CHAPTER ELEVEN

Emerging interventional
treatments in the management of
pediatric brain tumors

Margaret Shatara®* @, Winson S. Ho", Jarod L. Roland®, and
David D. Limbrick, Jr.¢

"Department of Pediatric Hematology and Oncology, Pediatric Neuro-Oncology Program, Children’s
Hospitals and Clinics of Minnesota, Minneapolis, MN, United States

"Division of Pediatric Neurosurgery, Department of Neurosurgery, University of California San Francisco,
San Francisco, CA, United States

“Division of Pediatric Neurosurgery, Taylor Family Department of Neurosurgery, Washington University in
St Louis, St Louis, MO, United States

“Professor and Chair, James W. and Frances G. McGlothlin Chair, Department of Neurosurgery, Virginia
Commonwealth University, School of Medicine, Richmond, Virginia, United States

*Corresponding author. e-mail address: Margaret.shatara@childrensmn.org
Contents
1. Introduction 360
2. Advancements in the molecular biology of pediatric brain tumors 361
3. Novel therapeutic approaches in pediatric brain tumors 363
3.1 Targeted small-molecule inhibitors 371
3.2 Epigenetic alterations and inhibitors 380
3.3 Cell-cycle alterations and inhibitors 385
3.4 SHH alterations and inhibitors 386
3.5 Monoclonal antibodies and adoptive cellular immunotherapy 387
4. Laser interstitial thermal therapy for pediatric brain tumors 395
5. Convection-enhanced delivery for pediatric brain tumors 400
6. Focused ultrasound (FUS) and sonodynamic therapy in pediatric brain tumors 403
7. Conclusion 406
Funding 406
Conflict of interest 406
References 406
Abstract

Recent advancements in the molecular understanding of pediatric brain tumor
biology have significantly contributed to the development of innovative therapeutic
strategies aimed at improving clinical outcomes for affected children. These scientific
breakthroughs have facilitated the identification of specific molecular targets and
signaling pathways integral to the oncogenesis of pediatric brain tumors, thereby
enabling the design of targeted therapies that disrupt these pathogenic processes.

Advances in Cancer Research, Volume 167

ISSN 0065-230X, https://doi.org/10.1016/bs.acr.2025.09.004 359
Copyright © 2025 Elsevier Inc. All rights are reserved, including those for text and data mining,

Al training, and similar technologies.


https://orcid.org/0000-0001-5821-6216
mailto:Margaret.shatara@childrensmn.org
https://doi.org/10.1016/bs.acr.2025.09.004

360 Margaret Shatara et al.

Furthermore, the incorporation of immunotherapy and precision medicine approa-
ches has unveiled novel therapeutic avenues, offering the potential for more effica-
cious and less toxic treatment modalities. As research in this domain continues to
progress, these cutting-edge therapeutic interventions are anticipated to enhance
survival rates and improve the quality of life for pediatric patients. This review
delineates emerging interventional treatments in pediatric brain tumor management
and examines the persistent challenges within the field.

1. Introduction

Pediatric brain tumors represent a significant challenge in oncology,
being the leading cause of cancer-related mortality in children (Miller et al.,
2021). Despite advances in surgical techniques, radiation, and che-
motherapy, the prognosis for many pediatric brain tumors remains poor,
necessitating the exploration of novel therapeutic approaches (Kulubya
et al., 2022).

Over the past two decades, strides in the molecular understanding of
brain tumor biology have revolutionized the landscape of treatment stra-
tegies. By elucidating the genetic and epigenetic alterations driving
tumorigenesis, researchers have identified distinct molecular targets and
signaling pathways that are crucial in the pathogenesis of these malignancies
(Kulubya et al., 2022). This has facilitated the development of targeted
therapies designed to specifically disrupt oncogenic processes, offering the
promise of more precise and less toxic treatment options.

Moreover, Neurosurgical innovations have included the use of laser
interstitial thermal therapy, focused ultrasound and sonographic therapy for
treatment of brain tumors. The principles of these innovative approaches
for tissue ablation are well understood from the application of a heat or
waves via radiant light energy, the associated cell death from heating, and
advanced magnetic resonance imaging (MRI) to monitor and guide the
ablation. However, initial response and long-term control for specific
tumor types are not well established in the field. Furthermore, the unique
pathologies common to pediatric brain tumors lags behind our adult
counterparts in the extant literature. It is expected for these innovative
approaches to play a more significant role in pediatric neuro-oncology, but
if that becomes upfront therapy, limited to recurrent or residual disease, or
in combination with targeted medical therapy to facilitate breaking down
the blood-brain barrier for more efficacious drug deliver remains to be
determined.
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This chapter aims to explore the latest advancements in molecular
targeting and therapeutic innovations, highlighting their implications for
improving survival rates and quality of life in pediatric patients, while also
addressing the ongoing challenges in this rapidly evolving field.

E 2. Advancements in the molecular biology of pediatric
brain tumors

The 2021 World Health Organization (WHO) classification of central
nervous system tumors now integrates histopathologic and molecular data,
reflecting significant advancements in the molecular characterization of these
tumors (Louis et al., 2021). Pediatric low-grade gliomas (pLGGs) exemplify
the forefront of research into brain tumor molecular alterations. They are
increasingly recognized as a “single pathway disease,” primarily driven by
genetic changes that consistently activate the mitogen-activated protein
kinase (MAPK) pathway, which plays a fundamental role in cellular pro-
cesses, including proliferation, differentiation, and survival, and its dysregu-
lation is a critical factor in tumorigenesis (Ziegler et al., 2024).

A pivotal discovery in 2008 identified a tandem duplication within the
BRAF kinase gene, resulting in the KIAA1549-BRAF fusion protein,
which leads to constitutive activation of the MAPK pathway and promotes
oncogenesis (Jones et al., 2008). Subsequent studies have identified a range
of additional genetic alterations within this pathway. Notably, point
mutations such as BRAF V600E lead to the persistent activation of the
BRAF protein kinase. Additionally, gene fusions involving other kinases,
such as RAF1 and FGFR1, have been detected, highlighting the genetic
heterogeneity contributing to MAPK pathway dysregulation in pLGGs
(Ruyall et al., 2020). These molecular insights have significant implications
for the advancement of targeted therapeutic strategies. The precise char-
acterization of genetic alterations driving the growth of pediatric low-grade
gliomas (pLGGs) has enabled the development of therapies specifically
targeting these oncogenic pathways, culminating in the approval of treat-
ment modalities by the FDA (Manoharan et al., 2023). The identification
and understanding of these genetic drivers have facilitated a precision
medicine approach, allowing for the customization of treatments based on
the tumor’s molecular profile.

‘While the elucidation of molecular alterations in pLGGs has spurred the
development of innovative therapeutics, the discovery of driver histone
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mutations and associated epigenetic modifications in pediatric high-grade
gliomas (pHGGs) has not yet translated into significant therapeutic
advancements (Schwartzentruber et al., 2012). Mutations in histone genes,
such as H3K27M and H3G34R /V, alter chromatin architecture and gene
expression, playing a crucial role in pHGGs pathogenesis (Kasper & Baker,
2020; Weinberg et al., 2017). Despite these discoveries, translating this
knowledge into effective treatment options remains challenging due to the
complexity of epigenetic regulation and the aggressive nature of pHGGs.

Advances in understanding medulloblastoma and rare embryonal brain
tumors, once classified as primitive neuroectodermal tumors (PNETs),
have been significant (Lazow et al., 2022). High-throughput genomic and
proteomic technologies have facilitated detailed methylomic and tran-
scriptomic analyses, revealing medulloblastoma as a biologically diverse
spectrum rather than a singular disease. This has led to the identification of
four distinct molecular subgroups: WNT-activated, SHH-activated, Group
3, and Group 4, each characterized by specific DNA methylation patterns,
copy number variations, somatic mutations, and cytogenetic profiles
(Sarvode & Gajjar, 2023). This molecular stratification is crucial for con-
temporary medulloblastoma clinical trials, which aim to tailor therapies to
the unique molecular and clinical features of each subgroup.

The term “PNET” has become obsolete, as tumors previously grouped
under this category have been redefined into more precise classifications
based on molecular characteristics. The WHO’s 2016 update eliminated
the PNET classification, introducing more specific categories including
“Atypical teratoid rhabdoid tumor (ATRT), embryonal tumors with
multilayered rosettes (ETMR), pineoblastoma, CNS neuroblastoma,
FOXR2-activated, CNS tumor with BCOR internal tandem duplication
and embryonal tumors not otherwise specified (NOS)” (Sturm et al.,
2016). This paradigm shift underscores the critical role of genetic and
molecular profiling in the accurate classification and treatment of CNS
embryonal tumors.

Ependymoma represents another tumor entity where genetic sequen-
cing has revealed distinct molecular features, leading to the identification of
ten different ependymal tumor subtypes defined by location. These sub-
types correlate with clinical behavior and outcomes, providing a more
nuanced understanding of the disease (Kresbach et al., 2022). Several
genomic features have been recognized to impact prognosis, such as the
gain of chromosome 1q, in posterior fossa A tumors (Merchant et al.,
2019), and MYCN amplification, particularly in spinal ependymomas
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(Raffeld et al., 2020), are associated with a poorer prognosis. The 2021
WHO CNS5 classification reflects a shift towards a molecular-based clas-
sification system, moving away from traditional grading (Louis et al., 2021).

Recent advancements in the molecular understanding of CNS germ
cell tumors have significantly enhanced our knowledge of their origins and
key pathogenic factors. These tumors are characterized by chromosomal
abnormalities and alterations in pathways such as MAPK and AKT/
mTOR, alongside global hypomethylation. Such insights are pivotal in
advancing precision medicine approaches, allowing for the development of
targeted therapies tailored to the tumor’s unique molecular profile, thereby
improving treatment efficacy (Zhou et al., 2024).

In the realm of craniopharyngiomas, significant progress has been made
in identifying critical pathogenic mechanisms and therapeutic targets of
Adamantinomatous Craniopharyngiomas (ACP). The dysregulation of the
MAPK/ERK and programmed cell death pathways has opened up new
therapeutic possibilities. With PD-1 expression playing a role in tumor-
igenesis, current efforts are focusing on evaluating targeted inhibitors with
the potential to redefine standard treatment strategies, highlighting the
importance of reducing dysfunction associated with both the disease and its
treatment effects (Shatara & Abdelbaki, 2025).

Despite these molecular advancements in pediatric brain tumors,
translating them into improved treatment strategies and outcomes remains
a challenge, underscoring the ongoing need for dedicated research and
collaborative efforts to bridge the gap between molecular understanding
and clinical application.

