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ARTICLE INFO ABSTRACT

Keywords: The last quarter century has heralded dramatic changes in the field of pediatric neuro-oncology, with the era
Pediatric neuro-oncology defined by profound developments in the understanding of the biological underpinnings of childhood central
PLGG nervous system (CNS) tumors and translational therapeutics. Although there have been momentous strides
flllzlilloblastoma forward in biologic, diagnostic, therapeutic, and experimental domains, considerable challenges remain and CNS
Tareeted thera tumors remain the leading cause of pediatric cancer-related mortality. Here, we review the significant advances
8 Py
Immunotherapy in the field of pediatric neuro-oncology over the last 25 years and highlight ongoing hurdles facing future
progress.
Introduction With an incidence rate of 6.23 per 100,000, over 5000 cases of pediatric

The last 25 years in pediatric neuro-oncology have been trans-
formative, marked by significant advancements in the understanding of
brain tumor biology, the development of novel therapies, and collabo-
rative research efforts. Herein, we attempt to summarize the key dis-
coveries and developments that have defined this era and highlight the
ongoing challenges for the field (Fig. 1).

Epidemiology of pediatric CNS tumors

Central nervous system (CNS) tumors are the most common pediatric
solid tumor and second most common pediatric malignancy overall [1].

CNS tumors are diagnosed in the United States each year [1]. The
incidence of pediatric CNS tumors is increasing overall, likely related in
part to improvements in diagnostic imaging techniques and detection of
otherwise asymptomatic lesions [1]. Whilst childhood cancer mortality
has significantly decreased over the last 50 years, this is in large part
driven by dramatic improvements in leukemia outcomes [1].
Conversely, mortality rates from pediatric CNS tumors have remained
static since 2007 and consequently, CNS tumors are now the leading
cause of childhood cancer-related death [1]. Globally, the majority of
children presenting with CNS tumors each year live in low- and
middle-income countries (LMICs) and the data on true incidence and
mortality in these settings is limited [2].

Abbreviations: BBB, Blood brain barrier; CAR, Chimeric antigen receptor; CED, Convection enhanced delivery; CNS, Central nervous system; DIPG, Diffuse
intrinsic pontine glioma; DTI, Diffusion tensor imaging; DMG, Diffuse midline glioma; FUS, Focused ultra-sound; HGG, High grade glioma; HIC, High income
country; LMIC, Low-middle income country; MAPK, Mitogen-activated protein kinase; MRI, Magnetic resonance imaging; ORR, Overall response rate; PET, Positron
emission tomography; PFS, Progression-free survival; pLGG, Pediatric low-grade glioma; PRC2, Polycomb repressive complex 2; PRT, Proton radiation therapy;
RAPNO, Response Assessment in Pediatric Neuro-Oncology; RRD, Replication-repair deficiency; RRD-HGG, Replication-repair deficient high-grade glioma; RT,
Radiation therapy; SEGA, Subependymal giant cell astrocytoma; TMB, Tumor mutational burden; WHO, World health organization.
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Fig. 1. Key advancements in pediatric neuro-oncology over the last quarter-
century. A representative schematic highlighting the major areas of develop-
ment, including biological, diagnostic and therapeutic advances.

Diagnostic and biologic advances in pediatric brain tumors
WHO 2021 classification

The World Health Organization (WHO) published the first edition of
the CNS tumor classification in 1979, and since then has released
sequential categorization schemes incorporating evolving clinical, his-
topathological and immunohistochemical developments to further
refine tumor diagnoses.

With the discovery of the molecular drivers of many diseases and the
advent of sophisticated diagnostic techniques, the most recent 2021
WHO classification system marks a fundamental shift towards hybrid
histopathological-molecular diagnoses, which aim to better delineate
and describe disease entities, improving the accuracy of diagnosis and
hopefully translating to better prognostication and more informed
clinical practice [3,4]. Following this format, twenty-two tumor types
were newly defined across the adult and pediatric disease spectra in the
WHO 2021 edition (Table 1) [4,5]. Emblematic of the shift toward
molecularly-defined entities are the new delineations within the
pediatric-type diffuse high-grade glioma category. High-grade midline
tumors, previously radiographically defined as Diffuse Intrinsic Pontine
Glioma (DIPG), were discovered to be epigenetically driven by histone
mutations in landmark genomic discoveries in 2012 [6-8]. This was
reflected in the 2016 guideline with the new diagnostic category of
H3K27M-mutant Diffuse Midline Glioma (DMG), which in the 2021
classification has now expanded as H3K27-altered Diffuse Midline Gli-
oma, recognizing tumors lacking the canonical H3 mutations but still
exhibiting loss of H3K27-trimethylation (driven instead by alterations in
EGFR or EZHIP) and thus a similar mechanism of cell proliferation [3,4].
As well as H3K27-altered DMGs, three further pediatric-type diffuse
high-grade glioma subtypes were defined in the 2021 edition;
H3G34R-mutant diffuse hemispheric gliomas, H3-wildtype and
IDH-wildtype diffuse high-grade gliomas, and infant-type hemispheric
gliomas. The latter is now known to harbor distinct driver fusions and
exhibit a significantly improved outcome to other pediatric high-grade
glioma diagnoses, thus demonstrating the profound clinical and thera-
peutic implications of hybrid molecular tumor classification [3].
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Molecular advances

Genetic sequencing

Advances in genetic sequencing have unveiled the molecular un-
derpinnings of many pediatric brain tumor types over the last two de-
cades. One of the most clinically impactful examples is in the case of
pediatric low-grade glioma (pLGG). The most common type of brain
tumor in children, pLGG is an umbrella diagnosis for a range of low-
grade histologic entities that make up around 30-40 % of all pediatric
brain tumors [1]. pLGGs were discovered in several landmark genetic
profiling efforts to be almost universally driven by single alterations
within the MAPK pathway, such that pediatric low-grade gliomas are
now considered a ‘single pathway disease’ [9-13]. The sentinel dis-
covery of the tandem duplication in the BRAF gene in pilocytic astro-
cytomas in 2008, identified the fusion of the uncharacterized KIAA1549
protein with the 3’ terminal of the BRAF kinase, causing loss of its
inhibitory domain and subsequent constitutive activation [12,13].
Following this, sequential mapping projects went on to describe other
recurrent alterations converging on the MAPK pathway; most commonly
somatic BRAF or germline NF1 alterations, as well as alterations
involving FGFR1/2/3, NTRK2, RAF1l, ALK and ROS1, and also
non-MAPK alterations (such as MYB and MYBL1) [9-11]. Understanding
PLGGs as a single driver disease, and the identification of the pathway
involved, has allowed for the development and implementation of
effective targeted therapeutics which are now established treatment
modalities, (as discussed in further detail below).

In pediatric high-grade gliomas, the defining biologic breakthrough
of the last two decades was the discovery of the role of driver histone
mutations and epigenetic modification in tumorigenesis. Pioneering
sequencing studies demonstrated that DIPGs were driven by recurrent
mutations in genes encoding histone 3 variants (namely, H3F3A
encoding H3.3, or less frequently HISTIH3B and HIST1H3C encoding
H3.1) [6-8]. These mutations lead to a lysine to methionine substitution
at critical locations within the histone tail (p.K27M), which are involved
in key regulatory post-translational modifications [14,15]. Subsequent
work went on to demonstrate the pathogenic effects of these mutations;
namely that H3K27M results in suppression of polycomb repressive
complex 2 (PRC2) function, leading to global reduction of repressive
H3K27 trimethylation (H3K27me3) [14,15]. Several other recurrent
mutations (in EGFR and EZHIP) are now known to cause similar PRC2
inhibition and loss of H3K27me3 in a small subset of these tumors
(around 4 %), now encompassed within the molecularly defined
H3K27-altered Diffuse Midline Glioma diagnosis [16]. Unfortunately,
the identification of these epigenetic drivers of pediatric high grade
gliomas has not yet meaningfully impacted survival outcomes in these
very aggressive tumors, with the median survival in DIPG remaining
<12 months [17].

Medulloblastoma is another pediatric brain tumor that has been
newly understood in the era of genetic sequencing. Advancements in
transcriptional analysis combined with DNA sequencing led to ground-
breaking studies describing four distinct molecular subgroups: WNT-
driven, SHH-driven, Group 3 and Group 4 medulloblastoma [18,19].
Large-scale molecular analyses subsequently confirmed the biologic and
clinical heterogeneity of these subgroups, and have further delineated
12 subtypes; the clinical implications of these subtypes are an area of
active investigation [20,21]. Importantly, the four major subgroups can
be distinguished by immunohistochemistry, meaning that
subgroup-based diagnosis and clinical recommendations could have
widespread implementation [22]. With the increasing understanding of
the heterogeneity within medulloblastoma, subgroup-specific charac-
teristics are now being incorporated into modern medulloblastoma trial
design, risk stratification algorithms, and treatment protocols.

