been extended to pediatric patient management and
found to be well-tolerated and have been recommended for early prediction of response [92].

6. Conclusions and Future Perspectives

Metabolic changes detected by amino acid PET occur in response to therapy sooner than
morphological and structural changes providing an earlier response to therapy assessment and
prognosis. Moreover, metabolic uptake of radiolabeled amino acids is specific to the proliferating
cellular component of the tumor, occurs independently of the status of the blood-brain barrier,
and excludes non-cellular lesions created by necrosis, edema, and inflammation. As summarized in
Figure 3, these advantages offered by amino acid PET translate into precise tumor boundary delineation
and early treatment response assessments that transcend MRI-based limitations of pseudoprogression
and pseudoresponse.

The advantages provided by amino acid PET justify its future implementation as a standard
procedure in defining biopsy sites, planning surgical resection and radiotherapy, prognostication,
and treatment response assessment [93,94]. These tangible benefits have been realized leading to
the recommendation by the Response Assessment Neuro-Oncology (RANO) working group for the
inclusion of amino acid PET in the management and diagnosis of brain tumors in conjunction with
conventional MRI [95]. Complementing the limitations of MRI with the strengths of amino acid PET
will lead to significant improvements in all aspects of CNS tumor management.
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Figure 3. Schematic representation of MRI and PET outcomes following treatment of CNS tumors.
(A) Radiotherapy and chemotherapy of CNS tumors can lead to edema, necrosis, inflammation,
and breakdown of the BBB creating contrast-enhancing lesions that obscure tumor boundaries and lead
to pseudoprogression. (B) Conversely, vascular normalization following bevacizumab treatment,
without an associated anti-tumor response, can diminish contrast enhancement yielding a false
appearance of treatment response or pseudoresponse. (C) Amino acid PET reports specifically on the
accumulation of the radiotracers within the cellular component of the tumor mass reflecting correct
tumor boundaries and immediate metabolic changes in response to therapy.
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Abstract: Radiation therapy (RT) represents an integral component in the treatment of many pediatric
brain tumors. Multiple advances have emerged within pediatric radiation oncology that aim
to optimize the therapeutic ratio—improving disease control while limiting RT-related toxicity.
These include innovations in treatment planning with magnetic resonance imaging (MRI) simulation,
as well as increasingly sophisticated radiation delivery techniques. Advanced RT techniques,
including photon-based RT such as intensity-modulated RT (IMRT) and volumetric-modulated
arc therapy (VMAT), as well as particle beam therapy and stereotactic RT, have afforded an array of
options to dramatically reduce radiation exposure of uninvolved normal tissues while treating target
volumes. Along with advances in image guidance of radiation treatments, novel RT approaches are
being implemented in ongoing and future prospective clinical trials. As the era of molecular risk
stratification unfolds, personalization of radiation dose, target, and technique holds the promise to
meaningfully improve outcomes for pediatric neuro-oncology patients.

Keywords: radiotherapy; pediatric oncology; brain tumors; proton beam therapy; intensity-modulated
radiotherapy; magnetic resonance imaging; image guidance

1. Introduction

Cancers of the central nervous system (CNS) are the most common solid tumors among pediatric
patients, with an incidence of approximately 3000 new cases annually, accounting for 25% of all
pediatric tumors [1]. Over the course of the last several decades, the prognosis for these malignancies
has improved steadily, with the most recent nationwide data reporting an estimated 72% 5-year overall
survival rate for the pooled cohort of pediatric patients with primary CNS tumors [1]. Improvements in
the prognoses of these tumors have been made owing to a combination of factors, including advances
in neurosurgery [2,3], diagnostic radiology [3–5], radiation oncology [6,7], and medical oncology [8,9],
among others. In this review, we will provide an overarching view of recent advances in radiation
oncology relevant to pediatric neuro-oncology, as well as look to the future of radiotherapy (RT) in the
treatment of these challenging lesions.

2. Role of RT in Pediatric Neuro-Oncology

Pediatric brain tumors represent a heterogeneous group of lesions, whose clinical and biological
characteristics vary widely; treatment approaches for these lesions can differ markedly between tumor
types, patient demographics, and clinical context. Multimodality therapy for these tumors may consist
of a combination of maximal safe neurosurgical resection, RT, and systemic chemotherapy or targeted
agents. For many benign or low-grade lesions that are accessible surgically, neurosurgical resection
alone may afford excellent outcomes, often with acceptable rates of toxicity [10]. On the other hand,
for aggressive tumors, combination approaches including surgery, RT, and chemotherapy are indicated
to achieve optimal outcomes [11].
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When RT is indicated, the intent and target can vary depending on a number of factors as
well. Among patients with embryonal brain tumors, such as those with medulloblastoma, RT is
recommended in the adjuvant setting (following resection), generally targeting the entire brain and
spine (craniospinal irradiation, CSI) as well as a boost to the tumor bed [12]. The aim of CSI in this
context is to eradicate microscopic disease elsewhere in the CNS, particularly given the proclivity
for embryonal tumors to disseminate via cerebrospinal fluid (CSF) pathways [12]. For patients with
high-grade unresectable tumors, such as those with diffuse intrinsic pontine glioma (DIPG), RT remains
de facto the sole therapeutic option available to delay progression and death. Thus, with a range of
adjuvant, definitive, and palliative indications, RT plays a significant role in the treatment of most
childhood brain tumors.

3. Advances in Treatment Planning

For the past two decades, RT treatment planning has relied on the use of computed tomography
(CT) simulation. CT simulation allows providers, including the radiation oncologist as well as radiation
therapist, to optimize the patient position for subsequent treatments. For patients undergoing
RT to the brain, the simulation process often involves the manufacture and customization of a
thermoplastic mask to immobilize the head. Following immobilization, axial CT images are acquired,
transferred to the treatment planning system, and utilized to determine target volumes. These target
volumes, including the gross tumor volume (GTV), clinical tumor volume (CTV), and planning target
volume (PTV) are contoured onto the acquired CT simulation images. Also contoured are critical
organs-at-risk or avoidance structures, including the brainstem, spinal cord, optic nerves, optic chiasm,
cochleae, hippocampi, and others. Through delineation of these structures in the contouring process,
treatment planning can proceed to optimize the dose to the target volumes while minimizing dose to
critical normal structures.

One pitfall of this process in the treatment of brain tumors, however, is the relatively
poor soft-tissue contrast associated with CT imaging, particularly in the neuro-axis. Therefore,
from the initial development of CT simulation, efforts were made to incorporate the high degree of
soft-tissue contrast with magnetic resonance imaging (MRI) into the treatment planning process [13–15].
To accomplish this, MRI sequences (generally from diagnostic scans) are co-registered to the
CT simulation images. The co-registration, or ‘fusion’, of MRI series to CT imaging relies on
transformation models to align these scans to one another, which can be optimized to account for
organ distortion [16–18]. Multiple studies have demonstrated that the addition of MRI co-registration
for treatment of brain tumors has resulted in substantial changes to both the contoured target volumes
as well as organs-at-risk [15,19]. Variations in tumor delineation during treatment planning in the
absence of co-registered MRI sequences carries significant clinical consequences, with the potential for
under-treatment of disease as well as over-treatment of critical normal structures.

Given the centrality of MRI in treatment planning for brain tumors (among others), an increasing
number of institutions are pursuing the use of dedicated MRI simulators [16,19]. These MRI
simulators allow for MRI sequences to be obtained with appropriate patient positioning using requisite
immobilization devices for treatment planning purposes (Figure 1). Whereas co-registered MRI data
from diagnostic imaging are derived from scans in which patients are not in the treatment position
or with immobilization devices such as a mask, dedicated MRI simulators allow for high-fidelity
MRI sequences to be obtained in the treatment position [20]. This focus on geometric consistency
between MRI acquisition and subsequent RT treatments facilitates utilization of MRI data for contour
definition (Figure 1) [20,21]. Clinically, this approach is particularly advantageous in the context of
adjacent target volumes and critical organs-at-risk, for instance treatment of posterior fossa tumors
adjacent to brainstem, or suprasellar/sellar tumors adjacent to optic pathway structures; in these cases,
accurate delineation of target versus non-target structures is paramount to avoid severe toxicity such
as brainstem necrosis or visual impairment, respectively.
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Figure 1. CT and MRI simulation. Axial images from CT (A) and MRI (B,C) simulation for
radiation treatment planning purposes. This patient is an 8-year-old male who presents for
adjuvant radiotherapy three weeks following gross total resection of average-risk posterior fossa
medulloblastoma. CT simulator axial image showing the resection cavity is shown in (A); (B,C) show
MRI simulator axial images from the same plane; T1 post-gadolinium contrast sequence is shown
in (B), and the T2 sequence is shown in (C). The MRI simulator allows for identical positioning and
immobilization to be achieved, facilitating fusion of CT and MRI images as demonstrated here.

Furthermore, efforts to date utilizing MRI co-registration or MRI simulation have generally
used these as an adjunct to CT simulation. CT simulation provides a spatial electron density map
(via CT-derived Hounsfield units), which is then used to model conformal RT treatment plans [22].
Modeling dose distribution accurately during treatment planning is contingent on this electron density
map. Looking ahead, ongoing studies are attempting to utilize MRI sequences to infer electron
density, so that accurate treatment planning could proceed with MRI simulation alone [16,21,23,24].
This would be particularly helpful for pediatric patients, in whom limiting radiation exposure (i.e.,
through reducing the number of CT scans performed) is of biological and clinical importance [25].
Logistically, pediatric patients up to the age of eight years old often require sedation to tolerate both
simulation and radiation treatments; consolidating simulation to one scan (an MRI) may similarly
provide practical advantages for this special patient population.

Specific MRI sequences and techniques also hold promise to enhance RT planning and delivery.
Conventionally, commonly utilized MRI sequences to anatomically define target volumes as well as
normal structures include T1 post-gadolinium-contrast and T2 fluid-attenuated inversion recovery
(FLAIR) [16,26–28]. While T1 post-contrast and T2 FLAIR sequences yield excellent intracranial
soft tissue contrast for defining volumes (T2 FLAIR being particularly helpful for assessing
tissue peritumoral edema and gliosis), functional MRI sequences may expand the role of MRI
in treatment planning as well as clinical outcomes [21,26]. Diffusion-weighted MRI sequences
(also known as diffusion-weighted MR imaging, or DWI), for instance, provide an assessment of
water diffusion through tissue, which can assist in assessing cellularity of a particular voxel [21].
Increased water diffusion distance reflects decreased cellularity—an indicator of treatment response.
Supporting this, DWI mid-way through the course of RT has been shown among brain tumor patients
to provide a radiographic biomarker of treatment response and subsequent long-term survival [29–31].
MR spectroscopy may provide further functional and metabolic data, using tissue metabolite nuclei
characteristics to assess the chemical composition of a given voxel. With expertise and support
from experienced radiologists, MR spectroscopy can yield a voxel-by-voxel map of data related to
cell turnover, hypoxia, and other physiologic parameters that can inform treatment planning and
response [21,26,32–34]. While promising, these functional imaging techniques are only now beginning
to be incorporated into clinical practice.
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4. Advances in RT Delivery

4.1. Advanced Photon RT Techniques

With the integration of CT simulation and three-dimensional treatment planning over the
prior decades, photon-based RT techniques have similarly progressed. Moving beyond the era
of two-dimensional (2D) and three-dimensional conformal RT (3D-CRT), intensity-modulated RT
(IMRT) has entered mainstream clinical practice and use, including among pediatric neuro-oncology
patients. The underlying premise for IMRT is rooted in the use of inverse-planning systems that
rely on objective functions to optimize a treatment plan. Based on pre-specified target volume goals
and organ-at-risk constraints, inverse-planning algorithms can generate plans using multiple beam
arrangements (i.e., 8 or 9 beams) with non-uniform beam fluences to optimize the objective functions.
These plans generally rely on the use of multileaf collimators (often made of a high-atomic-number
[high-Z] materials such as tungsten) that subdivide each beam into several small ‘beamlets’, each
of which in turn can have variable fluences to achieve the desired objective functions. Collectively,
this approach can yield highly conformal plans in which high-dose regions can be shifted away from
critical structures, though usually with a lower-dose ‘bath’ to a larger region of uninvolved tissue.

In the treatment of brain tumors, IMRT has been shown to improve target conformity as well as
critical structure sparing when compared to standard 3D-CRT approaches [35–37]. These dosimetric
advantages to IMRT are supported by clinical data, which demonstrate comparable rates of disease
control with IMRT approaches [38–40], but decreased RT-related toxicity, particularly ototoxicity [37,41,42].
Expanding on IMRT, arc-based therapies have increasingly been utilized. These approaches, such as
volumetric-modulated arc therapy (VMAT), rely on coplanar intensity-modulated arcs in which the linear
accelerator gantry rotates around the patient [43,44]. As the gantry rotates around the patient, dynamic
modulation can occur for the speed of gantry rotation, the beam-shaping aperture (including multi-leaf
collimator), as well as the dose delivery rate [43–46]. The result is a highly-conformal treatment plan,
comparable and often superior to IMRT with regard to target volume coverage, coverage homogeneity,
and normal tissue sparing [44,45,47,48]. However, the primary advantage of arc-based techniques is
the speed of treatment delivery [44], in which a single arc can be delivered over a few (2–3) min.
Given that most VMAT plans rely on one to three arcs, the total time for patients on the treatment table
may be reduced from approximately 30 min with IMRT to 10–15 min with VMAT, in our experience.
This difference is particularly advantageous for pediatric patients, whose tolerance for treatments
may be more limited than adult patients, and many of whom may require sedation while undergoing
treatment. A caveat to the above is that the low-dose ‘bath’ may be more pronounced with VMAT,
and certain clinical and dosimetric instances may arise where 3D-CRT approaches may provide optimal
sparing of a specific at-risk structure [45,48].

4.2. Particle Therapy

In conjunction with advanced photon-based RT, particle therapy, including proton beam therapy
(PBT), has now entered mainstream clinical practice among pediatric neuro-oncology patients [49–51].
The underlying principle of particle therapy, with PBT or heavier ions such as carbon ions, relies on the
physical properties of particle beam dose deposition. With photon beams, radiation is deposited from
its entrance into the body to a maximum dose, and then continues to deposit dose as it exits through
to the other side of the body. The maximum depth dose for clinically-utilized photon beams (with
energies between 4 MV and 18 MV) ranges between approximately 1.5 cm and 3.5 cm. Beyond these
maximum depths, photon beams continue to deposit dose until exiting the other side of the body and
striking a shielded wall on the opposite side of the treatment room. In contrast, proton beams (and
more particle beams more generally) decrease velocity as they pass through tissue, depositing more
energy with decreasing velocity until reaching a stopping depth in which the bulk of their energy is
deposited. Distal to this characteristic depth, limited further energy is deposited in tissue, resulting in
essentially no exit dose past the maximum depth dose for a proton beam. The characteristic peak
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energy deposition at a given depth is known as the Bragg curve (or Bragg peak). The specific depth
of a Bragg peak for a mono-energetic proton beam is dependent on the energy of the proton beam
(usually ranging between 70 and 250 MeV). By utilizing poly-energetic proton beams in clinical use,
the Bragg peak becomes “spread-out” such that a target volume can be treated across its thickness
with a proton beam; even with a poly-energetic proton beam, however, the dose drop-off at the end of
the peak remains, with no dose beyond the distal edge of the spread-out Bragg peak. The primary
advantage of PBT, therefore, is the ability to deliver RT with minimal exit dose.

Given the susceptibility of children to late effects from RT (including neurocognitive deficits,
neuroendocrine deficits, audiovisual toxicity, growth abnormalities, and second malignancies,
among others), the potential for PBT to minimize normal tissue radiation exposure through the absence
of exit dose represents an enticing opportunity to enhance the therapeutic ratio. Multiple dosimetric
studies have demonstrated a significant reduction in dose to critical organs at risk, as well as uninvolved
brain more generally, in the treatment of diverse pediatric brain tumors using PBT; these studies
confirmed dosimetric benefits of PBT over advanced photon-based techniques (including IMRT) for
patients with medulloblastoma, ependymoma, and craniopharyngioma [52–57]. This has been most
pronounced for patients who require CSI, such as medulloblastoma patients (Figure 2). With CSI,
posterior positioning of proton beam(s) targeting the spinal canal as part of CSI allows for dose
to cover the spinal canal and vertebral bodies, with minimal dose anteriorly into critical organs
including thyroid, heart, lungs, gastrointestinal structures (i.e., pancreas), and ovaries, among others
(Figure 2) [52,53,57,58]. So pronounced are the dosimetric differences in sparing anterior structures
with PBT for CSI that the pediatric radiation oncology community has debated in recent years whether
PBT represents the only standard of care option for pediatric patients requiring CSI (Figure 2) [59,60].

Figure 2. Proton beam therapy CSI. Representative mid-sagittal image of an 11-year-old male patient
status post gross total resection for average-risk posterior-fossa medulloblastoma being planned for
adjuvant radiotherapy (RT) including craniospinal irradiation (CSI). Shown here are isodose lines
(colored lines) for the radiation treatment plan for the CSI component of this patient’s adjuvant RT. CSI
fields cover the complete brain and spinal cord to the termination of the thecal sac in the sacrum. The
100% isodose line (23.4Gy[RBE]) covers the entire target volume as shown in this image. As this patient
is being treated with PBT, the posterior-positioned spinal fields have their terminal Bragg peak at the
anterior-most portion of the vertebral bodies. Therefore, there is no exit dose anterior to the vertebrae,
as shown with the isodose lines, including the low-dose 5Gy[RBE] isodose line (cyan). No dose is seen
treating anterior structures such as the heart, liver, thyroid, gastrointestinal organs, or other anterior
structures seen in this representative sagittal slice.

Dosimetric data have been supported by clinical data for PBT thus far. Across multiple disease
sites, reviewed individually elsewhere, PBT has provided disease control rates comparable to those with
photon-based RT, while often providing clinically-meaningful reductions in toxicity [7,49–51,58,61–66].
Furthermore, PBT does not appear to increase the risk of second malignancies among treated patients
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as compared with photon RT [67,68]. The possibility of increased second malignancy risk with PBT
arose due to concerns regarding increased secondary neutron production with PBT, particularly with
the use of patient-specific brass apertures and scattering devices utilized with certain PBT treatment
plans [69,70]. Such secondary neutrons might, hypothetically, increase whole-body non-target radiation
exposure and increase second malignancy risk [70], a relevant concern for pediatric patients whose
baseline risk for RT-related second malignancy is higher than that of adults. However, both modeling
data as well as clinical evidence to date suggests that if anything PBT may decrease second malignancy,
likely owing to the absence of low-dose ‘bath’ as occurs with advanced photon-based techniques such
as IMRT or VMAT [49,67,68,71].

The underlying technology and treatment delivery systems for PBT continue to progress as well.
Earlier iterations of PBT have relied on the use of passive-scatter PBT (PSPT). PSPT utilizes a range
modulator wheel to generate a spread-out Bragg peak from an initial monoenergetic proton beam;
the proton beam is then shaped with brass apertures to sharpen the lateral border of the proton beam
as well as compensator to modulate the distal edge of the beam. PSPT is somewhat limited with
regard to modulating dose for structures proximal to the target volume in the path of the beam, and
similarly may not provide conformal treatment plans for irregularly-shaped targets. Scanning-beam
PBT, as opposed to PSPT, relies on proton ‘beamlets’ of discrete energies which can be delivered
in layers (with each layer/depth reflecting a specific beamlet energy). Rather than using a range
modulator, scanning-beam PBT allows for ‘dose painting’ of the target volume with these beamlets,
and can afford high conformality of irregularly-shaped targets. Scanning-beam PBT therefore allows
for intensity-modulated proton therapy (IMPT) to be possible, wherein ‘dose painting’ of a target
volume can achieve highly-conformal dose distributions surpassing both advanced photon-based
techniques as well as PSPT [72,73]. Emerging clinical data highlight high rates of disease control with
reduced toxicity utilizing IMPT, primarily in the treatment of head and neck malignancies [74–76].
These advances in PBT technology, as well as challenges with regard to uncertainties with PBT, have
been reviewed elsewhere and are beyond the scope of this review [49,51]. However, ongoing efforts
to understand the radiobiological differences between proton and photon beams are increasingly
revealing the complexities of particle therapy, as well as the enhanced biological effectiveness of
protons as compared with photons [49]. The higher relative biological effectiveness of protons carries
both potential advantages with regard to tumor cell killing, as well as risks in terms of increased risk
of toxicity to critical structures that receive dose (such as the brainstem in the case of posterior fossa
tumors) [49,77].

Heavier ion particle therapy, such as carbon ion radiotherapy, has also emerged as a treatment
option for pediatric patients. Carbon ion therapy, as with PBT, demonstrates a Bragg peak dose
distribution with minimal exit dose; however, the biological effectiveness of heavier ions is thought
to be greater than that of both photons and protons [78]. These properties suggest that heavy ion
therapy may be particularly helpful for radioresistant tumors, such as osteosarcoma (the most common
pediatric bone tumor). Early data utilizing definitive heavy ion therapy for unresectable pediatric
osteosarcoma are promising [79–81], and future studies exploring the role of heavy ion therapy in the
treatment of pediatric patients are underway.

4.3. Stereotactic Approaches

Stereotactic RT represents another option emerging within pediatric radiation oncology.
Stereotactic approaches are advanced photon-based techniques that are highly-focal and precise,
delivering large fractional doses of radiation largely to small, spherical targets. Stereotactic RT is often
delivered as a single fraction (generally called stereotactic radiosurgery [SRS] if delivered as a single
treatment) or over a few fractions (usually five or fewer treatments, called stereotactic radiotherapy
[SRT]). SRS and SRT can be delivered using a number of systems, including the Gamma Knife system
(in which a patient sits inside a ‘helmet’ with multiple non-coplanar slits, which in turn allow for dose
to be delivered from cobalt-60 sources to an intracranial target) as well as modified linear accelerators
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(including dedicated radiosurgery liner accelerators such as the CyberKnife system) [6]. The ideal
target for such stereotactic approaches is small and spherical, and consequently this approach has
been largely utilized for patients (primarily adults) with brain metastases. In the pediatric setting,
stereotactic techniques present unique opportunities as well as challenges. While the proportion of
pediatric patients with brain metastases is marginal as compared with that of adult patients, pediatric
patients with both neoplastic as well as certain vascular lesions may benefit from SRS/SRT. Since SRS
and SRT are delivered in one or a few fractions, respectively, this significantly reduces the burden of
prolonged treatment duration on pediatric patients. On the other hand, as SRS and SRT approaches
often require more invasive immobilization methods, such as the use of a stereotactic head ‘frame’
which is affixed to the skull with the use of metal pins, pediatric patients may be more likely to require
sedation with the procedure. However, if the treatment is delivered only once (i.e., SRS) over a single
day, this invasive but shorter approach may represent an advantage compared with daily sedation for
a conventional RT course that would otherwise require 30 treatments over six weeks, for instance.

SRS and SRT themselves have been utilized heterogeneously among pediatric patients.
This includes efforts to incorporate SRS as a ‘boost’ for high-risk ependymoma patients being
treated with adjuvant RT [6,82,83], as definitive treatment for low-grade gliomas [84–86], or in the
setting of recurrent/residual disease, often within previously-irradiated tissue [6,83,87–92]. One such
case of utilizing SRS to treat a recurrent pituitary adenoma in a pediatric patient is highlighted in
Figure 3. SRS has similarly been shown to represent a safe and effective treatment option for pediatric
arteriovenous malformations, discussed and reviewed extensively elsewhere [93]. Beyond this,
stereotactic approaches have been considered in a variety of clinical contexts (often borrowing upon
experiences treating adult patients). Single-fraction high-dose palliative approaches with stereotactic
RT are promising options, as is the use of stereotactic RT for the ablative treatment of oligometastatic
disease [94,95]. Reirradiation may be another context where SRS/SRT may be helpful, given the
rapid dose fall-off with such treatment plans and consequent minimal reirradiation of critical normal
structures being exposed to another course of RT [96]. Stereotactic fractionated approaches are
similarly considered for higher dose-per-fraction boost fields among certain pediatric ependymoma
protocols [97]. While the indications for SRS and SRT among pediatric neuro-oncology patients remain
heterogeneous, they represent an emerging technique for the treatment of intracranial lesions across
diverse clinical contexts.