3. Novel therapeutic approaches in pediatric brain
tumors

In recent years, substantial progress has been achieved in the
development of therapeutic compounds, driven by new insights into
cellular pathways, oncogenic driver mutations, and cancer cell mechan-
isms. These targeted therapies function by either directly inhibiting these
pathways or by activating the immune system to facilitate the destruction
of cancer cells. This category of therapies includes small-molecule inhi-
bitors, monoclonal antibodies, and adoptive cellular immunotherapy.
Tables 1 and 2 summarize the completed and ongoing novel approaches
in children with brain tumors.
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3.1 Targeted small-molecule inhibitors
3.1.1 MPAK-pathway inhibitors

Pediatric LGGs exemplify how detailed molecular characterization can
effectively guide therapeutic strategies. These tumors often exhibit genetic
alterations in the Ras-MAPK pathway, particularly BRAF V600E muta-
tions and KIAA1549-BRAF fusions (Manoharan et al., 2023; Ryall et al.,
2020). This molecular profile makes them amenable to targeted inhibition,
marking a significant evolution in treatment approaches. The development
of small-molecule inhibitors targeting these dysregulated signaling proteins
has become a focal point in clinical research, with BRAF inhibitors like
vemurafenib and dabrafenib, alongside MEK inhibitors such as trametinib
and selumetinib, showing promising efficacy in early-phase clinical trials.

The chronic nature of pLGGs, characterized by indolent growth and
long-term survivability, necessitates a balanced treatment approach that
ensures efficacy while minimizing treatment-related morbidity. Surgical
resection remains the primary treatment modality, offering a potential cure
when complete tumor removal is achieved (Wisoft et al., 2011). However,
for patients with unresectable or recurrent tumors, chemotherapy has
traditionally been used, albeit with a modest 5-year progression-free sur-
vival rate of approximately 45-55 % (Fangusaro et al., 2023). The advent of
targeted therapies offers a potential paradigm shift, focusing not only on the
reduction of cytotoxic exposure but also on the preservation of neuro-
cognitive function and quality of life.

Central to advancing treatment options for pLGGs is the focus on
targeting the hyperactivation of the Ras-MAPK pathway. This focus has
yielded significant progress with RAF and MEK inhibitors, many of which
have received FDA approval or are undergoing clinical evaluation. For
example, selumetinib, a selective small molecule inhibitor, was tested in a
phase 2 trial through the Pediatric Brain Tumor consortium (PBTC) and
achieved a 24 % partial response rate, with 56 % of patients experiencing
prolonged stable disease in cases of sporadic optic pathway gliomas (OPG)
and hypothalamic LGGs (Fangusaro et al., 2021).

Type 1 RAF (BRAF) inhibitors, such as dabrafenib and vemurafenib,
have been extensively studied in pLGGs harboring BRAF V600E muta-
tions. The Pediatric Neuro-Oncology Consortium (PNOC) conducted a
Phase 1/2 trial to assess vemurafenib, which showed early signs of safety
and potential efficacy as a monotherapy, with radiographic outcomes
indicating one complete response, five partial responses, and thirteen
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instances of stable disease among patients (Nicolaides et al., 2020). The
ongoing Phase 2 study aims to provide a more comprehensive assessment of
the objective response rate.

Conversely, dabrafenib, when combined with the MEK inhibitor tra-
metinib, has shown significantly improved outcomes in BRAF V600E
mutant pLGGs (Wahid et al., 2024). In a Phase 2 study, this combination
therapy achieved a response rate of 47 % and a 1-year progression-free
survival rate of 67 %, substantially outperforming standard chemotherapy
regimens (Bouffet et al., 2023). These results led to the FDA’s approval of
this combination as a first-line treatment for pediatric patients with pLGGs
and a BRAF V600E mutation, representing a major advancement in
therapeutic options for this patient population.

Further expanding the arsenal of targeted therapies, tovorafenib, an
oral, selective, CNS-penetrant type II RAF inhibitor, was recently
FDA-approved for use in patients aged six months and older with
relapsed or refractory pLGGs harboring a BRAF fusion, rearrangement,
or BRAF V600 mutation. This approval was based on results from the
Phase 2 FIREFLY-1 (PNOCO026; NCT04775485) trial, which showed a
median progression-free survival of 13.8 months and a median duration
of response of 16.6 months according to Response Assessment in
Pediatric Neuro-Oncology “RAPNO” criteria (Kilburn et al., 2024).
The ongoing FIREFLY-2 (NCT05566795) Phase 3 trial is currently
evaluating tovorafenib in the upfront setting for pLGG. There is a
European study, LOGGIC, examining the outcomes for vincristine/
carboplatin vs. vinblastine vs. tovorafenib for initial therapy of LGG as
well (NCT05566795).

In contrast, the effectiveness of targeted therapy for HGGs in pediatric
patients has been limited. The current standard treatment for newly
diagnosed patients involves maximal surgical resection followed by focal
radiotherapy for those aged three years and older, along with che-
motherapy. However, the overall response rates (ORRs) are less than
20 %, and the 5-year survival rates are dismal, highlighting the urgent need
for advancements to improve outcomes in these tumors (Erker et al., 2024;
Yoel et al., 2024).

The BRAF V600E mutation is found in approximately 5-10 % of
pediatric HGGs (Mackay et al., 2017). While its prognostic significance
remains uncertain, this mutation is predominantly observed in favorable
histologic subtypes of pediatric HGG (Nobre & Bouftet, 2022). A Phase 11
study using dabrafenib and trametinib at recurrence demonstrated an ORR
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of 56.1 %, with a median duration of response of 22.2 months. The median
progression-free survival (PFS) and overall survival (OS) were 9 months
and 32.8 months, respectively (Hargrave et al., 2023).

Moreover, in a retrospective multi-institutional review found that using
BRAF inhibitors, with or without MEK inhibitors, in BRAF V600E
mutant HGGs, significantly improved PES and OS, compared to historical
cohorts, suggesting the advantage of employing small-molecule targeted
inhibitors as upfront therapy (Rosenberg et al., 2022). The Children’s
Oncology Group (COG) is currently investigating this approach by eval-
uating BRAF and MEK inhibitors as adjuvant therapy following radiation
for pediatric BRAF-mutant HGG (NCT03919071).

The involvement of the MAPK signaling pathogenesis in the tumor-
igenesis of ACPs is currently being evaluated in multiple clinical trials using
tovorafenib (NCT05465174/PNOC029), and Binimetinib (NCT05286788/
CONNECT2108).

3.1.2 PI3K/mTOR inhibitors

The PI3K/mTOR signaling pathway is critically involved in the pathogenesis
pLGGs and pHGGs, where it governs key processes of cellular growth and
proliferation. Activation of cell surface receptors by ligands such as growth
factors or cytokines triggers the recruitment of PI3K to the cell membrane,
resulting in the accumulation of phosphatidylinositol-3,4,5-bisphosphate
(PIP3). This cascade leads to the phosphorylation and activation of the serine/
threonine kinase Akt. Akt then inhibits the tuberin-hamartin (TSC) complex,
effectively lifting the inhibition on mTOR and promoting cellular pro-
liferation and survival (Rogers et al., 2017; Siegel et al., 2025).

Therapeutic strategies frequently target the PI3K or mTOR components,
particularly in conditions like tuberous sclerosis complex (TSC)—an autosomal
dominant disorder that predisposes individuals to tumor development in
multiple organs, including the brain, heart, kidneys, skin, and retina.
Subependymal giant cell astrocytoma (SEGA) is a type of LGG that occurs in
approximately 15 % of TSC patients, often forming near the foramen of Monro
and potentially leading to obstructive hydrocephalus. Historically, surgical
resection was the primary mode of therapy (Man et al., 2024). However, the
mTOR inhibitor everolimus has been approved by the FDA based on the
pivotal phase 3 EXIST trials, which reported a greater than 50 % reduction in
SEGA volume in the treatment group compared to none in the placebo group,
with a favorable safety profile (Curatolo et al., 2018; Franz et al., 2014; Franz
et al.,, 2013; Franz et al., 2016; Franz et al., 2006; J6Zwiak et al., 2016).
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In contrast, similar efficacy has not been observed in non-TSC pLGGs.
A phase 2 trial of everolimus monotherapy for recurrent or progressive
pediatric LGG showed a partial response in only 13 % of patients (Wright
et al.,, 2021). Furthermore, another study demonstrated no significant
correlation between PI3K/mTOR pathway activation and treatment
response (Haas-Kogan et al., 2023). Low response rates were also observed
in trials involving recurrent NF1-associated LGG treated with everolimus
(Ullrich et al., 2020).

Pre-clinical studies have shown that combining mTOR inhibitors with
agents like the MEK inhibitor trametinib and carboplatin may have syner-
gistic effects (Arnold et al., 2020). An ongoing phase 1 study (PNOC-021,
NCT04485559) is evaluating the combination of trametinib and everolimus
in recurrent gliomas, exploring the interaction between the MAPK and
PI3K/mTOR pathways for potential combination therapies.

Alterations in the PI3K/mTOR pathway, such as AKT and PIK3CA
mutations or PTEN loss, have been identified in H3K27-altered diffuse
midline glioma (Duchatel et al., 2024; Mackay et al., 2017). Samotolisib, an
ATP-competitive inhibitor of PI3K isoforms, mTOR, and DNA-PK, was
tested in pediatric patients with these genetic alterations but showed no
significant antitumor activity as a single agent, suggesting the need for
combination approaches (Laetsch et al., 2024).

Paxalisib, another novel CNS-penetrant PI3K/mTOR inhibitor, has
demonstrated efficacy in preclinical models of diftuse midline glioma when
used with other agents (Jackson et al., 2023; Wen et al., 2020). It is part of
an ongoing clinical trial (PNOC022/NCT05009992) with ONC201, an
oral ClpP agonist. In this trial, patients aged 2—39 years were enrolled pre-
radiation, post-radiation, or at progression. They received ONC201 and
paxalisib, with pharmacokinetic and biologic samples collected. Results
indicate that the combination is generally well-tolerated. The median
overall survival (OS) from diagnosis is 13.2 months for pre-radiation
patients, 15.8 months for those post-radiation, and 8.8 months for those at
progression, with further analyses of pharmacokinetics, circulating tumor
DNA, metabolic signatures, survival, and tumor response underway (Kline
et al., 2024).

3.1.3 Receptor tyrosine kinase inhibitors

Receptor tyrosine kinases (RTKs) are essential components of cellular
signaling, acting as transmembrane glycoproteins that mediate commu-
nication between the extracellular environment and intracellular pathways.
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These receptors are activated upon binding with specific extracellular
ligands, such as growth factors, hormones, cytokines, and neurotrophic
factors (De Meyts, 2015; Tomuleasa et al., 2024). This binding induces
dimerization of the RTKs, leading to autophosphorylation of specific
tyrosine residues within their cytoplasmic domains. This phosphorylation
event is crucial as it creates docking sites for a variety of intracellular sig-
naling proteins, effectively initiating a cascade of downstream signaling
pathways (Sun et al., 2016; Yao et al., 2017). The RAS/MAPK/ERK and
PI3K/AKT pathways are among the primary pathways activated by RTKs,
playing significant roles in cell proliferation, differentiation, survival, and
metabolism (Tomuleasa et al., 2024; Xu & Huang, 2010).