Finally, genetic sequencing efforts have revealed the significant
biologic heterogeneity of ependymomas. These tumors have tradition-
ally been defined by their histologic appearance and grade, but the latter
has long being the subject of controversy given the high degree of
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Table 1
WHO 2021 classification for pediatric CNS tumors.

Gliomas, glioneuronal tumors, and neuronal tumors

Pediatric-type diffuse low-grade gliomas
Diffuse astrocytoma, MYB- or MYBL1-altered*
Angiocentric gliomas
Polymorphous low-grade neuroepithelial tumor of the young*
Diffuse low-grade gliomas, MAPK pathway-altered”
Pediatric-type diffuse high-grade gliomas
Diffuse midline gliomas, H3K27-altered
Diffuse hemispheric glioma, H3 G34-mutant*
Diffuse pediatric-type high-grade gliomas, H3-wildtype and IDH-wildtype*
Infant-type hemispheric glioma*
Circumscribed astrocytic gliomas
Pilocytic astrocytoma
High-grade astrocytoma with piloid features
Pleomorphic xanthoastrocytoma
Subependymal giant cell astrocytoma
Choroid glioma
Astroblastoma, MN1-altered
Glioneuronal and neuronal tumors
Ganglioglioma
Desmoplastic infantile ganglioglioma/ desmoplastic infantile astrocytoma
Dysembryoplastic neuroepithelial tumor
Diffuse glioneuronal tumor with oligodendroglioma-like features and nuclear clusters*
Rosette-forming glioneuronal tumor
Papillary glioneuronal tumor
Diffuse leptomeningeal glioneuronal tumor (DLGNT)
Myxoid glioneuronal tumor*
Gangliocytoma
Multinodular and vacuolating neuronal tumor*
Dysplastic cerebellar gangliocytoma
Extraventricular neurocytoma
Cerebellar liponeurocytoma
Ependymal tumors
Supratentorial ependymoma
Supratentorial ependymoma, ZFTA fusion-positive
Supratentorial ependymoma, YAP1 fusion-positive*
Posterior fossa ependymoma
Posterior fossa ependymoma, group PFA*
Posterior fossa ependymoma, group PFB*
Spinal ependymoma
Spinal ependymoma, MYCN-amplified*
Myzxopapillary ependymoma
Subependymoma

Choroid plexus tumors

Choroid plexus papilloma
Atypical choroid plexus papilloma
Choroid plexus carcinoma

Embryonal tumors

Medulloblastoma
Medulloblastomas, molecularly defined
Medulloblastoma, WNT-activated
Medulloblastoma, SHH-activated and TP53-wildtype
Medulloblastoma, SHH-activated and TP53-mutant
Medulloblastoma, non-WNT/non-SHH
Medulloblastomas, histologically defined
Other CNS embryonal tumors
Atypical teratoid/rhabdoid tumor
Cribriform neuroepithelial tumor*
Embryonal tumor with multilayered rosettes
CNS neuroblastoma, FOXR2-activated*
CNS tumor with BCOR internal tandem duplication*
CNS embryonal tumor, NOS

Germ cell tumors

Germinoma

Mature teratoma

Immature teratoma

Teratoma with somatic-type malignancy
Embryonal carcinoma

Yolk sac tumor

Choriocarcinoma

Mixed germ cell tumor

" Denotes newly recognized tumor type in 2021 WHO Classification.
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variability in interpretation among pathologists [23]. Genetic
sequencing has unveiled the distinct molecular features of ependy-
moma, which are now used as a more definitive tool for classification. As
such, there are now 10 different ependymal tumor subtypes, including
supratentorial ependymoma, ZFTA fusion-positive, supratentorial
ependymoma, YAP1 fusion-positive, posterior fossa group A ependy-
moma, posterior fossa group B ependymoma, spinal ependymoma
MYCN-amplified, myxopapillary ependymoma and subependymoma [3,
4,24]. These molecular subgroups are now known to correlate with
clinical behavior and prognosis [24,25]. Additionally, several cytoge-
netic patterns within subgroups have become prognostically significant;
for example, posterior fossa ependymomas with 1q gain have a poorer
prognosis than those with a balanced profile [26]. Recognition of the
molecular and clinical heterogeneity within ependymal tumors has
allowed for more accurate diagnosis and prognostication while
continuing to inform better risk-stratified treatment approaches.

Whilst the insights afforded by genomic sequencing listed above
have had profound diagnostic, prognostic, and therapeutic implications
for many pediatric brain tumor types, it is important to recognize that
the technology, equipment, and expertise for genomic analysis is not
universally available, especially for patients in LMICs. Innovative and
collaborative strategies are needed to reduce the widening gap between
care in high-income countries (HICs) and LMICs [27].

DNA methylation profiling

In addition to molecular sequencing, DNA methylation profiling, a
method which classifies tumors based on their epigenetic signature, has
emerged as a key tool in solid tumor diagnosis and classification at large
over the last two decades. Broadly, methylation of CpG islands (regions
of DNA with a high frequency of cytosine and guanine nucleotides) in
promoter regions of genes causes suppression of transcription [28]. The
particular epigenetic DNA methylation signature of cancer cells has been
seen to reflect both the tumor cell of origin and genetic changes acquired
during tumor formation, thus differentiating individual cancer types and
subtypes [29,30]. These characteristic methylation patterns have since
been utilized for tumor classification and diagnosis, initially in medul-
loblastoma and subsequently in a number of other brain tumor types.
Methylation profiles have been shown to be a reproducible and accurate
diagnostic tool across a range of sample types, including archival sam-
ples and tissues with scarce or low purity tumor tissue [25,31,32]. These
efforts were followed by the creation of a DNA methylation-based CNS
tumor reference cohort and subsequent algorithmic machine-learning
classifier by the DKFZ group in 2018, which allowed the prospective
evaluation of new samples [33]. In addition to increasing diagnostic
accuracy, DNA methylation has allowed for rare and novel tumor types
to be recognized as biologically distinct entities. For example, the term
‘Primitive Neuroectodermal Tumor’ has been abolished as methylation
has unveiled multiple distinct tumor types within this previous umbrella
diagnosis [34].

Importantly, DNA methylation testing is not currently routinely
accessible worldwide and treatment decisions are still based on histo-
pathologic diagnosis in many countries. However, recent developments
in long-read sequencing and methylation have created tools for ultra-
fast molecular tumor characterization, which may lead to more easily
accessible point of care methylation testing and even real-time intra-
operative tumor DNA methylation classification [35].

Radiology advances

Parallel to the progress in molecular diagnostics, neuro-oncologic
imaging techniques have experienced significant advancements over
the last 25 years. Magnetic resonance imaging (MRI) has evolved to
become the gold-standard imaging technique for diagnosis and moni-
toring of brain tumors. However, there are key radiographic differences
between adult and pediatric tumors; in response to this, the Response
Assessment in Pediatric Neuro-Oncology (RAPNO) international
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working group has published imaging criteria designed to allow a more
standardized approach to pediatric brain tumor diagnosis, surveillance,
and particularly objective trial response assessment that can be uni-
versally applied [36].

Advanced MR techniques have also become important and widely
used tools in modern pediatric neuro-oncology. MR perfusion weighted
imaging can be helpful in distinguishing true tumor progression from
radiation effect or pseudo progression, a commonly encountered clinical
challenge with increasing relevance in this era of immunotherapy [37].
Functional MRI can ‘map’ areas of the brain used in specific tasks,
allowing optimization of surgical planning [38]. Diffusion tensor im-
aging (DTI) tractography can similarly be applied preoperatively to
identify important white matter tracts to guide surgery and predict
motor outcomes [39]. MR spectroscopy, which measures metabolite
signals in tissue, has been used to help inform tumor grading and there is
increasing promise in expanding its use to differentiate between mo-
lecular disease subtypes and predict treatment responses [40]. Finally,
positron emission tomography (PET) also has an evolving role in pedi-
atric neuro-oncology for identification of CNS neoplastic lesions and also
prognostication [41]. Overall, there has been rapid expansion in both
the knowledge and implementation of advanced imaging techniques
over the last several decades, which is set to continue, particularly with
the incorporation of artificial intelligence tools and machine learning
algorithms. However, accessibility to these newer modalities and the
expertise for interpretation limits the application in many clinical set-
tings, particularly in LMICs.

Therapeutic advances in pediatric brain tumors
Targeted therapies

The dramatic increase in understanding of molecular disease drivers
over the last two decades has led to the development of many novel
therapeutics to target aberrantly functioning cellular pathways. No-
where has the clinical effect of these targeted therapies been more
profound than in the pediatric low-grade glioma setting.