Figure 3. Stereotactic RT in the pediatric setting. This case is that of a 17-year-old female who presents
with enlarging residual pituitary adenoma. The patient was initially treated one year prior with
subtotal trans-nasal endoscopic resection of a non-secreting pituitary adenoma. On subsequent MRI
surveillance, she was noted to have slow enlargement of residual pituitary adenoma. She was therefore
recommended for salvage stereotactic RT to this residual disease. She was treated with a single-fraction
of stereotactic radiosurgery, prescribing 19.9 Gy to the 50% isodose line. Shown here are representative
(A) axial; (B) coronal; and (C) sagittal sections of the plan, with 10 Gy, 19.9 Gy, and 26 Gy isodose lines.
Critical structures are appropriately avoided using this highly-conformal single-treatment technique,
including optic chiasm (purple contour) and left optic nerve (orange contour).
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4.4. Improving Image Guidance

Central to the use of advanced RT delivery technologies is improved patient alignment
confirmation. For highly-conformal RT techniques, including IMRT, VMAT, PBT, and stereotactic RT,
patient set-up errors and positional deviations can dramatically impact the treatment plan, potentially
causing target volumes to be under-treated and normal structures to be over-treated. Such errors can
therefore result in decreased tumor control, increased treatment-related toxicity, or both. Therefore,
to support advanced RT delivery technologies, advanced alignment verification technologies have
emerged. At the heart of these alignment verification methods are techniques known as image-guided
radiation therapy (IGRT). IGRT most commonly includes techniques such as (1) kilovoltage (kV) planar
radiographs from X-ray devices mounted in the treatment room (often mounted as part of the treatment
linear accelerator/gantry itself), or (2) volumetric imaging using cone beam computed tomography
(CBCT) scans, which are similarly incorporated into the treatment room [98,99]. kV-IGRT provides
physicians with planar radiographs, often obtained in two radiographic planes (for instance, one
anteroposterior radiograph and one lateral radiograph), that facilitate accurate alignment to bony
landmarks [98]. CBCT, on the other hand, allows for three-dimensional volumetric imaging with
CT-level soft tissue resolution [98]. For most intracranial tumors, our institutional practice, consistent
with many other academic centers [98], has been to utilize daily kV-IGRT to ensure accurate bony
alignment. Given the reliability of bony landmarks for intracranial target volumes, whose positions
are markedly more consistent than targets in the abdomen or pelvis, for instance, daily kV imaging
has been widely adopted as an effective IGRT tool for advanced RT techniques in the treatment
of intracranial tumors [98,99]. Some institutions have more routinely employed CBCT imaging for
pediatric neuro-oncology patients, suggesting that the set-up uncertainty margin added to the CTV
to generate the PTV can be reduced with the use of CBCT [100]. However, concerns regarding
radiation exposure to pediatric patients undergoing CBCT IGRT have been raised [25,99]. With doses
of approximately 3 cGy per CBCT [101], frequent CBCT imaging (daily or weekly) has the potential to
substantially increase risk of mutagenesis and second malignancy [25,99]. This additional radiation
exposure may also translate into higher rates of infertility and endocrine dysfunction [25,99]. Therefore,
our overarching approach, consistent with most high-volume pediatric centers, has been to utilize
kV-IGRT to optimize patient alignment and reduce PTV margins; CBCT, however, is used sparingly.

Along these lines, an important caveat is that IGRT as well as adaptive re-planning
have been increasingly utilized for target volumes whose size and shape may vary over the
treatment course. Perhaps the clearest example of such a tumor within pediatric neuro-oncology is
craniopharyngioma. These lesions, comprised of both solid and cystic components, have a propensity
to develop dynamic changes in cyst size and position during a course of RT [102,103]. Therefore,
adaptive re-planning with repeat imaging has been recommended by multiple groups in the treatment
of craniopharyngioma [55,62,102–104]. Our practice is generally to have craniopharyngioma patients
undergo MRI simulation up-front as well as every one to two weeks while on treatment. Using the MRI
simulator, we can obtain MRI imaging to assess cyst dynamics and complete an adaptive radiation
plan if needed utilizing these MR images in the treatment position. This paradigm also avoids repeat
CT imaging and associated radiation exposure, ideal for pediatric patients as previously discussed.

5. Clinical Efforts—Refining Target Volumes

5.1. Shrinking Field Sizes

Cooperative group clinical studies have further advanced pediatric neuro-oncology with efforts to
refine target volumes. By decreasing field sizes, many of these trials aim to reduce RT-related toxicity
and exposure without compromising disease control. For medulloblastoma patients, institutional
data suggested that the standard boost field encompassing the entire posterior fossa (PF) may be
excessive, and that rather a smaller ‘involved field’ (IF) boost volume targeting the tumor bed (with
margin) would be sufficient [105,106]. To test whether such a reduced IF boost would provide
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comparable disease control rates as a PF boost, the Children’s Oncology Group (COG) ACNS 0331
trial randomized standard-risk medulloblastoma patients to IF versus PF boost fields; presented
in abstract form, the data demonstrate comparable 5-year event free survival (EFS) between the
IF and PF boost arms (82.2% vs. 80.8%) [107]. Consequently, the standard of care has now
shifted supporting use of IF boost fields rather than PF boost fields for medulloblastoma patients.
Along similar lines, intracranial germ cell tumor (GCT) studies have aimed to reduce field sizes.
For intracranial pure germinomas, a highly radiosensitive tumor, efforts sought to reduce definitive
RT volumes from CSI to limited-field RT targeting the local tumor alone [108,109]. These prospective
European studies demonstrated that such drastic target volume reductions yielded unacceptably
high rates of periventricular disease relapse [108,109]. These data, coupled with a large literature
review, supported the use of whole-ventricular irradiation (WVI), an intermediate between CSI and
limited-field RT [108–110]. WVI, while still somewhat larger than limited-field RT targeting the tumor
alone, represents a significant reduction in the treatment volume as compared with CSI, and has
emerged as the standard for intracranial germinoma, utilized in the most recent COG protocol (ACNS
1123) [111]. For non-germinomatous intracranial germ cell tumors (NGGCTs), which have a higher risk
of relapse and a poorer prognosis as compared with pure germinomas, the North American treatment
paradigm has centered on the use of induction chemotherapy, with or without second-look surgery,
and subsequent CSI [112]. As with medulloblastoma, institutional data suggest that reduced field
size to WVI may not compromise disease control [113]; the NGGCT stratum of ACNS 1123 therefore
is testing whether WVI, rather than CSI, may be an effective option for those who radiographically
respond to induction chemotherapy.

5.2. Optimizing Dose

In conjunction with prospective studies designed to reduce field size, pediatric neuro-oncology
trials have also focused on better elucidating the optimal RT doses for patients. These protocols
have broadly asked to what extent RT dose can be reduced without compromising clinical outcomes.
For standard-risk medulloblastoma patients, for instance, prospective data demonstrated that adjuvant
RT with dose-reduced CSI (from 36 Gy to 23.4 Gy) did not result in inferior outcomes, provided
patients also received adjuvant chemotherapy following RT [114]. COG ACNS 0331 attempted to
further reduce the CSI dose to 18 Gy for standard-risk medulloblastoma patients, based on promising
pilot data [107,115]. However, despite these pilot studies, reduced dose CSI from 23.4 Gy to 18 Gy in
ACNS 0331 resulted in inferior EFS and overall survival [107]. Therefore, these trials have established
23.4 Gy, and not lower, as the ideal CSI dose for standard-risk medulloblastoma patients [107]. Efforts to
determine the appropriate RT dose for pediatric patients are increasingly incorporating radiographic
and molecular data to better risk-stratify patients and tailor dose accordingly. For intracranial
germinoma patients, ACNS 1123 is assessing the feasibility of dose reduction based on radiographic
response to induction chemotherapy [111]. For medulloblastoma patients, ongoing trials in both North
America (SJMB12) and Europe (PNET5) are utilizing medulloblastoma molecular risk stratification
to tailor RT dose, including dose reduction for lower-risk patients as well as dose intensification for
higher-risk patients [116].

6. Conclusions

The treatment of pediatric brain tumors with RT continues to evolve with ongoing advances.
New technologies, from MRI simulation to particle beam therapy and stereotactic RT, aim to
improve the therapeutic ratio further—optimizing disease control and minimizing treatment-related
toxicity. As the era of molecular risk stratification unfolds, personalization of radiation dose, target,
and technique holds the promise to better the lives of all pediatric neuro-oncology patients.
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Abstract: Pediatric high-grade glioma (pHGG) and brainstem gliomas are some of the most
challenging cancers to treat in children, with no effective therapies and 5-year survival at ~2%
for diffuse intrinsic pontine glioma (DIPG) patients. The standard of care for pHGG as a whole
remains surgery and radiation combined with chemotherapy, while radiation alone is standard
treatment for DIPG. Unfortunately, these therapies lack specificity for malignant glioma cells and
have few to no reliable biomarkers of efficacy. Recent discoveries have revealed that epigenetic
disruption by highly conserved mutations in DNA-packaging histone proteins in pHGG, especially
DIPG, contribute to the aggressive nature of these cancers. In this review we pose unanswered
questions and address unexplored mechanisms in pre-clinical models and clinical trial data from
pHGG patients. Particular focus will be paid towards therapeutics targeting chromatin modifiers
and other epigenetic vulnerabilities that can be exploited for pHGG therapy. Further delineation of
rational therapeutic combinations has strong potential to drive development of safe and efficacious
treatments for pHGG patients.

Keywords: pediatric; high-grade glioma; DIPG; therapeutics; epigenetics; clinical trial

1. Pathology of Pediatric High-Grade Gliomas and Diffuse Intrinsic Pontine Gliomas (DIPG)

Malignancies of the central nervous system (CNS) have been a constant challenge for clinicians
and researchers alike. Due to their complex morphology and relative resistance to therapies, patient
mortality is among the highest of all cancers. Pediatric high-grade gliomas (pHGG) constitute about
11% of all pediatric CNS tumors, with an incidence rate of 0.59 per 100,000 [1]. A subset of pHGG
are brainstem gliomas, of which the majority are categorized historically as diffuse intrinsic pontine
glioma (DIPG) or diffuse midline glioma (DMG), per the new nomenclature. Five-year survival rates
for pHGG as a whole are ~28% [1], but are much more dismal for DIPG at ~2% [2]. HGG typically
arise from astrocytic origins, including glial, oligodendrocytes, and ependymal cells. These tumors are
classified by the World Health Organization (WHO) as either grade III or IV meaning that they are
highly malignant tumors with characteristic findings such as hypercellularity, nuclear atypia, and high
mitotic activity with or without microvascular proliferation and pseudopalisading necrosis [3]. HGG
include a variety of heterogeneous lesions with differing histology, including anaplastic astrocytoma
(WHO Grade III), glioblastoma (WHO grade IV) and diffuse midline glioma, H3-K27M mutant (grade
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IV) as the most common types. Other less common types include anaplastic oligodendroglioma (grade
III), anaplastic ganglioglioma (grade III), anaplastic pleomorphic xanthoastrocytoma (grade III), giant
cell glioblastoma (grade IV), and gliosarcoma (grade IV) [3–5].

2. Molecular Alterations of pHGG and DIPG

Efforts to amass tissue specimens from pHGG patients and apply DNA and RNA sequencing
technology have reclassified pHGG pathology. Previously, molecular data was not used to classify
brain tumors [3], and for pHGG the only parameters known to correlate with patient outcome are
extent of surgical resection and histological grade [6,7]. While useful, these measurements cannot
inform pre-clinical molecular research or influence targeted therapeutic decisions. The 2016 WHO
reclassification of brain tumors [3] incorporates sequencing data for a more complete picture of pHGG
pathology. Broadly, pHGG possess mutations in key epigenetic pathways and signaling kinases, and
this new understanding of molecular mechanisms has led to clinical trials designed to target these
specific vulnerabilities (Table 1).

Early attempts at large-scale profiling of pediatric gliomas utilized comparative genomic
hybridization (CGH) techniques that enable detection of deletions and amplifications in a sample with
a resolution of approximately 50 kilobases [8]. This study helped confirm that pediatric high-grade
gliomas rely less on EGFR amplification, which adult grade IV gliomas often possess, and instead rely
more on platelet-derived growth factor receptor (PDGFR) amplifications. Another new observation was
pediatric high-grade gliomas featuring fewer aberrations in the RTK/PI3K/p53/RB “core signaling
pathways” seen in adult glioma. A compelling finding was that a distinct phenotypic category (~20%
of their cohort) was found to have a “stable genome” with no detectable copy number alterations. This
group not only was in stark contrast to the consistently highly-reconfigured genomes of adult gliomas,
but featured improved survival over the “amplified” subtypes in the pediatric range [8]. Presence of
disease without extensive genomic rearrangement put forth the idea that perhaps very specific and
very powerful mutations could potentially be drivers of gliomagenesis and glioma progression.

Two landmark studies were concurrently published in early 2012 that revealed unique features
of pediatric gliomas: they possess mutations in the histone H3 alleles H3.1 (HIST1H3B) and H3.3
(H3F3A), occurring either at (lysine 27; K to M; H3.1 and H3.3) or near (glycine 34; G to R/V; H3.3 only),
a post-translational histone modification point. The K27M variant was found in younger patients
(median age, 9 years), midline location including thalamus and brainstem while the G34R/V was
more indicative of an adolescent population (median age, 20 years) and hemispheric in location.
Due to the co-occurrence of the H3.3 mutation with TP53 mutations (100% of G34R/V, 82% of K27M)
and its conserved nature across patients, this led the authors to believe this is a driver mutation in
pHGG [9,10]. These mutations were further found at an even higher prevalence in DIPG, with two
independent studies reporting 71% [10] and 78% [11] occurrence of the K27M mutation in a histone
H3 variant. Notably, the G34R/V mutation was not found in DIPG, confirming results that it is only
seen in supratentorial pHGG. Later findings in 2014 by four separate groups revealed mutations in
the activin receptor-like kinase-2 (ACVR1) to co-segregate with younger H3.1-K27M, TP53 wild-type
patients whom had slightly improved survival versus other DIPG genotypes [12–15]. All seven studies
mentioned the need for further functional validations of these mutations, and encouraged extensive
experimental investigation of their mechanistic impact and role in glioma development.
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Other mutations co-occur with the histone mutations in pHGG, including ATRX, SETD2, and
TP53 mutations (Table 1). Adult HGG, which do not possess histone mutations, are more likely to have
CDKN2A/B deletions, IDH1/2 mutations, EGFR amplification and PTEN loss. DIPGs follow the pHGG
molecular pattern but are further enriched for TP53 mutation and PTEN loss, lack SETD2 mutations,
and possess PDGFRA amplification (Table 1) [16,17]. Alterations in cell growth pathways are seen
in some pHGGs, including BRAF and FGFR1 mutations and gene fusions among the TRK family
(NTRK1/2/3) (Table 1) [18]; however, BRAF/FGFR1 perturbations are far more prominent in pediatric
low-grade gliomas (pLGGs) [19].

3. Histone H3-K27M and G34R/V-Specific Mechanisms in pHGG

A rigorous examination of histone H3 amino acid substitutions using in vitro biochemical assays,
HEK-293 cell culture, and murine brain stem glioma models found that the K27M mutation can
inactivate the polycomb repressive complex 2 (PRC2) via methionine/isoleucine-specific hydrophobic
interactions with the active site of enhancer of zeste homolog 2 (EZH2) [20]. As such, the positive
feedback loop regulating PRC2 activity is disrupted and global hypomethylation at H3K27 is observed,
along with increased H3K27 acetylation. It was later found that H3.1/3.3-K27M inactivation of PRC2
can also enrich H3K27me3 at specific loci, causing either gene activation (hypo-H3K27me3) or gene
suppression (enriched-H3K27me3) in unique pathways [21]. These findings were recapitulated with
additional insight into the role of DNA methylation as a consequence of H3.3-K27M, as well as
observance of increased H3K27me3 in intergenic regions of the genome, suggesting a possible link
with miRNA or lncRNA dysregulation in H3-mutated pHGG [22].

While the K27M mutations possess a potent inhibitory effect on SET-domain containing
methyltransferases, the G34R/V mutation did not recapitulate the same effect in vivo at H3K36.
However, immunoprecipitated nucleosomes from the same cells showed lowered H3K36me2/3 on the
G34R/V-H3.2/3 histone, but not the wild-type H3.2/3 histone in the same oligonucleosome chain [20].
SETD2 is the methyltransferase responsible for generating the H3K36me3 mark, and its interaction
with G34R/V mutations has not been extensively studied (Figure 1). The H3.3K36me3 reader protein
ZMYND11 cannot bind under G34R/V conditions [23]; however, further investigations of protein
complex, reader, and SETD2 binding with G34R/V nucleosomes are needed to provide insight into
why the G34R/V mutation does not create a hypomethylated phenotype at the H3K36 residue.
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Figure 1. Unexplored pre-clinical molecular interactions and inconclusive clinical data in
pediatric high-grade glioma research and trials. Temozolomide (TMZ), O-6-methylguanine-DNA
methyltransferase (MGMT), lysine-specific demethylase 1 (LSD1), Pano, MYC, GSK-J4, JQ1, PK/PD,
OTX-015, PI3K.

4. Standard of Care Therapies in pHGG including DIPG

The outcome for children with HGG remains dismal despite the use of multi-modal therapy
including surgery, radiation therapy (RT) and chemotherapy. In a phase II trial that used temozolomide
(TMZ) in combination with lomustine following RT, the authors observed an increase in the overall
survival (OS) and event-free survival (EFS) when compared to TMZ + RT alone, but this came
with higher toxicities [24]. They hypothesize treatment with multiple alkylating agents can degrade
expression of de-alkylating enzymes and increase sensitivity when a second agent is used, but this has
not been verified experimentally (Figure 1). Anti-angiogenic therapy with bevacizumab has shown
efficacy in recurrent adult glioma [25], but not in newly diagnosed adult glioma patients [26,27] or
in combination with lomustine [28]. In pHGG patients, bevacizumab was evaluated in addition
to TMZ + RT in patients with newly diagnosed non-brainstem high-grade glioma in a phase II
open-label, randomized, multicenter trial (HERBY) [29]. A follow-up molecular analysis of the
HERBY trial found addition of bevacizumab to TMZ + RT conferred a survival benefit only in
hypermutated and BRAF-driven tumors that display an increase in CD8+ T-cell infiltration after
therapy [30]. Notably, K27M and G34R/V tumors were “immunologically cold” in their analysis,
highlighting how checkpoint blockade and other T-cell-stimulating therapies may not be a viable
option for these patients.

DIPG presents a special challenge as their diffuse nature in the brainstem makes surgery not
feasible [31,32]. Recent studies have shown MRI-guided stereotactic biopsy to be a safe and reliable
method of molecularly characterizing a DIPG patient [33,34], and others were able to detect mutational
status using cerebrospinal fluid-sourced tumor DNA [35]. Radiotherapy for DIPG can prolong survival
by a few months, but ultimately RT is palliative and patients succumb to progressive disease within a
year. Multiple lines of treatment have been tested in clinical trials including chemotherapy and targeted
therapy without improving outcome to standard radiation alone [36]. From a clinical therapeutic
perspective, it is difficult to discriminate whether the resistance of DIPG to chemotherapy is due to
inherent cellular mechanisms or poor delivery of the drug to the tumor site (Table 1). This issue will
be addressed later in the review by exploring cutting-edge modalities to improve drug delivery to
the brain.
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Studies initially focused on TMZ resistance in pHGG led researchers to the homeobox genes
HOXA9 and HOXA10, which were found to be upregulated in pediatric cell lines and correlated to
TMZ resistance independent of the demethylating gene; O-6-methylguanine-DNA methyltransferase
(MGMT) [37]. The pediatric TMZ-resistant cells were also found to be high in progenitor cell markers
such as Nestin and CD133, possibly endowing these cells with enhancements in self-renewal and other
stem-like properties. Further investigation of the HOX signature in adult glioma found that DNA
methylation combined with chromosome 7 copy gains endow the adult glioma cells with aberrant
HOX expression which is normally never seen past the hindbrain [38].

Similar dysregulation of HOX expression was also found in adult high-grade astrocytoma and here
HOXA9/10 could be regulated in a PI3K-dependent manner that relied on epigenetic modifications. In
their analysis, usage of a PI3K inhibitor decreased HOX expression while also increasing trimethylation
of lysine 27 on histone H3 (H3K27me3) and decreasing trimethylation of lysine 4 on histone H3
(H3K4me3) [39]. It should be noted the authors used LY294002 to inhibit PI3K, a well-documented
non-specific agent [40] that also inhibits CK2, mTOR, and GSK3β [41] along with bromodomains [42]
(Figure 1). More recently, targeting of the PI3K pathway in DIPG either with direct chemical agents [43,
44] or by modulating the tumor microenvironment [45], has demonstrated efficacy in pre-clinical
studies that have not been replicated in a small clinical trial [46]. However, there exists a wide range of
drugs designed to target this pathway, and the authors note they did not measure target inhibition in
their patient cohort [46].

5. Histone H3-K27M and G34R/V-Specific Therapies

With the recent mechanistic insights into how mutant histones poise the epigenome for later tumor
development [47], thoughts turned to how to therapeutically target these phenomena and potentially
bring new hope to patients with untreatable disease. The well-known oncogene MYC was one of the
first targets, identified because the G34R/V mutation in H3.3 leads to enrichment of the activating
mark H3K36me3 across the genome, with MYC’s genomic locus being the most differentially affected
v. H3.3 wild-type [48]. A synthetic lethality screen of 714 kinases in pediatric gliomas identified
checkpoint kinase 1 (CHK1) and aurora kinase A (AURKA), both MYC stabilizing proteins, and
usage of a small molecule inhibitor of AURKA (VX-689) exhibited potent cell killing in vitro (Table 2).
Early neural development genes were also shown to be G34R/V activated, and a later study revealed
MYC alone could induce stem-like phenotypes dependent on H3K4 methylation levels regulated
by lysine-specific demethylase 1 (LSD1) [49]. Whether the G34R/V mechanism of tumorigenesis is
dependent on, concurrent with, or completely independent of the LSD1-MYC interaction remains to
be investigated (Figure 1).
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Table 2. Experimental pre-clinical therapeutics for pediatric high-grade gliomas including compound
name, target of therapy, rationale for use in this disease, and references.

Pre-Clinical Therapies for Pediatric High-Grade Gliomas

Compound(s) Target Rationale Reference

VX-689 (renamed
MK-5108)

AURKA
(Aurora kinase A) Destabilizes MYC [48]

MI-2 MEN1
(Menin)

Blocks menin-MLL-AF9 initiated
leukemic oncogenesis; exact role in
glioma undefined

[50,51]

GSK-J4 JMJD3
(Jumonji-domain demethylase)

Prevents further demethylation of
H3K27 mark in H3-K27M mutated
glioma

[52]

OTX-015
JQ1

BRD2/3/4
(Bromodomain-containing proteins)

Interrupts BRD → H3-acetylation
binding that is increased by
H3.3-K27M

[53–55]

GSK126
GSK343

EPZ-6438

EZH2
(Enhancer of zeste homolog 2)

De-represses tumor suppressor
p16INK4a and induces apoptosis [55–57]

BMS-754807 Multi-kinase, most potent against IGF-1R
(Insulin-like growth factor 1 receptor)

Effective in compound screen;
multiple valid targets in DIPG [58]

PTC-209 BMI-1
(polycomb group RING finger protein 4)

Induces cell cycle arrest and
telomerase downregulation, reduces
migration, increases sensitivity to
radiotherapy

[59,60]

Given the role of G34R/V in modulating early neural oncogenesis, it remained to be seen if
the K27M mutation would result in a similar fate. Using human embryonic stem cells (hESCs) as a
model system, it was observed that transduced H3.3-K27M in combination with p53 silencing and
constituently active platelet-derived growth factor receptor A (PDGFRA) conferred neoplastic traits to
the cells. A small-molecule screen of >80 epigenetic compounds revealed menin (MEN1) as a potent
target specific to K27M-possessing cells [50]. Menin is found in the trithorax histone methyltransferase
complex and functions as either a tumor suppressor or an oncogene depending on the cell type.
Further study is needed to determine the mechanistic role it plays in H3.3-K27M pediatric glioma as
well as a safety/efficacy profile for the MEN1 inhibitor MI-2 [51] (Figure 1, Table 2). Screens on the
genetic level using CRISPR-Cas9 have also been used in adult glioma models [61], setting the stage for
H3.1/3.3-specific investigation and potential gene therapy applications.

Potential also exists to target epigenetic proteins that participate in the pathways interrupted
by H3-K27M-mediated PRC2 inactivation. The hypomethylation signature at H3K27 can potentially
be reversed by inhibiting histone H3 demethylases, in particular the ubiquitously transcribed
tetratricopeptide repeat, X chromosome (UTX) and Jumonji-domain 3 (JMJD3) demethylases, which
are specific to the H3K27 mark. A small-molecule inhibitor of UTX/JMJD3, dubbed GSKJ4, was
found to have efficacy in cell lines expressing H3.3-K27M, but displayed no effect in H3.3-G34R/V
or wild-type H3.3 controls [52] (Table 2). The exact mechanistic action of the growth inhibition and
apoptosis induced by GSKJ4 remains to be explored, as changes in H3K27me2/3 status can broadly
affect gene expression (Figure 1). While PRC2 inactivation has been a prime molecular focus of DIPG
mutations, the PRC1 complex has recently come to light as a therapeutic target. Single-cell RNA-Seq
studies defined the PRC1 subunit BMI-1 to be upregulated in K27M DIPG cancer stem cells with an
oligodendrocyte precursor (OPC) phenotype [60]. The authors and others [59] could target BMI-1
with the small molecule PTC-209 and found strong combinatorial effects with PDGFRA CRISPR-Cas9
knockouts (Table 2). As such, the more clinically advanced BMI-1 inhibitor PTC-596 is currently in
clinical trials for DIPG and pHGG (NCT03605550).

Chromatin-association studies using Drosophila melanogaster confirmed the results of
Lewis et al. [20], finding H3.3-K27M-containing nucleosomes to be enriched in H3K27 acetylation.
A key additional observation was increased presence on these same nucleosomes of bromodomain
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and extra-terminal motif (BET) proteins BRD1 and BRD4 which function to “read” histone acetylation
marks [62]. This suggests use of inhibitors of the BRD family as a therapeutic option in K27M-mutated
DIPG, and indeed the pan-BET inhibitor JQ1 has displayed anti-tumor efficacy in pre-clinical
models [53,54] (Table 2). Concurrent research examined the use of EZH2 inhibitors, either as a
single agent [56] or in combination with BET inhibitors [55]. The mechanism of EZH2 inhibitor tumor
suppression was found to be re-expression of p16 and subsequent apoptosis [56], but this could
not be recapitulated in a genetically-engineered mouse model of H3.3-K27M DIPG [57] (Table 2).
Of note is that the oncogenic driver mutation BRAF-V600E, present in a small subset of pHGG,
may also benefit from epigenetic therapy. Recent studies have shown EZH2 to be an oncogene
in BRAF-driven melanoma [63], and combination therapy of the BRAF inhibitor vemurafinib with
JQ1 [64] or DNA methyltransferase inhibitor decitabine [65] displayed efficacy in pre-clinical melanoma
models. In clinical studies, a Phase IIa clinical trial of the pan-BET inhibitor OTX-015 in recurrent adult
glioblastoma (NCT02296476) was terminated prior to completion, and a pediatric screening trial that
includes an EZH2 inhibitor is currently recruiting (NCT03155620). As such, the potential of BET and
EZH2 inhibition in pHGG populations remains inconclusive (Figure 1).