The structural diversity of RTKs allows them to be classified into
distinct subfamilies, including the epidermal growth factor receptor
(EGFR), platelet-derived growth factor receptor (PDGFR), fibroblast
growth factor receptor (FGFR), and others. Each subfamily is characterized
by unique ligand specificities and structural motifs that determine their
functional roles in various physiological processes (Du & Lovly, 2018;
Lemmon & Schlessinger, 2010; Pulivarthi et al., 2023). Dysregulation of
RTK signaling is 2 common feature in many cancers, including pediatric
brain tumors, where it contributes to tumorigenesis and disease progres-
sion. This dysregulation often results from mutations, amplifications, or
overexpression of RTKs, leading to continuous activation of signaling
pathways that promote uncontrolled cell growth and survival (Bache et al.,
2004; Saraon et al., 2021).

Alterations in RTK family members, alongside histone mutations,
represent a significant area of focus in pHGG, often exhibiting amplifica-
tion of the platelet-derived growth factor receptor A (PDGFRA)-driven
signaling, while adult high-grade gliomas (HGG) often exhibit over-
expression of EGFR (Bredel et al., 1999; Paugh et al., 2011; Paugh et al.,
2010). This amplification of PDGFRA leads to the activation of the PI3K/
mTOR or MAPK signaling pathways, which are pathways linked to poor
prognoses in these pediatric tumors (Koschmann et al., 2016; Paugh et al.,
2013; Zhang et al., 2007). Consequently, RTKs are considered promising
therapeutic targets, with ongoing research aimed at developing inhibitors
that can effectively disrupt these aberrant signaling pathways.

3.1.3.1 PDGFR inhibitors
Dasatinib has emerged as a promising PDGFRA inhibitor, especially in
pHGG with PDGFRA amplification. In vitro studies utilizing cell lines
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from young patients have demonstrated robust growth-inhibitory effects,
with IC50 values in the nanomolar range. While its effectiveness is reduced
in models lacking receptor amplification, dasatinib’s moderate ability to
penetrate the blood-brain barrier and its potent inhibition of PDGFR
signaling make it a viable option for treating pHGGs with PDGF pathway
alterations (Koschmann et al., 2016; Ravi et al.,, 2021; Schwark et al.,
2022). Additionally, dasatinib has shown synergistic effects when combined
with therapies such as the mTOR inhibitor everolimus, resulting in
extended survival in preclinical studies and improved outcomes in small
clinical cohorts (Miklja et al., 2020).

Avapritinib, a selective inhibitor of both wild-type and mutant
PDGEFRA, is specifically designed to target activation loop mutations like
PDGFRA D842V, and it exhibits higher specificity for PDGFRA and KIT
compared to dasatinib (Evans et al., 2017). Approved in the United States
for adults with unresectable or metastatic gastrointestinal stromal tumors
(GIST) harboring PDGFRA exon 18 mutations and advanced systemic
mastocytosis (Chi et al., 2021), avapritinib’s excellent central nervous
system penetration makes it a promising candidate for pHGG treatment.
Both preclinical and clinical experiences have demonstrated significant
tumor growth reduction and enhanced survival (Mayr et al., 2023; Trissal
et al.,, 2023), which has led to the initiation of the ROVER phase 1/2
multicenter, open-label trial (NCT04773782). The study is currently
evaluating the safety, pharmacokinetics, and efficacy of avapritinib in
pediatric patients aged 2 to under 18 years with relapsed or refractory
tumors driven by KIT or PDGFRA signaling, including H3K27M-mutant
gliomas (Abbou et al., 2024; Chi et al., 2021; Koschmann et al., 2023).

3.1.3.2 EGFR inhibitors

EGFR is a pivotal member of the ErbB family of TKRs, playing a sig-
nificant role in regulating essential cellular activities such as migration,
differentiation, and proliferation (Sievers et al, 2021; Wells, 1999).
Mutations and amplifications in the EGFR gene are frequently observed in
a variety of tumors, including glioblastoma multiforme (GBM) and
bithalamic and other midline pHGGs, and significantly dictate the effec-
tiveness of EGFR inhibitors (Mondal et al., 2020).

A major challenge in treating brain tumors with EGFR inhibitors is
ensuring adequate penetration of the CNS. First-generation tyrosine kinase
inhibitors (TKIs) such as gefitinib and erlotinib have demonstrated limited
success due to their poor CNS penetration did not significantly enhance
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survival rates compared to historical controls. Despite promising preclinical
results, second-generation inhibitors also failed to yield significant clinical
benefits (Fouladi et al., 2013; Macy et al., 2017; Mayr et al., 2025; Pollack
etal, 2011; Qaddoumi et al., 2014). However, third-generation inhibitors
like osimertinib have shown enhanced CNS penetration (Ballard et al.,
2016), leading to exploration of osimertinib in pHGG, showing potential
benefits, notably those with EGFR exon 20 insertions, demonstrating
slower disease progression (Mondal et al., 2020). Furthermore, recent
research underscores EGFR’s role in cancer metabolism, revealing that
EGFR mutations can influence metabolic pathways, thereby contributing
to tumor resistance against metabolic drugs (He et al., 2021). This insight
suggests that combining EGFR inhibitors with metabolic modulators
might provide a novel strategy for overcoming resistance in brain tumors
(Schwark et al., 2022).

3.1.3.3 FGFR inhibitors

Fibroblast growth factor receptors (FGFRs 1-4) are frequently pediatric
gliomas, with FGFR 1 being the most frequent alteration and the focus of
targeted therapeutic strategies (Parker et al., 2014; Porta et al., 2017). The
pan-FGFR inhibitor erdafitinib has shown promising preclinical and
clinical activity in gliomas harboring FGFR mutations. In phase II trial
involving solid tumors, including pediatric gliomas, erdafitinib elicited
partial responses (Lee et al., 2023; Witt et al., 2024). Nevertheless, the
efficacy of FGFR inhibitors can be compromised by cancer cells’ ability to
develop resistance through alternative mutations or signaling pathways,
prompting the inclusion of patients with FGFR mutations or fusions in
MEK:i trials based on MAPK pathway upregulation (Szymeczyk et al., 2021;
Vanan et al., 2023).

The selective FGFR inhibitor Debio1347 was investigated in a case
series involving five glioma patients (three with pLGG and two with
pHGG), where two patients (one with pLGG and one with pHGG)
experienced sustained partial responses. However, the treatment raised
concerns regarding toxicity, particularly skeletal issues such as increased
linear growth velocity and joint complications in skeletally immature
patients, as well as metabolic side effects (Farouk Sait et al., 2021).

Multi-kinase inhibitors like ponatinib and lenvatinib, although not
exclusively specific to FGFR, have demonstrated the potential to inhibit
FGFR pathways involved in tumor development. Ponatinib, known for its
CNS penetration (Ravi et al., 2021), exhibited antiproliferative effects in
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vitro and has been used oft-trial for individual cases with FGFR -activating
mutations (Linzey et al., 2017; Schwark et al., 2022; Vanan et al., 2023).
However, ponatinib did not demonstrate significant clinical efficacy in
adult GBM (Lee et al., 2019).

3.1.3.4 NTRK inhibitors

Neurotrophic tropomyosin receptor kinase (NTRK) gene fusions are
implicated in the constitutive activation of TRK receptors, driving
tumorigenesis in various gliomas (Gambella et al., 2020). NTRK fusions
are particularly common in pediatric gliomas, notably up to 40 % of infant
high-grade gliomas (Lang et al., 2022; Moreira et al., 2024). NTRK
inhibitors have emerged as a promising class of targeted therapies for
pediatric CNS tumors with NTRK gene fusions.

The first-generation multi-kinase inhibitor, entrectinib, exhibits efficacy
against NTRK, ALK, and ROS1 fusions, making it well-suited for the
treatment of infant HGG. In early-phase clinical trials, entrectinib demon-
strated rapid and durable responses in CNS tumors harboring NTRK fusions
(Desai et al., 2022; Robinson et al., 2020; Robinson et al., 2019). These
findings led to the FDA accelerated approval of entrectinib for pediatric
patients with NTRK fusion-positive tumors in 2019 (Blauel & Laetsch, 2022).

Larotrectinib, another first-generation inhibitor with high selectivity for
NTRK, has shown substantial antitumor activity as well as the ability to
penetrate the CNS. In the SCOUT and NAVIGATE clinical trials, laro-
trectinib achieved tumor reduction ranging 75-80 % of patients and is
currently being evaluated in the upfront treatment for newly diagnosed
pHGGs with NTRK fusions (NCT04655404, NCT02637687) (Doz et al.,
2022; Hong et al., 2020; Laetsch et al., 2018).

Resistance to these inhibitors frequently arises due to “on-target”
mutations within the kinase domain, hindering drug binding. Second-
generation inhibitors like selitrectinib and repotrectinib are being explored
in such settings. Additionally, resistance may involve “oft-target”
mechanisms, particularly the activation of the MAPK pathway, indicating
that the combination of NTRK inhibitors with MEK inhibitors could
provide therapeutic advantages (Blauel & Laetsch, 2022; Cocco et al.,
2019; Drilon, 2019; Shulman & DuBois, 2020).

3.1.3.5 MET inhibitors
The Mesenchymal-epithelial transition (MET) receptor, involved in cel-
lular growth and angiogenesis, is frequently altered in gliomas, correlating
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with adverse clinical outcomes (Schwark et al., 2022; Siegel et al., 2025).
While capmatinib demonstrated limited activity in adult GBM trials (van
den Bent et al., 2020), the MET inhibitor bozitinib (PLB-1001) was tested
in 18 recruited pHGG patients, with two showing partial responses and an
overall median progression-free survival (PFS) of 3 months (Hu et al.,
2018). Crizotinib is being investigated in combination with other ther-
apeutic modalities, such as temozolomide and radiotherapy for newly
diagnosed GBM (NCT02270034), and with dasatinib in pHGGs, including
DIPG (NCT01644773) (Gibson et al., 2021). Although both clinical trials
have been completed, the findings have not yet been available. None-
theless, in a phase I trial involving 25 recurrent pHGG patients, crizotinib,
combined with dasatinib, resulted in frequent dose-limiting toxicities and
no objective radiologic responses (Broniscer et al., 2018). These findings
underscore the need for further exploration of combination therapies to
enhance the efficacy of MET inhibitors in glioma treatment.