The majority of patients with pLGGs survive well into adulthood, and
as such, pLGG is effectively a chronic disease [1,42]. The emphasis of
treatment has thus shifted to focus on functional outcomes and main-
taining quality of life whilst minimizing toxicity for these patients. The
mainstay of therapy remains surgical resection, which can be curative in
over 90 % of these tumors [43]. Low-dose metronomic chemotherapy
approaches remain the widely accepted standard of care for patients
requiring further treatment for surgically inaccessible tumors, or those
with residual or recurrent disease. These regimens generally achieve
5-year progression-free survival rates in the order of 45-55 %, meaning
that around 50 % of patients will experience progression and require
further therapy [44-46]. However, these chemotherapy regimens are
associated with significant short- and long-term toxicities, including
immunosuppression, neuropathy, ototoxicity, allergic reactions, renal
and hepatic dysfunction.

Leveraging the new biologic understanding of pLGG tumorigenesis,
numerous inhibitors targeting the culprit MAPK/ERK and mTOR path-
ways have since been developed and tested in phase 1 and 2 trials, with
multiple phase 3 randomized controlled trials now underway (Table 2).
The MEK inhibitors selumetinib, trametinib, and binimetinib have all
demonstrated early-phase responses in the recurrent/progressive pLGG
setting, ranging from 15-56 % [47-50]. Type I RAF inhibitors vemur-
afenib and dabrafenib, as well as combination trametinib and dabrafe-
nib have also shown early phase safety and efficacy as single agents in
recurrent BRAFV®°%F mutant pLGG [47,51,52]. The type Il RAF inhibitor
tovorafenib was seen in the recent PNOC026/FIREFLY-1 phase II trial to
induce profound responses in BRAF-altered recurrent or progressive
pPLGG with an overall response rate (ORR) of 64 %, leading to its FDA
approval for this indication in 2024 [53].

These impressive response rates have prompted investigation of
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Table 2
Past and current clinical trials using targeted therapies for pLGG.

Sponsor (Trial Phase/ NCT# Drug Population Primary study objectives Status Results

name)

PBTC (PBTC- 1/11; Selumetinib Recurrent/ Phase I: determine MTD Active, not Phase II: Stratum 1 (pilocytic
029/ PBTC- NCT01089101 progressive pLGG and RP2D recruiting astrocytoma with KIAA1549:
029B) [48,49, Phase II: assess sustained BRAF fusion or BRAFV600E
56] response rate (CR + PR for mutation): 9/25 patients had

8 weeks) sustained PR
Stratum 2 (pilocytic
astrocytoma without above
aberrations): await
Stratum 3 (NF1-assocaited
pLGG):
10/25 patients had sustained
PR
Stratum 4 (non-NF1 optic
pathway glioma): 6/25
patients had PR
Stratum 5 (non-pilocytic LGG
with KIAA1549:BRAF fusion
or BRAFV600E mutation):
await
Stratum 6 (non-NF1 pLGG
with no available tissue for
testing): await

COG 1II; Selumetinib vs. carboplatin + Untreated NF1- RCT; characterize EFS, Recruiting
(ACNS1831) NCT03871257 vincristine associated pLGG determine number

participants with visual
acuity improvement

COG 1155 Selumetinib vs. carboplatin + Untreated non- RCT; characterize EFS Recruiting
(ACNS1833) NCT04166409 vincristine BRAFV600E-

mutant, non-NF1
pPLGG

COG 111, Selumetinib vs. selumetinib + Recurrent/ RCT; determine MTD/ Recruiting
(ACNS1931) NCT04576117 weekly vinblastine progressive non- RP2D and EFS

BRAFV600E, non
NF1 pLGG

NFCTC (NFCTC 1/11; Binimetinib (MEK162) Recurrent/ Phase I: determine MTD Active, not Phase II: 22/44 evaluable
MEK162) [50] NCT02285439 progressive pLGG Phase II: assess preliminary  recruiting patients showed minor (n=7)

efficacy or partial (n=15) response

Novartis [47] /11 Trametinib monotherapy, Recurrent Phase I: establish safe dose =~ Completed Trametinib monotherapy

NCT02124772 trametinib + dabrafenib BRAFV600E-mutant  trametinib monotherapy (n=13): ORR 15 %

combination therapy pLGG and in combination with Dabrafenib + trametinib

dabrafenib combination therapy (n=36):
Phase II: determine ORR 25 %
preliminary activity of NB treatment-related AEs
trametinib monotherapy more common with
and in combination with monotherapy (54 % vs. 22 %)
dabrafenib

CHU Sainte- 1I; Trametinib Progressive/ Determine response rate of  Active, not
Justine, NCT03363217 refractory tumors trametinib as a single agent  recruiting
Montreal with MAPK/ERK
(TRAM-01) pathway activation

University 1115 Trametinib vs. weekly Untreated non- RCT; determine in the Recruiting
Hospital, NCT05180825 vinblastine BRAFV600E- experimental arm a 20 %

Strasbourg, mutant, non-NF1 superiority of 3-year PFS

France (PLGG PLGG rate in comparison with

— MEKTRIC) standard treatment over 18
courses

PNOC 1/11; Vemurafenib Recurrent/ Phase I: determine RP2D, Active, not PhaseI: 1 CR, 5 PR, 13 SD
(PNOC002) NCT01748149 progressive DLTs recruiting Phase II: ongoing
[52] BRAFV600E-mutant  Phase II: characterize ORRs

brain tumors
Novartis [51] 1/11a; Dabrafenib Recurrent Phase I: determine MTD Completed ORR in pLGG patients 44 %, 1-
NCT01677741 BRAFV600E-mutant  and RP2D year PFS 85 %
glioma Phase II: evaluate safety/
tolerability profile, assess
possible efficacy
Novartis [54] 1/ Dabrafenib + trametinib vs. Untreated RCT; Assess efficacy by Completed ORR D+T: 47 %
NCT02684058 carboplatin + vincristine (2:1) BRAFV600E-mutant overall response (CR + PR), ORR C+V: 11 %
pLGG clinical benefit and PFS Clinical benefit D+T: 86 %
Clinical benefit C+V: 46 %
PFS D+T: 20.1months
PFS C+V: 7.4months

PBTC (PBTC- /1 Hydroxychloroquine + Recurrent/ Phase I: determine RP2D, Recruiting

055) NCT04201457 trametinib (BRAF-fusion or NF1-  progressive glioma MTD

(continued on next page)
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Table 2 (continued)
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Sponsor (Trial Phase/ NCT# Drug Population Primary study objectives Status Results
name)
glioma) OR + combination after prior therapy Phase II: sustained ORR (as
dabrafenib/ trametinib with RAF and/or defined by ‘better response’
(BRAFV600E-mutant glioma) MEK inhibitor criteria; comparison of
response on protocol
therapy vs. best previous
response to inhibitor)

PNOC 1/11; Tovorafenib Recurrent/ Phase I: determine MTD Active, not Phase II: ORR per RANO-HGG
(PNOC014 and  NCT03429803 progressive BRAF- and RP2D recruiting; (primary endpoint) in patients
PNOC026/ NCT04775485 altered pLGG Phase II: evaluate safety recruiting with evaluable disease was 67
FIREFLY-1) and efficacy of tovorafenib %; 17 % with CR and 49 %
[53] monotherapy with PR; 26 % patients had

best response of SD, giving
clinical benefit rate of 93 %

Day One 1115 Tovorafenib vs. SoC Untreated pLGG RCT; compare ORR of Recruiting
(LOGGIC/ NCT05566795 chemotherapy (investigator’s with known tovorafenib monotherapy
FIREFLY-2) choice) activating RAF vs. SoC chemotherapy

alterations

Hospital for Sick I Tovorafenib + vinblastine Recurrent/ Feasibility phase: establish Recruiting
Children NCT06381570 progressive RAF- MTD/RP2D
(VICTORY) altered pLGG Expansion/ efficacy phase:

ORR by RANO-LGG criteria
NFCTC (NFC- 1I; Everolimus Recurrent/ Assess best response to Completed 15/22 (68 %) patients had
RADO01) [57] NCT01158651 progressive NF1- everolimus response (1CR, 2 PR, 12 SD),
pLGG and 10/15 had no progression
after median follow up of 33
months

PNOC 1I; Everolimus Recurrent/ Estimate 6-month PFS Active, not PFS for cohort of 65 subjects
(PNOC001) NCT01734512 progressive pLGG associated with everolimus  recruiting 63 % at a median number of 8
[58] treatment cycles; 1 PR, 1 CR,

33 SD and 17 PD.
POETIC [59] 1I; Everolimus Recurrent/ Determine response rate to Completed Response rate 52.2 % (12/23
NCT00782626 progressive non- everolimus (aim >25 %) participants); 2 PRs, 10 SD
NF1 pLGG after 12 cycles

PNOC I Trametinib + everolimus Recurrent/ Estimate RP2D of Recruiting

(PNOC021) NCT04485559 progressive pLGG combination trametinib +

everolimus and describe
DLTs

PBTC, Pediatric Brain Tumor Consortium; pLGG, pediatric low-grade glioma; MTD, maximum tolerated dose; RP2D, recommended phase 2 dose; CR, complete
response; PR, partial response, SD, stable disease; RCT, randomized controlled trial; EFS, event-free survival; NFCTC, Neurofibromatosis Clinical Trials Consortium;
ORR, overall response rate; AE, adverse event; DLT, dose-limiting toxicity; PNOC, Pediatric Neuro-Oncology Consortium; SoC, standard of care; POETIC, Pediatric
Oncology Experimental Therapeutics Investigators’ Consortium; PFS, progression-free survival; NB, note well.

these agents in the upfront treatment setting, where they pose a po-
tential true shift in treatment paradigm. The recent prospective phase II
trial in children with untreated BRAF'%°® mutant pLGG comparing
combination dabrafenib-trametinib therapy to carboplatin-vincristine
demonstrated an ORR and median progression-free survival (PFS) of
47 % and 20.1 months in the dabrafenib-trametinib group compared to
11 % and 7.4 months in the carboplatin-vincristine group, with notably
less toxicity [54]. This finding led to the 2023 FDA approval for
dabrafenib-trametinib combination therapy in the upfront setting for
BRAFV®%F mutant pLGGs, changing the standard of care treatment for
this select group of patients.