High-throughput approaches to find viable “hits” further validated the use of demethylase
inhibitors, with GSKJ4 displaying a strong synergistic effect when combined with the pan-histone
deacetylase inhibitor (HDACi) panobinostat [66]. As expected, use of these drugs together increased
H3 acetylation along with H3K27 methylation. Biochemical analyses of K27M-PRC2 interactions
demonstrated that acetylation of H3 at various lysine residues could reverse PRC2 inactivation by over
80-fold [67], but whether this is the main mechanism of panobinostat in K27M models remains to be
determined. HDAC inhibitors have previously been shown to be effective against adult glioma [68]
and glial stem cells [69], with their efficacy enhanced by inhibiting LSD1. It is currently unknown if
dual inhibition of LSD1 (H3K4 demethylation) and UTX/JMJD3 (H3K27 demethylation) can influence
HDAC inhibitor-induced cell death, either in adult glioma or H3-mutated pediatric DIPG.

While Grasso et al. [66] used human xenografts of DIPG, later use of panobinostat in an
immune-competent genetically-engineered mouse model of DIPG replicated the in vitro potency
of panobinostat but found dose-limiting toxicities when administered in vivo. Panobinostat is well
known to cause peripheral thrombocytopenia [70,71], which is not unexpected as it was initially
FDA-approved for the blood cancer multiple myeloma. Recent clinical trial data presented at ISPNO
2018 confirms the dose-limiting toxicities of panobinostat when administered peripherally in pediatric
patients [72]. Other HDAC inhibitors have been tested in pHGG; however, a retrospective study
of valproic acid found no significant enhancement of treatments including radiation and DNA
damaging and demethylating agents [73]. Lack of statistical power and dosage of valproic acid
as an anticonvulsant, instead of for its HDAC properties, leaves the use of valproic acid in pHGG
inconclusive on the clinical end (Figure 1). Given that the only positive in vivo data using HDAC
inhibitors in pHGG utilized convection-enhanced delivery directly to the pons [66], alternative delivery
strategies of small molecules and biologics to the dense tumor tissue may hold the key to successful
pHGG therapy.

6. Therapeutic Delivery

A crucial challenge in glioma drug development is sufficient delivery to the brain, involving
passage through the blood-brain barrier (BBB) when a compound is given systemically. Recent work
has shown brainstem gliomas have less than one-third the tumor volume and possess lower rates of
BBB permeability versus cortical gliomas, independent of H3.3 mutation status [74]. Panobinostat
and GSKJ4 were verified in murine brain tissue via paired high-performance liquid chromatography
(HPLC)/mass spectrometry (MS) [52,66] but as of yet only panobinostat is in pediatric trials (Table 1).
The pharmacokinetics of VX-689, MI-2, OTX-015, EZH2 inhibitors, and PTC-596 in the brain
remain unknown, while studies on a multi-kinase drug (BMS-754807) demonstrated efficacy against
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H3.3-K27M murine cells in vitro but failed to reach IC50 levels in tumor tissue when dosed at 50 mg/kg
in vivo [58] (Table 2).

Given these limitations, researchers need to think outside the current small-molecule therapeutic
box. One method being explored is focused ultrasound (FUS), which aims to temporarily disrupt
the tight junctions in the BBB to allow passage of drugs to the tumor site. It has shown limited
efficacy in enhancement of temozolomide treatment [75], and a clinical trial is being pursued using
doxorubicin (NCT02343991). This method can also be combined with “microbubbles” to further
open the BBB [76], but FUS has not been tested with the epigenetic agents listed above. An even
more exciting advancement uses a chain of iron-oxide nanospheres attached to a doxorubicin-loaded
liposome. The nanospheres are coated with cyclic arginylglycylaspartic acid (RGD) and targeted to
the αvβ3 integrin peptide that is overexpressed in brain tumor vasculature. This flexible “tail” of
three iron-oxide spheres increases binding to the endothelial cells, and drug is subsequently released
by a localized radio frequency (RF) field that the vibrates the tail and breaks open the liposome [77].
Further studies could adapt this technology to carry other drugs relevant to H3-mutated pediatric
tumors, as well as increase drug penetrance to difficult-to-reach areas of the brain such as the pons in
DIPG patients.

7. Future Directions

While we have explored promising small molecule approaches to treat pHGG, we must consider
what role the immuno-oncology revolution will play in pediatric glioma patients going forward. The
brain was previously thought to be an immune-privileged site, but this has been proven to not be
the case [78]. All cells generate antigens on their cell surface corresponding to internal proteins, and
recently researchers were able to isolate K27M-specific T-cells from DIPG patients [79], proving that
the immune system can “see” the tumor and generate a reaction specific to its mutational status.
Another K27M-driven immunotherapy target in DIPG is the lipid surface marker GD2, for which
use of chimeric-antigen receptor T-cells (CAR-T) shows promise in pre-clinical models, but also
displays cautionary inflammatory toxicities [80,81]. Furthermore, the potential use of expanded
panels of epigenetic agents has been understudied in how it would affect immune function, both
systemically and in the tumor microenvironment [82]. There also exists a tight interplay between
cellular metabolism and epigenetic functions [83]; there may be other possibilities for modulation of
these pathways through nutrient control and metabolic pathway inhibitors.

A large gap in knowledge of the biology of pHGG is in whether the epigenetic and kinase
alterations observed in fully-formed tumors contribute to early oncogenesis of the tumor, or if
they are only necessary for mature tumor maintenance. Kinase signaling through FGFR1 [84,85]
and PDGFR [86] are crucial to normal CNS development as well as being potentially involved
in recovery from radiation-induced necrosis [87], while the role of ACVR1 [88] in CNS function
remains more mysterious. For H3.1/3.3 mutations, the highly conserved genotype for age and brain
location points to proper H3 modification being involved in gene expression regulation during CNS
maturation. It is possible that H3K27 methylation/acetylation is more important infratentorially while
H3K36 methylation/acetylation is associated with supratentorial regulation. Complex in vivo models
could answer these questions by modifying histones or their associated remodelers over periods of
cortical maturation.

It is now understood adult and pediatric gliomas are distinct at the molecular level, a fact that was
previously invisible pathologically and can be attributed to the genomics era of low-cost, high-quality
sequencing. Rigorous and innovative research has shed new light on how epigenetic and kinase
mutations contribute to pHGG molecular signaling. Standard of care currently remains unchanged,
but rapidly developing targeted therapies and drug delivery methods are moving into clinical trials
and may shift the treatment paradigm of pHGG in the coming years. There are several exciting avenues
to pursue in pediatric glioma research, and fresh ideas and new approaches are desperately needed to
combat this devastating illness.

58



Bioengineering 2018, 5, 88

Author Contributions: Conceptualization, C.P.B. and J.C.; Writing-Original Draft Preparation, C.P.B.;
Writing-Review & Editing, S.M., W.Z., and J.C.; Visualization, M.F.; Supervision, J.C.

Funding: This research was funded by NIH/NINDS R21 NS093387, NIH/NCI Brain Cancer SPORE P50 CA127001,
the Team Connor Foundation, the Marnie Rose Foundation, and the Thomas Scott Family Foundation, and
supported by the NIH/NCI under award number P30CA016672. C.P.B. was funded by a Center for Cancer
Epigenetics (CCE) Scholar award from MD Anderson Cancer Center.

Acknowledgments: We thank Richard R. Behringer, Rachel K. Miller, and Eric C. Swindell for helpful comments
on the manuscript as well as classmates of C.P.B. for their unwavering support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ostrom, Q.T.; de Blank, P.M.; Kruchko, C.; Petersen, C.M.; Liao, P.; Finlay, J.L.; Stearns, D.S.; Wolff, J.E.;
Wolinsky, Y.; Letterio, J.J.; et al. Alex’s Lemonade Stand Foundation Infant and Childhood Primary Brain
and Central Nervous System Tumors Diagnosed in the United States in 2007–2011. Neuro Oncol. 2015, 16
(Suppl. 10), x1–x36. [CrossRef]

2. Hoffman, L.M.; Veldhuijzen van Zanten, S.E.M.; Colditz, N.; Baugh, J.; Chaney, B.; Hoffmann, M.; Lane, A.;
Fuller, C.; Miles, L.; Hawkins, C.; et al. Clinical, Radiologic, Pathologic, and Molecular Characteristics
of Long-Term Survivors of Diffuse Intrinsic Pontine Glioma (DIPG): A Collaborative Report From the
International and European Society for Pediatric Oncology DIPG Registries. J. Clin. Oncol. 2018, 36,
1963–1972. [CrossRef] [PubMed]

3. Louis, D.N.; Perry, A.; Reifenberger, G.; von Deimling, A.; Figarella-Branger, D.; Cavenee, W.K.; Ohgaki, H.;
Wiestler, O.D.; Kleihues, P.; Ellison, D.W. The 2016 World Health Organization Classification of Tumors of
the Central Nervous System: A summary. Acta Neuropathol. 2016, 131, 803–820. [CrossRef] [PubMed]

4. Merchant, T.E.; Pollack, I.F.; Loeffler, J.S. Brain tumors across the age spectrum: Biology, therapy, and late
effects. Semin. Radiat. Oncol. 2010, 20, 58–66. [CrossRef] [PubMed]

5. Khatua, S.; Zaky, W. Diffuse intrinsic pontine glioma: Time for therapeutic optimism. CNS Oncol. 2014, 3,
337–348. [CrossRef] [PubMed]

6. Fangusaro, J. Pediatric high grade glioma: A review and update on tumor clinical characteristics and biology.
Front. Oncol. 2012, 2, 105. [CrossRef] [PubMed]

7. Chamdine, O.; Gajjar, A. Molecular characteristics of pediatric high-grade gliomas. CNS Oncol. 2014, 3,
433–443. [CrossRef] [PubMed]

8. Bax, D.A.; Mackay, A.; Little, S.E.; Carvalho, D.; Viana-Pereira, M.; Tamber, N.; Grigoriadis, A.E.;
Ashworth, A.; Reis, R.M.; Ellison, D.W.; et al. A distinct spectrum of copy number aberrations in pediatric
high-grade gliomas. Clin. Cancer Res. 2010, 16, 3368–3377. [CrossRef] [PubMed]

9. Wu, G.; Broniscer, A.; McEachron, T.A.; Lu, C.; Paugh, B.S.; Becksfort, J.; Qu, C.; Ding, L.; Huether, R.;
Parker, M.; et al. Somatic histone H3 alterations in pediatric diffuse intrinsic pontine gliomas and
non-brainstem glioblastomas. Nat. Genet. 2012, 44, 251–253. [CrossRef] [PubMed]

10. Schwartzentruber, J.; Korshunov, A.; Liu, X.Y.; Jones, D.T.; Pfaff, E.; Jacob, K.; Sturm, D.; Fontebasso, A.M.;
Quang, D.A.; Tonjes, M.; et al. Driver mutations in histone H3.3 and chromatin remodelling genes in
paediatric glioblastoma. Nature 2012, 482, 226–231. [CrossRef] [PubMed]

11. Khuong-Quang, D.A.; Buczkowicz, P.; Rakopoulos, P.; Liu, X.Y.; Fontebasso, A.M.; Bouffet, E.; Bartels, U.;
Albrecht, S.; Schwartzentruber, J.; Letourneau, L.; et al. K27M mutation in histone H3.3 defines clinically and
biologically distinct subgroups of pediatric diffuse intrinsic pontine gliomas. Acta Neuropathol. 2012, 124,
439–447. [CrossRef] [PubMed]

12. Taylor, K.R.; Mackay, A.; Truffaux, N.; Butterfield, Y.; Morozova, O.; Philippe, C.; Castel, D.; Grasso, C.S.;
Vinci, M.; Carvalho, D.; et al. Recurrent activating ACVR1 mutations in diffuse intrinsic pontine glioma.
Nat. Genet. 2014, 46, 457–461. [CrossRef] [PubMed]

13. Wu, G.; Diaz, A.K.; Paugh, B.S.; Rankin, S.L.; Ju, B.; Li, Y.; Zhu, X.; Qu, C.; Chen, X.; Zhang, J.; et al.
The genomic landscape of diffuse intrinsic pontine glioma and pediatric non-brainstem high-grade glioma.
Nat. Genet. 2014, 46, 444–450. [CrossRef] [PubMed]

59



Bioengineering 2018, 5, 88

14. Fontebasso, A.M.; Papillon-Cavanagh, S.; Schwartzentruber, J.; Nikbakht, H.; Gerges, N.; Fiset, P.O.;
Bechet, D.; Faury, D.; De Jay, N.; Ramkissoon, L.A.; et al. Recurrent somatic mutations in ACVR1 in
pediatric midline high-grade astrocytoma. Nat. Genet. 2014, 46, 462–466. [CrossRef] [PubMed]

15. Buczkowicz, P.; Hoeman, C.; Rakopoulos, P.; Pajovic, S.; Letourneau, L.; Dzamba, M.; Morrison, A.; Lewis, P.;
Bouffet, E.; Bartels, U.; et al. Genomic analysis of diffuse intrinsic pontine gliomas identifies three molecular
subgroups and recurrent activating ACVR1 mutations. Nat. Genet. 2014, 46, 451–456. [CrossRef] [PubMed]

16. Schroeder, K.M.; Hoeman, C.M.; Becher, O.J. Children are not just little adults: Recent advances in
understanding of diffuse intrinsic pontine glioma biology. Pediatr. Res. 2014, 75, 205–209. [CrossRef]
[PubMed]

17. Mackay, A.; Burford, A.; Carvalho, D.; Izquierdo, E.; Fazal-Salom, J.; Taylor, K.R.; Bjerke, L.; Clarke, M.;
Vinci, M.; Nandhabalan, M.; et al. Integrated Molecular Meta-Analysis of 1,000 Pediatric High-Grade and
Diffuse Intrinsic Pontine Glioma. Cancer Cell 2017, 32. [CrossRef] [PubMed]

18. Vanan, M.I.; Eisenstat, D.D. Management of high-grade gliomas in the pediatric patient: Past, present, and
future. Neurooncol. Pract. 2014, 1, 145–157. [CrossRef] [PubMed]

19. Johnson, A.; Severson, E.; Gay, L.; Vergilio, J.A.; Elvin, J.; Suh, J.; Daniel, S.; Covert, M.; Frampton, G.M.;
Hsu, S.; et al. Comprehensive Genomic Profiling of 282 Pediatric Low- and High-Grade Gliomas Reveals
Genomic Drivers, Tumor Mutational Burden, and Hypermutation Signatures. Oncologist 2017, 22, 1478–1490.
[CrossRef] [PubMed]

20. Lewis, P.W.; Muller, M.M.; Koletsky, M.S.; Cordero, F.; Lin, S.; Banaszynski, L.A.; Garcia, B.A.; Muir, T.W.;
Becher, O.J.; Allis, C.D. Inhibition of PRC2 activity by a gain-of-function H3 mutation found in pediatric
glioblastoma. Science 2013, 340, 857–861. [CrossRef] [PubMed]

21. Chan, K.M.; Fang, D.; Gan, H.; Hashizume, R.; Yu, C.; Schroeder, M.; Gupta, N.; Mueller, S.; James, C.D.;
Jenkins, R.; et al. The histone H3.3K27M mutation in pediatric glioma reprograms H3K27 methylation and
gene expression. Genes Dev. 2013, 27, 985–990. [CrossRef] [PubMed]

22. Bender, S.; Tang, Y.; Lindroth, A.M.; Hovestadt, V.; Jones, D.T.; Kool, M.; Zapatka, M.; Northcott, P.A.;
Sturm, D.; Wang, W.; et al. Reduced H3K27me3 and DNA hypomethylation are major drivers of gene
expression in K27M mutant pediatric high-grade gliomas. Cancer Cell 2013, 24, 660–672. [CrossRef] [PubMed]

23. Wen, H.; Li, Y.; Xi, Y.; Jiang, S.; Stratton, S.; Peng, D.; Tanaka, K.; Ren, Y.; Xia, Z.; Wu, J.; et al. ZMYND11
links histone H3.3K36me3 to transcription elongation and tumour suppression. Nature 2014, 508, 263–268.
[CrossRef] [PubMed]

24. Jakacki, R.I.; Cohen, K.J.; Buxton, A.; Krailo, M.D.; Burger, P.C.; Rosenblum, M.K.; Brat, D.J.; Hamilton, R.L.;
Eckel, S.P.; Zhou, T.; et al. Phase 2 study of concurrent radiotherapy and temozolomide followed by
temozolomide and lomustine in the treatment of children with high-grade glioma: A report of the Children’s
Oncology Group ACNS0423 study. Neuro Oncol. 2016, 18, 1442–1450. [CrossRef] [PubMed]

25. Friedman, H.S.; Prados, M.D.; Wen, P.Y.; Mikkelsen, T.; Schiff, D.; Abrey, L.E.; Yung, W.K.; Paleologos, N.;
Nicholas, M.K.; Jensen, R.; et al. Bevacizumab alone and in combination with irinotecan in recurrent
glioblastoma. J. Clin. Oncol. 2009, 27, 4733–4740. [CrossRef] [PubMed]

26. Chinot, O.L.; Wick, W.; Mason, W.; Henriksson, R.; Saran, F.; Nishikawa, R.; Carpentier, A.F.; Hoang-Xuan, K.;
Kavan, P.; Cernea, D.; et al. Bevacizumab plus radiotherapy-temozolomide for newly diagnosed glioblastoma.
N. Engl. J. Med. 2014, 370, 709–722. [CrossRef] [PubMed]

27. Gilbert, M.R.; Dignam, J.J.; Armstrong, T.S.; Wefel, J.S.; Blumenthal, D.T.; Vogelbaum, M.A.; Colman, H.;
Chakravarti, A.; Pugh, S.; Won, M.; et al. A randomized trial of bevacizumab for newly diagnosed
glioblastoma. N. Engl. J. Med. 2014, 370, 699–708. [CrossRef] [PubMed]

28. Wick, W.; Gorlia, T.; Bendszus, M.; Taphoorn, M.; Sahm, F.; Harting, I.; Brandes, A.A.; Taal, W.; Domont, J.;
Idbaih, A.; et al. Lomustine and Bevacizumab in Progressive Glioblastoma. N. Engl. J. Med. 2017, 377,
1954–1963. [CrossRef] [PubMed]

29. Grill, J.; Massimino, M.; Bouffet, E.; Azizi, A.A.; McCowage, G.; Cañete, A.; Saran, F.; Le Deley, M.C.;
Varlet, P.; Morgan, P.S.; et al. Phase II, Open-Label, Randomized, Multicenter Trial (HERBY) of Bevacizumab
in Pediatric Patients With Newly Diagnosed High-Grade Glioma. J. Clin. Oncol. 2018, 36, 951–958. [CrossRef]
[PubMed]

60



Bioengineering 2018, 5, 88

30. Mackay, A.; Burford, A.; Molinari, V.; Jones, D.T.W.; Izquierdo, E.; Brouwer-Visser, J.; Giangaspero, F.;
Haberler, C.; Pietsch, T.; Jacques, T.S.; et al. Molecular, Pathological, Radiological, and Immune Profiling of
Non-brainstem Pediatric High-Grade Glioma from the HERBY Phase II Randomized Trial. Cancer Cell 2018,
33, 829–842.e5. [CrossRef] [PubMed]

31. Xu, C.; Liu, X.; Geng, Y.; Bai, Q.; Pan, C.; Sun, Y.; Chen, X.; Yu, H.; Wu, Y.; Zhang, P.; et al. Patient-derived
DIPG cells preserve stem-like characteristics and generate orthotopic tumors. Oncotarget 2017, 8, 76644–76655.
[CrossRef] [PubMed]

32. Zhang, L.; Pan, C.-C.; Li, D. The historical change of brainstem glioma diagnosis and treatment: From
imaging to molecular pathology and then molecular imaging. Chin. Neurosurg. J. 2015, 1, 4. [CrossRef]

33. Hamisch, C.; Kickingereder, P.; Fischer, M.; Simon, T.; Ruge, M.I. Update on the diagnostic value and safety
of stereotactic biopsy for pediatric brainstem tumors: A systematic review and meta-analysis of 735 cases.
J. Neurosurg. Pediatr. 2017, 20, 261–268. [CrossRef] [PubMed]

34. Carai, A.; Mastronuzzi, A.; De Benedictis, A.; Messina, R.; Cacchione, A.; Miele, E.; Randi, F.; Esposito, G.;
Trezza, A.; Colafati, G.S.; et al. Robot-Assisted Stereotactic Biopsy of Diffuse Intrinsic Pontine Glioma:
A Single-Center Experience. World Neurosurg. 2017, 101, 584–588. [CrossRef] [PubMed]

35. Huang, T.Y.; Piunti, A.; Lulla, R.R.; Qi, J.; Horbinski, C.M.; Tomita, T.; James, C.D.; Shilatifard, A.;
Saratsis, A.M. Detection of Histone H3 mutations in cerebrospinal fluid-derived tumor DNA from children
with diffuse midline glioma. Acta Neuropathol. Commun. 2017, 5, 28. [CrossRef] [PubMed]

36. Clymer, J.; Kieran, M.W. The Integration of Biology Into the Treatment of Diffuse Intrinsic Pontine Glioma:
A Review of the North American Clinical Trial Perspective. Front. Oncol. 2018, 8, 169. [CrossRef] [PubMed]

37. Gaspar, N.; Marshall, L.; Perryman, L.; Bax, D.A.; Little, S.E.; Viana-Pereira, M.; Sharp, S.Y.; Vassal, G.;
Pearson, A.D.; Reis, R.M.; et al. MGMT-independent temozolomide resistance in pediatric glioblastoma
cells associated with a PI3-kinase-mediated HOX/stem cell gene signature. Cancer Res. 2010, 70, 9243–9252.
[CrossRef] [PubMed]

38. Kurscheid, S.; Bady, P.; Sciuscio, D.; Samarzija, I.; Shay, T.; Vassallo, I.; Criekinge, W.V.; Daniel, R.T.; van
den Bent, M.J.; Marosi, C.; et al. Chromosome 7 gain and DNA hypermethylation at the HOXA10 locus are
associated with expression of a stem cell related HOX-signature in glioblastoma. Genome Biol. 2015, 16, 16.
[CrossRef] [PubMed]

39. Costa, B.M.; Smith, J.S.; Chen, Y.; Chen, J.; Phillips, H.S.; Aldape, K.D.; Zardo, G.; Nigro, J.; James, C.D.;
Fridlyand, J.; et al. Reversing HOXA9 oncogene activation by PI3K inhibition: Epigenetic mechanism and
prognostic significance in human glioblastoma. Cancer Res. 2010, 70, 453–462. [CrossRef] [PubMed]

40. Arrowsmith, C.H.; Audia, J.E.; Austin, C.; Baell, J.; Bennett, J.; Blagg, J.; Bountra, C.; Brennan, P.E.; Brown, P.J.;
Bunnage, M.E.; et al. The promise and peril of chemical probes. Nat. Chem. Biol. 2015, 11, 536–541. [CrossRef]
[PubMed]

41. Gharbi, S.I.; Zvelebil, M.J.; Shuttleworth, S.J.; Hancox, T.; Saghir, N.; Timms, J.F.; Waterfield, M.D. Exploring
the specificity of the PI3K family inhibitor LY294002. Biochem. J. 2007, 404, 15–21. [CrossRef] [PubMed]

42. Dittmann, A.; Werner, T.; Chung, C.W.; Savitski, M.M.; Falth Savitski, M.; Grandi, P.; Hopf, C.; Lindon, M.;
Neubauer, G.; Prinjha, R.K.; et al. The commonly used PI3-kinase probe LY294002 is an inhibitor of BET
bromodomains. ACS Chem. Biol. 2014, 9, 495–502. [CrossRef] [PubMed]

43. Wu, Y.L.; Maachani, U.B.; Schweitzer, M.; Singh, R.; Wang, M.; Chang, R.; Souweidane, M.M. Dual Inhibition
of PI3K/AKT and MEK/ERK Pathways Induces Synergistic Antitumor Effects in Diffuse Intrinsic Pontine
Glioma Cells. Transl. Oncol. 2017, 10, 221–228. [CrossRef] [PubMed]

44. Miyahara, H.; Yadavilli, S.; Natsumeda, M.; Rubens, J.A.; Rodgers, L.; Kambhampati, M.; Taylor, I.C.; Kaur, H.;
Asnaghi, L.; Eberhart, C.G.; et al. The dual mTOR kinase inhibitor TAK228 inhibits tumorigenicity and
enhances radiosensitization in diffuse intrinsic pontine glioma. Cancer Lett. 2017, 400, 110–116. [CrossRef]
[PubMed]

45. Venkatesh, H.S.; Tam, L.T.; Woo, P.J.; Lennon, J.; Nagaraja, S.; Gillespie, S.M.; Ni, J.; Duveau, D.Y.; Morris, P.J.;
Zhao, J.J.; et al. Targeting neuronal activity-regulated neuroligin-3 dependency in high-grade glioma. Nature
2017, 549, 533–537. [CrossRef] [PubMed]

46. Becher, O.J.; Gilheeney, S.W.; Khakoo, Y.; Lyden, D.C.; Haque, S.; De Braganca, K.C.; Kolesar, J.M.; Huse, J.T.;
Modak, S.; Wexler, L.H.; et al. A phase I study of perifosine with temsirolimus for recurrent pediatric solid
tumors. Pediatr. Blood Cancer 2017, 64. [CrossRef] [PubMed]

61



Bioengineering 2018, 5, 88

47. Nikbakht, H.; Panditharatna, E.; Mikael, L.G.; Li, R.; Gayden, T.; Osmond, M.; Ho, C.Y.; Kambhampati, M.;
Hwang, E.I.; Faury, D.; et al. Spatial and temporal homogeneity of driver mutations in diffuse intrinsic
pontine glioma. Nat. Commun. 2016, 7, 11185. [CrossRef] [PubMed]