3.1.3.6 VEGF inhibitors

Vascular endothelial growth factor (VEGF) is a critical mediator of
angiogenesis in high-grade gliomas, and as such, VEGF inhibitors have
been extensively researched for their ability to disrupt tumor angiogenesis
(Kaur & Roy, 2024). Bevacizumab, a monoclonal antibody targeting
VEGTF, is widely utilized in pediatric CNS tumors, particularly in pLGGs
and optic pathway gliomas. In these contexts, bevacizumab, either as
monotherapy or in combination with irinotecan, has demonstrated sus-
tained radiographic responses and improvements in visual acuity (Couec
et al., 2012; Gururangan et al., 2013; Packer et al., 2009).

In neurofibromatosis type 2 (NF-2)-associated vestibular schwannoma,
bevacizumab has demonstrated potential benefits, including improved
auditory function and disease stabilization. However, further studies are
required to optimize its dosing regimen and therapeutic strategies (Lu et al.,
2019; Plotkin et al., 2009; Tops et al., 2025).

Bevacizumab has also been investigated in adult and pediatric HGGs with
mixed results. Bevacizumab has demonstrated improved PFS in GBM but has
not overall survival when used as monotherapy (Kaka et al., 2019). In chil-
dren, The HERBY trial, which included non-brainstem WHO grade III or
IV gliomas, reported no difference in event-free survival (EFS) with the
addition of bevacizumab to standard treatment. Nevertheless, improved EFS
was observed in tumors with high CD8+ lymphocytic infiltration, suggesting
a potential biomarker for bevacizumab responsiveness (Grill et al., 2018;
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Fig. 1 Diagram illustrating the MAPK, mTOR, and RTK cellular signaling pathways,
highlighting targets for therapeutic intervention.

Mackay et al., 2018). Similarly, the combination of bevacizumab with iri-
notecan in pHGGs did not yield additional benefits (Gururangan et al., 2010).

Other VEGFR inhibitors, such as cediranib, have had limited success in
clinical trials, underscoring the necessity for developing more effective
therapeutic approaches (Batchelor et al., 2013).

In summary, while RTK inhibitors offer a promising avenue for glioma
treatment, challenges such as CNS penetration and resistance mechanisms
persist. Ongoing research 1s crucial to enhance the efficacy of these therapies
and improve patient outcomes in both pediatric and adult populations. Fig. 1
outlines the MAPK, mTOR, and RTK cellular signaling pathways, empha-
sizing the key targets for therapeutic intervention.

3.2 Epigenetic alterations and inhibitors

Epigenetic modifications, which modulate gene expression without altering
the DNA sequence, play a pivotal role in cancer development. These mod-
ifications encompass DINA methylation, histone acetylation, ubiquitinylation,
demethylation, deacetylation, and the involvement of non-coding RINAs
(Alencastro Veiga Cruzeiro et al., 2021; Lu et al., 2020). Fig. 2 illustrates the
diverse epigenetic mechanisms present in pediatric brain tumors.
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Fig. 2 Diagram illustrating the epigenetic modifications in pediatric brain tumors.

Post-translational modifications of histones influence gene expression
by modifying chromatin structure, either condensing it to suppress tran-
scription or relaxing it to facilitate transcription, thereby providing a
reversible mechanism of gene regulation (Skouras et al., 2023). For
example, mutations such as H3F3A p.K27M and p.G34R alter histone
methylation patterns, contributing to oncogenesis (Sun et al., 2020).

In medulloblastoma, epigenetic modifications are pivotal in the differ-
entiation of subtypes. Specifically, groups 3 and 4 are characterized by the
overexpression of EZH2, an increase in H3K27me3, and a reduction in
H3K4 methylation. Additionally, the regulation of the WINT pathway and
the epigenetic function of SHH in activating bivalent genes are noteworthy
(Roussel & Stripay, 2018).

Aberrant epigenetic regulation plays a crucial role in the pathogenesis of
atypical teratoid rhabdoid tumors (ATRT), primarily through the inactivation
of the SMARCB1 gene, a key component of the mSWI/SNF chromatin-
remodeling complex. This inactivation disrupts normal neural differentiation
by altering chromatin structure and gene expression, contributing to the
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tumor’s development and highlighting potential therapeutic targets, such as
DNA methylation and histone modification pathways (Huhtala et al., 2024).

Ependymomas exhibit distinct epigenetic changes, such as elevated
global H3K4me3 levels linked with oncogenes like Cyclin D1 (CCND1)
and Erb-B2 Receptor Tyrosine Kinase 2 (ERBB2), which contribute to
therapeutic resistance (Lewis et al., 2019; Skouras et al., 2023). In supra-
tentorial ependymomas, the ZFTA-RELA fusion protein acts within the
permissive epigenetic landscape of radial glial cells to maintain oncogenic
transcriptional programs. Meanwhile, posterior fossa ependymomas are
characterized by EZHIP overexpression, leading to a decrease in the
repressive H3K27me3 mark, thereby promoting tumorigenesis through
altered metabolic and transcriptional pathways (Kardian & Mack, 2024).

EZH2, a component of the Polycomb Repressive Complex 2, is
involved in H3K?27 trimethylation, a marker of gene repression. Inhibiting
EZH2 can disrupt these repressive marks, potentially reactivating tumor
suppressor genes and inhibiting tumor growth (Sneeringer et al., 2010).
This strategy is promising in tumors like atypical teratoid tumors and
rhabdoid tumors, where EZH2 dysregulation plays a role. Tazemetostat, an
FDA-approved EZH2 inhibitor for epithelioid sarcoma and follicular
lymphoma, reduces H3K27me3 levels and reactivates tumor-suppressing
genes (Straining & Eighmy, 2022). In the NCI-COG pediatric MATCH
APEC1621C study, tazemetostat was used for tumors with SMARCB1 or
SMARCA4 loss, demonstrating stable disease in one ATRT patient,
although no objective tumor shrinkage was observed (Chi et al., 2023).
Similarly, 3-Deazaneplanocin A (DZNep) degrades PRC2 complex pro-
teins and reduces H3K27 trimethylation. In PFA- ependymoma models,
DZNep treatment led to decreased EZH2 expression and improved sur-
vival (Mack et al., 2014).

Histone deacetylases (HDACsS) are enzymes that catalyze the removal of
acetyl groups from histone proteins, leading to chromatin condensation and
subsequent gene silencing. By inhibiting HDACs, chromatin structure can
be relaxed, facilitating gene activation. HDAC inhibitors (HDACis) such as
panobinostat and vorinostat have been studied for their therapeutic
potential in CNS tumors (Perla et al., 2020). In preclinical models,
panobinostat demonstrated efficacy by reducing tumor proliferation and
enhancing survival rates. However, in a phase 1 clinical trial (PBTC-047,
NCT02717455), the tolerability of panobinostat in pediatric patients with
diffuse midline glioma (DMG) and diffuse intrinsic pontine glioma (DIPG)
was limited, with significant myelosuppression as the primary dose-limiting
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toxicity, which impeded drug administration and dose escalation. Fur-
thermore, the trial did not report any significant clinical benefits (Monje
et al., 2023). The limited penetration of the blood-brain barrier also posed
a considerable obstacle. The phase 1 targeted validation study (PNOCO015;
NCT03566199) explored the feasibility of using convection-enhanced
delivery (CED) to administer panobinostat directly to DIPG tumors.
Although the study demonstrated the technical feasibility of this delivery
method, efficacy results were inconclusive due to the small sample size and
challenges related to drug distribution within the tumor (Mueller et al.,
2023). Nonetheless, panobinostat (Farydak) was withdrawn from the
United States market in March 2022, after its approval was revoked.

Fimepinostat is a novel oral agent that functions as a potent dual
inhibitor of both pan-HDAC and PI3K. In the target validation study
PNOCO016, it demonstrated the ability to penetrate the blood-brain barrier
in pediatric patients with CNS tumors. Intratumoral levels of fimepinostat
or its metabolites were detectable in most patients. The drug was generally
well-tolerated, with myelosuppression being the most common adverse
effect, occurring in approximately one-third of patients (Kline et al., 2024).
Further analyses are ongoing, including pharmacodynamic correlation,
survival analyses, and circulating tumor DNA evaluation.

Vorinostat, an HDAC inhibitor, has been evaluated in multiple phase
I clinical trials. In one study (NCT01076530), vorinostat was combined
with temozolomide, showing tolerability and resulting in a partial
response in a patient with ependymoma, and stable disease in cases of
ependymoma, ganglioglioma, and high-grade glioma (Hummel et al.,
2013). Conversely, another phase I trial (NCT03893487) combining
vorinostat with bortezomib did not yield any objective tumor responses
(Muscal et al., 2013). Recently, PBTC-026 (NCT00867178) assessed
the feasibility and safety of adding vorinostat and isotretinoin to an
intensive chemotherapy regimen for newly diagnosed embryonal
tumors, demonstrating that this combination was well-tolerated and
feasible, with a five-year progression-free survival of 55 % and overall
survival of 61 %. Molecular characterization offered additional prog-
nostic insights, especially for high-risk groups such as group 3 medul-
loblastoma, indicating the need for further research into the efficacy of
these novel agents (Leary et al., 2022). Despite these varied outcomes,
HDAC inhibitors continue to be a significant area of research due to
their potential to target epigenetic modifications in cancer.
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Bromodomain and Extra Terminal (BET) inhibitors, such as JQ1 and
I-BET151, have demonstrated significant efficacy in inhibiting bromodo-
main interactions with acetylated lysine residues. These compounds have
shown potential in preclinical models by effectively crossing the blood-
brain barrier, reducing histone H3 lysine 27 acetylation (H3K27ac) levels,
promoting cellular differentiation, and decreasing tumor growth in DIPG
and medulloblastoma (Groves et al., 2022). Currently, a pediatric clinical
trial (NCT03936465) is underway to evaluate two BET inhibitors, BMS-
986158 and BMS-986378 (CC-90010), aiming to establish recommended
phase II dosing and assess safety in patients under 21 years of age with
relapsed or refractory solid tumors, lymphomas, or central nervous system
tumors. These inhibitors are being explored for their potential broader
application in the treatment of pediatric solid tumors.

ONC201 (Dordaviprone), a small molecule initially identified for its
potential in targeting dopamine receptor D2, has garnered significant
attention over the past decade as a possible treatment for diffuse midline
glioma (DMG), particularly in cases with the H3K27M mutation. This
mutation disrupts the normal trimethylation of histone H3, promoting
oncogenic signaling. ONC201’s mechanism of action includes upregu-
lating the TNF-related apoptosis inducing ligand (TRAIL) pathway,
inducing apoptosis through inhibition of Akt and MEK pathways, and
more recently, disrupting the TCA cycle within mitochondria. This dis-
ruption inhibits histone lysine demethylases, leading to an increase in
genomic H3K27me3, which may counteract the eftects of the H3K27M
mutation (Hansford et al., 2024; Venneti et al., 2023).