It is important to note that aside from the above dabrafenib-
trametinib combination for BRAFV6%E mutant PLGGs, selumetinib for
NF1-associated plexiform neurofibromas, and everolimus for tuberous-
sclerosis complex-associated subependymal giant cell astrocytomas
(SEGAs), the role of targeted inhibitors in the upfront setting in pLGG
remains uncertain and is the subject of ongoing investigation in multiple
prospective trials (Table 2). Presently, conventional chemotherapy re-
mains the most widely accepted standard treatment whilst these in-
vestigations are ongoing, and upfront targeted inhibitor use is reserved
for the clinical trial setting. This is important as there remain many
unanswered questions of targeted inhibitor use in pLGG. Whilst the
acute toxicity profiles have generally been favorable, little is known
about the long-term side effects of these medications. The optimal
duration of treatment is also unclear; whilst most trials were used a
treatment duration of 24 months, this was not based on any scientific

rationale. Furthermore, it has been observed that a proportion pLGGs
will exhibit rapid ‘rebound’ growth after cessation of targeted therapy,
but the clinical and biologic factors underpinning this mechanism are
incompletely understood [55].

In summary, targeted therapies are changing the treatment paradigm
for some diseases, particularly pLGGs which benefit from being pri-
marily single-driver entities. The role of targeted therapies in other
diseases is still evolving but there is hope that similar therapeutic leaps
will soon be realized in other pediatric CNS tumor types.

Immunotherapy

Over the last quarter century, great progress in the understanding of
the immune mechanisms involved in cancer have led to significant ad-
vancements in immune based therapies, and they are being increasingly
explored as therapeutic strategies for CNS tumors.

T-cells express several proteins on their cell surface (such as PD-1 and
CTLA-4), known as ‘checkpoint regulators’, which act to downregulate
T-cell activity when they bind to specific ligands (such as PDL-1 and
CD80/86 respectively) on antigen-presenting and other cells in the body
[60]. By blocking the checkpoint receptor-ligand interaction, the bal-
ance is tipped in favor of T-cell stimulation and supports T cell activation
and engagement [60]. The strategy was first clinically employed in adult
melanoma, where remarkable responses were achieved in previously
treatment-resistant advanced disease [61]. Importantly, ICI sensitivity
has been seen to relate to tumor mutational burden (TMB) or
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microsatellite instability, a surrogate marker of TMB [62]. A higher
number of tumor mutations drives an increased burden of neoantigens,
and a greater likelihood of recognition by the patient’s T-cells, thus
enhancing the efficacy of immune checkpoint inhibition. This concept
has underscored work in patients with biallelic replication repair defi-
ciency (RRD), whose tumors harbor a high mutation burden. Histori-
cally, RRD-associated high-grade glioma (RRD-HGG) is seen to rapidly
progress with a median post-relapse survival of 2.6 months, but a recent
prospective pediatric trial using nivolumab for refractory non-
hematologic cancers harboring a high TMB and/or MMRD demonstrated
a best overall response of 50 %, with several sustained complete re-
missions including patients with refractory malignant gliomas [63]. This
work has shifted the treatment paradigm for this small group of patients
and has led to the FDA approval of pembrolizumab in 2020, for pediatric
patients with relapsed solid tumors with a high TMB.

Adoptive cellular therapies, which use modified lymphocytes (usu-
ally T-cells or NK cells) to target tumor cells, have been the subject of
much excitement and investigation over the last decade, particularly
since the profound clinical impact of CD19-directed chimeric antigen
receptor (CAR) T-cell therapy in high-risk hematologic malignancies.
CAR T-cell therapy uses cytolytic T cells that have been engineered to
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express a receptor that recognizes a particular surface antigen on target
tumor cells [64]. These CARs are comprised of an antigen-binding
domain and a cell signaling domain and they bestow
MHC-unrestricted antigen specificity to involved T-cells [64]. Several
phase I studies have tested multiple CAR constructs against several an-
tigens which demonstrate differential expression between tumor and
normal tissue. Pediatric phase I clinical trial data has been published for
GD2, HER2 and B7H3-CAR T-cell therapy in diffuse midline glioma and
other relapsed/refractory pediatric brain tumors including ependy-
moma and medulloblastoma [65-67]. It should be noted that these
phase I trials have unveiled several significant toxicities associated with
CAR T-cell therapy for CNS tumors; primarily on-tumor on-target
toxicity that can cause significant tumoral/peritumoral swelling, lead-
ing to CSF obstruction and/or neural dysfunction [68]. Additionally,
these studies have revealed significant challenges facing CAR efficacy in
brain tumors, including limitations in CAR T cell expansion and
persistence, uncertainty in the optimal delivery route and the role of
lymphodepletion, and antigen-loss recurrence. However, several radio-
graphic and clinical responses have also been reported among these
trials in traditionally treatment-resistant pediatric CNS tumors, high-
lighting the promise of this approach [65,67]. Multiple phase I trials are

Table 3

Currently active CAR T-cell trials for pediatric CNS tumors (*Active trials as of clinicaltrials.gov on October 12th, 2024).

Trial name Phase; NCT# Sponsor Target Tumor types Delivery  Trial status
HER2-specific CAR T Cell Locoregional I; NCT03500991 Seattle Children’s HER2 Recurrent/ refractory HER2- T, ICV Active, not
Immunotherapy for HER2-positive Hospital positive CNS tumors, recruiting
Recurrent/Refractory Pediatric CNS excluding DIPG

Tumors (BrainChild-01)

EGFR806-specific CAR T Cell Locoregional I; NCT03638167 Seattle Children’s EGFR806 Recurrent/ refractory EGFR- T, ICV Active, not
Immunotherapy for EGFR-positive Hospital positive CNS tumors, recruiting
Recurrent or Refractory Pediatric CNS excluding DIPG
Tumors (BrainChild-02)

Study of B7-H3-Specific CAR T Cell I; NCT04185038 Seattle Children’s B7H3 DIPG, DMG and other IT, ICV Recruiting
Locoregional Immunotherapy for Diffuse Hospital recurrent/ refractory CNS
Intrinsic Pontine Glioma/Diffuse Midline tumors
Glioma and Recurrent or Refractory
Pediatric Central Nervous System Tumors
(BrainChild-03)

Study of B7-H3, EGFR806, And IL13-Zetakine I; NCT05768880 Seattle Children’s B7H3, DIPG, DMG and other cv Recruiting
(Quad) CAR T Cell Locoregional Hospital EGFR806, recurrent/ refractory CNS
Immunotherapy For Pediatric Diffuse HER2, IL13- tumors
Intrinsic Pontine Glioma, Diffuse Midline zetakine
Glioma, And Recurrent Or Refractory
Central Nervous System Tumors
(BrainChild-04)

Loc3CAR: Locoregional Delivery of B7-H3- I; NCT05835687 St. Jude Children’s B7H3 Recurrent/ refractory B7- IT, ICV Recruiting
CAR T Cells for Pediatric Patients with Research Hospital H3-positive CNS tumors, OR
Primary CNS Tumors DIPG

T Cells Expressing HER2-specific Chimeric I; NCT02442297 Baylor College of HER2 Recurrent/ refractory HER2- T, ICV Active, not
Antigen Receptors(CAR) for Patients With Medicine positive primary CNS tumor, recruiting
HER2-Positive CNS Tumors (iCAR) excluding DIPG

C7R-GD2. CAR T Cells for Patients With GD2- I, NCT04099797 Baylor College of GD2 Newly diagnosed DIPG/ v, ICV Recruiting
expressing Brain Tumors (GAIL-B) Medicine DMG OR recurrent/

refractory GD2-positive
embryonal tumor/ HGG or
ependymal tumor

GD2 CAR T Cells in Diffuse Intrinsic Pontine I; NCT04196413 Stanford University GD2 H3K27M-mutant DIPG 1v, ICV Recruiting
Gliomas (DIPG) & Spinal Diffuse Midline (brainstem only), or
Glioma (DMG) H3K27M-mutant DMG of

spinal cord
GD2-CAR T Cells for Pediatric Brain Tumors I; NCT05298995 Bambino Gesu GD2 Relapsed/ refractory CNS A\ Recruiting
Hospital and tumors
Research Institute