48. Bjerke, L.; Mackay, A.; Nandhabalan, M.; Burford, A.; Jury, A.; Popov, S.; Bax, D.A.; Carvalho, D.; Taylor, K.R.;
Vinci, M.; et al. Histone H3.3. mutations drive pediatric glioblastoma through upregulation of MYCN.
Cancer Discov. 2013, 3, 512–519. [CrossRef] [PubMed]

49. Kozono, D.; Li, J.; Nitta, M.; Sampetrean, O.; Gonda, D.; Kushwaha, D.S.; Merzon, D.; Ramakrishnan, V.;
Zhu, S.; Zhu, K.; et al. Dynamic epigenetic regulation of glioblastoma tumorigenicity through LSD1
modulation of MYC expression. Proc. Natl. Acad. Sci. USA 2015, 112, E4055–E4064. [CrossRef] [PubMed]

50. Funato, K.; Major, T.; Lewis, P.W.; Allis, C.D.; Tabar, V. Use of human embryonic stem cells to model pediatric
gliomas with H3.3K27M histone mutation. Science 2014, 346, 1529–1533. [CrossRef] [PubMed]

51. Grembecka, J.; He, S.; Shi, A.; Purohit, T.; Muntean, A.G.; Sorenson, R.J.; Showalter, H.D.; Murai, M.J.;
Belcher, A.M.; Hartley, T.; et al. Menin-MLL inhibitors reverse oncogenic activity of MLL fusion proteins in
leukemia. Nat. Chem. Biol. 2012, 8, 277–284. [CrossRef] [PubMed]

52. Hashizume, R.; Andor, N.; Ihara, Y.; Lerner, R.; Gan, H.; Chen, X.; Fang, D.; Huang, X.; Tom, M.W.;
Ngo, V.; et al. Pharmacologic inhibition of histone demethylation as a therapy for pediatric brainstem glioma.
Nat. Med. 2014, 20, 1394–1396. [CrossRef] [PubMed]

53. Piunti, A.; Hashizume, R.; Morgan, M.A.; Bartom, E.T.; Horbinski, C.M.; Marshall, S.A.; Rendleman, E.J.;
Ma, Q.; Takahashi, Y.H.; Woodfin, A.R.; et al. Therapeutic targeting of polycomb and BET bromodomain
proteins in diffuse intrinsic pontine gliomas. Nat. Med. 2017, 23, 493–500. [CrossRef] [PubMed]

54. Nagaraja, S.; Vitanza, N.A.; Woo, P.J.; Taylor, K.R.; Liu, F.; Zhang, L.; Li, M.; Meng, W.; Ponnuswami, A.;
Sun, W.; et al. Transcriptional Dependencies in Diffuse Intrinsic Pontine Glioma. Cancer Cell 2017, 31, 635–652.
[CrossRef] [PubMed]

55. Zhang, Y.; Dong, W.; Zhu, J.; Wang, L.; Wu, X.; Shan, H. Combination of EZH2 inhibitor and BET inhibitor
for treatment of diffuse intrinsic pontine glioma. Cell Biosci. 2017, 7, 56. [CrossRef] [PubMed]

56. Mohammad, F.; Weissmann, S.; Leblanc, B.; Pandey, D.P.; Hojfeldt, J.W.; Comet, I.; Zheng, C.; Johansen, J.V.;
Rapin, N.; Porse, B.T.; et al. EZH2 is a potential therapeutic target for H3K27M-mutant pediatric gliomas.
Nat. Med. 2017, 23, 483–492. [CrossRef] [PubMed]

57. Cordero, F.J.; Huang, Z.; Grenier, C.; He, X.; Hu, G.; McLendon, R.E.; Murphy, S.K.; Hashizume, R.; Becher, O.J.
Histone H3.3K27M Represses p16 to Accelerate Gliomagenesis in a Murine Model of DIPG. Mol. Cancer Res.
2017, 15, 1243–1254. [CrossRef] [PubMed]

58. Halvorson, K.G.; Barton, K.L.; Schroeder, K.; Misuraca, K.L.; Hoeman, C.; Chung, A.; Crabtree, D.M.;
Cordero, F.J.; Singh, R.; Spasojevic, I.; et al. A high-throughput in vitro drug screen in a genetically engineered
mouse model of diffuse intrinsic pontine glioma identifies BMS-754807 as a promising therapeutic agent.
PLoS ONE 2015, 10, e0118926. [CrossRef] [PubMed]

59. Kumar, S.S.; Sengupta, S.; Lee, K.; Hura, N.; Fuller, C.; DeWire, M.; Stevenson, C.B.; Fouladi, M.; Drissi, R.
BMI-1 is a potential therapeutic target in diffuse intrinsic pontine glioma. Oncotarget 2017, 8, 62962–62975.
[CrossRef] [PubMed]

60. Filbin, M.G.; Tirosh, I.; Hovestadt, V.; Shaw, M.L.; Escalante, L.E.; Mathewson, N.D.; Neftel, C.; Frank, N.;
Pelton, K.; Hebert, C.M.; et al. Developmental and oncogenic programs in H3K27M gliomas dissected by
single-cell RNA-seq. Science 2018, 360, 331–335. [CrossRef] [PubMed]

61. Zuckermann, M.; Hovestadt, V.; Knobbe-Thomsen, C.B.; Zapatka, M.; Northcott, P.A.; Schramm, K.; Belic, J.;
Jones, D.T.; Tschida, B.; Moriarity, B.; et al. Somatic CRISPR/Cas9-mediated tumour suppressor disruption
enables versatile brain tumour modelling. Nat. Commun. 2015, 6, 7391. [CrossRef] [PubMed]

62. Herz, H.M.; Morgan, M.; Gao, X.; Jackson, J.; Rickels, R.; Swanson, S.K.; Florens, L.; Washburn, M.P.;
Eissenberg, J.C.; Shilatifard, A. Histone H3 lysine-to-methionine mutants as a paradigm to study chromatin
signaling. Science 2014, 345, 1065–1070. [CrossRef] [PubMed]

63. Zingg, D.; Debbache, J.; Peña-Hernández, R.; Antunes, A.T.; Schaefer, S.M.; Cheng, P.F.; Zimmerli, D.;
Haeusel, J.; Calçada, R.R.; Tuncer, E.; et al. EZH2-Mediated Primary Cilium Deconstruction Drives Metastatic
Melanoma Formation. Cancer Cell 2018, 34. [CrossRef] [PubMed]

64. Nakamura, Y.; Hattori, N.; Iida, N.; Yamashita, S.; Mori, A.; Kimura, K.; Yoshino, T.; Ushijima, T. Targeting of
super-enhancers and mutant BRAF can suppress growth of BRAF-mutant colon cancer cells via repression
of MAPK signaling pathway. Cancer Lett. 2017, 402, 100–109. [CrossRef] [PubMed]

62



Bioengineering 2018, 5, 88

65. Zakharia, Y.; Monga, V.; Swami, U.; Bossler, A.D.; Freesmeier, M.; Frees, M.; Khan, M.; Frydenlund, N.;
Srikantha, R.; Vanneste, M.; et al. Targeting epigenetics for treatment of BRAF mutated metastatic melanoma
with decitabine in combination with vemurafenib: A phase lb study. Oncotarget 2017, 8, 89182–89193.
[CrossRef] [PubMed]

66. Grasso, C.S.; Tang, Y.; Truffaux, N.; Berlow, N.E.; Liu, L.; Debily, M.A.; Quist, M.J.; Davis, L.E.; Huang, E.C.;
Woo, P.J.; et al. Functionally defined therapeutic targets in diffuse intrinsic pontine glioma. Nat. Med. 2015,
21, 555–559. [CrossRef] [PubMed]

67. Brown, Z.Z.; Muller, M.M.; Jain, S.U.; Allis, C.D.; Lewis, P.W.; Muir, T.W. Strategy for “detoxification” of a
cancer-derived histone mutant based on mapping its interaction with the methyltransferase PRC2. J. Am.
Chem. Soc. 2014, 136, 13498–13501. [CrossRef] [PubMed]

68. Singh, M.M.; Manton, C.A.; Bhat, K.P.; Tsai, W.W.; Aldape, K.; Barton, M.C.; Chandra, J. Inhibition of LSD1
sensitizes glioblastoma cells to histone deacetylase inhibitors. Neuro Oncol. 2011, 13, 894–903. [CrossRef]
[PubMed]

69. Singh, M.M.; Johnson, B.; Venkatarayan, A.; Flores, E.R.; Zhang, J.; Su, X.; Barton, M.; Lang, F.; Chandra, J.
Preclinical activity of combined HDAC and KDM1A inhibition in glioblastoma. Neuro Oncol. 2015, 17,
1463–1473. [CrossRef] [PubMed]

70. Drappatz, J.; Lee, E.Q.; Hammond, S.; Grimm, S.A.; Norden, A.D.; Beroukhim, R.; Gerard, M.; Schiff, D.;
Chi, A.S.; Batchelor, T.T.; et al. Phase I study of panobinostat in combination with bevacizumab for recurrent
high-grade glioma. J. Neurooncol. 2012, 107, 133–138. [CrossRef] [PubMed]

71. Lee, E.Q.; Reardon, D.A.; Schiff, D.; Drappatz, J.; Muzikansky, A.; Grimm, S.A.; Norden, A.D.; Nayak, L.;
Beroukhim, R.; Rinne, M.L.; et al. Phase II study of panobinostat in combination with bevacizumab for
recurrent glioblastoma and anaplastic glioma. Neuro Oncol. 2015, 17, 862–867. [CrossRef] [PubMed]

72. Cooney, T.; Onar-Thomas, A.; Huang, J.; Lulla, R.; Fangusaro, J.; Kramer, K.; Baxter, P.; Fouladi, M.;
Dunkel, I.J.; Warren, K.E.; et al. Dipg-22. A phase 1 trial of the histone deacetylase inhibitor panobinostat
in pediatric patients with recurrent or refractory diffuse intrinsic pontine glioma: A pediatric brain tumor
consortium (pbtc) study. Neuro Oncol. 2018, 20. [CrossRef]

73. Masoudi, A.; Elopre, M.; Amini, E.; Nagel, M.E.; Ater, J.L.; Gopalakrishnan, V.; Wolff, J.E. Influence of
valproic acid on outcome of high-grade gliomas in children. Anticancer Res. 2008, 28, 2437–2442. [PubMed]

74. Subashi, E.; Cordero, F.J.; Halvorson, K.G.; Qi, Y.; Nouls, J.C.; Becher, O.J.; Johnson, G.A. Tumor location, but
not H3.3K27M, significantly influences the blood-brain-barrier permeability in a genetic mouse model of
pediatric high-grade glioma. J. Neurooncol. 2016, 126, 243–251. [CrossRef] [PubMed]

75. Wei, K.C.; Chu, P.C.; Wang, H.Y.; Huang, C.Y.; Chen, P.Y.; Tsai, H.C.; Lu, Y.J.; Lee, P.Y.; Tseng, I.C.; Feng, L.Y.;
et al. Focused ultrasound-induced blood-brain barrier opening to enhance temozolomide delivery for
glioblastoma treatment: A preclinical study. PLoS ONE 2013, 8, e58995. [CrossRef] [PubMed]

76. Fan, C.H.; Ting, C.Y.; Liu, H.L.; Huang, C.Y.; Hsieh, H.Y.; Yen, T.C.; Wei, K.C.; Yeh, C.K.
Antiangiogenic-targeting drug-loaded microbubbles combined with focused ultrasound for glioma treatment.
Biomaterials 2013, 34, 2142–2155. [CrossRef] [PubMed]

77. Peiris, P.M.; Abramowski, A.; McGinnity, J.; Doolittle, E.; Toy, R.; Gopalakrishnan, R.; Shah, S.; Bauer, L.;
Ghaghada, K.B.; Hoimes, C.; et al. Treatment of Invasive Brain Tumors Using a Chain-like Nanoparticle.
Cancer Res. 2015, 75, 1356–1365. [CrossRef] [PubMed]

78. Absinta, M.; Ha, S.K.; Nair, G.; Sati, P.; Luciano, N.J.; Palisoc, M.; Louveau, A.; Zaghloul, K.A.; Pittaluga, S.;
Kipnis, J.; et al. Human and nonhuman primate meninges harbor lymphatic vessels that can be visualized
noninvasively by MRI. Elife 2017, 6. [CrossRef] [PubMed]

79. Chheda, Z.S.; Kohanbash, G.; Okada, K.; Jahan, N.; Sidney, J.; Pecoraro, M.; Yang, X.; Carrera, D.A.;
Downey, K.M.; Shrivastav, S.; et al. Novel and shared neoantigen derived from histone 3 variant H3.3K27M
mutation for glioma T cell therapy. J. Exp. Med. 2018, 215, 141–157. [CrossRef] [PubMed]

80. Mount, C.W.; Majzner, R.G.; Sundaresh, S.; Arnold, E.P.; Kadapakkam, M.; Haile, S.; Labanieh, L.;
Hulleman, E.; Woo, P.J.; Rietberg, S.P.; et al. Potent antitumor efficacy of anti-GD2 CAR T cells in H3-K27M(+)
diffuse midline gliomas. Nat. Med. 2018, 24, 572–579. [CrossRef] [PubMed]

81. Richman, S.A.; Nunez-Cruz, S.; Moghimi, B.; Li, L.Z.; Gershenson, Z.T.; Mourelatos, Z.; Barrett, D.M.;
Grupp, S.A.; Milone, M.C. High-Affinity GD2-Specific CAR T Cells Induce Fatal Encephalitis in a Preclinical
Neuroblastoma Model. Cancer Immunol. Res. 2018, 6, 36–46. [CrossRef] [PubMed]

63



Bioengineering 2018, 5, 88

82. Bailey, C.; Romero, M.; Han, R.; Larson, J.; Becher, O.; Lee, D.; Monje, M.; Gopalakrishnan, V.; Zaky, W.;
Chandra, J. Immu-19. LSD1 modulates nk cell immunotherapy through an onco-immunogenic gene signature
in dipg. Neuro Oncol. 2018, 20. [CrossRef]

83. Reid, M.A.; Dai, Z.; Locasale, J.W. The impact of cellular metabolism on chromatin dynamics and epigenetics.
Nat. Cell Biol. 2017, 19, 1298–1306. [CrossRef] [PubMed]

84. Baron, O.; Förthmann, B.; Lee, Y.W.; Terranova, C.; Ratzka, A.; Stachowiak, E.K.; Grothe, C.; Claus, P.;
Stachowiak, M.K. Cooperation of nuclear fibroblast growth factor receptor 1 and Nurr1 offers new interactive
mechanism in postmitotic development of mesencephalic dopaminergic neurons. J. Biol. Chem. 2012, 287,
19827–19840. [CrossRef] [PubMed]

85. Choubey, L.; Collette, J.C.; Smith, K.M. Quantitative assessment of fibroblast growth factor receptor 1
expression in neurons and glia. Peerj 2017, 5, e3173. [CrossRef] [PubMed]

86. Funa, K.; Sasahara, M. The roles of PDGF in development and during neurogenesis in the normal and
diseased nervous system. J. Neuroimmune Pharmacol. 2014, 9, 168–181. [CrossRef] [PubMed]

87. Miyata, T.; Toho, T.; Nonoguchi, N.; Furuse, M.; Kuwabara, H.; Yoritsune, E.; Kawabata, S.; Kuroiwa, T.;
Miyatake, S. The roles of platelet-derived growth factors and their receptors in brain radiation necrosis.
Radiat. Oncol. 2014, 9, 51. [CrossRef] [PubMed]

88. Pacifici, M.; Shore, E.M. Common mutations in ALK2/ACVR1, a multi-faceted receptor, have roles in
distinct pediatric musculoskeletal and neural orphan disorders. Cytokine Growth Factor Rev. 2016, 27, 93–104.
[CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

64



bioengineering

Review

Palliative Care for Children with Central Nervous
System Malignancies

Peter H. Baenziger 1 and Karen Moody 2,*

1 Peyton Manning Children’s Hospital, Ascension St. Vincent, 2001 West 86th Street, Indianapolis, IN 46260,
USA; peter.baenziger@ascension.org

2 MD Anderson Cancer Center, University of Texas, 1515 Holcomb Blvd., Unit 87, Houston, TX 77030, USA
* Correspondence: Kmoody@mdanderson.org

Received: 15 August 2018; Accepted: 3 October 2018; Published: 13 October 2018

Abstract: Children with central nervous system (CNS) malignancies often suffer from high symptom
burden and risk of death. Pediatric palliative care is a medical specialty, provided by an interdisciplinary
team, which focuses on enhancing quality of life and minimizing suffering for children with
life-threatening or life-limiting disease, and their families. Primary palliative care skills, which
include basic symptom management, facilitation of goals-of-care discussions, and transition to
hospice, can and should be developed by all providers of neuro-oncology care. This chapter will
review the fundamentals of providing primary pediatric palliative care.

Keywords: palliative care; child; brain; neoplasm; neuropathic pain; pain; symptoms; hospice

1. Introduction

Neurological tumors comprise the second most common malignancy of children and adolescents,
with an incidence of approximately 5000 children affected per year [1]. In addition, neurological
tumors represent the most common cause of cancer-related death in children and adolescents [2].
Neurological tumors generally fall into high or low grade strata and generally higher grade tumors
have poorer survival, however, patients with either high grade or low grade tumors suffer the adverse
effects of chemotherapy, radiation, surgery, and direct disease sequelae, which may be ameliorated
with palliative care.

Palliative care for children is critical to providing optimal care for some of the most vulnerable
patients [3,4]. Providers caring for children with life-threatening illness should have a fundamental
understanding of how to assist patients and families in establishing goals-of-care and essential pain
and symptom management skills, the mainstays of the field of hospice and palliative medicine [5–7].
The American Academy of Pediatrics outlines principles to guide palliative care practice, including:
(1) Providers have an obligation to ensure interventions are only used when potential benefits
outweigh risks; (2) the goal of palliative care is to enhance quality of life despite the disease
trajectory; (3) palliative care focuses on symptoms and conditions; and (4) palliative care teams
work towards healthy bereavement for the family of the patient. Palliative care is generally provided
by multidisciplinary teams to address the wide variety of burdens faced by patients suffering from
serious illness, including neurologic tumors [8–10]. There is consensus that the ideal team includes a
physician, nurse, social worker, spiritual advisor, and a child life therapist [5].

2. Facilitating Discussion and Decisions

A critical aspect of primary palliative care is to assist with establishing goals-of-care with patients
and families. Establishing goals first requires some determination of the patient’s and family’s values
(herein, simply “the family”) and priorities; this is achieved across a series of conversations. Examples
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of common values and priorities include: Staying out of the hospital, controlling pain, spending time
with loved ones, and achieving milestones, such as graduation [11,12]. These values are discussed in
the context of the patient’s illness, treatment options, and prognosis to establish priorities and goals of
care and to facilitate medical decision-making. The medical decisions faced by parents for children
with brain tumors are often numerous, frequent, high-stakes decisions and should align with these
established goals of care. A key to facilitating these difficult conversations is to communicate in a
way that “meets people where they are”—essentially, by not giving too much or too little information
(which can be assessed through direct inquiry) and by enabling the patient’s and family’s values
to drive the conversation. Goal setting is best accomplished when there is a consideration of the
broader view of a patient and family, beyond the disease context, to include their personal lives, their
community, and their social, emotional, and spiritual wellness [13].

Communicating well is important to patients, decreases uncertainty, and may improve hope
and reduce decision regret [14]. Most parents would prefer to receive information about palliative
care treatment options for their children than for this information to be withheld [14]. Young adults
with cancer who have experienced an honest prognostic discussion with their providers demonstrate
increased trust in providers, increased peace and hope, and decreased distress [15]. See Table 1 for
communication tools [16].

Table 1. Palliative care communication tools.

Delivering Bad News Verbal Responses to Emotion
Non-Verbal Response to

Emotion

“SPIKES”: [17]
-Setting: Prepare the setting for the
conversation and minimize distractions.
-Perception: Assess the caregiver’s
perception of the clinical information.
-Invitation: Ask permission to deliver
new information.
-Knowledge: Provide the main message
up front, simply.
-Emotion: Respond empathically to
emotion.
-Strategy/Summary: Summarize the
encounter and what will happen next.

“NURSES”: [18,19]
-Naming the emotion statement: “I hear
frustration in your voice.”
-Understanding statement: “I understand
this is upsetting news.”
-Respect statement: “I can see how
dedicated you have been to your son’s care
over these three months.”
-Support statement: “We are here to help
you and your family.”
-Explore statement: “Tell me about what
you were hoping to hear today.”
-Silence: Providing silence in the room can
passively, yet explicitly recognize emotions.

“SOLAR”: [20]
-Squarely face the patient.
-Open body posture.
-Lean towards the patient.
-Eye contact.
-Relaxed body posture.

Palliative care principles obligate providers and families to provide a developmentally appropriate
explanation of disease and the burdens expected to the patient within the context of their values,
culture, and preferences [5]. Earlier discussion of prognosis may be beneficial to allow for processing
of information and allowing for earlier integration of prognosis into decision making [10]. Intentional,
compassionate discussions of death should include consideration of the child’s developmental maturity,
understanding of death, prior experiences with death, and the cultural and religious milieu in which
the child lives, including family preference about if, when, and how information is disclosed to the
patient [5]. Families should be encouraged to discuss the child’s fears, meeting them at a developmentally
appropriate level [20,21]. It is important to note that studies demonstrate children are often aware of
their grave prognosis before parents or care teams engage in a formal conversation and that children
may avoid the topic to protect their parents [22].

A common decision put to families is whether and when to enroll in hospice. Hospice is a
comprehensive home care program, with 24-hour, on-call nurse visits, home medication delivery,
continuous 1:1 nursing if needed, and bereavement support. Eligibility for hospice only requires a
reasonable possibility of death within six months; a do not resuscitation order is not required. Hospice
utilizes a multidisciplinary approach focusing on comfort and quality of life. Advanced care planning
is important for end-of-life care, including the patient’s/family’s preference for location of death.
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Unique to pediatrics is the concept of “concurrent care”, which allows children to “concurrently”
receive both curative therapies and hospice [23].

Another decision many families face is Phase I trial enrollment, which may provide families
with a sense of hope, legacy, and dignity, despite a minimal likelihood of objective disease response.
The burdens of the trial should be balanced with the family’s sense of benefit. Theoretically, enrollment
on a clinical trial near end of life can complicate comfort-directed care plans because of study-related
requirements, however, available data suggest that patients that enroll on Phase I trials have similar
timing and frequencies of “do not resuscitate” (DNR) discussions, hospice enrollment, and established
DNR orders to those that do not enroll on such trials [24].

Since medical decisions in the palliative setting are value-based, conflicts may arise between
family decision makers and medical teams regarding the goals of care and specifics of treatment.
Conflict can be addressed at both a provider level and an institutional level. Providers of palliative
care can mitigate disagreement by “shifting” to a more curious stance, in which “one focus[es] on
learning more about the perspectives of both parties, exploring what may be a complex web of actions
that contributed to the conflict.” [25]. A simple example of one of the ways one can make such a shift is
repeating back what one hears a family member express as their hope; “so I hear you saying you hope
there is a surgery that will stop your son’s cancer”. Identifying a common ground among identified
hopes of family members is a helpful first step in negotiating a resolution. Many other practical
communication tools have been summarized and are worthy of further reading and practice [26].
At an institution level, it is important to have a process of conflict resolution [27]. Such policies
usually include purposeful communication efforts, opportunities for families to seek second opinions,
and consultation with an ethics committee.

Symptom Burden

The symptoms experienced by children with brain tumors are varied and can be quite
burdensome [8]. The location of the tumor may predict likely burdens: Supratentorial tumors are
associated with seizures, coma, and nausea and vomiting; infratentorial tumors are associated with
ataxia; brain stem tumors are associated with speech disturbances, cranial nerve paralysis (swallowing
dysfunction), and tetraparesis [28,29]. In addition to the most common symptoms of other childhood
cancers (fatigue, pain, dyspnea), children with brain tumors can also suffer dysphagia and dysarthria,
hearing and vision loss, paralysis, seizures, agitation, headaches, and cognitive and behavioral
changes [30–32].

3. Oromotor Dysfunction and Secretions

Expert experience provides the bulk of treatment recommendations for oromotor dysfunction,
which include speech therapy evaluation, thickening of feeds, and treatment with steroids to acutely
reduce edema.

Secretions often become difficult for patients to manage as they lose their oral motor proficiency
and their alert mental status. The goal of treatment is to decrease respiratory distress, aesthetic distress
of secretions, and to attain maximum patient comfort. Medicines used are muscarinic anticholinergics,
such as glycopyrrolate, scopolamine, or atropine. Glycopyrrolate does not cross the blood-brain
barrier and thus spares patients from central nervous system side effects. Scopolamine patches pose a
convenient transdermal delivery system and are approved for patients greater than 45 kg. Atropine
ophthalmic 1% solution can be given sublingually; 1 drop every 4 h providing 0.5 mg atropine per
dose [33]. Other treatment strategies are regular oral care and suction, lateral positioning of the
patient, and music to dampen the noise. Families can be reassured that the rattling noise is not painful
(an analogy to snoring works well) and deep suction will generally cause more harm than benefit.
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Nutrition and Hydration

As oromotor dysfunction progresses to dysphagia, nutrition and hydration often become concerns
that need particular attention due to the fundamental nature of care through feeding. Nutrition
and hydration should be framed by prognosis, risks (such as aspiration pneumonia), benefits
(child’s enjoyment of favorite foods, tastes, and experiences; social interactions surrounding meals),
and focused on the experience of the patient. For those patients who can no longer feed by mouth yet
express hunger or other symptoms due to a lack of intake, the benefits to intervening may outweigh
the risks. Generally, if a child is likely to live longer than 90 days, it is reasonable to use more invasive
solutions (surgically placed feeding tube, total parenteral nutrition) if such procedures are aligned
with family and patient values. If the prognosis is shorter, a nasogastric or nasojejunal feeding tube is
more appropriate, with decreased risks, and foregoing feeds and fluids altogether is also an acceptable
option for some. The burdens of feeds should not be forgotten; patients may feel discomfort from
the feed itself, the tubes, or may have adverse responses to their change in appearance. When the
primary goal is patient comfort, even when oral feeding poses an aspiration risk, it is reasonable to
allow small amounts of intake for enjoyment. Conversely, when the primary goal is patient comfort,
it is ethically sound to forego nutrition and hydration that are burdensome to the patient. Finally,
offering hydration without nutrition or in the setting of impending death, often leads to increased
symptom burden (dyspnea, swelling, pain) compared to mild dehydration [34].