Clinical exploration of ONC201 began with anecdotal reports and early
phase studies suggesting its potential efficacy in DMG, particularly in
patients with the H3K27M mutation(Chi et al., 2017). A notable case from
a phase II trial in 2016 highlighted a partial response in a young adult with
recurrent glioblastoma, sparking interest in its application for DMG.
Subsequent studies, including a phase I pediatric trial involving 22 patients,
reported median progression-free survival (PES) of 20.4 weeks and overall
survival (OS) of 53.8 weeks in non-recurrent cases, although these results
were confounded by prior radiotherapy treatments (Gardner et al., 2022).
Venneti et al.,, pooled data from ONC201-014 (NCT03416530) and
ONC201-018 (NCT03134131), indicated improved outcomes compared
to historical controls (Venneti et al., 2023). Ongoing studies, including
PNOC022 (NCT05009992) (Kline et al., 2024) and the international
phase 3 ACTION trial (NCT05580562), a randomized, double-blind,
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placebo-controlled, parallel-group study (Arrillaga-Romany et al., 2024),
will be crucial to determining the drug’s true efficacy and safety profile,
amidst a backdrop of high patient and family hopes for a breakthrough in
DMG treatment.

3.3 Cell-cycle alterations and inhibitors

Cyclin-dependent kinases (CDKs), particularly CDK4 and CDKS6, are
pivotal in cell cycle regulation, facilitating the G1 to S phase transition
through phosphorylation of the retinoblastoma protein (Rb). These kinases
are negatively regulated by the tumor suppressor protein P16, encoded by
the CDKN2A gene, which induces G1 cell cycle arrest. Homozygous
deletions of CDKN2A lead to unchecked CDK4/6 activity, promoting
unregulated cell division and contributing to oncogenesis in cancers such as
BRAF V600E gliomas and IDH-wildtype high-grade gliomas (HGGs).
These deletions correlate with poorer clinical outcomes, serving as inde-
pendent adverse prognostic markers in V60OE-mutant pediatric low-grade
gliomas (pLGG) (Mills et al., 2017; Ruyall et al., 2020).

CDK4/6 inhibitors, including palbociclib, ribociclib, and abemaciclib,
are small-molecule agents that mimic P16’s function, inducing cell cycle
arrest by targeting the dysregulated CDK4/6 pathways prevalent in cancers
(Mills et al., 2017). Palbociclib has exhibited antitumor efficacy in pre-
clinical models of pediatric brain tumors, such as brainstem gliomas and
astrocytomas harboring specific mutations, and is under clinical investiga-
tion for Rb-positive central nervous system (CNS) tumors (Barton et al.,
2013). A phase I trial (PBTC-042) assessing palbociclib in pediatric patients
with progressive or refractory brain tumors found the drug to be well-
tolerated, with myelosuppression, particularly grade 3/4 neutropenia and
leukopenia, as the primary dose-limiting toxicities. However, despite its
safety profile, the trial did not observe any objective responses, highlighting
limited efficacy as a monotherapy in this setting (Van Mater et al., 2021).

Ribociclib, known for its effective CNS penetration, was also well-
tolerated in a phase I/1I clinical trials pHGG, DIPG, and refractory CNS
tumors, yet did not yield significant clinical benefits, potentially due to cell-
cycle reactivation following drug cessation (DeWire et al., 2020; Geoerger
et al.,, 2017). This outcome has spurred investigations into combination
therapies (NCT03355794), combining ribociclib with everolimus, which
demonstrated therapeutic concentrations in CSF and tumor tissues
(DeWire et al., 2022; DeWire et al., 2021). The ongoing Phase II TarGeT-
A trial (NCT05843253) further explores these combinatorial approaches.



386 Margaret Shatara et al.

Abemaciclib’s blood-brain barrier permeability making it a viable candidate
for treating DIPG and other malignant brain tumors (Liang et al., 2020).

Beyond CDK inhibitors, aurora kinase inhibitors like AT9283 and
alisertib are being evaluated for their potential in targeting mitosis-related
aurora kinases, with preclinical studies indicating potential benefits for
pediatric brain tumors. Alisertib has demonstrated efficacy in neuro-
blastoma and rhabdoid tumor models (Venkataraman et al., 2012).
However, a phase II trial involving pediatric patients with refractory or
recurrent solid tumors and acute leukemias revealed a limited objective
response rate of less than 5%, despite achieving target pharmacokinetic
concentrations and demonstrating tolerability (Mossé et al., 2019).
Moreover, Weel kinase inhibitors, such as AZD1775, are being inves-
tigated to enhance cancer cell sensitivity to DNA-damaging agents by
disrupting the G2/M checkpoint, with current studies focusing on their
combination with radiation therapy for DIPG (Mueller, Cooney, et al.,
2022; Mueller et al., 2014).

3.4 SHH alterations and inhibitors

The Hedgehog/Glioma-associated oncogene homolog (HH/GLI)
pathway is crucial for various processes during embryonic development,
such as cerebellar maturation and tissue regeneration. Sonic hedgehog
(SHH), a key component of this pathway, is vital for normal cerebellar
development (Carballo et al., 2018). However, its constitutive activation
can lead to tumorigenesis. The Hedgehog pathway involves the trans-
membrane receptor PATCH (PTCH1), which, when bound, releases its
inhibition of smoothened (SMO), a protein that activates downstream
pathways by binding to the suppressor of fused (SUFU). This induces the
nuclear translocation of activators Glil and Gli2, and a repressor Gli3,
regulating the expression of targets like Cyclin D and MYC involved in
cell survival, proliferation, and differentiation. Mutations in this pathway
drive the initiation and progression of the SHH subtype of medullo-
blastoma and other solid tumors, leading to the development of targeted
therapies against SHH, SMO, and Gli proteins (Siegel et al., 2025; Wireko
et al., 2024).

SMO inhibitors, including vismodegib and sonidegib, have been
extensively researched. Vismodegib, the most prevalent SMO inhibitor,
has demonstrated limited efficacy in SHH-activated medulloblastoma,
particularly in patients with PTCH1 mutations. In a phase I trial (PBTC-
025, NCT00822458), vismodegib elicited a tumor response in 1 of 3 of
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patients with recurrent or refractory SHH-MB, although this was short-
lived (Gajjar et al., 2013). In two phase II trials evaluating the efficacy of
vismodegib in recurrent medulloblastoma (PBTC-025B and PBTC-032),
three adult patients with SHH-subgroup medulloblastoma (SHH-MB)
exhibited sustained objective responses, defined as a complete or partial
response maintained for at least eight weeks, while one pediatric patient
also demonstrated a sustained response; progression-free survival (PES) was
significantly longer in patients with SHH-MB compared to those with
non-SHH-MB, with genomic analysis revealing that favorable responses
were associated with PTCH1 loss of heterozygosity, whereas non-
responsiveness correlated with downstream mutations such as those in
SUFU and GLI2, highlighting the importance of genomic profiling in
predicting treatment efficacy (Robinson et al., 2015). However, resistance
due to SMO mutations and downstream alterations, combined with sig-
nificant adverse effects like irreversible growth plate fusion in young
patients, limits its use (Robinson et al., 2017). To address these issues,
alternative delivery methods, such as intraventricular administration, are
being explored to minimize systemic toxicity (Kresbach et al., 2024).

Sonidegib, a second-generation SMO inhibitor, is under phase I/11
trials for recurrent, highly metastatic SHH-amplified medulloblastoma.
Preliminary findings show a 50 % overall response rate in children with
activated SHH pathways, including four complete and one partial response
(Kieran et al., 2017). Nonetheless, resistance persists, often stemming from
SMO mutations and alternative pathway activations like PI3K/Akt/
mTOR (Buonamici et al., 2010).

Other SMO inhibitors, including HhAntag and bis-amide compounds,
have demonstrated efficacy against vismodegib-resistant SMO both in vitro
and in vivo (Slika et al., 2024). Furthermore, the strategic combination of
SMO inhibitors with other therapeutic agents, such as those targeting
downstream effectors like GLI in SMO-mutated resistant medulloblastoma,
may counteract resistance mechanisms (Slika et al., 2024).

3.5 Monoclonal antibodies and adoptive cellular
immunotherapy

The immune system has long been a pivotal component in combating

cancer, with immunotherapy experiencing substantial progress over recent

decades across various tumor types, including pediatric malignancies

(Capitini et al., 2010; Zhang & Zhang, 2020). However, the translation of

these advances to pediatric central nervous system (CNS) tumors has been
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constrained by their unique clinical, biological, and immunosuppressive
attributes, which have historically impeded the application of immu-
notherapeutics. Pediatric CNS tumors are distinguished from their adult
counterparts by unique molecular and immunological characteristics, defined
by specific oncogenic drivers and epigenetic modifications that present
potential targets for neoantigen-based vaccines (Grabovska et al., 2020).

Additionally, the tumor microenvironment (TME) in pediatric CNS
tumors is a complex and dynamic entity that significantly influences
tumorigenesis, progression, and therapeutic resistance. It is characterized by a
high concentration of immunosuppressive cytokines such as transforming
growth factor-beta (TGF-P) and interleukin-10 (IL-10), which augment
regulatory T cell (Treg) function and suppress effector T cell activity, thereby
establishing an immunosuppressive niche that impedes effective antitumor
immune responses. The TME also comprises a heterogeneous population of
immune cells, such as myeloid-derived suppressor cells (MDSCs) and M2-
polarized macrophages, which contribute to immune evasion, whereas
antigen-presenting cells such as dendritic cells and M1-polarized macro-
phages, which facilitate antitumor immunity, are often deficient (Yao et al.,
2023). Moreover, the tumor stroma and aberrant vasculature play critical
roles in modulating immune cell infiltration and spatial distribution,
potentially inducing hypoxic conditions that favor immune escape
mechanisms. The antigenic landscape of the TME is shaped by distinct
genetic and epigenetic alterations, providing opportunities for targeted
immunotherapy via neoantigen expression (Wu et al., 2024). Furthermore,
the expression of immune checkpoint molecules, notably programmed
death-ligand 1 (PD-L1), is a hallmark of these tumors, contributing to
immune suppression and representing viable targets for therapeutic inter-
vention (Cui et al., 2024). The metabolic profile of the TME, influenced by
factors such as indoleamine 2,3-dioxygenase (IDO) activity, can further
impair T cell functionality, while systemic immune tolerance poses sig-
nificant barriers to the activation and trafficking of tumor-specific T cells
(Munn & Mellor, 2013). An in-depth understanding of these components is
imperative for the development of effective immunotherapeutic strategies
tailored to the unique challenges posed by pediatric CNS malignancies.