CAR T Cells After Lymphodepletion for the I; NCT04510051 City of Hope IL13Ra2 Recurrent/ progressive Icv Recruiting
Treatment of IL13Ra2 Positive Recurrent Medical Center IL13Ra2-positive malignant
or Refractory Brain Tumors in Children brain tumor

Safety and Efficacy of Loco-regional B7H3 IL-  I; NCT06221553 Chulalongkorn B7H3 DIPG Icv Recruiting
7Ra CAR T Cell in DIPG (CMDO3DIPG) University Thailand

Leveraging Chimeric Antigen Receptor- L Sydney Children’s GD2 DIPG, H3K27-altered DMG v, ICV Recruiting

Expressing T Cells for Children with Diffuse
Midline Glioma

ACTRN12622000675729

Hospitals Network

IT, intra-tumor cavity; ICV, intra-cerebroventricular; IV, intravenous.
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ongoing (Table 3). Several other important immunotherapeutic ap-
proaches developed over the last several decades include therapeutic
cancer vaccines, oncolytic viral therapy, and other cellular therapies
such as cytotoxic T-lymphocytes and engineered T-cell receptors, all of
which are being investigated in clinical trials for various pediatric CNS
tumor types.

Radiation therapy

Radiation therapy (RT) has long been a mainstay in pediatric CNS
tumor treatment, however, is known to be associated with a range of
significant short- and long-term side effects. Over the last 25 years, the
field of pediatric radiation oncology has witnessed significant ad-
vancements that have largely been aimed at improving outcomes whilst
minimizing the significant long-term side effects associated with
radiation.

A key development over this time has been the implementation and
greater access to proton beam radiation therapy (PRT). In contrast to
traditional photon radiation therapy, which irradiates a target using
multiple x-ray beams (and deposits radiation in tissues beyond the target
area), PRT directs protons towards the tumor target, depositing them
with minimal residual radiation beyond the target tissue [69]. This is an
attractive feature particularly in the pediatric population, where
RT-related damage to the surrounding structures during childhood
development have can significant long-term consequences. In pediatric
CNS tumors, the use of protons for medulloblastoma has been a major
focus over the last few decades, as most children with medulloblastoma
require irradiation of the entire craniospinal axis under standard of care
treatment. Comparative dosimetric modelling showed that protons are
able to not only eliminate exit radiation dosing to the chest, abdomen
and pelvis of children, but also reduce the dose to the normal brain and
critical CNS structures including the hearing apparatus, pituitary, optic
pathway and hypothalamus.[70,71]. Additionally, there is now clinical
follow up data demonstrating the favorable long term toxicity profile of
PRT in pediatric medulloblastoma patients, specifically demonstrating
advantages in intellectual and endocrine sparing [72,73]. Importantly,
the disease control and patterns of failure in PRT-treated patients have
been comparable to historical controls in these studies [72,73]. Of note,
given these studies were not randomized and instead utilized historical
photon-treated controls, differences in median age, RT technique, dose,
volume and follow-up time prevent any definitive comparative conclu-
sions. Also, whilst the role of PRT in other entities continues to be
explored, photon beam RT remains the preferred modality in several
pediatric CNS tumors, including high-grade glioma. Finally, despite the
rapid increase in the number of proton radiation centers around the
world, proton therapy remains inaccessible for many children, particu-
larly in LMICs.

In addition to the expanding use of PRT, many other areas of pedi-
atric radiation oncology continue to advance, including the integration
of advanced imaging techniques, machine-based learning approaches,
and the incorporation of molecular and biomarker-driven RT plans, all
largely focused on minimizing long-term sequelae to improve treatment
outcomes and quality of life for young CNS tumor patients.

Surgery

Pediatric neurosurgery has been shaped over the last quarter century
by developments that have improved procedural precision, safety and
outcomes. Whilst craniotomies remain a pivotal workhorse for many
types of tumor resection, endoscopic and other minimally invasive
techniques have been used to increase precision and reduce surgical
morbidity. Stereotaxis, the process of using a 3-dimensional coordinate
system in combination with CT or MRI to locate CNS targets, has allowed
the use of minimally invasive techniques in a greater number of tumor
types and locations. A pertinent example of this is in the setting of
brainstem biopsy in diffuse intrinsic pontine glioma. Previously a solely
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radiographic diagnosis, DIPGs were considered too risky for tissue
sampling given their intricate location within the brainstem. Stereo-
tactic techniques have allowed the safe biopsy of these lesions, first
pioneered in 2007 and subsequently shown in several large series to be
feasible and safe, with low incidence of transient morbidity (<5 %), and
the majority of procedures yielding sufficient tissue for molecular
sequencing [74,75]. Brainstem biopsy for DIPG has now become widely
accepted and adopted practice, and has facilitated a monumental shift in
the understanding of the molecular underpinnings of this disease and
consideration for clinical trials that utilize targeted therapies. Whilst
these advancements are unfortunately yet to translate to any meaningful
improvement in the dismal prognosis of DIPG, it is hoped that greater
understanding of tumor biology, facilitated by tissue sampling, will
eventually lead to effective treatments.

Other novel surgical therapeutic techniques have focused on
improving delivery of drugs into tumor tissue, either through direct
delivery or disruption of the blood brain barrier (BBB). Convection
enhanced delivery (CED) involves surgical placement of a cannula
directly into the brain or tumor to facilitate infusion of a drug or treat-
ment via a pressure gradient, thereby circumventing the BBB [76].
Another technique being explored is focused ultrasound (FUS), which
entails trans-cranial delivery of low-frequency waves, temporarily dis-
rupting the BBB, and can be visualized in real time on MRI by contrast
extravasation in the area of interest [77]. This technique is enhanced by
the intravenous injection of lipid-encased perfluorocarbon micro-
bubbles, which are hypothesized to aid in mechanical disruption of the
BBB through US-induced oscillation; they have been shown to lower the
US frequency threshold for BBB disruption [77]. Following preclinical
demonstration of safety and potential efficacy, this technique is now
under active investigation in several trials for pediatric DIPG, using FUS
with doxorubicin administration (NCT05615623), etoposide adminis-
tration (NCT05762419), or aminolaevulinic acid (NCT05123534). Both
CED and FUS have been shown safe in phase I trials and have high po-
tential to improve drug delivery to the most challenging to treat pedi-
atric brain tumors, though trials require significant resources and
specialized equipment, so will likely be limited to select tertiary or
quaternary cancer centers [78,79].

Evolution of trial design

A fundamental key to the successful translation of the innovation
detailed above has been the evolution of pediatric clinical trial medicine
over the last 25 years. Firstly, adaptive trial designs have now been
widely adopted in pediatric phase I trials. These models, such as the
‘Rolling 6" design first published in 2008, allow more efficient trial
enrolment whilst upholding safety [80]. This is of particular benefit in
pediatric oncology where trial medicine is significantly impacted by the
rarity and heterogeneity of pediatric cancers, ethical considerations of
using experimental therapies in minors, regulatory hurdles and funding
constraints. Many pediatric oncology trials are now molecularly strati-
fied, which allows for better understanding, interpretation, and appli-
cability of trial results, as well as potentially increased efficacy of trial
agents when applied to specific molecularly selected targets. Finally,
underpinning the ability to apply translational therapeutics, implement
clinical trials, and ultimately effect tangible change in the field over the
last 25 years has been the development of pediatric neuro-oncology
consortia. Given the rarity of pediatric brain tumors, collaboration is
vital to pool knowledge and resources and particularly to action
experimental trials. Various consortia have collectively transformed the
landscape of pediatric neuro-oncology over the last 25 years, fostering
collaboration, advancing research, and improving outcomes for children
with brain tumors.

Ongoing challenges

Whilst the field of pediatric neuro-oncology has witnessed
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remarkable strides forward over the last 25 years, significant challenges
remain to further improve the outcomes of children with brain tumors.
In the preclinical setting, generation of accurate preclinical models is
important for faithful testing of new drugs and therapies against a
replica tumor and microenvironment, however, this remains chal-
lenging and costly. In the realm of diagnostics, despite a wealth of new
knowledge about the molecular drivers of various tumors, molecular
testing modalities are not standardized nor are universally available,
which can limit accurate diagnosis, access to molecularly targeted
treatments and trial enrolment, and unified approaches are needed. In
addition, targeted therapies have been impactful only in carefully
selected patient populations, (mostly in the minority of tumors that have
a single genetic driver), and the differential responses seen in seemingly
identical histologic and molecular tumors is not yet well understood.
Clinical trials in pediatric neuro-oncology face many ongoing challenges
given the rare and heterogeneous nature of childhood brain tumors as
well as resource and personnel constraints. For novel therapies that are
changing the treatment paradigms in several disease entities, the po-
tential late effects of these therapies remain unknown. Finally, it should
be addressed that a major global pediatric neuro-oncology challenge is
ensuring equity of access; many of the advancements described in this
review are not yet able to benefit patients and families in LMICs, where
diagnostic and therapeutic opportunities can be limited. Overall, how-
ever, the remarkable progress made over the last 25 years in pediatric
neuro-oncology heralds a promising future with even greater potential
for breakthroughs in the next quarter-century.