4. Communication Difficulties

Children with neurologic tumors may suffer frustrating decreases in their ability to communicate
due to dysarthria, aphasia, or hearing deficits [35,36]. Assisted communication devices require
significant time to learn, thus they are less useful than simple tools, like dry erase boards or symbol
books [37–39]. Speech, occupational, and physical therapies can have a significant impact by slowing
the decline of key functional quality of life skills, such as speech and swallowing [8,40].

5. Headache

Headache occurs in around 36% of patients with brain tumors [41]. The primary treatment
modality is pharmacologic, including acetaminophen, opioids, and dexamethasone. Medications
that address neuropathic pain can be beneficial, but often take a week or more to be effective.
Low dose methadone (0.04 mg/kg/dose BID) is an opioid that also has N-Methyl-D-aspartic acid
(NMDA) receptor antagonist properties and can be particularly efficacious in cancer related headache,
but may necessitate consultation with a palliative care or pain specialist comfortable with dosing and
monitoring [42]. Methadone can be compounded into a 10 mg per mL solution for easy sublingual
administration near end of life. Morphine can be similarly compounded into highly concentrated
sublingual solutions. When using steroids for headache, the lowest possible effective dose should
be used, and weaning should be considered after control of symptoms. NSAIDs (non-steroidal
anti-inflammatory drugs) are typically avoided due to risk of bleeding at the tumor site and due to the
risk of gastric ulcers with concurrent use of steroids.

6. Seizures

Seizures occur in 30–50% of patients with brain tumors. Seizures cause distress to the patient and
family and may also cause worsening cognitive and behavioral functioning [43,44]. The treatment
goals are to control seizures and to optimize periods of alertness. There is no evidence to support
routine prophylactic antiepileptic use in the absence of a documented seizure history and these agents
may cause sedation or agitation [45]. For acute seizure treatment, the benzodiazepines are most helpful.
Diazepam and lorazepam can be given rectally, and lorazepam and midazolam are both absorbed
intranasally [45].
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For chronic seizure suppression, levetiracetam, as a broad acting staple, has few adverse effects, is
well tolerated, and is often effective [46]. Many patients experience a brief, initial period of aggression
on levetiracetam; if it does not resolve within several weeks, vitamin B6 supplementation has been
shown in a small study to reduce the behavior change [47]. Pediatric neurology consultation is prudent
for refractory seizures, status epilepticus, or patient intolerance due to adverse effects.

Because neurologic tumors are associated with dysphagia, concentrated sublingual compounds
and rectally administrated antiepileptic medications often become necessary. Pharmacists are an
important resource in this regard. Diazepam is the primary rectal choice as it comes in a suppository
and acts more quickly than other antiepileptics given by this route.

7. Nausea and Vomiting

Nausea and vomiting in the setting of pediatric neural tumors may be due to treatment or direct
effects of the tumor. The vomit center receives input from two central nervous system controlling areas
(chemoreceptor trigger zone; nucleus tractus solitarius) [48] and one peripheral input source (vagus
nerve) [49], which use a multitude of neurotransmitters (histamine, acetylcholine, dopamine, serotonin,
neurokinin) [50]. Treatment goals are to reduce nausea and vomiting to the point that patients can
interact with family, can take by mouth foods they enjoy, and maintain nutrition and hydration.

Consider whether nausea is due to direct pressure from tumor, chemotherapy, toxins (uremia,
hepatic failure, hypercalcemia), vestibular pathology, or gastrointestinal pathology (obstruction, ulcers,
mucositis, constipation) [48]. When the cause is increased intracranial pressure, steroids are a first-line
treatment. When chemotherapy or radiation-induced nausea and vomiting is expected, prophylaxis is
recommended, and several published guidelines for children exist [51,52]. For the best control of nausea
and vomiting, one should utilize both a scheduled medication as well as an as-needed medication;
choosing medications from different classes is also ideal. See Table 2 for a list of antiemetics and
dosages. Non-medical therapies can include hypnosis [53,54] and acupuncture [55]. Additionally,
practical remedies, such as treating constipation, removing noxious smells, opioid rotation, emotional
support [56], and modifying meals to be smaller and more frequent, can be helpful [55].

Table 2. Antiemetics.

Class Drug Dose Forms Notes

NK-1
Antagonist

Aprepitant
(Emend)

Day 1: 3 mg/kg PO
(max 125 mg) Day 2, 3:

2 mg/kg PO
(max 80 mg)

Capsule, suspension

Approved for chemotherapy
induced nausea/vomiting

(CINV). Assess for CYP3A4
& 2C9 drug interactions

Minimal data exists on the
use of fosaprepitant in

children <12 years

Steroid Dexamethasone
(Decadron)

10 mg/m2 IV/PO daily
(reduce to 5 mg/m2 if
using with aprepitant)

IV, tablet, solution
This is the CINV dose;

alternate dosing is used for
brain edema

5HT3
Antagonist

Ondansetron
(Zofran)

0.15 mg/kg/dose IV/PO
q8 hours

(max 8 mg/dose)

IV, tablet, oral
disintegrating tablet,

solution

5HT3 antagonists have
equivalent efficacy at

comparable doses

Granisetron
(Kytril)

0.04 mg/kg IV daily or
PO q12 hours (max

1 mg/dose) age
>12 years: 1–2 mg PO/IV

q12 hours

IV, tablet, solution
(custom compounded),

patch (available as
outpatient prescription

for adolescents)

Palonosetron
(Aloxi)

0.02 mg/kg IV once
prior to chemo.

If necessary, may re-dose
72 hours later

IV
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Table 2. Cont.

Class Drug Dose Forms Notes

Phenothiazine

Promethazine
(Phenergan)

0.25 mg/kg PO/IV q6
hours (max 25 mg/dose)

IV, tablet, syrup,
suppository, topical gel

Contraindicated in children
<2 years old.

Anticholinergic.

Prochlorperazine
(Compazine)

0.1 mg/kg/dose IV/PO
q6 hours

(max 10 mg/dose)
IV, tablet, suppository

Contraindicated in children
<2 years old or <9 kg;

anticholinergic and
anti-dopaminergic; risk of
extrapyramidal symptoms

Prokinetic Metoclopramide
(Reglan)

0.1–0.5 mg/kg IV/PO q6
hours (max 10 mg)

Adolescents: 5–10 mg
IV/PO q6 hours

IV, tablet, suspension

Risk of tardive dyskinesia,
especially with prolonged

use; may use with oral
diphenhydramine.
Anti-dopaminergic

Benzodiazepine Lorazepam
(Ativan)

0.04 mg/kg IV/PO q8
hours (max 2 mg/dose) IV, tablet, suspension

Risk of sedation, respiratory
depression, coma, and death

when used with opioids

Atypical
Antipsychotic

Olanzapine
(Zyprexa)

0.14 mg/kg/dose PO
qHS (max

5–10 mg/dose)

tablet, orally
disintegrating tablet

Antidopaminergic,
anticholinergic, and 5HT2

antagonist.

Cannabinoid Dronabinol
(Marinol)

5 mg/m2 PO BID-QID
(max 10 mg/dose)

Capsule Contraindicated with
sesame oil hypersensitivity

Antihistamine Diphenhydramine
(Benadryl) 0.5 mg/kg PO q6 hours Oral, elixir

Avoid IV use due to
dependency and sedation

risk. Also, may use to
manage EPS side effects.

Anticholinergic Scopolamine
(Transderm Scop)

1.5 mg patch changed
q72 hours Patch For use in patients >45 kg

Butyrophenone Haloperidol
(Haldol)

3–12 years old start
0.05 mg/kg/day divided

BID-TID
>12 start 0.5 mg per dose

BID-TID, up to
4 mg/dose q 6 hours

PO tabs/IV/SC

Anti-dopaminergic. Risk of
severe extrapyramidal

symptoms, prolonged QT
and granulocytopenia

8. Pain

Pain is reported by many children and adolescents with brain tumors, and may be due to
the cancer itself, the treatments received, and the procedures performed [33]. Most patients with
neurological tumors benefit from pain medicines at some point in their disease process (84%) [57].
Neuropathic pain caused by the tumor can be particularly challenging to treat and may require
polypharmacy for best results.

Other manifestations of “total pain” [58] are addressed hereafter, including psychological, social,
emotional, and spiritual elements [59]. These must be treated in parallel to physical pain as they
are codependent.

Treatment of pain in the patient with neuro-oncological disease begins with the foundations of
pain in other clinical care arenas: Assessment, identifying type of pain, intervention, and reassessment.
Validated scales should be used whenever possible to track progress. The FLACC scale [60] is useful
for caregiver observation of infants and other non-verbal patients. For children 3 years and older,
the Wong Baker FACES scale gives an age appropriate visual scale and, for ages 9 years and older [61],
a simple 0–10 numerical rating scale is appropriate.

The two fundamental types of pain are nociceptive and neuropathic. Nociceptive pain includes
somatic (muscle and bone) or visceral (organs) pain. Somatic pain is typically localized and described as
“sharp”, “aching”, or “throbbing” whereas visceral nociceptive pain is poorly localized and described
in a variety of ways (“gnawing”, “cramping”, “pressure”). Neuropathic pain is typically due to damage
to nerves and is described as “burning”, “needles”, or “numbness”, or is aggravated by touch [62].
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Much of the pain experienced in neuro-oncology patients is of mixed type as brain tumors directly
press on neuronal tissue and therefore a mixed approach is commonly undertaken.

Nonpharmacologic treatments should accompany the pharmacological approach for patients
with any severity of pain; these include environmental changes, treating comorbid symptoms [63]
(fear, anxiety, depression), and integrative approaches [64], such as: hypnosis [65], mind-body
therapies [66,67], heat and cold stimulation, massage, acupuncture, physical therapy, exercise,
biofeedback, art therapy, guided imagery, and distraction.

Pharmacologically, mild nociceptive pain is treated with acetaminophen; moderate to severe
nociceptive pain is treated with opioids. For those with pain at least every other day, a long-acting,
scheduled agent as well as a short acting as-needed agent should be employed. Short acting agents
should be 10–20% of the daily opioid morphine equivalent dose and given every 2–4 h as needed.
Methadone is a very useful long acting mu-agonist and NMDA antagonist [68] agent available in a
variety of forms for easy pediatric dosing. Consultation with a provider comfortable with dosing
and management may be necessary [69,70]. Fentanyl patches provide transdermally delivered opioid
that can be used in opioid tolerant patients; however, doses are fixed and therefore can be difficult to
titrate in smaller patients. In addition, morphine, and oxycodone are available in extended release
formulations for use in patients as an oral alternative to methadone and fentanyl patches. These agents
come in uncrushable, fixed-dose tablets, which precludes their use in small patients and those that
cannot swallow pills. Dosing of extended release (ER) morphine and oxycodone is generally based on
a patient’s current daily opioid use. For example, a patient taking morphine 5 mg every 4 h around
the clock is taking 30 mg per day. This patient would be started on 15 mg morphine ER twice daily.
Breakthrough pain doses of 10–20% of daily doses can be offered in addition every 4 h; in this case,
3–6 mg would be appropriate. See Table 3 for nociceptive pain medications and dosages.

In patients with recalcitrant pain, a pain titration may become necessary. The precept of a pain
titration is to quickly titrate medication to relief, or dose-limiting side effects. A pain titration is
accomplished with interval intravenous (IV) dosing of morphine (or hydromorphone), beginning with
an appropriate initial dose for weight and re-assessing response every 30 min. After each assessment
using a validated pain assessment scale, additional morphine doses are given as follows: (1) If no
relief and pain is >7, administer and increase dose by 50–100%, (2) if partial relief, but pain still >5,
give one-half to 1 times the initial dose, and (3) if pain score is 4 or less, then no dose is given at the
30-min assessment. This process is repeated until the patient’s pain is 4 or less, or intolerable side
effects occur. The total milligrams of opioid required to achieve pain control is calculated by dividing
the total morphine dose given by the total number of elapsed hours since initiation of the pain titration,
thus providing the hourly morphine rate. With this information, one can calculate an equivalent
daily methadone dose, fentanyl patch, or a basal morphine IV/SQ infusion rate. Breakthrough pain
treatment with additional doses of morphine are then added at 20% of the daily morphine dose and
offered every 3 h IV prn. Alternatively, a patient-controlled analgesia (PCA) pump can be started with
a morphine basal rate equivalent to the calculated hourly morphine rate, an added “PCA” or “demand”
dose of 100% of the hourly rate (range 50–200%) and a timed “lock-out” of 10 min. Re-assessment of
pain should occur multiple times per day; increases in pain and opioid use should be followed by
dose adjustments. In the terminal setting, it is not uncommon for 80% of the daily opioid used each
day to be delivered continuously via methadone or an IV opioid infusion, and for patients to need a
twice daily upward titration [71]. Continuous opioid rate should be adjusted as often as every 6–8 h
(time to reach steady state) to attain the goal of demand dosing being required less than twice per hour
while awake, and to allow for uninterrupted periods of sleep. Demand and interval breakthrough
pain doses can be adjusted after three doses. Additional bolus doses of two times the PCA demand
dose can be given every 1–2 h while awaiting therapeutic opioid levels. See Table 4 for initial pediatric
PCA dosing.
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Table 4. Intravenous patient controlled analgesic starting dose recommendations.

Drug Demand Dose Lockout Interval Continuous Rate 4 h Limit

Morphine 0.025 mg/kg (max 2 mg) 10–12 min 0.015 mg/kg/h 0.3–0.4 mg/kg

Hydromorphone 0.005 mg/kg (max 0.3 mg) 6–10 min 0.003 mg/kg/h 0.06–0.08 mg/kg

Fentanyl 0.25 mCg/kg (max 20 mCg) 6–10 min 0.015 mCg/kg/h 3–4 mCg/kg

Advantages of PCA use include: (1) The ability of patients to titrate pain medication to relief;
(2) reduced delay in addressing changes in pain intensity; and (3) gives children and young adults
some control over their symptom management. Contraindications to the use of PCA are all relative in
the end-of-life setting. However, PCA is not an ideal delivery mechanism for patients that are delirious,
encephalopathic, or physically unable to press the demand button. If the patient is actively dying,
and goals of care are well established, and comfort-directed, then PCA by-proxy (nurse or family
member) is appropriate and an often-optimal way to provide pain management [72].

Common opioid side effects include pruritis, nausea, sedation, and constipation. In general,
sedation is dose-related and should be avoided, except at end-of-life if consistent with goals.
Constipation should be anticipated with all opioids except methadone, and prophylaxis is appropriate
in the setting of “around the clock” opioid treatment. Orders for antihistamine are also indicated for as
needed use for pruritis. Nausea can be treated with antiemetics. In general, when side effects are not
tolerated, opioids can be rotated as patients respond differently to different opioids and, in general,
hydromorphone is less likely to cause pruritis than morphine. When rotating opioids, the equivalent
opioid dose should be calculated and then reduced by 25% to account for incomplete cross-tolerance.
See Table 5 for side effects and suggested treatments.

Table 5. Common or important opioid adverse effects and treatments.

Adverse Effect Treatments

Constipation
-Polyethylene glycol: 0.5–1.5 GM/kg PO daily.
-Senna: 4.3–17.2 mg/day PO (2–6 years), 6–50 mg/day PO (6–12 years), 12–100 mg/day
(12 years and older).

Pruritis

-Hydroxyzine (preferred for least sedation): 50 mg/day PO divided every 6 h
(<6 years), 50–100 mg/day PO divided every 6 h (≥6 years).
-Diphenhydramine: 6.25 mg q4 hours as needed (2–6 years), 12.5–25 mg PO q4 hours as
needed (6–12 years), 25–50 mg PO q 4 hours as needed (12 years and older).
-Opioid rotation (switch opioids with 25% dose reduction).
-Naloxone 0.25–1 microgram/kg/hour IV infusion.

Urinary Retention
-Oxybutinin: 0.2 mg/kg/dose (max 5 mg/dose) PO TID (≤5 years old), 5 mg/dose TID for
>5 years old.
-Relieve with catheterization, then lower dose or rotate opioid with 25% dose reduction.

Euphoria/Dysphoria -Lower dose or rotate opioid with 25% dose reduction.

Somnolence
-Lower dose or rotate opioid with 25% dose reduction.
-methylphenidate 0.3 mg/kg/dose, (max initial dose 2.5–5 mg/dose) given before
breakfast and before lunch (≥6 years old)

Reassessment is critical to pain control and should be performed at a frequency consistent with
the medications used (consider expected time-to-onset and duration of action) and pain severity.
Children suffering pain deserve aggressive pain control, which may require escalating doses of opioids
significantly and rapidly. There is no empiric upper limit dose on opioids; however, an individual may
reach their upper limit when he/she experiences increased side effects without additional benefit to
pain control [73]. The treatments should follow the “2-step ladder” determined by the World Health
Organization: Step 1 includes acetaminophen and/or NSAIDs for mild pain +/− non-opioid adjuvants;
and Step 2 adds opioids for more severe pain [74]. Medication choices should be personalized for
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the patient, considering allergies, comorbidities, drug interactions, adverse effects, social support,
and cultural perspectives.

Neuropathic pain in children is treated primarily with gabapentinoids, and/or tricyclic
antidepressants, which decrease central nervous system (CNS) excitatory neurotransmission [75].
Again, methadone, with its NMDA antagonism, is also a helpful medication when pain is severe
and chronic [48]. Clonidine, topiramate, and duloxetine may also be useful, particularly when
agitation, headache, or depressed mood are present, respectively. See Table 6 for neuropathic agents.
Adjuvant medications to treat comorbid painful conditions, such as muscle spasms, abdominal cramps,
and chemotherapy induced peripheral neuropathy, are shown in Table 7.

Though beyond the scope of this text, pain management can also include palliative radiation and
surgical approaches, such as dorsal rhizotomy. Consultation with radiation oncology, neurosurgery,
pain medicine, and/or hospice and palliative medicine specialists is prudent in patients with
recalcitrant pain. In the rare case where pain control cannot be achieved, the goals-of-care may be consistent
with palliative sedation, which necessitates consultation with palliative care specialists [71,76–78].

Table 6. Neuropathic agents.

Drug Dose Notes

Gabapentin

Day 1: 5 mg/kg/dose (max 300 mg/dose) PO at bedtime.
Day 2: 5 mg/kg/dose (max 300 mg/dose) PO BID.
Day 3: 5 mg/kg/dose (max 300 mg/dose) PO TID.
Dose may be further titrated to a maximum dose of
50 mg/day (and generally no more than 1800 mg/day).

Comes in a liquid.
May cause drowsiness, dizziness,
and peripheral edema. Dose adjust for
renal impairment.

Pregabalin 75 mg BID. Initial adult dose; can titrate up to
300 BID max.

Clonidine

Oral: Immediate release: Initial: 2 mCg/kg/dose every
4 to 6 h; increase incrementally over several days; range:
2 to 4 mCg/kg/dose every 4 to 6 h.
Topical: Transdermal patch: May be switched to the
transdermal delivery system after oral therapy is titrated
to an optimal and stable dose; a transdermal dose is
approximately equivalent to 1

2 to 1 × the total oral
daily dose.

Limited data available for pain in
children and adolescents.
Helps with opioid withdrawal, helps
with sleep. Can lower BP. Good for
dysautonomia pain.

Topiramate

-6–12 years (weight greater than or equal to 20 kg):
15 mg PO daily for 7 days, then 15 mg PO BID.
-≥12 years: 25 mg PO at bedtime for 7 days, then 25 mg
PO BID and titrate up to 50 mg PO BID.
-Maximum daily dose 200 mg.

May cause acidosis, drowsiness,
dizziness, and nausea. Dose adjust for
renal impairment and hepatic
dysfunction.

Amitriptyline

-0.1 mg/kg PO at bedtime.
-titrate as tolerated over 3 weeks to 0.5–2 mg/kg
at bedtime.
-Maximum: 25 mg/dose.

Consider for continuous and shooting
neuropathic pain. Caution use in
patients with arrhythmias. May cause
sedation, arrhythmias, dry mouth,
orthostasis, and urinary retention.
Caution use in patients with seizures;
avoid MAOIs, other SSRIs, or SNRIs
due to potential for serotonin syndrome.

Duloxetine
Approved for anxiety in children >7 years.
Start with 30 mg capsule at bedtime and can titrate up to
60 mg qHS.

Antidepressants can increase suicidal
thinking in pediatric patients with
major depressive disorder. Duloxetine
may increase the risk of bleeding events.
Concomitant use of aspirin,
nonsteroidal anti-inflammatory drugs,
warfarin, and other anti-coagulants may
add to this risk. Taper slowly.
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Table 7. Adjuvant pain treatments.

Drug Indication Dose Notes

Dexamethasone Inflammation,
Nerve compression

-1 mg/kg/day IV or PO in divided doses
every 6 h).
-Maximum: 16 mg/day.
Use lowest effective dose.

May cause impaired healing,
infection, thrush, hyperglycemia,
weight gain, myopathy, stomach
upset, psychosis, emotional
instability.

Diazepam Muscle spasms Oral: Children: 0.12 to 0.8 mg/kg/day in
divided doses every 6 to 8 h.

Tizanidine Muscle spasms

Children 2 to <10 years: Oral: 1 mg at
bedtime, titrate as needed.
Children ≥10 years and Adolescents:
Oral: 2 mg at bedtime, titrate as needed.

Oral: Titrate initial dose upward
to reported effective range of:
0.3 to 0.5 mg/kg/day in 3 to
4 divided doses; maximum daily
dose: 24 mg/day.

Cyclobenzaprine Muscle spasms
Greater than or equal to 15 years old:
5 mg PO three times daily
Maximum 30 mg/day.

Dicyclomine Abdominal cramping

Infants ≥6 months and Children <2 years:
Oral: 5 to 10 mg 3 to 4 times daily
administered 15 min before feeding.
Children ≥2 years Oral: 10 mg 3 to
4 times daily
Adolescents: Oral: 10 to 20 mg 3 to
4 times daily. If efficacy not achieved in
2 weeks, therapy should be discontinued.

5% lidocaine patch Nociceptive or
neuropathic pain

1–3 patches applied daily
(depending on size) up to 12 h per day. Can be cut to fit.

OTC creams Nociceptive or
neuropathic pain

Apply topically to localized areas of
neuropathic pain BID-TID.

Prescription creams:
Diclofenac cream;

compounded
neuropathic agents

Nociceptive or
neuropathic pain

Apply topically to localized areas of
neuropathic pain BID-TID.

Ice, heat Nociceptive or
neuropathic pain

9. Altered Mood

As brain tumors progress, they often (in 60% of children) cause mood changes, such as depression
or anxiety, which are important [79], yet under-addressed, forms of suffering. In the setting of
life-limiting illness, such mood disorders are likely biochemical in nature as well as “supratentorial”
or cognitive in nature. Therefore, appropriate care assesses and treats both etiologies. Adolescents,
in particular, demonstrate accelerated transitions, notably an “illness transition” in which one identifies
with the illness as being part of their being, and a “developmental transition” in which development
behaviors change in response to the disease [80]. However, their growth comes with feelings of
sadness, anxiety, difficulty speaking with their parents, and fear of being alone; and unlike pain, which
is addressed more than 80% of the time, these emotional symptoms are far less frequently addressed
(around 45% of the time) [81]. Depressed mood or anxiety should be treated based on severity at
presentation. For all patients with mood changes and unmanaged stress (e.g., fear, changes in function,
uncontrolled symptoms), integrative approaches and non-pharmacological options including cognitive
behavioral therapy, family therapy, and massage/relaxation therapy can offer benefit. Music, along
with other forms of art, are increasingly used to help patients and family members express their
emotions [82–84]. For patients presenting with mild symptoms rooted primarily in an uncertainty of
the future and fear of death, dying support through attention, education, and expressive supportive
counseling is appropriate. Therapeutic counseling is provided by a variety of clinicians, using a
myriad of techniques, including: Meeting the patients where they are in development, allowing time
and presence to validate emotions, and compassionate, honest discussion of the anticipated disease
trajectory. For example, family pastors, hospital chaplains, and bedside nurses (among others) can
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assess the child’s belief system and address spiritual/existential fears, as well as engage in reflective
listening, prayer, touch, silence, and ritual [85–87]. Social workers play a critical role in helping
patients achieve their personal goals of legacy and in leveraging the patient’s support network for
direct support to the patient [88,89]. Psychologists can assess the patient for specific fears and provide
cognitive behavioral counseling [90].

For moderate symptom burden, cognitive behavior therapy in addition to medications, such
as selective serotonin reuptake inhibitors (SSRIs), selective norepinephrine reuptake inhibitors
(SNRIs), and tricyclic antidepressants, should be initiated and selected primarily based on the
secondary beneficial effects (i.e., SNRIs for neuropathic pain component, SSRIs for weight gain,
etc.). For severe mood symptoms, medications and supportive therapies should be initiated together,
psychology and/or psychiatry consultation should be obtained, and disposition should be considered
(i.e., admission to facility for safety if suicidal).