Current immunotherapeutic modalities include oncolytic viral thera-
pies, immune checkpoint inhibitors (ICls), antibody-mediated therapies,
cancer vaccines, adoptive cellular therapies. These approaches have been
applied to pediatric brain tumors with varying degrees of success, as
summarized below.
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3.5.1 Oncolytic viral therapies

Oncolytic viral therapies are gaining significant traction as innovative
cancer treatments, particularly at the intersection of biological and
immunotherapies. These therapies leverage viruses that can naturally target
cancer cells or are genetically modified to enhance their specificity for
cancer. have the unique ability to transform ‘cold’ tumors into ‘hot’ ones
by activating proinflammatory pathways within the tumor microenviron-
ment. This capability is particularly beneficial for pediatric central nervous
system (CNS) tumors, which often have low tumor mutational burdens
and minimal immune cell infiltration.

Herpes Simplex Virus (HSV) Variants: Clinical trials have investigated
two significant HSV-1 variants, HSV1716 and G207, for their potential in
treating pediatric brain tumors. HSV1716, which is engineered to lack the
neurovirulence factor ICP34.5 (Garcia-Moure et al., 2024), has shown in
preclinical studies to effectively reduce the migration and invasion of tumor
cell lines in pHGGs and DIPG models. Treatment with HSV1716
decreased the invasive growth patterns in an orthotopic xenograft DIPG
model, suggesting its potential to inhibit the typical infiltrative growth of
these tumors (Cockle et al., 2017). However, a phase I trial for pHGGs
(NCT02031965) was ended prematurely after enrolling only two patients,
and the findings have not been published. Another HSV-1 variant, G207,
which includes additional genetic modifications (Garcia-Moure et al.,
2024), was tested in a phase I trial (NCT02457845) with 12 pediatric
patients suffering from recurrent supratentorial pHGGs, demonstrating that
G207 was safe and well-tolerated. Notably, 11 out of 12 patients showed
radiographic, neuropathological, or clinical responses, achieving a median
overall survival of 12.2 months (Friedman et al., 2021). These promising
results have led to the initiation of a phase II trial to further assess G207 in
combination with radiotherapy (NCT04482933).

Adenovirus-Based Therapies: Delta-24-RGD (DNX-2401) is a mod-
ified adenovirus designed to selectively replicate in tumor cells, and it has
shown promising results in preclinical pHGG and DIPG (Martinez-Vélez
et al,, 2019), ATRT and embryonal tumors human xenograft mouse
models (Garcia-Moure et al., 2021). A phase I trial (NCT03178032) for
newly diagnosed DIPG who received a single dose of DNX-2401 followed
by standard radiotherapy, demonstrating safety and a median OS of 17.8
months, with three patients experienced long-term survival (Gillego
Pérez-Larraya et al., 2022). Another adenovirus variant, ICOVIR17K
(VCN-01), has been enhanced for tumor selectivity and viral spread,
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showing efficacy in preclinical CNS-PNET models (Garcia-Moure et al.,
2019). While clinical trials in pediatric brain tumors are yet to be con-
ducted, its preclinical success underscores its potential.

Poliovirus Chimeras (PVSRIPO), a genetically modified poliovirus, was
evaluated in a phase I trial (NCT03043391) for recurrent pHGGs. This trial
focused primarily on safety, yet it provided some indications of efficacy, with
one patient achieving long-term survival (Thompson et al., 2023). Similarly,
A phase I (PNOC-005, NCT02962167) involving the attenuated Edmon-
ston strain of the measles virus for recurrent medulloblastoma and ATRT
demonstrated the safety of administering the virus directly into the tumor
bed or subarachnoid space, as well as immunomodulation changes corre-
lating with anti-viral tumor effect (Kline et al., 2024).

Other Viruses: Additional OVs, such as the Seneca Valley Virus,
Myxoma Virus, Vaccinia Virus and Vesicular Stomatitis Virus have shown
potential in preclinical CNS tumor models due to their ability to cross the
blood-brain barrier and target tumor cells, offering further avenues for
innovative treatments (Garcia-Moure et al., 2024).

3.5.2 Immune checkpoint inhibitors

Immune checkpoint inhibitors (ICIs) are humanized monoclonal anti-
bodies designed to inhibit interactions involving PD-1, PD-L1, and
CTLA-4 on tumor and immune cells, with the goal of reactivating anti-
tumor immune responses and sustaining T cell activation. These agents
have demonstrated significant efficacy in adult cancers, such as metastatic
melanoma and non-small cell lung cancer (Melaiu et al., 2022). However,
their application in pediatric CNS tumors is limited by factors including
immune senescence, the blood-brain barrier, and low PD-L1 expression,
except in cases with mismatch-repair deficiency (Das et al., 2022; Hwang
et al., 2018).

A study by Boutftet et al. highlighted positive clinical and radiological
outcomes in hypermutated, recurrent glioblastoma multiforme (GBM)
treated with nivolumab (Bouffet et al., 2016). The NCT02992964 trial
evaluated nivolumab in pediatric patients with relapsed or refractory can-
cers characterized by high tumor mutation burden (TMB) and/or mis-
match repair deficiency (MMRD). Among the 11 patients studied, the best
overall response rate was 50 %, with delayed immune responses con-
tributing to prolonged survival, despite an initial objective response rate of
20%. The median overall survival was 23.7 months, with a two-year
survival rate of 50 %, and a median progression-free survival of 3.6 months.
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The treatment was generally well-tolerated, although some patients
experienced significant adverse effects, such as grade 3 pancreatitis (Das
et al., 2023).

Several ongoing clinical trials are exploring alternative dosing schedules,
neoadjuvant approaches, and combination therapies. For instance, the
PNOCO019 trial (NCT04323046) is examining the immunological and
systemic alterations induced by administering nivolumab as a neoadjuvant
treatment before surgical intervention. Additionally, the KEYNOTE-051
study (NCT02332668) is assessing pembrolizumab in children with
advanced melanoma or PD-L1 positive advanced, relapsed, or refractory
solid tumors or lymphoma. An interim analysis revealed an objective
response rate of 5.9 %, with partial responses in eight patients, including
one with a malignant rhabdoid tumor (Geoerger et al., 2020).

The NCT04416568 phase II trial is evaluating the combination of
nivolumab and ipilimumab in pediatric and young adult patients with
SMARCB1-deficient tumors. Although these tumors are typically muta-
tionally quiet, isolated reports suggest minimal response to ICI therapy
(Tran et al., 2023). Other studies include the use of nivolumab with
metronomic chemotherapy (NCT03585465) and a pilot study targeting
hypermutant cancers (NCT02992964). These trials aim to enhance ICI
efficacy by considering factors like tumor mutational burden and PD-L1
expression (Hwang et al., 2022).

Despite the promise of ICIs in pediatric oncology, their efficacy remains
variable, necessitating further research to optimize treatment strategies.
This includes exploring combination therapies and stratifying patients based
on molecular and immunological profiles. Overcoming challenges posed
by the blood-brain barrier and developing innovative delivery methods,
such as focused ultrasound or intratumoral administration, are critical areas
for ongoing investigation. Additionally, understanding the role of tumor
mutational burden and microsatellite instability (MSI) as biomarkers for ICI
efficacy remains a promising avenue for improving treatment outcomes
(Foster et al., 2023; Hwang et al., 2022; Zhang et al., 2024).

3.5.3 Cancer vaccines

Cancer vaccines work by harnessing the immune system to specifically
target and destroy cancer cells through recognition of tumor-associated
antigens (TAAs) or tumor-specific antigens (TSAs). These antigens are
either overexpressed in cancer cells or arise from mutations unique to these
cells, allowing the immune system to distinguish them from normal tissues



392 Margaret Shatara et al.

(Lin et al., 2022). There are several types of cancer vaccines, including
dendritic cell (DC) vaccines, peptide-based vaccines, and mRNA vaccines.
DC vaccines involve loading dendritic cells with TAAs or TSAs ex vivo,
which are then reintroduced into the patient to activate T cells, particularly
cytotoxic T lymphocytes (CTLs), that target tumor cells. Peptide-based
vaccines use short sequences of amino acids that correspond to specific
antigens, which are presented by antigen-presenting cells to stimulate an
immune response. mRINA vaccines deliver genetic instructions to cells to
produce specific antigens, mimicking a natural infection without the risk of
live pathogens. This process activates T cells, leading to the destruction of
tumor cells and the formation of memory T cells for long-term immunity
(Makker et al., 2023). Cancer vaccines aim to overcome tumor immune
evasion mechanisms and provide a specific, durable immune response with
potentially fewer side effects than traditional therapies.

Four studies have highlighted the use of autologous dendritic cells
(DCs) pulsed with tumor lysate or RNNA obtained from surgical procedures
in pediatric brain tumors (Ardon et al., 2010; Benitez-Ribas et al., 2018;
Caruso et al., 2004; Lasky et al., 2013). The combined results demonstrated
that the vaccines were generally well-tolerated, with no significant adverse
events reported. However, due to the small sample sizes and the primary
emphasis on safety, these studies were unable to provide conclusive evi-
dence on the treatment’s efficacy. In the largest cohort of the HGG-
IMMUNO trial, no patients with medulloblastoma (MB) or primitive
neuro-ectodermal tumor (PNET) survived, but there were subgroups
showing favorable responses, with seven high-grade glioma (HGG) patients
and two atypical teratoid rhabdoid tumor patients surviving up to seven
years of follow-up (Ardon et al., 2010). Currently, vaccine trials utilizing
dendritic cells are ongoing for medulloblastoma and HGG (Re-MATCH
trial; NCT01326104), HGG (ACTION trial; NCT03334305), as well as
HGG and diftuse intrinsic pontine glioma (DIPG) (ADDICT-pedGLIO,
NCT04911621).

Peptide-based vaccines are designed to stimulate immune responses by
presenting synthetic peptides that mimic specific tumor antigens. These
vaccines are often enhanced with adjuvants such as polyinosinic-poly-
cytidylic acid stabilized by lysine and carboxymethylcellulose (poly-ICLC) to
boost immune activation (Foster et al.,, 2019). In early trials involving
pediatric high-grade gliomas, vaccines targeting tumor-associated antigens
like EphA2, IL13R a2, and survivin have yielded promising results. Among
the participants, 24 out of 26 experienced disease stabilization or partial
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responses, with improved survival particularly noted in those exhibiting
pseudoprogression. Another study with patients who had relapsed high-
grade gliomas showed specific immune activation in 9 out of 10 participants,
although clinical benefits were limited, possibly due to the tumor’s immu-
nosuppressive environment (Pollack et al., 2016; Pollack et al., 2014).
PNOC conducted a trial with an H3.3K27M-specific peptide vaccine
combined with poly-ICLC for HLA-A2-restricted patients with diffuse
midline gliomas (PNOC007, NCT02960230). Although overall survival was
similar to historical controls, a subset of patients with expanded vaccine-
induced cytotoxic T cells demonstrated a median survival of over 16 months.
This study underscored the potential advantages of combining the vaccine
with anti-PD-1 therapy, as peripheral PD-1+ CD8+ T cells showed signs of
exhaustion after vaccination (Mueller, Taitt et al., 2022). Current trials
include CONNECT1906 (NCT05096481), which is evaluating a highly
immunogenic CMV-directed peptide vaccine (PEP-CMYV) in pediatric
brain tumors. Additionally, a phase I trial is assessing a peptide vaccine with
an immunoadjuvant for recurrent ependymoma (NCTO01795313), and
another trial is testing SurVaxM, which targets survivin, in various pediatric
brain tumors (NCT04978727).