CRediT authorship contribution statement

Phoebe Power: Writing — original draft, Investigation, Conceptual-
ization. Joelle P Straehla: Writing — review & editing. Jason Fangu-
saro: Writing — review & editing. Pratiti Bandopadhayay: Writing —
review & editing. Neevika Manoharan: Writing — review & editing,
Supervision, Conceptualization.

Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Jason Fangusaro serves on the Educational Speaker’s Bureau for Day
One Biopharmaceuticals. Pratiti Bandopadhayay has served on paid
advisory boards for QED Therapeutics and Day One Biopharmaceuticals,
and she currently serves on the Board of the Justice Resource Institute as
a Trustee. Her laboratory has also received grant funding from the
Novartis Institute of Biomedical Research.

References

[1] QT Ostrom, M Price, K Ryan, J Edelson, C Neff, G Cioffi, et al., CBTRUS statistical

report: pediatric brain tumor foundation childhood and adolescent primary brain

and other central nervous system tumors diagnosed in the United States in 2014-

2018, Neuro Oncol 24 (Suppl 3) (2022) iii1-iii38.

ZJ Ward, JM Yeh, N Bhakta, AL Frazier, R. Atun, Estimating the total incidence of

global childhood cancer: a simulation-based analysis, Lancet Oncol 20 (4) (2019)

483-493.

[3] C Horbinski, T Berger, RJ Packer, PY. Wen, Clinical implications of the 2021
edition of the WHO classification of central nervous system tumours, Nat. Rev.
Neurol. 18 (9) (2022) 515-529.

[4] DN Louis, A Perry, P Wesseling, DJ Brat, IA Cree, D Figarella-Branger, et al., The
2021 WHO classification of tumors of the central nervous system: a summary,
Neuro Oncol 23 (8) (2021) 1231-1251.

[5] Board WCoTE, World Health Organization Classification of Tumours of the Central
Nervous System, International Agency for Research on Cancer, Lyon, 2021 editor.

[6] D-A Khuong-Quang, P Buczkowicz, P Rakopoulos, X-Y Liu, AM Fontebasso,

E Bouffet, et al., K27M mutation in histone H3.3 defines clinically and biologically
distinct subgroups of pediatric diffuse intrinsic pontine gliomas, Acta Neuropathol
124 (3) (2012) 439-447.

[7] J Schwartzentruber, A Korshunov, X-Y Liu, DTW Jones, E Pfaff, K Jacob, et al.,
Driver mutations in histone H3.3 and chromatin remodelling genes in paediatric
glioblastoma, Nature 482 (7384) (2012) 226-231.

[2

=

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Neoplasia 59 (2025) 101098

G Wu, A Broniscer, TA McEachron, C Lu, BS Paugh, J Becksfort, et al., Somatic
histone H3 alterations in pediatric diffuse intrinsic pontine gliomas and non-
brainstem glioblastomas, Nat. Genet 44 (3) (2012) 251-253.

P Bandopadhayay, LA Ramkissoon, P Jain, G Bergthold, J Wala, R Zeid, et al.,
MYB-QKI rearrangements in angiocentric glioma drive tumorigenicity through a
tripartite mechanism, Nat. Genet 48 (3) (2016) 273-282.

DT Jones, B Hutter, N Jager, A Korshunov, M Kool, HJ Warnatz, et al., Recurrent
somatic alterations of FGFR1 and NTRK2 in pilocytic astrocytoma, Nat. Genet 45
(8) (2013) 927-932.

S Ryall, M Zapotocky, K Fukuoka, L Nobre, A Guerreiro Stucklin, J Bennett, et al.,
Integrated molecular and clinical analysis of 1,000 pediatric low-grade gliomas,
Cancer Cell 37 (4) (2020) 569-583, e5.

DT Jones, S Kocialkowski, L Liu, DM Pearson, LM Bécklund, K Ichimura, et al.,
Tandem duplication producing a novel oncogenic BRAF fusion gene defines the
majority of pilocytic astrocytomas, Cancer Res 68 (21) (2008) 8673-8677.

S Pfister, WG Janzarik, M Remke, A Ernst, W Werft, N Becker, et al., BRAF gene
duplication constitutes a mechanism of MAPK pathway activation in low-grade
astrocytomas, J. Clin. Invest 118 (5) (2008) 1739-1749.

PW Lewis, MM Miiller, MS Koletsky, F Cordero, S Lin, LA Banaszynski, et al.,
Inhibition of PRC2 activity by a gain-of-function H3 mutation found in pediatric
glioblastoma, Science 340 (6134) (2013) 857-861.

S Bender, Y Tang, M Lindroth Anders, V Hovestadt, TW Jones David, M Koo, et al.,
Reduced H3K27me3 and DNA hypomethylation are major drivers of gene
expression in K27M mutant pediatric high-grade gliomas, Cancer Cell 24 (5)
(2013) 660-672.

D Castel, T Kergrohen, A Tauziede-Espariat, A Mackay, S Ghermaoui, E Lechapt, et
al., Histone H3 wild-type DIPG/DMG overexpressing EZHIP extend the spectrum
diffuse midline gliomas with PRC2 inhibition beyond H3-K27M mutation, Acta
Neuropathol 139 (6) (2020) 1109-1113.

A Mackay, A Burford, D Carvalho, E Izquierdo, J Fazal-Salom, KR Taylor, et al.,
Integrated molecular meta-analysis of 1,000 pediatric high-grade and diffuse
intrinsic pontine glioma, Cancer Cell 32 (4) (2017) 520-537, e5.

PA Northcott, A Korshunov, H Witt, T Hielscher, CG Eberhart, S Mack, et al.,
Medulloblastoma comprises four distinct molecular variants, J. Clin. Oncol 29 (11)
(2011) 1408-1414.

MD Taylor, PA Northcott, A Korshunov, M Remke, YJ Cho, SC Clifford, et al.,
Molecular subgroups of medulloblastoma: the current consensus, Acta Neuropathol
123 (4) (2012) 465-472.

PA Northcott, I Buchhalter, AS Morrissy, V Hovestadt, J Weischenfeldt,

T Ehrenberger, et al., The whole-genome landscape of medulloblastoma subtypes,
Nature 547 (7663) (2017) 311-317.

EC Schwalbe, JC Lindsey, S Nakjang, S Crosier, AJ Smith, D Hicks, et al., Novel
molecular subgroups for clinical classification and outcome prediction in
childhood medulloblastoma: a cohort study, Lancet Oncol 18 (7) (2017) 958-971.
PA Northcott, A Korshunov, SM Pfister, MD. Taylor, The clinical implications of
medulloblastoma subgroups, Nat. Rev. Neurol. 8 (6) (2012) 340-351.

DW Ellison, M Kocak, D Figarella-Branger, G Felice, G Catherine, T Pietsch, et al.,
Histopathological grading of pediatric ependymoma: reproducibility and clinical
relevance in European trial cohorts, J. Negat. Results Biomed 10 (2011) 7.

C Kresbach, S Neyazi, U. Schiiller, Updates in the classification of ependymal
neoplasms: the 2021 WHO Classification and beyond, Brain Pathol 32 (4) (2022)
€13068.

W Pajtler Kristian, H Witt, M Sill, TW Jones David, V Hovestadt, F Kratochwil, et
al., Molecular classification of ependymal tumors across all CNS compartments,
histopathological grades, and age groups, Cancer Cell 27 (5) (2015) 728-743.

A Korshunov, H Witt, T Hielscher, A Benner, M Remke, M Ryzhova, et al.,
Molecular staging of intracranial ependymoma in children and adults, J. Clin.
Oncol 28 (19) (2010) 3182-3190.

S Bailey, A Davidson, J Parkes, U Tabori, A Figaji, S Epari, et al., How can genomic
innovations in pediatric brain tumors transform outcomes in low- and middle-
income countries? JCO Glob. Oncol. (8) (2022) €2200156.

R Holliday, JE. Pugh, DNA modification mechanisms and gene activity during
development, Science 187 (4173) (1975) 226-232.

KA Hoadley, C Yau, T Hinoue, DM Wolf, AJ Lazar, E Drill, et al., Cell-of-origin
patterns dominate the molecular classification of 10,000 tumors from 33 types of
cancer, Cell 173 (2) (2018) 291-304, e6.