Children and adolescents laden with symptoms and the weight of disease, may express their
burden through requests for a hastening of death. American Academy of Pediatrics (AAP) guidelines
do not support physician-assisted-death; the request should be met with normalization, compassionate
care, and an aggressive focus on relieving burdens and increasing quality of life [91–93]. Psychological
consultation is important. It is important to remember and communicate that foregoing interventions
and thus allowing a disease to progress along its natural course to death is ethically sound, is not
suicide, and is not physician-assisted death [94,95] Elucidating the patient’s voice about their hopes
and fears is powerful; Voicing My Choices [96] and Five Wishes [97] are two studied, standardized
tools [98].

10. Agitation, and Altered Mental Status

Many patients with brain tumors demonstrate agitation, or delirium [35,41,47].
Agitation can be caused by direct tumor effects, medical complications (e.g., uremia), and medications

(e.g., opioid). Benzodiazepines (midazolam, lorazepam, diazepam, clonazepam) at the lowest possible
dose are the primary treatment, especially if anxiety is present, followed by neuroleptics (haloperidol,
thioridazine, chlorpromazine, risperidone), and alpha-agonists (clonidine) [49]. Neuroleptics are
particularly helpful when delirium is present. See Table 8 for dosing recommendations.

Table 8. Medical treatments for agitation.

Drug Route Dose
Available Oral Dose

Formulations

Lorazepam PO, IV 0.05 mg/kg/dose PO/IV q4 hours; max single dose 2 mg. Tablet: 0.5, 1, 2 mg. Oral
solution 2 mg/mL.

Diazepam PO, IV, IM 0.12–0.8 mg/kg/day PO divided q6 hours.
0.04–0.2 mg/kg IV/IM q2 hours, max. 0.6 mg/8 h.

Tablet: 2, 5, 10 mg. Solution:
1 mg/mL, 5 mg/mL.

Clonazepam
>6 years PO, IV

<30 kg: 0.01–0.03 mg/kg/day PO divided q8 hours; increase
by 0.25–0.5 mg/day q3 days; maximum 0.1–0.2 mg/kg/day
PO divided q8 hours.
>30 kg: 1.5 mg/day PO divided q8 hours; increase by
0.5–1 mg q3 days; maximum 20 mg/day.

Tablet

Midazolam PO, IV, intranasal 500–750 mCg/kg PO once prior to procedure. Oral solution: 2 mg/mL.

Haloperidol
≥3 years PO, IM Oral: 0.01 mg/kg/dose 3 times daily as needed.

Starting dose max 0.5 mg/day. Titrate slowly as directed.
Tablet: 0.5, 1, 2, 5, 10, 20 mg.
Oral solution: 2 mg/mL.

Chlorpromazine
≥6 months PO, IV

Initial: 0.55 mg/kg/dose PO every 4–6 h as needed. Common
initial dose 10–25 mg. Max daily dose ≤5 years old:
50 mg/day; >5 years old 200 mg/day.

Tablet: 10, 25, 50, 100 mg.

Risperidone PO
>5 years old and 15–20 kg: 0.25 mg/day qHS; >20 kg
0.5 mg/day qHS or divided BID. Can titrate up 100%
after 4 days.

Tablet (and orally dissolving
tablet): 0.25, 0.5, 1, 2, 3, 4 mg.
Oral solution: 1 mg/mL.

Clonidine PO, IV, transdermal 0.1–0.5 mg PO q8 hours; titrate up slowly every 3 days; wean
upon discontinuing.

Tablet: 0.1, 0.2, 0.3 mg.
Extended release: 0.1 mg.
Patch: 0.1, 0.2, 0.3 mg/day.
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An altered mental status is the most common symptom as children with tumors of the brain
approach death (75% of children within the last week of life; 85% overall) [33,47]. This usually manifests
as a slow decrease in consciousness over days to weeks. While treatment options are few at this stage
of disease, it is important that clinicians provide anticipatory guidance to family and other providers.

11. Care of the Family, Caregiver, and Siblings

Palliative care teams maintain the goal of caring not only for the patient, but also for the entire
family as they grieve and bereave [99]. The complicated emotion and process of grief and bereavement,
respectively, begin at the time of diagnosis and accelerate as attention is turned from cure of disease
to palliation of symptoms. Finding meaning and realistic hoped-for goals can soothe patients and
families in this phase of care.

While oncology, palliative care, and other interdisciplinary teams have matured areas of disease
and symptom management, families report significant deficiencies in psychological care near the end of
life [100]. Many family members report unaddressed psychospiritual distress and significant caregiver
burdens [93]. Consultation with physical therapy, occupational therapists, child life specialists, art
therapists, chaplains, and hospices can provide additional supportive resources. Siblings deserve
particular attention and developmentally appropriate interventions, such as cognitive behavioral
therapy, art, and play therapies, and close bereavement follow-up.

Similarly, regardless of the prognosis or the choices in care that parents select, disease-specific or
pediatric oncological support communities can provide a community, validation, and education to the
entire family unit; providers should try to connect families to such a group whenever possible.

12. Summary

Pediatric patients suffering from CNS tumors face difficult clinical decisions and carry a significant
symptom burden. Given the high risk of mortality, communication of prognosis and goal-setting can
be challenging. Supporting caregiver decision making requires honest, empathic communication and
attention to the family values and emotions. Ongoing symptom assessment and management is a
must to optimize quality of life and reduce suffering. Providers caring for these children should have a
basic knowledge of palliative communication skills and pain and symptom management, with access
to specialist palliative care providers as needed.
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Abstract: Approximately five out of 100,000 children from 0 to 19 years old are diagnosed with
a brain tumor. These children are treated with medication designed for adults that are highly
toxic to a developing brain. Those that survive are at high risk for a lifetime of limited physical,
psychological, and cognitive abilities. Despite much effort, not one drug exists that was designed
specifically for pediatric patients. Stagnant government funding and the lack of economic incentives
for the pharmaceutical industry greatly limits preclinical research and the development of clinically
applicable pediatric brain tumor models. As more data are collected, the recognition of disease
sub-groups based on molecular heterogeneity increases the need for designing specific models
suitable for predictive drug screening. To overcome these challenges, preclinical approaches will
need continual enhancement. In this review, we examine the advantages and shortcomings of in vitro
and in vivo preclinical pediatric brain tumor models and explore potential solutions based on past,
present, and future strategies for improving their clinical relevancy.

Keywords: preclinical; in vitro models; animal models; pediatric brain tumors

1. Introduction

Preclinical models contributed to significant advancements in the field of oncology during
the past century, particularly the mechanistic understanding of tumor initiation and progression,
resulting in improved diagnostic and prognostic assessment of patients. However, studies to identify
novel therapeutics has limited value in the clinic. Mastering the design of models that efficiently
progress preclinical studies from basic science and target identification, to translational research and
drug discovery, to Food and Drug Administration (FDA)-approved drugs with clinical benefit is an
ongoing endeavor. Only one in 5000 compounds go on to receive FDA approval. The success rate of
new cancer therapies in phase I clinical trials is a dismal 3.4%, the lowest among major diseases [1].
Novel cancer therapeutics that make it to the clinic only have a one in ten chance of helping patients,
and even then, the maximum increase in survival is 5.8 months [2,3]. To date, not one of these
drugs was developed specifically for pediatric patients, despite the undeniable understanding that
pediatric tumors are not the same as adult cancers. Not only are the tumors diverse, but there is the
additional factor of treating a growing child—for children with central nervous system (CNS) tumors,
we are talking about a developing brain. For now, pediatric cancer researchers are limited to studies
with repurposed compounds. Therefore, attention should be placed on designing the best models
possible to accurately predict which therapeutics (1) can target heterogeneous human tumors, (2) have
minimal toxic effects on a developing child, and, for brain cancers, (3) has the ability to cross the
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blood–brain barrier. We anticipate this will require comprehensive knowledge of past observations,
benefits and limitations of current studies, and innovative ideas with the potential to move pediatric
research forward.

2. History of Preclinical Animal Models of Pediatric Brain Cancer

Modeling cancers has been around since 1915 when the first mice were exposed to coal tar
in an attempt to create skin tumors in a laboratory [4]. It was not until 1939 when Seligman and
Shear successfully utilized a carcinogen, methylcholanthrene, to generate a model for studying
brain cancer [5]. Methylcholanthrene pellets were intracranially implanted into 20 mice, resulting in
11 gliomas and two meningeal fibrosarcomas [5]. They used this model for growth studies and
were able to subcutaneously passage the tumors [4]. By the 1960s, with a greater understanding of
carcinogenesis, studies of synthetic chemicals as possible mutagens commenced [4]. The synthetic
carcinogen, N-nitrosourea, as well as derivatives ethylnitrosourea (ENU) and N-nitrosomethylurea,
was found to induce brain tumors in rats [4,6]. Initial studies determined younger animals were
more susceptible to tumor development compared to older rats after ENU injections. Transplacental
oncogenic properties were identified after pups born from rats injected with ENU during pregnancy
developed tumors [6]. An additional study, seven years later, reported a single intravenous injection
of ENU at gestational day 20 resulted in tumors in 100% of the 25 offspring [7]. An astonishing
total of 102 neural tumors developed in these pups consisting of oligodendrogliomas, astrocytomas,
mixed gliomas, anaplastic gliomas, ependymomas, one meningioma, and neurinomas [7]. In 1936,
intracerebral inoculation of RNA Rous sarcoma virus (RSV)-1, an avian retrovirus, induced
intracerebral sarcoma in adult chickens [8]. By 1964, Rabotti et al. demonstrated the importance
of tumor location after discovering intracerebral inoculations of RSV injected into different areas of
hamster brains resulted in different tumor types [9]. A study in beagles using RSV demonstrated
100% penetrance in newborn pups after intracerebral injections. The developed tumors were shown
to respond to chemotherapies from the time, (BCNU (carmustine) and CCNU (lomustine), but not
cyclophosphamide [10]. These results mimicked observations in the clinic with human brain tumor
patients [4]. Together with other studies, they demonstrated variations in dosage, age, strain,
and overall health of the animal effected tumor type, malignancy characteristics, and location and
rate of incidence [11]. In addition, this research contributed to important discoveries including the
identification and characterization of blood–brain barrier defects, as well as aberrant endothelial and
perivascular spread [4,12,13].

The development of brain tumor models most commonly used today began over thirty years ago.
At this time, the first models of pediatric brain tumors were generated. In 1983, Neely et al. attempted
to transplant 85 different pediatric tumors into immunodeficient animals, but had varying degrees
of success [14]. Establishing tumors from brain in nude mice went very poorly, as did tissue from
lymphoid benign tumors [14]. Simultaneously, cell lines derived from pediatric brain tumors including
medulloblastoma (MB), atypical teratoid rhabdoid tumor (AT/RT), and high-grade gliomas (HGG)
were developed, and, by the late 1980s, transplantable models were successfully established [15–21].
As the ability to genetically manipulate the mouse genome improved, mice with altered oncogenes
and tumor suppressor genes were engineered [22–25]. These early patient-derived xenografts (PDX)
and genetically engineered mouse models (GEMM) gained promise for use in biomedical analysis as
they resembled human tumors and responded to therapeutics similar to clinical observations [4,12,13].

Historically, the initial inspiration to generate animal models was to test the effects of treatment on
the tumors, but these older versions quickly proved to be unreliable. Tumor type and location lacked
consistency with the chemically induced models [4]. By the same token, using viruses to generate brain
tumors resulted in inconsistent tumor growth characteristics due to uneven distribution of recombinant
viruses [4,12,13]. However, this pioneering research was instrumental for the characterization of
CNS tumorigenesis, and greatly contributed to our understanding of the importance of tumor
location, the surrounding microenvironment, and cells of origin [4,12,13]. This basic knowledge
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inspired many molecular and genetic studies of neural tumors that, in turn, resulted in improved
diagnostics such as risk stratification, epidemiologic studies, and therapeutic intervention in the
clinic [12]. The shortcomings of these models were hardly failures, nor should they be viewed as such.
They actually laid the groundwork for current guidelines used to define a good preclinical model such
as high rate of incidence, short latency, molecular and histopathological properties of human disease,
and the ability to predict human response to treatment [26].

3. Applications to the Clinic: The Good, the Bad, and the Ugly

Direct clinically relevant goals of preclinical studies are to determine preliminary efficacy, toxicity,
and pharmacokinetic and safety information of novel drugs in order to support the development
of human trials [26,27]. In vitro and in vivo methods can be used to determine if the anticipated
therapeutic characteristics of a new drug required for clinical success, such as absorption, disposition,
metabolism, elimination, and toxicity, are present [28]. Every approach is individually limited;
thus, understanding the benefits and barriers is of utmost importance when designing a study.
Utilization of a strategic combination is imperative for successfully translating any findings to the clinic.

Cultured studies were performed for decades to explore the underlying biological mechanisms
of cancer development. In vitro studies were used to identify the genetic and epigenetic changes
in cancer cells that contribute to tumor initiation [29–33]. In addition, these tools are very useful to
predict the response and resistance of cancers to different treatments [28,34–36]. Pharmacological
high-throughput drug screening is readily applied to identify and evaluate potential therapeutics [29].
Moreover, diagnostically, the use of high-throughput omic analysis showed that molecular signatures
of pediatric CNS tumors better predict patient outcome compared to histopathology alone [37–41].

Model systems used for in vitro research include mouse or human-derived cell lines and
primary cells such as tumor stem cells or neurosphere cultures [29,30,42–44]. Cell lines that
maintain the genetic perturbations of the primary tumors from which they were derived are ideal
models [29]. Approximately 60 cell lines were generated from pediatric brain tumors including
ependymomas (EPN), MB, HGG, and AT/RT (extensively reviewed by Xu et al.) [33]. A majority of
these lines represent MB, which consists of four genetically distinct subgroups designated Wingless
(WNT), Sonic Hedgehog (SHH), Group 3, and Group 4 [41]. In addition to molecular characteristics,
prognoses vary between these types of MBs making modeling for specific subgroups a necessity.
A newly designed bioinformatic classification tool predicted MB cells DAOY, D425, ONS-76, D283,
D341, PFSK-1, D384, D458 to be WNT or SHH subtypes [45]. However, unlike WNT and SHH tumors,
many of the lines are MYC-amplified like Group 3 MB [41]. Only 12 MB cells line were shown through
various analyses to be specifically affiliated with a subgroup [46]. Except for one Group 4, these are
all SHH or Group 3 cell lines [46]. A potential explanation for this discrepancy is the requirement of
serum for the propagation of many pediatric brain tumor cell lines [33,47,48]. The use of serum to
culture primary tumor cells leads to terminal cell differentiation and a homogenous cell population that
acquires multiple molecular aberrations, so that, over time, the resulting cell lines differ significantly
from the corresponding primary tumors [43]. Even though genetic and phenotypic drift and a lack of
heterogeneity occur with cell lines, they are still commonly used in both genetic and pharmacological
studies [49]. Cell lines are easy to work with because they are robust, grow rapidly, are easily modified,
and can be stored long-term [44].

Some of the challenges with cell lines were addressed after the discovery of tumor stem
cells when neurosphere cultures from EPN, MB, and astrocytoma pediatric brain tumors were
first generated [30,31]. Neurospheres are cultured in the absence of serum and maintain tumor
heterogeneity, making them an attractive alternative to serum cultured cells [49,50]. Spheres are
heterogeneous and are good candidates for proliferation and differentiation assays despite technical
challenges [30,32,42,43,49]. Although studies using sphere lines are a truer reflection of primary
tumor behavior compared to cell lines, sphere lines are finicky and rarely maintained by long-term
culturing [32,42]. Propagating tumor cells under these conditions select for neural stem-cell-like cells.
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Many pediatric brain tumors arise from more lineage committed cells; therefore, generating
neurosphere cultures from these tumors is not optimal [51,52]. To date, a single Group 4 MB
neurosphere cell line (CHLA-01-MED), and a subsequent line from a malignant pleural effusion from
the same patient (CHLA-01R-MED) were established and are commercially available (American Type
Culture Collection (ATCC): CRL–3021 and CRL-3034, respectively) [49,53]. However new serum-free
models, such as the HGG neurosphere lines by Wenger et al., which can be cultured up to 30 passages,
continue to be generated [54].

Cell and sphere lines are helpful tools when addressing biological and mechanistic questions.
The cost, convenience, and ease of in vitro techniques make them an attractive choice during
initial inquiries of novel drugs, particularly for high-throughput testing of therapeutic agents [29].
After positive preliminary results, clinically applicable research of pediatric brain tumors often requires
additional evaluation of novel chemotherapeutics and adjunctive therapies in animal models.

In vivo studies are considered the gold standard in the pharmaceutical industry when addressing
drug safety and efficacy questions to support human testing [55]. Many organisms are used in different
fields, but the most common host for pediatric brain research is the mouse. Like in vitro, in vivo
techniques possess both advantageous and limiting characteristics, all of which require consideration
when designing a preclinical trial. Anatomical characteristics of a host animal to cogitate include
extracellular matrix molecules, cytokines/growth factors, endothelium, tissue-specific progenitor cells,
and immune cells [12]. Depositories like JAX Mice and Services (part of the International Mouse Strain
Resource) carry commercially available strains with varying types of immunodeficiency, and some can
tolerate clinically relevant levels of radiation. As previously mentioned, the two major variations of
murine models used in pediatric brain studies are PDXs and GEMMs.

Xenograft modeling refers to the implantation of primary tumor cells/tissue, or tumor-derived
cell or sphere lines, classically under the skin (subcutaneous) or, more recently, in the native tumor
site (orthotopic) of a host animal (Figure 1). Models generated by implantation of either mouse
or human-derived cell lines, are inexpensive and predictable with rapid tumor growth, yet lack
tumor heterogeneity and are rarely infiltrative [12,44,49,56]. Syngeneic xenografts, where the host
and transplantable materials are genetically and immunologically matched, will contain a realistic
microenvironment and intact immune system [12,13,57]. On the other hand, human cell-line models,
while lacking both benefits, better represent human biology. Unlike cell lines, transplanting primary
sphere lines or tumor tissue allows for maintained heterogeneity [4,16,47,48,51,57–61]. There is also the
possibility of a pertinent microenvironment in the low-passage models of primary tumor transplants as
tumor stroma may be present [26,44]. For pediatric brain cancer, mainly orthotopic PDXs are applied to
drug efficacy comparisons between primary and corresponding metastatic tumors [62]. After a clinical
trial, they are also used to identify molecular changes between the pre- and post-treatment tumors
of non-responders [12,34].

Of course, there are many caveats to contend with. Results may only be reflective of
the individual tumors samples. Multiple passages select the most aggressive cells, depleting
heterogeneity [12,44,49,56]. PDXs from patient tumors are limited by the amount of available material
and variable engraftment rates (tumor tissue from a patient with poor prognosis is the most efficacious);
furthermore, a sufficient cohort comes with high cost and high effort [12,44,49,56]. As with any
xenograft, implantation can disrupt the cell–matrix interactions and the blood–brain barrier, and lack
tumor initiation [12]. Fortunately, these last three limitations can be bypassed using GEMMs.
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Figure 1. Characteristics of patient-derived model systems. Human tumor tissue can be processed
to generate in vitro, ex vivo, and in vivo models. Xenografts can yield from tumor-derived in vitro
models, as depicted above, or directly from patient tumor tissue. Represented tumor features include
cancer cells (purple), cancer stem cells (blue), and blood vessels (red).

GEMMs are engineered by retroviral, proviral, or chemically induced mutations, including the
addition of foreign DNA or transgenes, or by targeted mutations such as truncated or deleted gene
knock-outs or amplified gene knock-ins [13,49]. Genes and mutations studied with GEMMs are often
associated with a specific human disease and are highly controllable. They may be conventional
or conditional to control spatial and temporal expression through the use of systems like Cre-LoxP
or tetracycline-controlled transcriptional activation (Tet-off/on) [13,49]. GEMMs are often used to
investigate individual genetic events in pathogenesis or tumor cell of origin [57]. They can also
be designed to imitate rare subgroups. The majority of pediatric brain tumor GEMMs model MBs,
mainly representing SHH MB tumors (extensively reviewed by Neumann et al.) [44]. After the link
between Gorlin syndrome and aberrant SHH signaling in MB was discovered, many MB GEMMs
were generated by modifying SHH signaling genes, such as Ptch, Smo, or Sufu, often in combination
with deletion of Trp53 or cyclin-dependent kinases [63–65]. Progenitors of the lower rhombic lip
were identified as the cell of origin for WNT MBs after the development of the WNT MB GEMM
which is genetically engineered to overexpress Ctnnb1 and a Pik3ca mutation in combination with
Trp53 knock-out [66]. Compared to WNT and SHH, less is known about the drivers of Group 3 and
Group 4 MBs, resulting in few models [44]. The GTML (Glt1-tTA/TRE-MYCN-Luc) model, a MB
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GEMM, develops tumors that closely resemble Group 3, but WNT, SHH, and Group 4 can also
arise [52,64,67]. There are currently no specific Group 4 MB GEMMs available [44]. Unlike xenografts,
GEMMs recapitulate tumor initiation and progression in the presence of the native immune system,
blood–brain barrier, cell–matrix interactions, and microenvironment, making them attractive models
for targeted therapeutics and drug delivery studies [13]. However, like PDXs, the development and
characterization of GEMMs are time-consuming endeavors with a high cost. Tumor penetrance can
be incomplete with unpredictable growth [13,44]. GEMM tumors may lack heterogeneity, potentially
limiting the ability to recapitulate the genetic complexity seen in human tumors [12,44,49]. Importantly,
in the absence of a conserved, phenotypic response to genetic aberrations, the tumorigenesis and drug
response seen in GEMMs often differ from humans [13].

Each preclinical pediatric brain tumor model has advantages and pitfalls. Despite many attempts,
these models have yet to improve therapeutic options for pediatric patients. Not a single molecular
targeting drug was added to a standard treatment protocol for pediatric brain tumors and only one,
everolimus, has FDA approval for treatment of nonoperable subependymal giant cell astrocytoma [68].
However, many candidates were identified and are currently under clinical assessment. A promising
example is the identification of numerous targets of the SHH pathway in SHH-driven MB. Inhibitors
developed against smoothened (SMO) went through phase I and II trials [69]. An interesting finding
in the phase II studies showed a wide range of drug efficacy in patients. These results paralleled the
discovery of tumor diversity by omic evaluation, which was recapitulated in murine models [70].
Post-clinical research showed a subset of the non-responders had mutations downstream of SMO in the
SHH pathway, suggesting a different inhibitor of downstream targets such as zinc finger protein (GLI)
may benefit those patients [69]. Research targeting BRD4 (bromodomain-containing protein 4), a BET
(bromodomain and extra terminal domain) protein that regulates GLI transcription, demonstrated both
PDX and GEMM-models of Hedgehog-driven tumors (including SHH MBs and AT/RTs), with genetic
perturbations resulting in resistance to SMO inhibitors, responded to treatment with the BRD4 inhibitor
JQ1 [71]. This is an excellent example of “from bench to bedside and back again” and exemplifies the
need to improve development of preclinical studies as the continued identification of tumor variations
and subgroups will require the design of more specific models.

4. Promising Progress

A key expectation for a good preclinical model is the ability to predict human response
to treatment. Although traditional models are extremely valuable tools, interpreting the results
of model studies to predict clinical response may be the biggest challenge to overcome. A good
start to addressing this problem is the reevaluation of preclinical strategies. Due to clear differences
between mice and humans, ideas to humanize preclinical trials need to be in the forefront of future
model designing.

To diminish time and cost, plus obvious ethical reasons, cultured studies need to be revisited.
In vitro research is often mistakenly minimalized in terms of clinical value. However, pharmaceutical
companies heavily rely on these methods, and even demonstrated that, at times, product assessment is
more translatable with in vitro studies compared to in vivo [27,28,55,72]. In response, the development
of some interesting and innovative ideas evolved in recent years. The explosion of multiple omic
methodologies resulted in numerous readily available primary tumor datasets including those from
the International Cancer Genome Consortium (ICGC), The Cancer Genome Atlas (TCGA), and,
for pediatrics, Therapeutically Applicable Research to Generate Effective Treatments (TARGET).
These data can be compared to omic studies of human cell lines in order to identify one that
best represents a specific cancer subtype [29,73]. Resources are continuously updated and could
be used to amplify the generation of new, diverse, and biologically relevant tumor cell lines with
potential to enhance the success of drug discovery studies and create more applicable human-derived
xenograft models [33,55,74,75].
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Another exciting new avenue of in vitro modeling is three-dimensional (3D) growth cultures.
Bingle et al. recently determined that 3D prototypes better represent neuroblastoma physiology
compared to two-dimensional (2D) cultures [76]. With the use of bioreactor systems, they demonstrated
how pertinent biological and physiological conditions, such as shear stress, compound flux,
and removal of metabolites, could be studied with 3D cultures [76]. A third promising cell-derived
tool for preclinical therapeutic research is the organoid. Organoids are used to study physiological
processes in a setting closely resembling endogenous cell organization and organ architecture.
An elegant new study by Ogawa et al. demonstrated that a cerebral organoid could recapitulate
glioblastoma development via CRISPR/Cas9 (clustered regularly interspaced short palindromic
repeats/CRISPR-associated protein 9) oncogene manipulation or transplantation of organoid- or
adult-patient-derived glioblastoma cell lines [77]. These are great examples of what can be
accomplished. For reasons mentioned above, in vitro studies should always be the first choice when
results are equivalent to, or even better than, those obtained using animals. However, for now,
most in vitro studies require additional testing before any clinical trial could be considered.