RNA-based vaccines, which have garnered considerable attention
following their success during the COVID-19 pandemic, present sig-
nificant potential across diverse patient haplotypes. Unlike some peptide
vaccines that are constrained by HLA restrictions, mRNA vaccines can
potentially offer broader applicability across different patient populations.
This adaptability is being further investigated in trials like PNOCO020
(NCT04573140), which aim to expand the use of mRNA vaccines in
pediatric high-grade gliomas (Foster et al., 2023).

3.5.4 Monoclonal antibodies
Monoclonal antibodies are designed to bind specific tumor antigens, pri-
marily modulating immune responses. The success of monoclonal anti-
bodies targeting the HER-2 tyrosine kinase receptor in breast cancer
treatment underscores their potential applicability in other malignancies,
such as CNS cancer stem cells and medulloblastoma, where HER -2 is also
overexpressed. However, the effectiveness of these therapies is often hin-
dered by the blood-brain barrier (BBB) (Hingorani et al., 2022; Norris
et al., 2022).

To address this limitation, bi-specific T-cell engagers (BiTEs) have been
developed. BiTEs are engineered by fusing two single-chain variable
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fragments (scFvs)—one targeting the CD3 receptor on T cells and the other
binding to a tumor-specific antigen. This design facilitates the recruitment of
T cells to tumor cells, thereby enhancing immune responses (Huehls et al.,
2015). EGFRvIII-specific BiTEs, for instance, have demonstrated potent
immune activation in adult CNS tumors and are currently under investi-
gation for pediatric brain cancers, although they have not yet advanced to
clinical trials (An et al., 2018; Hwang et al., 2022).

Monoclonal antibodies are also being leveraged for the delivery of radio-
immunotherapy and immunotoxins. For example, antibodies targeting B7-
H3 and EGFR have been conjugated to isotopes or toxins, such as
Pseudomonas exotoxin, to target tumor-specific antigens (Heiss et al., 2019;
Souweidane et al., 2018). This approach has shown promise in pediatric
brainstem gliomas, although it requires precise catheter placement. In con-
trast, treatment of leptomeningeal metastases is more feasibly achieved using
intraventricular reservoirs, as demonstrated by successtul dispersion of 1311-
omburtamab (Basu et al., 2022; Prasad et al., 2024; Tringale et al., 2023).
Ongoing studies aim to further evaluate and optimize these strategies for
improved clinical outcomes (NCT05064306, NCT04743661).

3.5.5 CAR T cell therapy
Chimeric Antigen Receptor (CAR) T-cell therapy represents a significant
advancement in adoptive cell therapy for pediatric central nervous system
(CNS) tumors, which typically exhibit low mutational burdens. CAR
T-cells are genetically modified to express receptors that specifically target
tumor-associated antigens, thereby enhancing their cytotoxic efficacy. The
modularity of CAR constructs permits rapid adaptation to various tumor
antigens, and the incorporation of co-stimulatory domains in second-gen-
eration and subsequent CAR designs has markedly enhanced their ther-
apeutic effectiveness (Hwang et al., 2022; Ronsley, Bertrand et al., 2024).
Despite limited clinical success to date in pediatric CNS tumors, recent
studies have yielded promising outcomes. For instance, the application of
GD2-specific CAR T-cells in DMG has shown impressive tumor clearance in
preclinical models (Monje et al., 2025; Mount et al., 2018). Initial phase studies
have confirmed the safety and feasibility of intracerebroventricular infusions,
which can improve CAR T-cell distribution and efficacy, even allowing for
multiyear repeated dosing (Majzner et al., 2022; Vitanza et al., 2021; Vitanza
et al., 2025; Vitanza et al., 2023). Current trials, including those targeting B7-
H3 (NCT04185038), HER2 (NCT03500991), and GD2 (NCT04196413),
are actively investigating the efficacy of these therapies in pediatric populations.
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Moreover, the development of multi-antigen targeting strategies is
underway to address challenges such as tumor heterogeneity and antigen
escape. Trials like BrainChild-04 (NCT05768880) are designed to assess
the effectiveness of these innovative approaches. Although initial results are
promising, showing evidence of immune activation and tumor response,
the field remains in its early stages (Ronsley, Seidel et al., 2024). Continued
research is essential to optimize delivery methods, enhance patient out-
comes, and broaden the clinical applications of CAR T-cell therapies in
pediatric neuro-oncology.

Although these therapies are still in their nascent stages, they underscore
the critical need for ongoing research to refine delivery methods and
improve patient outcomes. Alongside these advancements, innovative
interventional treatments are also gaining momentum, including laser
interstitial thermal therapy (LITT), convection-enhanced delivery (CED),
and sonodynamic therapy. The following section of the chapter will
explore these therapies in greater detail.

5 4, Laser interstitial thermal therapy for pediatric brain
tumors

Laser interstitial thermal therapy (LITT) is a minimally invasive
surgical technique for the ablation of soft tissue. LITT is novel as a neu-
rosurgical technique owing to how it leverages the principles of laser
physics and tissue thermodynamics to achieve targeted tissue ablation
guided by advanced MRI temperature monitoring technology (Chen et al.,
2021). There are multiple platforms for LITT therapy that are FDA cleared
to necrotize or coagulate soft tissue in organs of the human body including
the brain. The general technique is invariably referred to by similar names
including LITT, MRI guided LITT (MRgLITT), and stereotactic laser
ablation (SLA); all of which refer to the same general technique and
referred to as LITT for the remainder of this text. LITT as a neurosurgical
technique has seen a rise in clinical utilization over the recent decades
(Patel & Kim, 2020). Its use among neurosurgeons supported by clinical
research reporting its safety and efficacy led to the creation of two new
Category Level 1 CPT® codes for LITT that went into effect in 2022. One
code (61736) to be used for a simple lesion treated with a single trajectory,
and the second code (61737) for complex lesion(s) treated with multiple
trajectories. The need for a new code reflects its relatively novel nature
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among our neurosurgical armamentarium in that it is an ablative technique
that relies on the stereotactic delivery of focused light energy. Ablative
techniques in general are not new in neurosurgery. Other technologies
used for ablation include electrical, chemical, microwave, high intensity
focused ultrasound, and have been employed for functional and pain dis-
orders with well documented efficacy (Franzini et al., 2019). However,
these pre-existing ablation technologies are sufficiently different from LITT
as a thermal ablation monitored by real-time MRI thermometry. Despite
novel ablation and monitoring, the stereotactic aspect of the technique is
not foreign. Because of this familiarity, adoption of LITT as a surgical
technique can be readily adopted by most neurosurgeons.

The typical steps of the procedure begin with stereotactic placement of
a fiber-optic catheter into the target tissue. Such stereotaxy is a familiar to
most neurosurgeons in various forms. LITT is not limited to a specific
stereotactic approach and therefore can be accomplished with frame based,
frameless, robot assisted, or other technique most familiar to the surgeon or
most appropriate for the specific pathology without impacting the funda-
mental laser ablation process. The implanted laser fiber is then used to heat
the target tissue by delivery of laser light energy at the tip of the catheter.
This laser energy generates heat and induces thermal damage and coagu-
lative necrosis in a predictable volume around the site of laser application
(Remick et al., 2020). One practical aspect of a thermal ablation technique
is the need for active cooling of the laser fiber and sheath through which
it 1s delivered. Cooling technique varies depending on which LITT plat-
form is being used and includes circulation of saline for Medtronic
Visualase and circulation of CO, for Monteris NeuroBlate (Awad &
Kaiser, 2022). The ClearPoint Prism system does not require a cooling
system (Wilson et al., 2024). In addition, tissue heating is further controlled
by modulating the magnitude of laser energy being emitted. The precision
of thermal ablation is made possible by real-time magnetic resonance
imaging (MRI) guided thermometry, which measures the change in
temperature in the surrounding tissue volume and is used to ensure the
accurate delineation of treatment margins (Zhu et al., 2017). Many tech-
niques for MRI thermometry exist, but the most commonly utilized by
current LITT platforms relies on a shift measured from the proton reso-
nance frequency (PRF) signal to determine temperature change during
ablation (Poorter et al., 1995; Yuan et al., 2012). By obtaining a baseline
measurement of the PRF signal prior to ablation at a known body tem-
perature, the subsequent change in temperature associated with laser energy
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deposition can be calculated by from the measured a PRF shift (PRFS)
from baseline and an absolute temperature change inferred. The MRI
thermometry is calculated per voxel and transformed into a color scale
image for display in real-time as an overlay on the typical anatomic images
(e.g., T1 or T2 weighted image) (Blackwell et al., 2022). The thermometry
data spatially aligned to anatomic imaging allows the treating neurosurgeon
to guide the extent of LITT ablation (Keefe et al., 2024). The combination
of well controlled thermodynamics via modulation of the laser power with
the ability for real-time temperature monitoring allows for precise control
of the ablation being performed.

The term LASER stands for Light Amplification by Stimulated
Emission of Radiation, and it involves the generation of a coherent beam
of light. Coherence of laser light indicates all photons have the same phase
and wavelength allowing the light to be highly focused as a narrow beam
and delivered over a long distance across various media. These properties
permit light energy to be emitted at high intensity with high specificity.
This high-intensity light is produced by exciting electrons in a gain
medium (Geavlete et al., 2016). In LITT, YAG (yttrium-aluminum-
garnet) and diode lasers are commonly employed due to their efficient light
emission in the near-infrared spectrum (Salem et al., 2019). The Monteris
NeuroBlate system uses a Neodymium-doped YAG laser to produce a
1064 nm wavelength light, which penetrates biological tissues eftectively.
The Medtronic Visualase system uses tuned diode lasers to emit light in a
range of wavelengths between 800 nm and 980 nm (Salem et al., 2019).
These specific wavelengths are chosen because to maximize tissue pene-
tration and absorption characteristics for effective thermal therapy.