D Pratt, F Sahm, K. Aldape, DNA methylation profiling as a model for discovery
and precision diagnostics in neuro-oncology, Neuro Oncol 23 (23 Suppl 5) (2021)
S16-s29.

EC Schwalbe, JT Hayden, HA Rogers, S Miller, JC Lindsey, RM Hill, et al.,
Histologically defined central nervous system primitive neuro-ectodermal tumours
(CNS-PNETs) display heterogeneous DNA methylation profiles and show
relationships to other paediatric brain tumour types, Acta Neuropathol 126 (6)
(2013) 943-946.

C Thomas, M Sill, V Ruland, A Witten, S Hartung, U Kordes, et al., Methylation
profiling of choroid plexus tumors reveals 3 clinically distinct subgroups, Neuro
Oncol 18 (6) (2016) 790-796.

D Capper, DTW Jones, M Sill, V Hovestadt, D Schrimpf, D Sturm, et al., DNA
methylation-based classification of central nervous system tumours, Nature 555
(7697) (2018) 469-474.

D Sturm, BA Orr, UH Toprak, V Hovestadt, DTW Jones, D Capper, et al., New brain
tumor entities emerge from molecular classification of CNS-PNETs, Cell 164 (5)
(2016) 1060-1072.

C Vermeulen, M Pages-Gallego, L Kester, MEG Kranendonk, P Wesseling,

N Verburg, et al., Ultra-fast deep-learned CNS tumour classification during surgery,
Nature 622 (7984) (2023) 842-849.


http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0001
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0001
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0001
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0001
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0002
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0002
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0002
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0003
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0003
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0003
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0004
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0004
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0004
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0005
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0005
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0006
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0006
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0006
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0006
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0007
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0007
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0007
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0008
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0008
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0008
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0009
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0009
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0009
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0010
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0010
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0010
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0011
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0011
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0011
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0012
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0012
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0012
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0013
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0013
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0013
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0014
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0014
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0014
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0015
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0015
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0015
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0015
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0016
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0016
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0016
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0016
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0017
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0017
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0017
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0018
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0018
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0018
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0019
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0019
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0019
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0020
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0020
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0020
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0021
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0021
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0021
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0022
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0022
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0023
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0023
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0023
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0024
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0024
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0024
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0025
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0025
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0025
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0026
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0026
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0026
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0027
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0027
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0027
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0028
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0028
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0029
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0029
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0029
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0030
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0030
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0030
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0031
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0031
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0031
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0031
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0031
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0032
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0032
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0032
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0033
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0033
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0033
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0034
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0034
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0034
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0035
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0035
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0035

P. Power et al.

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

J Fangusaro, O Witt, P Herndiz Driever, AK Bag, P de Blank, N Kadom, et al.,
Response assessment in paediatric low-grade glioma: recommendations from the
Response Assessment in Pediatric Neuro-Oncology (RAPNO) working group,
Lancet Oncol 21 (6) (2020) e305-eel6.

P Patel, H Baradaran, D Delgado, G Askin, P Christos, A John Tsiouris, et al., MR
perfusion-weighted imaging in the evaluation of high-grade gliomas after
treatment: a systematic review and meta-analysis, Neuro-Oncol 19 (1) (2016)
118-127.

RM Nikam, X Yue, G Kaur, V Kandula, A Khair, HH Kecskemethy, et al., Advanced
neuroimaging approaches to pediatric brain tumors, Cancers (Basel) 14 (14)
(2022).

SP Prabhu, S Ng, S Vajapeyam, MW Kieran, IF Pollack, R Geyer, et al., DTI
assessment of the brainstem white matter tracts in pediatric BSG before and after
therapy: a report from the pediatric brain tumor consortium, Childs Nerv. Syst 27
(1) (2011) 11-18.

B Tamrazi, S Venneti, A Margol, D Hawes, SY Cen, M Nelson, et al., Pediatric
atypical Teratoid/Rhabdoid tumors of the brain: identification of metabolic
subgroups using in vivo (1)H-MR spectroscopy, AJNR Am. J. Neuroradiol 40 (5)
(2019) 872-877.

L Marner, M Lundemann, A Sehested, K Nysom, L Borgwardt, R Mathiasen, et al.,
Diagnostic accuracy and clinical impact of [18F]FET PET in childhood CNS tumors,
Neuro-Oncol. 23 (12) (2021) 2107-2116.

P Bandopadhayay, G Bergthold, WB London, LC Goumnerova, La Morales,

A Madrid, KJ Marcus, et al., Long-term outcome of 4,040 children diagnosed with
pediatric low-grade gliomas: an analysis of the surveillance epidemiology and end
results (SEER) database, Pediatr. Blood Cancer 61 (7) (2014) 1173-1179.

JH Wisoff, RA Sanford, LA Heier, R Sposto, PC Burger, AJ Yates, et al., Primary
neurosurgery for pediatric low-grade gliomas: a prospective multi-institutional
study from the children’s oncology group, Neurosurgery 68 (6) (2011) 1548-1554,
discussion 54-5.

A Lassaletta, K Scheinemann, SM Zelcer, J Hukin, BA Wilson, N Jabado, et al.,
Phase II weekly vinblastine for chemotherapy-naive children with progressive low-
grade glioma: a Canadian pediatric brain tumor consortium study, J. Clin. Oncol.
34 (29) (2016) 3537-3543.

RJ Packer, J Ater, J Allen, P Phillips, R Geyer, HS Nicholson, et al., Carboplatin and
vincristine chemotherapy for children with newly diagnosed progressive low-grade
gliomas, J. Neurosurg 86 (5) (1997) 747-754.

AJ Dodgshun, WJ Maixner, JA Heath, MJ Sullivan, JR. Hansford, Single agent
carboplatin for pediatric low-grade glioma: a retrospective analysis shows
equivalent efficacy to multiagent chemotherapy, Int. J. Cancer 138 (2) (2016)
481-488.

E Bouffet, B Geoerger, C Moertel, JA Whitlock, I Aerts, D Hargrave, et al., Efficacy
and safety of trametinib monotherapy or in combination with dabrafenib in
pediatric BRAF V600-mutant low-grade Glioma, J Clin Oncol 41 (3) (2023)
664-674.

J Fangusaro, A Onar-Thomas, TY Poussaint, S Wu, AH Ligon, N Lindeman, et al.,
A phase II trial of selumetinib in children with recurrent optic pathway and
hypothalamic low-grade glioma without NF1: a pediatric brain tumor consortium
study, Neuro Oncol 23 (10) (2021) 1777-1788.

J Fangusaro, A Onar-Thomas, T Young Poussaint, S Wu, AH Ligon, N Lindeman, et
al., Selumetinib in paediatric patients with BRAF-aberrant or neurofibromatosis
type 1-associated recurrent, refractory, or progressive low-grade glioma: a
multicentre, phase 2 trial, Lancet Oncol 20 (7) (2019) 1011-1022.

N Robison, J Pauly, J Malvar, S Gardner, J Allen, A Margol, et al., LTBK-04. Late
breaking abstract: MEK162 (binimetinib) in children with progressive or recurrent
low-grade glioma: a multi-institutional phase II and target validation study, Neuro-
Oncol 24 (Supplement_1) (2022) i191-ili2.

DR Hargrave, E Bouffet, U Tabori, A Broniscer, KJ Cohen, JR Hansford, et al.,
Efficacy and safety of dabrafenib in pediatric patients with BRAF V600 mutation-
positive relapsed or refractory low-grade glioma: results from a phase I/IIa study,
Clin. Cancer Res 25 (24) (2019) 7303-7311.

T Nicolaides, KJ Nazemi, J Crawford, L Kilburn, J Minturn, A Gajjar, et al., Phase I
study of vemurafenib in children with recurrent or progressive BRAF(V600E)
mutant brain tumors: Pacific pediatric neuro-oncology consortium study (PNOC-
002), Oncotarget 11 (21) (2020) 1942-1952.

LB Kilburn, D-A Khuong-Quang, JR Hansford, D Landi, J van der Lugt, SES Leary,
et al., The type II RAF inhibitor tovorafenib in relapsed/refractory pediatric low-
grade glioma: the phase 2 FIREFLY-1 trial, Nature Medicine 30 (1) (2024)
207-217.

E Bouffet, JR Hansford, ML Garre, J Hara, A Plant-Fox, I Aerts, et al., Dabrafenib
plus trametinib in pediatric glioma with BRAF V600 mutations, N. Engl. J. Med
389 (12) (2023) 1108-1120.

JW Tsai, JJ Choi, H Ouaalam, EA Murillo, KK Yeo, J Vogelzang, et al., Integrated
response analysis of pediatric low-grade gliomas during and after targeted therapy
treatment, Neurooncol. Adv 5 (1) (2023) vdac182.

A Banerjee, RI Jakacki, A Onar-Thomas, S Wu, T Nicolaides, T Young Poussaint, et
al., A phase I trial of the MEK inhibitor selumetinib (AZD6244) in pediatric patients
with recurrent or refractory low-grade glioma: a pediatric brain tumor consortium
(PBTC) study, Neuro Oncol 19 (8) (2017) 1135-1144.