Building better animal models is a continually evolving pursuit as no animal can be a perfect
human exemplar. A promising trend, first used to study blood cancers, but recently gaining popularity
in solid tumor research, is the humanization of mice. Humanized mice are immunocompromised
animals that receive human bone marrow to reconstitute the immune system. Compared to other
models, these animals provide a more realistic tumor microenvironment and tumor heterogeneity with
the potential for better drug response prediction. Humanized mouse models of diffuse intrinsic pontine
glioma (DIPG), HGG, and high-risk MB were utilized to demonstrate that a DNA-damaging reagent,
currently in trials to treat lung cancer, called 6-thio-2’deoxyguanosine could cross the blood–brain
barrier and selectively enter tumor cells [78]. The downside to working with these animals, like with
any murine model, is that they are expensive and technically complicated by the risk of xenogeneic
graft-versus-host responses; however, they are a step closer to recapitulating human cancers in animals.

An ideal alternative to mice may be zebrafish (Table 1). The cancer genomes between zebrafish
and humans are highly conserved [79]. Patient tumors can be transplanted to form PDXs. Genetically
modified models can be generated by adding single or combined mutations [80]. Both approaches
could potentially be used for compound toxicity screens, as well as time- and cost-efficient
high-throughput in vivo analyses, although the pharmacokinetics of most drugs in zebrafish has
yet to be determined [81]. Zebrafish are translucent, allowing direct imaging of tumor behavior with
just a microscope [79]. Moreover, a single female can produce up to 200 embryos a day [79]. Successful
transplants of mouse-derived ependymoma, glioma, and choroid plexus carcinoma were achieved [81].
More recently, an oligoneural/NB-FOXR2 (NB forkhead box R2) CNS primitive neuroectodermal
tumor type-specific model was generated by activating N-RAS in Olig2+/ Sox10+ (oligodendrocyte
transcription factor /sex-determining region Y box 10) oligoneural precursor cells of embryonic
zebrafish [82]. Mesenchymal glioblastoma and low-grade glioma models were also generated [83].
Whether zebrafish tumors are better representations of human tumors than mice is still unknown,
but early studies indicate they will be valuable tools for future research.

Table 1. Zebrafish in cancer modeling.

Benefits Limitations

Translational relevance:
similarities between

humans and zebrafish

Largely conserved
development and

signaling pathways

Function of innate and
adaptive immune cells is

highly conserved

Over 80% of human
disease-related
genes present

Whole-genome duplication
(more than one ortholog for

some human genes) may
interfere with genetic studies

Xenograft models
[79,81,84]

Can be generated from
human, mouse, or
zebrafish tumors

No rejection due to
immature adaptive immune

system in larvae

Recapitulates parental
tumor behaviors including

proliferation, survival,
invasion, and dissemination

Molecular interactions between
transplanted human or mouse

tumors and zebrafish
cells unclear
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Table 1. Cont.

Benefits Limitations

Genetically engineered
zebrafish models

(GEZMs) [82,85,86]

Easy genetic
manipulation—injection into

one-cell-stage
larvae possible

Fast development Comparable histology to
human cancers

Tumor initiation and
progression studies hindered by

lack of a functional adaptive
immune system in
early-stage models

Drug studies
Easy, cost-effective,
and high scalability

Ease of imaging and
high-throughput screening

with transparent larvae

High degree of conservation
of metabolic enzymes
between human and

zebrafish larvae

Pharmacokinetic processes
still unclear

5. Concluding Remarks

In order to improve the clinical relevancy of preclinical research, we must acknowledge the
major hurdles impeding our progress. Preclinical versus clinic studies and endpoints do not resemble
each other. Slowing of tumor progression as a measurement of disease response to treatment is defined
in the clinic as complete response, partial response, and overall increase in survival versus in the
lab as tumor growth inhibition and tumor growth delay. The latter criteria do not directly correlate
to an overall increase in survival. The discrepancy between these definitions of success and failure
impede both discovery and extensive testing of prospective therapeutics. The challenge to bridge
basic science and clinical communication is still in front of us. Multidisciplinary collaborations are
being developed worldwide as a potential solution, and time will tell if they are enough to maximize
preclinical–clinical synergy. Then, there are the funding limitations. As discussed in this review,
no single model can currently replicate the development, diversity, or drug responsiveness of a human
tumor; furthermore, a dismal percentage of compounds identified by preclinical cancer research
become beneficial therapeutics in the clinic. Therefore, a question deserving serious consideration
is whether investing more upfront for preclinical research would lead to better model design and
improve drug discovery. Regardless of the solution, increased efficiency in the lab is necessary to
ultimately decrease the current number of unsuccessful and expensive human trials.
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Abstract: Embryonal tumors (ET) of the central nervous system (CNS) in children encompass a
wide clinical spectrum of aggressive malignancies. Until recently, the overlapping morphological
features of these lesions posed a diagnostic challenge and undermined discovery of optimal treatment
strategies. However, with the advances in genomic technology and the outpouring of biological data
over the last decade, clear insights into the molecular heterogeneity of these tumors are now well
delineated. The major subtypes of ETs of the CNS in children include medulloblastoma, atypical
teratoid rhabdoid tumor (ATRT), and embryonal tumors with multilayered rosettes (ETMR), which are
now biologically and clinically characterized as different entities. These important developments
have paved the way for treatments guided by risk stratification as well as novel targeted therapies in
efforts to improve survival and reduce treatment burden.

Keywords: central nervous system; embryonal tumors; children; medulloblastoma; ATRT; ETMR;
molecular biology; targeted therapeutics

1. Introduction

Over the past decade, a surge genomic and epigenomic data on embryonal tumors of the
central nervous system (CNS) in children has dramatically advanced the understanding of tumor
biology, paving the way toward improved diagnostic, reclassification, and therapeutic approaches
to these formidable malignancies [1]. These new molecular phenotypes have been incorporated in
the 2016 World Health Organization (WHO) classification of CNS tumors, creating a major shift
in paradigm of the classification of embryonal tumors of the CNS. The 2016 WHO classification
integrated genetic information to already-existing histopathological data and has enabled more
precise classification and diagnosis of these tumors [2]. This is most evident in the recognition
of the molecular subtyping of medulloblastoma (MB), each subtype carrying unique demographics
and clinical outcomes. Until recently, all non-medulloblastoma embryonal tumors were encompassed
under the umbrella of CNS-primitive neuroectodermal tumors (PNET). Revelations from several
molecular-profiling and methylation assay studies now show that a range of distinctly biologically
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heterogeneous tumors exist that are now known as non-medulloblastoma embryonal tumors of
the CNS. The main non-medulloblastoma embryonal tumors include atypical teratoid/rhabdoid
tumors (ATRT) and embryonal tumors with multilayered rosettes (ETMR). Other CNS embryonal
tumors include the following morphological subtypes: medulloepithelioma, CNS neuroblastoma,
CNS ganglioneuroblastoma, and ependymoblastoma [3]. All variants of embryonal tumors are now
well-defined entities with varying molecular biology and prognosis. The critical issue is proper
diagnosis of these entities, which would allow tailored therapy, including intensifying treatment
for aggressive variants and de-escalating therapy for those tumors with better prognoses, in order
to achieve long-term cures and minimizing treatment-related toxicity. The following section will
discuss the major subtypes of pediatric embryonal tumors, which include MB, ATRT, and ETMR,
their molecular biology, and the insights it provides in developing targeted therapies.

2. Medulloblastoma

2.1. Introduction

MB is the most common pediatric CNS malignancy, accounting for approximately 20% of all
pediatric CNS tumors [4,5]. Despite the conventional aggressive multimodal therapeutic approach
involving surgery, radiotherapy, and chemotherapy, approximately one-third of patients with MB die
from their disease [6]. Survivors often experience long-term sequelae, including neurocognitive deficits,
endocrinopathies, and secondary malignancies [7–10]. Integrative genomic and methylomic studies
over the past 15 years have shown that MB is not a single entity, but rather a heterogeneous group of
diseases with unique clinical, molecular, and prognostic characteristics [11–14]. The internationally
accepted subgroups of MB have been termed wingless (WNT), sonic hedgehog (SHH), Group 3,
and Group 4, which have been adopted in the 2016 WHO classification of central nervous system
tumors [2,15]. These efforts to characterize MB have revolutionized our understanding of its
pathogenesis and response to treatment, and will hopefully lead to improvements in survival and
survivors’ quality of life.

2.2. Molecular Subgroups

MB subgroups exhibit distinct biological characteristics, and recent application of advanced
algorithms for integrative genomic analysis has highlighted heterogeneity even within these subgroups,
which may help inform patient stratification in future trials (Figure 1) [16].

WNT: WNT MBs are characterized by activation of the WNT signaling pathway, commonly caused
by somatic mutations in the CTNNB1 gene, results in stabilization of the beta-catenin protein [17,18].
WNT MBs are the rarest subgroup, almost never present with metastatic disease, and carry the most
favorable prognosis of all the subgroups [12,15,19].

SHH: SHH MBs are characterized by hyperactivation of the SHH signaling pathway, often due
to germline or somatic mutations or amplifications in components of the SHH pathway. SHH MBs
represent approximately 30% of all MBs and are associated with a markedly variable prognosis [20–25].
Of note, upwards of a quarter of patients with SHH tumors have an underlying germline mutation
including TP53 or BRCA, which ought to prompt clinicians to consider genetic counseling consultation
in all patients diagnosed with SHH MB [26].

Group 3: A unifying pathway has not been identified in Group 3 MBs, as these tumors contain
few recurrent somatic and germline mutations aside from amplification of the proto-oncogene MYC
and isochromosome 17q [14,22,23,27]. Group 3 MBs account for about 25% of all MBs, affect almost
exclusively infants and young children, and have the worst prognosis.

Group 4: The underlying biological abnormalities characteristic of this subgroup are the least
understood. Isochromosome 17q is commonly found, but unlike in Group 3 MB, this feature is
not associated with poor prognosis [28]. Similar to SHH and Group 3 MBs, there is intertumoral
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heterogeneity in Group 4 MB [16]. Group 4 is the most common subtype and, despite their common
presentation with metastatic disease, overall prognosis of this subgroup is intermediate.

 

Figure 1. Molecular subgroups of medulloblastoma with unique clinical, genetic, and prognostic
characteristics. CP/CPA, cerebellar-pontine/cerebellar-pontine angle; SHH, sonic hedgehog;
WNT, wingless and int.

2.3. Standard Therapy

Risk stratification: Historically, MB was classified as “average risk” or “high risk” based on age,
presence of metastasis at diagnosis, and extent of residual tumor after resection. However, with the
recognition of MB subgroups and their respective and independent impact on prognosis, a new
risk-stratification schema has been proposed (Figure 2) [29].

 

Figure 2. Current risk-stratification schema. * Metastatic WNT tumors are rare and have an unknown
natural history. ** Nonmetastatic MYC-amplified tumors are likely very high risk and often recur in a
metastatic pattern, but their upfront prognosis is not clear. Ch11, chromosome 11.
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Standard treatments: Current therapy for MB consists of maximal tumor resection, craniospinal
irradiation (age permitting), and multiagent chemotherapy. The historical goal was a gross total
resection, but when controlling for molecular subgroup, the extent of resection may be less
important [29]. Radiation is an effective component of MB treatment, though it comes with acute and
long-term complications [10,30]. Lower doses may be utilized for certain patients, and conformal,
intensity-modulated approaches, as well as electron- and proton-based therapies, can mitigate some
toxicities [31–35]. Chemotherapy typically includes the cyclophosphamide/vincristine/cisplatin
combination, while radiation-sparing approaches for infants employ combinations of high-dose
chemotherapies, often with autologous stem-cell rescue [31,36].

2.4. Molecularly Targeted Therapy

WNT: WNT/β-catenin pathway overexpression is the hallmark of WNT MB, which may lend
these tumors to be susceptible to axin or PARP inhibitors. Beyond targeted approaches, the favorable
outcomes in patients with WNT MB have encouraged efforts aimed at de-escalation of first-line therapy.
The Children’s Oncology Group (COG) study ACNS1422, St. Jude’s (SJ) study SJMB12, and the
International Society of Paediatric Oncology’s PNET 5 study all reduce the doses of craniospinal
irradiation, while the Johns Hopkins J1403 trial was designed to eliminate it altogether [37–39].

SHH: Efforts to target the SHH pathway have focused on inhibiting the transmembrane
receptor smoothened (SMO). Several SMO inhibitors have been introduced into clinical studies,
including sonidegib and vismodegib, which have shown safety and improved progression-free
survival when used as monotherapy, but both almost universally succumb to development of
resistance [40–45]. Vismodegib is now being studied in combination with conventional therapy
in an ongoing phase 2 study (SJMB12) [37]. Another compelling target is the downstream transcription
factor, glioma-associated oncogene (GLI) [46].

Groups 3 and 4: The significant heterogeneity of the biological drivers of these MB subtypes has
impaired the development of a clinically applicable targeted approach. However, the understanding
that MYC-driven MBs rely on the kinase WEE1 to maintain cell-cycling viability has drawn interest,
and an ongoing phase 2 trial (COG ADVL1312) is studying a WEE1 inhibitor in combination with
irinotecan [47].

Nonspecific Subgroup Molecular Targeting and immunotherapy: Several other drivers of MB have
been identified, though they do not yet fall into any single MB subgroup. The Notch signaling pathway
has been implicated in MB tumorigenesis and may be targetable with γ-secretase inhibitors [48].
The PI3K/AKT/mTOR pathway is instrumental in multiple metabolic and survival pathways,
and disturbances to this pathway have been implicated in MB [49,50]. Currently, the Pediatric
MATCH trial is testing a dual PI3K/mTOR inhibitor in MBs with PI3K/TSC/mTOR mutations [51].
PI3K, histone deacetylase, and BET-bromodomain inhibitors, especially in MYC-amplified MB,
show early preclinical promise and are being studied in an early-phase study (PBTC-026) [52–54].
Cyclin-dependent kinase 6 (CDK6) is commonly mutated in SHH, Group 3, and Group 4 MB [55].
Inhibitors of CDK4/6 are being studied in ongoing early-phase trials (PBTC-042 and SJDAWN) [56].
Activation of the RAS/MEK/ERK pathway has been observed in MBs, and targeting this pathway is
being studied utilizing EGFR, VEGF-A, and MEK inhibitors [57–61].

Like many other pediatric tumors, the potential to harness the immune system’s innate antitumor
effect to treat MB is being increasingly appreciated. Early studies have shown that most MB tumors
have only nominal immune-cell infiltration and tumor cells have absent or deficient antigen-presenting
machinery [62,63]. Despite the apparent lack of tumor surveillance, there is growing evidence that
checkpoint inhibition, immunization, or viral therapy may be of benefit [64–66].

2.5. Conclusion

Over the past 15 years, our understanding of MB has greatly increased, enabling the classification
of subgroups. Subgroup-based risk stratification offers the potential to improve overall survival
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while reducing treatment burden in lower risk patients. The continuous discovery of biological
diversity within MB subgroups, however, makes risk assignment and selection of appropriate patients
for novel therapies more challenging [20]. Furthermore, the genomic and transcriptomic profiling
of a tumor is likely spatially variable and is dynamic with treatment. By profiling MBs as bulk
samples, there is risk of masking potential intratumoral heterogeneity, missing data of MB stem-cell
programs, and concealing information about nonmalignant cells of the tumor microenvironment.
MB is a heterogeneous disease, and treating all patients with standard therapy is no longer acceptable.
However, while the era of targeted therapies based on genetic perturbations has great promise, future
clinical trials will require novel approaches to best pair potent therapies to susceptible tumors.

3. Atypical Teratoid Rhabdoid Tumors (ATRT)

3.1. Introduction

ATRTs represent a variant of embryonal tumors of the CNS affecting younger, predominantly
male children. They account for 1–2% of CNS tumors in children, with a peak incidence of children
aged less than 3 years. Two-thirds of these neoplasms occur in the cerebellum, commonly at the
cerebellar-pontine angle (CPA), with a potential of multifocal or disseminated disease in 20% of
patients at the time of diagnosis [67]. Prognosis remains poor, though recent revelations of biological
data and improved understanding of the signaling pathways now offer some therapeutic optimism [68].
Recent treatment strategies have focused on using radiation and chemotherapy along with targeted
therapeutics, which could improve overall prognosis [69,70].

3.2. Clinical Features and Diagnosis

Clinical presentation of ATRT largely depends on the location of the tumor and metastatic status.
These tumors do not have extraordinary neuroimaging characteristics; their appearances are quite
similar to medulloblastoma. Their appearance is often heterogeneous with high cellularity, containing
a distinct band of wavelike enhancement; they may have intratumoral hemorrhage and peripherally
located cysts; they may also show patterns of restricted diffusion [71]. Recent findings suggest that
MRI features may vary across different molecular subgroups of ATRT [72,73]. ATRT morphology is
diverse, ranging from epithelial to mesenchymal to neuroepithelial, and sometimes containing all
three. Classic rhabdoid cells are less prevalent in these tumors, and instead more commonly exhibit
small-blue-round-cell tumor morphology, similar to medulloblastoma. Prior to the discovery of the
SMARCB1 mutation as a specific molecular marker for ATRT, they were diagnosed under the same
umbrella as PNET or medulloblastoma [74]. Currently accepted diagnostic criteria include biallelic loss
and/or negative immunohistochemistry staining of SMARCB1 or SMARCA4 and their respective gene
products hSNF/INI1/BAF47 and BRG1 [75,76]. Importantly, 20–35% of patients with ATRT are found
to carry biallelic germline alterations of SMARCB1 or SMARCA4. These patients have rhabdoid tumor
predisposition syndrome, with a propensity to develop intra- and extracranial aggressive rhabdoid
tumors at young age [77,78]. Thus, all patients with ATRT should undergo genetic counseling and
testing for the presence of a germline mutation.

3.3. Molecular Era of ATRT

The sole recurrent genetic alterations in these tumors are biallelic mutations of SMARCB1
(INI1, SNF5, BAF47) or, rarely, SMARCA4, both of which are members of the SWItch/Sucrose
Nonfermentable chromatin-remodeling complex [79]. Approximately 20% of the 22q11.2 deletions
include SMARCB1, of which 25% of the patients have partial deletion or duplication. The remaining
chromosomal aberrations include single-base point mutations, frame shifts, or insertions [80].

High-resolution molecular studies have uncovered marked clinical and molecular heterogeneity
in the relatively bland genome of ATRT. Varying molecular subgroups in ATRT were first identified
by Birks et al., who showed high expression of bone morphologic protein (BMP) in a subgroup
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associated with shorter survival [81]. A subsequent larger study, using integrated analysis of
clinical and transcriptional data, demonstrated two major subtypes with different clinical outcomes:
the supratentorial tumors, which were characterized by neuronal differentiation and ASCL1 protein
expression, correlated with improved survival outcome, while infratentorial tumors enriched with BMP
signatures carried worse prognosis [82]. A recent study utilizing genetic, epigenetic, and transcriptional
characterization subdivided ATRT into three methylation subgroups with varying demographics and
molecular profiles. These are ATRT-SHH, ATRT-TYR, ATRT-MYC [79]. Figure 3 shows the molecular
subtypes including demographics, SMARCB1 profile, epigenetic features, and therapeutic targets of
interest. The generation of the first transgenic mouse model harboring temporal deletion/inactivation
of SMARCB1 facilitated further understanding of the oncogenic events leading to ATRT formation.
This study revealed that epigenetic mechanisms associated with hSNF5 loss drives these tumors and
provided insights into the different targeted cells of origin that likely contribute to the heterogeneous
nature of ATRT [83].

 

Figure 3. Molecular subgroups of atypical teratoid rhabdoid tumors (ATRT) and their clinical and
epigenetic features, as well as therapeutic targets.

3.4. Current Treatment

Given the rarity of the disease and the diversity of treatment regimens historically employed to
treat ATRT, no standard therapeutic approach exists. There seems to be improved survival for those
patients with de novo ATRT treated with Intergroup Rhabdomyosarcoma Study (IRS) protocols and
high-dose alkylating agents [84]. A phase II study by the Dana Farber Cancer Institute treated 20
patients with ATRT using a modified IRS III approach. Patients on this study had good outcomes,
with an OS of 70% over two years, which was improved in comparison to other historical data [85].
A retrospective study by St. Jude Cancer Research Hospital included 31 children older than three
years with ATRT who received craniospinal irradiation, high-dose alkylator-based chemotherapy,
and showed that they fared better, with a two-year OS of 89 ± 11% [86]. The role of high-dose
chemotherapy (HDC) followed by stem-cell rescue in studies by the Head Start and the Canadian
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Brain Tumor Consortia showed improved outcomes with intensive chemotherapy regimens, though
toxicity was not inconsequential [87,88]. ATRT registry data suggest that the extent of surgical resection
correlates uniformly with improved survival [89]. The role of radiotherapy still remains unclear and in
general has been deferred or dose-reduced in younger children with ATRT. However, recent studies
have shown a trend towards increased survival time with the addition of radiotherapy, leading to its
incorporation in various clinical trials [90,91]. The current COG ACNS0333 trial (NCI: NCT00653068)
incorporates a combination of chemotherapy and radiation therapy, along with autologous stem-cell
rescue in treating young patients with ATRT.

3.5. Newer Therapeutic Insights

It is now evident that ATRT is an epigenetically driven disease, and thus targeting oncogenic
drivers in epigenetic machinery is now the key focus of developmental therapeutics against these
malignancies. The finding that ATRT may exhibit increased expression of EZH2, and subsequent
hypermethylation has led to preclinical testing of EZH2 inhibitors EPZ-6438, 3-deazaneplanocin,
and tazemetostat, alone or in combination with other chemotherapies; the data are encouraging,
showing some tumor responsiveness to this approach [92,93]. A phase I trial using tazemetostat
monotherapy against hypertrimethylated tumors, including one with an INI1-deleted malignant
rhabdoid tumor, showed promising results: the one ATRT-like patient achieved a partial response [94].
Upregulation of the Bromo/BET domain may also contribute to ATRT oncogenesis, and Bromo/BET
inhibitors have shown some promise in preclinical models [95,96]. Histone deacetylase inhibitors,
which are also epigenetic modifiers, have been successfully used to inhibit ATRT growth and increased
sensitivity to radiation [97]. Aurora kinase A (AURKA) is highly expressed in ATRT because of the
loss of the INI1 tumor-suppressor gene. Alisertib, an AURKA inhibitor, has been explored in ATRT
with good outcomes in patients with progressive disease [69]. The association between INI1 loss
and increased expression of cyclin D1 in nearly 80% of ATRTs led to testing cyclin D1 as a druggable
target [98,99]. CDK4/6 inhibitor palbociclib, when used in combination with radiation in preclinical
models, showed delayed growth of ATRT cells [100]. Following this finding, a clinical trial employed
another CDK4/6 inhibitor, ribociclib, alone or in combination with conventional chemotherapy in a few
patients with ATRT, and it has shown some initial success [101]. The highly heterogeneous nature of
these tumors led to the possibility of exploring multitargeted tyrosine kinase inhibitors (TKI). A recent
study showed second-generation TKIs nilotinib and dasatinib reducing cellular proliferation of these
tumors, through downregulation of PDGFRβ, and more so in the clinically worse subtype 2 [79].

3.6. Conclusions

ATRT is an aggressive malignancy with poor overall survival in metastatic disease and in
younger children. Though multiple therapeutic approaches have been pursued over the last
two decades, prognosis has remained grim until recently. It is now suspected that epigenetic
alterations may be important druggable targets, and a variety of trials testing this hypothesis are
ongoing. Recent identification and description of molecular subclasses of ATRT should guide future
risk-stratified and targeted therapeutic approaches with the intent of reducing toxicity and improving
overall survival of these formidable tumors.

4. Embryonal Tumor with Multilayered Rosettes (ETMR)

4.1. Introduction

ETMR was first identified in 2009 as an aggressive embryonal tumor with a unique molecular
phenotype occurring in younger children. Histologically, it represents a PNET with ependymoblastic
rosettes and neuropil-like areas containing neurocytes and ganglion cells [102]. ETMR can exhibit three
distinct histological patterns: embryonal tumors with abundant neuropil and true rosettes (ETANTR),
ependymoblastoma (EBL), and medulloepithelioma (MEPL). The uniform amplification of C19MC
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in these three distinct histologies has led to the grouping of ETANTR, EBL, and MEPL into a single
diagnostic entity known as ETMR [103,104].

4.2. Clinical Features and Diagnosis

Due to the rarity of ETMR and limited number of publications, robust demographics have
not been defined. These tumors have a very aggressive clinical course, with a median survival
of 12 months after diagnosis. ETMR usually occurs in children younger than four years, and is
more common in girls, unlike the other CNS embryonal tumors, in which boys are equally or more
commonly affected. Clinical features are determined by the location and extent of the tumor. Most are
supratentorial in location, a few are infratentorial, and they are very rarely encountered in the spinal
cord. Increased intracranial pressure, seizures, hemiparesis, cerebellar signs, cranial nerve palsies,
and other neurologic deficits have been reported. In general, neuroimaging shows these tumors as large,
demarcated, solid masses featuring patchy- or no-contrast enhancement with surrounding edema,
often with significant mass effect. A minority of the reported cases have shown cystic components
and microcalcifications [105,106]. Nearly 80% are localized at diagnosis, but even these often rapidly
progress. The diagnosis of ETMR remains challenging with only histopathological reviews. LIN28A
evaluation by immunohistochemistry remains confirmatory. Comparative genomic hybridization
array for amplification of the microRNA cluster C19MC at locus 19q13.42 may further secure the
diagnosis [107].

4.3. Current Treatment Strategies

Current treatment protocols include maximal-safe surgery with subsequent chemotherapy,
often including HDC with stem-cell rescue and focal or craniospinal irradiation depending on the
age of the patient and extent of the tumor. Conventional chemotherapeutic agents used include
cyclophosphamide, methotrexate, vincristine, etoposide, and carboplatin. Due to the small number
of ETMR patients reported in the literature, and variable treatment strategies rendered, it is difficult
to draw robust conclusions on the benefits of different treatment regimens on clinical outcome.
Though initial responses were seen in some cases, the aggressive nature of these tumors resulted in
early progression or relapses and poor overall survival. Despite intensive multimodality therapy
with aggressive surgery, chemotherapy, and radiation, five-year overall survival has been less than
10% [108]. Extent of resection seems to be a favorable prognostic factor, though, in another series,
radiation therapy correlated with improved outcome [109]. The impact of HDC on long-term survival
is still not clear due to the limited number of patients treated with this modality. Lack of biographical
input of these tumors has undermined development of targeted therapies and improved survival.
However, recent availability and studies on cell lines and preclinical models are now uncovering
promising targets for these lethal tumors.

4.4. Molecular Characteristics and Therapeutic Insights

The uniformity of C19MC amplification in these tumors led to the restructuring of ETMR
classification. Transcriptional signatures of C19MC-altered tumors reveal enrichment for early
neural and pluripotency genes, including LIN28/LIN28B. This suggests the primitive nature of
these malignancies and may explain their aggressive phenotype [110]. Global molecular studies
identified LIN28A immunoexpression as a highly specific marker for ETMR, with a hallmark genomic
amplification of the C19MC oncogenic miRNA cluster. Nearly 25% of ETMR tumors with the molecular
features of C19MC alterations are devoid of classical rosette structures, indicative of intratumoral
heterogeneity. Global methylation assay and exome-sequencing studies have failed to identify other
recurrent alterations, reaffirming C19MC as the main oncogenic driver of these formidable tumors.
Though highly suggestive of ETMR, enrichment of LIN28/LIN28B is not specific for ETMR, as this is
also seen in ATRT and high-grade gliomas [111].
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Lack of optimal preclinical ETMR models has historically precluded defining conventional or
novel targeted therapies. However, recent establishment of ETMR cell lines has led to in vitro and
in vivo preclinical drug screening. The MTOR pathway appears to be markedly overexpressed in
these tumors and is sensitive to inhibition by mTOR inhibitors demonstrated in cell lines [104].
RNA sequencing identified recurrent gene fusions of C19MC miRNAs and neural-specific DNMT3B
isoforms in these ETMR tumors. These findings suggest DNMT3B as an important downstream
effector of the C19MC oncogene and a potential therapeutic target for these formidable tumors [110].

Recent development of patient-derived xenograft models is now also providing avenues to
explore drug activity in vivo. A mouse model of ETMR shows parallel activation of SHH and WNT
signaling. This confirms that coactivation of these pathways in mouse neural precursors is sufficient to
induce ETMR tumors [112]. These neoplasms resemble human counterparts, both histopathologically
and by global gene-expression analysis, suggesting this as a feasible mouse model for further biological
interrogation. These tumors responded to the SHH inhibitor, arsenic trioxide, proposing downstream
inhibition of SHH signaling as a therapeutic option for patients with ETMR. The role of combination
chemotherapy in the ETMR xenograft mice model has been recently evaluated. A combination of
topotecan or doxorubicin, along with methotrexate and vincristine, demonstrated longer survival of
animals in the topotecan arm. This study also highlighted a potential role for epigenetic modifying
drugs, such as panobinostat, and targeted drugs, such as the pololike kinase 1 inhibitor, volasertib,
in these tumors [113]. These biological revelations provide the initial clues to profile treatment using a
targeted therapeutic approach with conventional chemotherapeutic agents.

4.5. Conclusions

C19MC-altered tumors, now identified as ETMR, carry a distinct aggressive clinical course
in the setting of conventional therapeutic strategies. However, improved understanding of
biological/molecular data aided by preclinical studies now provides avenues to render novel
targeted therapies. Efforts to identify genomic and epigenetic machinery driving C19MC-associated
tumorigenesis should continue, which would help in developing more precise, less toxic, and optimal
treatment for these potentially lethal tumors.
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Abstract: The late neurocognitive and psychosocial effects of treatment for pediatric brain tumor
(PBT) represent important areas of clinical focus and ongoing research. Neurocognitive sequelae and
associated problems with learning and socioemotional development negatively impact PBT survivors’
overall health-related quality of life, educational attainment and employment rates. Multiple factors
including tumor features and associated complications, treatment methods, individual protective and
vulnerability factors and accessibility of environmental supports contribute to the neurocognitive and
psychosocial outcomes in PBT survivors. Declines in overall measured intelligence are common and
may persist years after treatment. Core deficits in attention, processing speed and working memory
are postulated to underlie problems with overall intellectual development, academic achievement and
career attainment. Additionally, psychological problems after PBT can include depression, anxiety
and psychosocial adjustment issues. Several intervention paradigms are briefly described, though to
date research on innovative, specific and effective interventions for neurocognitive late effects is still
in its early stages. This article reviews the existing research for understanding PBT late effects and
highlights the need for innovative research to enhance neurocognitive and psychosocial outcomes in
PBT survivors.

Keywords: pediatric brain tumor; late effects; neurocognitive; cognitive; psychosocial; survivorship

1. Introduction

Approximately 2970 children and 1170 adolescents are diagnosed with brain and central nervous
system tumors in the United States annually [1]. As survival rates following pediatric brain tumor
(PBT) increase with improvements in detection and intervention, focus has increased on monitoring
and managing the late effects of both disease and treatment (i.e., delayed emergence of neurocognitive,
emotional and socioemotional sequelae). It is estimated that as many as 40 to 100% of survivors
demonstrate impairment in at least one neurocognitive domain [2] and adult survivors of PBT
report the poorest health-related quality of life among all childhood cancers [3]. Neurocognitive
and psychosocial late effects are associated with lower high school and college graduation rates and
increased likelihood of unemployment [4–9], all of which may adversely impact quality of life.

Late effects of treatment for PBT typically emerge in the first few years following treatment and
clinically may range from mild performance difficulties that are easily accommodated to severe deficits
in functioning that result in the ongoing need for support into adulthood. Here we provide a broad
overview of neurocognitive and psychosocial late effects of treatment for PBT, including discussion of
significant risk factors and pathophysiology of late effects, a summary of intervention paradigms and
discussion of future opportunities to improve outcomes for survivors.
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2. Factors Related to Expression of Late Effects

To understand the mechanisms of late effects, a host of factors must be considered. It is important
to recognize that isolating the influence of any one variable among the multiple confounding and
interacting variables is a consistent challenge in late effects research. With that caveat, factors with
documented relationships to outcomes include tumor variables, treatment paradigms and potential
moderating variables related to individual patient characteristics and environmental factors.

2.1. Tumor Variables

Tumor size has been associated with lower overall intelligence [1]. Higher risk pathology, such as
medulloblastoma, has been associated with poorer neurocognitive outcomes, evident on measures
of intelligence, aspects of attention, working memory and processing speed [2,3]. Tumor location is
integral, in part due to associated complications. For example, 70–80% of children with posterior fossa
tumors develop obstructive hydrocephalus, with approximately 30% requiring cerebrospinal fluid
diversion via ventriculoperitoneal shunt or endoscopic third ventriculostomy [4]. Hydrocephalus has
been shown to independently correlate with neurocognitive deficits even with otherwise uniform
chemotherapy and radiation treatment [5] and is associated with poorer long term intellectual
outcomes, regardless of tumor type [6]. Some evidence suggests that children with infratentorial
tumors have greater neurocognitive burden than those with supratentorial tumors [7].

2.2. Treatment Variables

Advances in neurosurgical techniques over the last few decades have led to improved histologic
diagnosis and decreased morbidity and mortality. Some tumors require only neurosurgical
intervention. Still, studies suggest at least some short-term risk for neurocognitive deficits within the
first year post surgery [8–10]. For example, even with refined neurosurgical practice, the post-surgical
complication of posterior fossa syndrome (also known as cerebellar mutism) still occurs in up to
31% of children with infratentorial tumors [11]. This poorly understood entity has been attributed
to disruption of cerebello-thalamo-cerebral pathways and is characterized by a unique constellation
of symptoms that emerge approximately 24–48 h after surgery, including diminished speech, ataxia,
emotional/behavioral lability and apathy. Although the speech and neurologic sequelae often improve
with time and rehabilitation, recent evidence suggests worse overall neurocognitive outcomes for PBT
survivors who experienced posterior fossa syndrome relative to those who did not [12].

Cranial radiation therapy (CRT) is often considered the most significant treatment-related
risk factor for development of neurocognitive late effects [13]. CRT has been associated with
significant declines in multiple neurocognitive domains that may continue for years post treatment [14].
Changes to white matter have received much attention as a mechanism of neurocognitive
decline following radiation therapy, including decreased normal appearing white matter [15–17].
Cranial radiation also affects the growth of new neurons in the hippocampus [18] and decreased
hippocampal volume has been associated with specific memory deficits [19] in PBT survivors.
Further, working memory performance has been specifically associated with white matter integrity
within cerebello-thalamo-cerebral pathways [20].

Effects of chemotherapy alone are difficult to isolate in the context of other treatment paradigms
such as surgery and CRT, as well as in the presence of other tumor related variables and complications
as reviewed above. While chemotherapy is thought to be less toxic than radiation therapy, specific
chemotherapy agents are known to carry direct risk for cognitive impairment [21–23] as well as
an indirect risk related to ototoxicity [24,25]. Further, concomitant chemotherapy and radiation
appears to result in greater cognitive and educational burden compared to CRT alone [26,27].
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2.3. Individual Patient and Environmental Characteristics

Age at diagnosis and treatment, as well as time since treatment, moderate neurocognitive
outcomes in PBT survivors. Specifically, younger age at diagnosis and treatment has been associated
with lower intellectual ability, processing speed, working memory, aspects of attention and academic
performance [2,3,28]. In fact, a recent meta-analysis found time since treatment more predictive
of overall intelligence than treatment modality in PBT survivors [13]. Further, higher levels of
cognitive ability prior to treatment have been associated with greater declines in functioning after
PBT treatment [2,28].

Additionally, environmental factors including low socioeconomic status and high stress levels
may increase risk for poor neurocognitive and psychosocial outcomes [29–33]. It is well established
that survivors of childhood cancer miss a considerable amount of school even after treatment is
complete [34], though there is a paucity of research investigating the impact of this and other
patient-specific experiential factors on neurocognitive outcome. There have been mixed research
findings regarding the impact of gender on cognitive outcomes. While some studies have suggested
female medulloblastoma survivors are at higher risk for poorer neurocognitive outcomes than
males [28,35,36], others have failed to replicate this finding [5,37,38].

Multiple variables contribute to—and moderate—neurocognitive outcomes in PBT survivors as
depicted in Figure 1 adapted from Dennis [39] and Baum, et al. [40]. Moreover, with increasing survivorship
and risk-mitigating modifications to treatment regimens, it has become increasingly important to assess
neurocognitive and psychological outcomes on an individual level. Several organizations have published
psychosocial standards of care for long-term PBT survivors, including the Children’s Oncology Group [41]
and the Psychosocial Standards of Care Project for Childhood Cancer [42]. Proposed clinical services range
from clinical surveillance to comprehensive neuropsychological evaluations [40].

Figure 1. Factors affecting outcome in PBT survivors.

3. Late Effects of PBT

3.1. Neurocognitive Outcomes

Early studies of neurocognitive outcomes for survivors of PBT focused on global cognitive
dysfunction, typically investigating the impact of brain tumors and their treatment on IQ scores and
their trajectory over time. More recently, studies have identified specific cognitive functions at greatest
risk, believed to represent core deficits that contribute to broader difficulties.
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3.1.1. Intellectual Functioning

Declines in IQ are evident in PBT survivors as early as the first year following diagnosis and
treatment [43], with potential gradual progression over the next 5 to 7 years [44–46]. Few studies have
followed survivors longer; however, a handful of studies exploring adult survivors have reported IQs
approximately one full standard deviation below healthy controls or the population mean [47–49].
Overall intelligence, as well as language-based abilities and non-language abilities, have all been
shown to be impacted, with greatest effect sizes for nonverbal functions [13,48,50]. This may be related
to the demands commonly administered nonverbal tasks place on visual attention, spatial processing
and timed performance [13].

Notably, the decline in IQ scores evident in PBT survivors is related to a failure to make
age-appropriate gains over time rather than an actual loss of skill. This was demonstrated in a seminal
study [51] in which survivors of medulloblastoma achieved gains in raw scores but only at 49% to 62%
the rate of their healthy same-age peers.

The impact of pediatric brain tumors on IQ appears mediated by age, disease and treatment variables.
Children diagnosed and treated at a young age (<7) are at greatest risk [52,53], with a potentially more
rapid initial decline that plateaus compared to older children, who display a slower, more protracted
course [14,52]. Multiple studies have established CRT to carry substantial risk to IQ, mediated by
dose, delivery and target [44,45,54,55]. Proton beam radiation (PBRT) has been proposed to carry less
neurocognitive risk relative to traditional CRT [56]. Preliminary evidence suggests potential sparing of
cognitive and academic functions [57], particularly with focal PBRT [58,59].

3.1.2. Core Deficits—Attention, Processing Speed, & Working Memory

Problems with attention, working memory and processing speed are some of the most commonly
reported findings in studies of neurocognitive late effects [2,46,48,60,61]. In a recent meta-analysis,
Robinson et al. [50] reported medium to large negative effect sizes for survivors of posterior fossa
tumors in multiple cognitive domains, with the largest in attention (Hedges’ g = −1.69) and processing
speed (g = −1.40). Moreover, numerous studies have demonstrated a pattern of declining processing
speed and working memory scores over time [2,14,45,51,62].

Notably, slowed processing speed is very common in long-term PBT survivors, regardless of
tumor type [62]. Processing speed is also suggested to be the most significantly impacted cognitive
domain subsequent to treatment for medulloblastoma [2]. Within developmental models, processing
speed is conceptualized as a foundational capacity upon which other more complex cognitive abilities
are dependent [49,63,64]. For example, analyses have demonstrated age-related gains in processing
speed to account for the vast majority of age-related gains in working memory [64]; in addition, these
tandem gains in processing speed and working memory occur with a corresponding improvement in
intellectual ability.

Given this, it has been proposed that treatment-related deficits in processing speed, attention and
working memory are the driving force behind the slowed rate of cognitive development and academic
achievement observed in PBT survivors [2,31,49,51,65,66]. Some work has been done developing and
evaluating specific interventions targeting these core deficits, although this remains an area of need for
continued investigation.

3.1.3. Other Cognitive Functions

Meta-analyses of cognitive late effects in pediatric brain tumor survivors [48,50] have revealed
large effect sizes in visually-based tasks, including nonverbal IQ and visual-spatial processing (Hedges’
g = −0.88 to −1.29), as well as medium effect sizes in visual memory (g = −0.68). Studies in other
cancers suggest exposure to cranial radiation carries risk for visual-spatial deficits [63]. However,
a recent study looking explicitly at children with cerebellar low-grade gliomas requiring surgery alone
suggests cerebellar involvement may be sufficient to cause visual-spatial impairment [67].
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Executive functions refer to cognitive processes necessary for self-regulation and self-management
of thinking, emotions and behavior, ranging from basic attentional and inhibitory control to more
complex cognitive flexibility, set shifting and planning. Related deficits have been shown in
PBT survivors relative to typically developing peers, both in terms of performance on clinical
measures [68,69] and per standardized parent report [70,71]. Interestingly, PBT survivors may have
limited awareness of their deficits, characterized by poor metacognition and unrealistic expectations of
their abilities [46]. Executive deficits have been specifically associated with poorer long-term outcomes
including lower rates of high school graduation and full employment [47,72].

Although less studied than other cognitive domains, memory problems have been demonstrated
in PBT survivors across tumor type [73–78]. The majority of children with medulloblastoma
demonstrate some level of memory impairment; survivors of astrocytoma may be comparatively
less impaired but still perform below normal control groups [74,75]. Memory difficulties persist at
least into adolescence and young adulthood following PBT [79]. While verbal memory appears more
impaired than visual memory [48,50], longitudinal progressive decline has been observed in visual but
not verbal memory [14,80].

Language is another area of known risk following treatment for PBT that has not been extensively
researched. Meta-analyses have reported medium to large negative effect sizes in PBT survivors,
in both general language abilities (Hedges’ g = −0.93 & −0.8) and verbal reasoning (g = −0.74 &
−0.68) [48,50]. Cerebellar tumors in particular present with a range of speech and language deficits,
including dysfluencies, slowed speech and reduced verbal abilities [81,82], associated with posterior
fossa syndrome as discussed above.

PBT survivors are also at risk for sensory and motor impairments that can have a negative
downstream impact on learning, academics, communication and social success. For instance,
survivors may display early or delayed onset hearing loss attributed to the ototoxic effects of specific
chemotherapy agents, as well as potential radiation-related damage to auditory structures [24,25,83].

3.2. Psychosocial Outcomes

Even though psychological problems after PBT have received less research attention than
neurocognitive dysfunction, evidence suggests survivors are at greater risk for depression, anxiety,
suicidal ideation and behavior problems relative to the general population [84]. Sense of well-being [85],
family functioning [86], parent-child health related communication [87] and social involvement [88]
have all been implicated as areas of risk after PBT.

Psychological problems and their prevalence rates are highly variable across samples,
which impedes conclusive statements regarding patterns of psychological outcome [89]. Social deficits
are well established in this population, including low social competence relative to typically developing
children, siblings and survivors of non-CNS cancers [90,91]. Causation is unclear, although potential
contributors include level of social skill development, functional or sensorimotor deficits, separation
from peers and social networks, temperament and specific neurocognitive deficits such as decreased
cognitive ability and attention [92,93].

The examination of individual differences and their impact on PBT survivors’ psychological
health has received some attention. As an example, neurocognitive dysfunction has been consistently
associated with emotional and behavioral health [94–96]. Particular aspects of neurocognitive
dysfunction, including executive function problems, present exponentially greater risk for emotional
and behavioral health concerns in PBT survivors [97].

A recent conceptualization of the impact of childhood cancer on neurodevelopmental trajectory
posits that the experience of childhood cancer is an early threat exposure that impacts psychological
functioning and neural development [98] which helps unify the importance of addressing both
psychosocial and neurocognitive late effects of PBT.
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4. Interventions to Support PBT Survivors

Academic accommodations and modifications remain the primary educational support for
academic difficulties resulting from neurocognitive late effects of tumor and treatment [99]. Indeed,
special education utilization rates are especially high for this population relative to other types
of childhood cancer [100]. Ongoing surveillance for neurocognitive and academic difficulties is
considered standard of care and helps to inform academic supports and educational planning [41,42].
Career and vocational counseling may be helpful for PBT survivors who often face difficulties obtaining
and maintaining employment when impacted by neurocognitive late effects [101,102].

In addition to educational supports, a number of cognitive training paradigms have targeted
aspects of cognitive performance and academic achievement by attempting to enhance commonly
affected functions including attention, working memory and processing speed [103]. Among the few
studies that exist, results have largely been equivocal in terms of positive impact on brain tumor
survivors’ academic performance and outcome [42,103].

One PBT targeted paradigm utilized drill-oriented practice, metacognitive and learning skills
acquisition and cognitive behavioral therapy [104,105] focused on improving attention and academic
achievement. Statistically significant improvements were observed in a number of clinical measures.
However, the relevance of these clinical test and rating improvements to the children’s everyday
performance was not established and this is unfortunately a common theme in research intervention
programs targeting PBT late effects [103].

Recent attention has been devoted to computer-based training with the Cogmed [106] program
to improve working memory using computer exercises along with regular coaching and support.
Studies have suggested the intervention is feasible and acceptable in pediatric cancer survivors [107].
Randomized trials have shown performance improvements on clinical testing [108] and such
improvements may be durable for months after the intervention [109]. However, studies supporting
this program have not demonstrated specificity of computer-based training as the specific agent
of improvement while controlling for level of support and coaching offered to participants [110].
More compelling evidence is needed before this intervention should be broadly recommended as
efficacious in the PBT survivor population [103].

In addition to efforts focused on remediating specific neurocognitive deficits, other methods
have addressed improving outcomes more globally in PBT survivors. For example, researchers have
focused on indirect and contextual methods rooted in the premise that improving controllable external
variables may hold promise for optimizing performance of brain-based functions that otherwise may
not be amenable to direct intervention. For instance, training parents in behavioral modification,
cognitive instructional methods and compensatory strategies to allow for ongoing intervention in the
child’s natural environment showed some efficacy in improving academic outcomes and warrants
further attention [111]. As another example, a recent randomized study isolated improvements in
situational motivation as associated with improved academic performance [112]. Situational and
intrapersonal factors such as level of intrinsic achievement motivation and responsivity to external
incentive may have a role in improving academic performance in PBT survivors. Finally, targeting
health-related behaviors such as exercise, has shown promise in neural recovery and neurocognitive
improvement and deserves further attention [113].

Pharmacological interventions to address neurocognitive late effects have been used with PBT
survivors. Stimulant medications have been shown to improve aspects of attention in survivors but not
intellectual functioning or academic skills [114]. In a small pilot study, donepezil—an acetylcholinesterase
inhibitor—was shown to be feasible and to improve executive functioning and memory in childhood
brain tumor survivors [115], justifying a more rigorous placebo controlled randomized trial. Modafinil
has been examined as a possible medication to improve fatigue, cognitive functioning and mood in adult
patients with primary brain tumors but its benefits did not exceed that of the placebo control group [116].
Pharmacologic prophylaxis to diminish neurotoxicity and preserve neurocognitive function after PBT

117



Bioengineering 2018, 5, 73

treatment has shown preliminary utility in adults undergoing whole brain radiation [117] but no such
prophylactic treatments have yet been systematically studied in children.

Finally, psychological interventions have demonstrated efficacy in ameliorating PBT survivors’
behavioral and emotional health problems [118,119]. However, psychological referral standards have
yet to be established and there is a clear disconnect in that the number of reported concerns far exceeds
the frequency of referral for psychological services [96,120].

Figure 2 provides an overview of the recommended clinical management of neuropsychological
late effects of PBT survivors, inclusive of ongoing clinical surveillance through individualized treatment
planning. Because of the heterogeneity of factors affecting outcomes and the diversity of outcomes
themselves, there currently is not a singular consensus pathway, timeline, or group of identified
supports recommended for all patients. Ongoing surveillance for neurocognitive late effects is essential
to engaging subsequent clinical neuropsychological assessment and treatment planning to optimize
outcomes for PBT survivors.

Figure 2. Clinical management of neuropsychological late effects after PBT.

5. Conclusions

PBT outcomes research is challenging for numerous reasons and it is within this context that the
bulk of neurocognitive and psychosocial outcomes research should be understood. Small base rates of
specific pediatric tumor types have often resulted in small research samples. A common amelioration
of this challenge has been to include mixed types of pediatric cancers and treatment paradigms, though
this then contributes to variable rates of reporting of things like psychological difficulties specific to
tumor variables and treatment patterns [121]. Accruing patients over long periods of time is another
potential remedy, though changes in treatment-related variables (e.g., changes in chemotherapy and/or
radiation protocols) may result in incomparable samples over time. Non-medical and demographic
factors known to correlate with cognitive and psychosocial functioning (e.g., family functioning,
socioeconomic factors) are often unaccounted for and the unique nature of PBT research complicates
identification of an appropriate “control” group. While the majority of PBT outcomes studies are
cross-sectional, those that are longitudinal often suffer from a lack of clearly defined or valid baseline
to which later results can be compared [122]. Finally, the needs of patient care are sometimes at odds
with scientific rigor, as providing clinically useful information to families and providers may not align
with consistency of data gathering.
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While many challenges exist in studying this population, there have been improvements and
innovations over the past several decades in terms of treatment paradigms to spare neurocognitive
and psychosocial functioning in PBT survivors that have led to meaningful and even dramatic
improvements in long-term outcome. Largely these improvements have resulted from refined
treatment protocols that have reduced neurotoxicity of treatments for PBT and unfortunately
less progress has been achieved in terms of intervention to improve late effects experienced by
PBT survivors.

Nonetheless, as summarized above, clinicians and researchers alike should note the development
of several promising domains that warrant more attention and provide potentially fruitful topics
for future clinical research. While educational support through schools is considered standard of
care, there is significant opportunity to improve educational programming and support to optimize
academic outcomes. Further, novel intervention paradigms have shown some promise in recent years
including direct training of neurocognitive functions affected by treatment for PBT. Individual factors
such as intrinsic motivation and resilience are now being considered in terms of their relationship to
neuropsychological late effects. Recent work has demonstrated potential efficacy of parent and family
support as a way to ameliorate late effects. Pharmacological interventions have only recently been
explored and clearly there are opportunities for collaborative clinical research to investigate efficacy
of medications to improve neurocognitive function after treatment for PBT. Efforts investigating the
impact of health-related behaviors such as nutrition and exercise on outcomes from PBT and its
treatment are in their infancy and additional research in this area may help identify cost effective and
readily accessible ways to improve neurocognitive functions in the PBT population. Finally, the role
of preventative methods to reduce late effects burden is only now being explored and may represent
a significant opportunity to improve outcomes for PBT survivors.

Optimal clinical management of neuropsychological late effects after treatment for PBT begins
with awareness of the need to monitor this population at high risk for neuropsychological deficits.
Unfortunately access to appropriate neuropsychological surveillance, evaluation and intervention
remains inconsistent for PBT survivors [41,42]. Moreover, we are still in the beginning stages of
determining effective strategies for implementing proposed standards of neuropsychological care,
meeting patient need within the current healthcare climate and resource constraints common in various
clinical settings. Advocacy for improved access to surveillance and care for neuropsychological late
effects is the shared responsibility of researchers and clinicians working with this population to bring
to the fore the needs of this vulnerable population as well as to establish efficacy of new and innovative
interventions to improve outcomes.

Finally, in addition to efforts to improve surveillance and intervention paradigms and access to
care, innovations in the basic conceptualization of mechanisms of cognitive impairment in pediatric
cancer, such as examining structural connectome organization implicated in efficiency of information
processing [123], may further refine our understanding and detection of late effects of PBT and its
treatment. What is clear is that preventing, managing and remediating late neurocognitive and
psychosocial late effects for PBT survivors is going to require innovation and problem-solving among
numerous basic and applied scientific disciplines.
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