10

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]
[69]

[70]

[71]

[72]

[731]

[74]

[75]

[76]

[771

[78]

[79]

[80]

Neoplasia 59 (2025) 101098

NJ Ullrich, SP Prabhu, AT Reddy, MJ Fisher, R Packer, S Goldman, et al., A phase II
study of continuous oral mTOR inhibitor everolimus for recurrent, radiographic-
progressive neurofibromatosis type 1-associated pediatric low-grade glioma: a
neurofibromatosis clinical trials consortium study, Neuro Oncol 22 (10) (2020)
1527-1535.

S Mueller, M Aboian, K Nazemi, K Gauvain, J Yoon, J Minturn, et al., LGG-53.
PNOCO001 (NCT01734512): a phase ii study of everolimus for recurrent or
progressive pediatric low-grade gliomas (pLGG), Neuro-Oncol. 22 (Supplement_3)

KD Wright, X Yao, WB London, PC Kao, L Gore, S Hunger, et al., A POETIC Phase I
study of continuous oral everolimus in recurrent, radiographically progressive
pediatric low-grade glioma, Pediatr. Blood Cancer 68 (2) (2021) e28787.

C Granier, E De Guillebon, C Blanc, H Roussel, C Badoual, E Colin, et al.,
Mechanisms of action and rationale for the use of checkpoint inhibitors in cancer,
ESMO Open 2 (2) (2017) e000213.

FS Hodi, SJ O’Day, DF McDermott, RW Weber, JA Sosman, JB Haanen, et al.,
Improved survival with ipilimumab in patients with metastatic melanoma, N. Engl.
J. Med 363 (8) (2010) 711-723.

M Yarchoan, A Hopkins, EM. Jaffee, Tumor mutational burden and response rate to
PD-1 inhibition, N. Engl. J. Med. 377 (25) (2017) 2500-2501.

A Das, U Tabori, LC Sambira Nahum, NB Collins, R Deyell, R Dvir, et al., Efficacy of
nivolumab in pediatric cancers with high mutation burden and mismatch repair
deficiency, Clin. Cancer Res 29 (23) (2023) 4770-4783.

CL Mackall, MS Merchant, TJ. Fry, Inmune-based therapies for childhood cancer,
Nat. Rev. Clin. Oncol 11 (12) (2014) 693-703.

RG Majzner, S Ramakrishna, KW Yeom, S Patel, H Chinnasamy, LM Schultz, et al.,
GD2-CAR T cell therapy for H3K27M-mutated diffuse midline gliomas, Nature 603
(7903) (2022) 934-941.

NA Vitanza, AJ Johnson, AL Wilson, C Brown, JK Yokoyama, A Kiinkele, et al.,
Locoregional infusion of HER2-specific CAR T cells in children and young adults
with recurrent or refractory CNS tumors: an interim analysis, Nat. Med. 27 (9)
(2021) 1544-1552.

NA Vitanza, AL Wilson, W Huang, K Seidel, C Brown, JA Gustafson, et al.,
Intraventricular B7-H3 CAR T Cells for diffuse intrinsic pontine glioma:
preliminary first-in-human bioactivity and safety, Cancer Discov 13 (1) (2023)
114-131.

J Mahdi, J Dietrich, K Straathof, C Roddie, BJ Scott, TB Davidson, et al., Tumor
inflammation-associated neurotoxicity, Nat. Med 29 (4) (2023) 803-810.

WD Newhauser, R. Zhang, The physics of proton therapy, Phys. Med. Biol 60 (8)
(2015) R155-R209.

TE Merchant, CH Hua, H Shukla, X Ying, S Nill, U. Oelfke, Proton versus photon
radiotherapy for common pediatric brain tumors: comparison of models of dose
characteristics and their relationship to cognitive function, Pediatr. Blood Cancer
51 (1) (2008) 110-117.

RB Jimenez, R Sethi, N Depauw, MB Pulsifer, J Adams, SM McBride, et al., Proton
radiation therapy for pediatric medulloblastoma and supratentorial primitive
neuroectodermal tumors: outcomes for very young children treated with upfront
chemotherapy, Int. J. Radiat. Oncol. Biol. Phys 87 (1) (2013) 120-126.

LS Kahalley, R Peterson, MD Ris, L Janzen, MF Okcu, DR Grosshans, et al., Superior
intellectual outcomes after proton radiotherapy compared with photon
radiotherapy for pediatric medulloblastoma, J. Clin. Oncol 38 (5) (2020) 454-461.
TI Yock, BY Yeap, DH Ebb, E Weyman, BR Eaton, NA Sherry, et al., Long-term toxic
effects of proton radiotherapy for paediatric medulloblastoma: a phase 2 single-
arm study, Lancet Oncol 17 (3) (2016) 287-298.

S Puget, K Beccaria, T Blauwblomme, T Roujeau, S James, J Grill, et al., Biopsy in a
series of 130 pediatric diffuse intrinsic Pontine gliomas, Childs Nerv. Syst 31 (10)
(2015) 1773-1780.

N Gupta, LC Goumnerova, P Manley, SN Chi, D Neuberg, M Puligandla, et al.,
Prospective feasibility and safety assessment of surgical biopsy for patients with
newly diagnosed diffuse intrinsic pontine glioma, Neuro Oncol 20 (11) (2018)
1547-1555.

RH Bobo, DW Laske, A Akbasak, PF Morrison, RL Dedrick, EH. Oldfield,
Convection-enhanced delivery of macromolecules in the brain, Proc. Nat. Acad.
Sci. 91 (6) (1994) 2076-2080.

AB Etame, RJ Diaz, CA Smith, TG Mainprize, K Hynynen, JT. Rutka, Focused
ultrasound disruption of the blood-brain barrier: a new frontier for therapeutic
delivery in molecular neurooncology, Neurosurg. Focus 32 (1) (2012) E3.

ED Bander, AD Ramos, E Wembacher-Schroeder, I Ivasyk, R Thomson,

PF Morgenstern, et al., Repeat convection-enhanced delivery for diffuse intrinsic
pontine glioma, J. Neurosurg. Pediatr 26 (6) (2020) 661-666.

T Mainprize, N Lipsman, Y Huang, Y Meng, A Bethune, S Ironside, et al., Blood-
brain barrier opening in primary brain tumors with non-invasive MR-guided
focused ultrasound: a clinical safety and feasibility study, Scient. Rep 9 (1) (2019)
321.

JM Skolnik, JS Barrett, B Jayaraman, D Patel, PC. Adamson, Shortening the
timeline of pediatric phase I trials: the rolling six design, J. Clin. Oncol 26 (2)
(2008) 190-195.


http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0036
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0036
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0036
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0036
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0037
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0037
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0037
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0037
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0038
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0038
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0038
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0039
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0039
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0039
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0039
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0040
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0040
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0040
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0040
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0041
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0041
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0041
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0042
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0042
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0042
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0042
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0043
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0043
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0043
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0043
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0044
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0044
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0044
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0044
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0045
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0045
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0045
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0046
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0046
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0046
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0046
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0047
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0047
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0047
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0047
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0048
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0048
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0048
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0048
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0049
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0049
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0049
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0049
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0050
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0050
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0050
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0050
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0051
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0051
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0051
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0051
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0052
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0052
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0052
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0052
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0053
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0053
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0053
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0053
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0054
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0054
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0054
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0055
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0055
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0055
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0056
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0056
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0056
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0056
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0057
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0057
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0057
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0057
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0057
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0058
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0058
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0058
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0058
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0059
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0059
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0059
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0060
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0060
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0060
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0061
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0061
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0061
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0062
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0062
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0063
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0063
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0063
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0064
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0064
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0065
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0065
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0065
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0066
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0066
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0066
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0066
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0067
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0067
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0067
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0067
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0068
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0068
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0069
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0069
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0070
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0070
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0070
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0070
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0071
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0071
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0071
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0071
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0072
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0072
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0072
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0073
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0073
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0073
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0074
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0074
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0074
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0075
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0075
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0075
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0075
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0076
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0076
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0076
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0077
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0077
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0077
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0078
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0078
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0078
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0079
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0079
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0079
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0079
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0080
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0080
http://refhub.elsevier.com/S1476-5586(24)00139-8/sbref0080

	Pediatric neuro-oncology: Highlights of the last quarter-century
	Introduction
	Epidemiology of pediatric CNS tumors
	Diagnostic and biologic advances in pediatric brain tumors
	WHO 2021 classification
	Molecular advances
	Genetic sequencing
	DNA methylation profiling

	Radiology advances

	Therapeutic advances in pediatric brain tumors
	Targeted therapies
	Immunotherapy
	Radiation therapy
	Surgery

	Evolution of trial design
	Ongoing challenges
	CRediT authorship contribution statement
	Declaration of competing interest
	References