The transformation of light energy into heat in LITT is facilitated by
the absorption properties of biological tissues. As laser light is absorbed by
chromophores within the tissue, including water and hemoglobin, the
energy is converted into heat through a process known as the photothermal
effect. This heat elevates the temperature of the targeted tissue to induce
thermal damage. The extent of tissue damage is carefully controlled by
manipulating both the intensity of the laser energy and the exposure
duration (de Brito et al., 2022). Predicting cell death induced by LITT is
dependent on the thermodynamics of heat transfer within the tissue and the
cellular response to elevated temperatures (Despa et al., 2005). The com-
bination of heat magnitude and exposure time, which is the area under the
curve of the time-temperature curve, is used to predict the extent of the
thermal damage and subsequent cell death. At temperatures ranging from
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50°C to 100°C, proteins denature, cellular membranes rupture, and
irreversible coagulative necrosis occurs. A thermal damage estimate (TDE)
can be quantitatively predicted using the Arrhenius rate equation, which
relates temperature and exposure duration to the probability of cell death
(Brace, 2011; Dewhirst et al., 2003). Calculating TDEs for each voxel
allows additional generated images to be overlaid on anatomic images as a
binary volume predicting tissue death. Maximizing overlap of the TDE for
cell death with the tumor volume is the goal of the neurosurgeon for
treating pediatric brain tumors. To further reduce the risk of damage to
neighboring critical structures, preoperative adjuncts such as diffusion
tensor imaging (DTI) or functional magnetic resonance imaging (fMRI)
can be employed (Fig. 3). Consequently, LITT is particularly advantageous
for treating tumors located in challenging, deep-seated regions of the brain
where traditional surgical approaches pose a high risk of morbidity (Fig. 4).

MRI-guided LITT has shown promising results in epilepsy surgery,
particularly for patients with well-defined, localized epileptogenic zones
that are refractory to pharmacological treatment. For instance, in cases of
mesial temporal lobe epilepsy, LITT can effectively target and ablate the
seizure focus while preserving critical structures such as the hippocampus
and surrounding medial temporal lobe, which are crucial for cognitive
functions (Willie et al., 2014). LITT saw early and more widespread

Fig. 3 Stereotactic laser ablation procedure and monitoring.
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Pilocytic Astracytoma

Fig. 4 Longitudinal imaging of thalamopeduncular pilocytic astrocytoma treatment
with stereotactic laser interstitial thermal therapy (LITT) in a 9-year-old patient.

adoption in epilepsy than it has in neuro-oncology. Uncertainty in how
thermal ablation may affect tumor tissue difterently raised concerns despite
the abundance of evidence in how thermal ablation causes cell death in
normal tissues.

However, the minimally invasive, safe, cost-effective, and versatile
nature of laser interstitial thermal therapy (LITT) (Chen et al.,, 2024;
Dhawan et al., 2020; Gurses et al., 2024), has driven its increasing adoption
in adults for the treatment of various oncologic pathologies, including
primary and metastatic brain tumors, and radiation necrosis (Ahluwalia
et al., 2019; Kamath et al., 2017; Kim et al., 2020; Shah et al., 2020; Shao
et al., 2020). In both newly diagnosed and recurrent glioblastoma (GBM),
LITT has demonstrated outcomes comparable to historical open surgical
studies (de Groot et al., 2022). Furthermore, evidence suggests that LITT
can transiently increase blood-brain and blood-tumor barrier permeability
for up to 30 days (Salehi et al., 2020), thereby creating a therapeutic
window to deliver agents that otherwise fail to penetrate the brain. For
instance, in a phase II trial, Butt et al. reported that combining LITT with
low-dose doxorubicin in patients with recurrent GBM improved overall
survival (OS) compared to historical controls treated with bevacizumab
(Butt et al., 2021).

In pediatric cases, though evidence remains limited, LITT has shown
promising results. The first application of LITT in pediatric brain tumors
was reported in 2011 for the treatment of a supratentorial primitive neu-
roectodermal tumor (Jethwa et al., 2011). Subsequent studies have
expanded its use to various pediatric tumor types, including LGGs, HGGs,
ependymomas, medulloblastomas, and others (Boop et al., 2023; Feroze
et al., 2020; Pehlivan et al., 2021; Spacca et al., 2023; Zeller et al., 2021). In
the largest multi-center retrospective study with total 86 patients (10 high
grade, 76 low grade) who underwent LITT, 83.1% of low-grade and
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57.1 % of high-grade tumors showed a decrease in volume at last follow-up
(Arocho-Quinones et al., 2023). However, LITT has yet to be system-
atically or prospectively studied in direct, head-to-head comparisons with
surgical resection for tumor indications. Further research is necessary to
establish non-inferiority between open resection and LITT. The most
common complications of LITT include temporary or permanent neuro-
logic deficits (8.82—35.5 % and 2.17-7.14 %, respectively), cerebral edema,
seizures, and intracranial hemorrhage (0.98-14.2%) (Holste & Orringer,
2020). Hemorrhage is thought to result from passage of the fiber or ste-
reotactic biopsy. Special considerations are required when using LITT in
very young patients (<2 years old), as the immaturity of the skull may
prevent the placement of fixation pins for stereotaxis or cranial bolts for
laser fixation. Nonetheless, technical workarounds for these challenges
have been described in the literature (Hooten et al., 2019; Lee et al., 2021).

5. Convection-enhanced delivery for pediatric brain
tumors

Convection-Enhanced Delivery (CED) was first described in the
early 1990s by Edward Oldfield and colleagues at the National Institutes of
Health (Bobo et al., 1994). Developed to overcome the challenges posed
by the blood-brain barrier (BBB), CED involves stereotactic placement of
one or more catheters directly into the targeted brain region. These
catheters are connected to an external infusion pump, which creates a
pressure gradient to drive the therapeutic infusate into the extracellular
space. Unlike diffusion-based methods, which typically achieve tissue
penetration of only a few millimeters, CED can facilitate drug distribution
up to several centimeters from the infusion site. By bypassing the BBB,
CED enables higher local drug concentrations while minimizing systemic
exposure and associated side effects. Moreover, it accommodates a broad
range of therapeutic agents, including chemotherapeutics, imaging tracers,
proteins, viral vectors, liposomes, and nanoparticles (Mehta et al., 2017).

A key determinant of CED efficacy is the volume of distribution (Vd).
Insufficient Vd may result in incomplete tumor coverage, compromising
therapeutic outcomes. To address this, researchers have explored co-
infusion with imaging agents such as gadolinium, enabling real-time
visualization of Vd via magnetic resonance imaging (MRI). However,
differences in molecular weight and lipophilicity between imaging agents



(panunuo)

parordwo))

'STBAA ¢ I8 04 /T ‘STeak

T e % 4T “TedA T 3t 94 79 sy
[BAIAING “SUIUOW (7°G :[EAIAINS
UBIPSIA] 'G 10 { 9PEIS OU ‘SMIOIX0)
SN ¢ 2peid i syuaned 17 918

:0nEeI 9S0p paqrosqe %ﬁOLIO~O£>>|Ou

-uosd] YStH "baN/4D281 T T'se
‘UOIS9T Ur 9sop

paqosqe [e10d ues “(bgN ¢Te)
TDW 9 :AJTATIOE PIILI[O) WINTUTXEIA

odld qeaatnquiQ-y¢ll

[ oseyq

L16C0STO.LON

parordwo)

10O paroeduwr Apanedou suorsnjur
paseardu] "o, ()’ [8 03 9, 9°G¢ WOy
poSuer 98810400 I0WN T, “SYIUOUT

1'9C :SO URIPI|N 'PIOU d19M
SIUIAD ISIOAPE PIIE[AI-IUIUNEIT)

¢ opeId  {SoNTOTX0) SUNTI[-Is0P
poouonadxa syuoned ¢ -pomrogiad
dIoM suoTSNJuT (T4D) 8 JO 810

W "S[OAS[ 9SOp / SSOIdE [OPLIAIOPES
A OTTXLIN PRAIRIIL Sjuaned L

(aeasourqoue])
OdId OTTXIIN

1 aseqq

(ST0DONJ)
66199S€0.LON

pasejdwo))

‘OJI( Ur L101X0) 20Npal1 pue
AIDAT[Op dseaIdour 0) uLoj [ewosod
Jo D Sursn pasodindoyy

uonoafuy
OdId  Qwosodr] uesajour|

| oseyd

(600DONd)
919980€0.LON

snjejs jualin)

sbuipury

uonejndod juaned juabe/pusawieal ]

aseyd
Apnis

ai Apms

‘siowny uleiq duielpad ul (Q3D) AISAIISP PIdDURYUS-UOIIDBAUOD BUIAJOAUL S[RLY [BIIUI]D JO MIIAIBAQ € d|qel



"¢ HOY0)) I0] [PAIAINS 9oL
uortsso13o1d pue y g 110700 107 X[ O
syurodpud Arewrag "OOH 1UAIMNOAI
107 g Moyo)) pue rwowkpuado
JULINDAI 10] Y ¢ MOY0))

5370700 uotsuedxa g ur TN981
AenpeAd m g 1ed ((-y) Hoyod
OB UT PAILLISI oq (1M Iesnjur

JO UONENUIOUOD PUE JZIS JOWIN T,

"AdD Aq parsurupe IN981
30 ((IIN) 9sOp 9[qIsea) WNUIIXEW )
uruINRp 03 $93[qns g 01 dn foIud
[ | e "sa10yod uorsuedxa £q

Suro3uQp pamoroy Apnas Surpug-asop | IseyJ

(129 s98y) DOH
10 rwrowApuady

WALIMOAY] INYI981

¢/l
aseyq

$8€90610.LON

‘parou a1om

soSueyo AIAnOE (90—, ‘SyauOw
Q°/T :[EATAINS URIPIN 'Q UT ISEISIP
o1qeIs pue ¢ ur asuodsar Tenied

e M ‘quaned ¢ UT PoAIdSqoO sem
uonoNpaI dzIs Jown J, “srsaredena)
pue ‘sisoredriuoy ‘on8nej ‘Sunruoa
‘BISNEU ‘OUIEBPEIY PIPN[IUL SIUIA
as10ApY “Aderdporper Aq pamorqoy

pawpdwo)  ‘TOpg—XN( PAARIAI SIUABE] 7T

AderotT,
[BITA 2NA[0OUQ

odld ‘TOrc—XNd

| oseyq

CC08LTC0.LON

snjels juaiind)

sbuipuiy

uone|ndod juaned juabe/juawieas]

aseyd
Apnis

ai Apms

(p.2uod) *siowny uteiq duieipad Ul (3D) AISAIISP PSOURYUS-UOIIDSAUOD BUIAJOAUL S| [BDIULD JO MIIAISAQ € d]qeL



Emerging Interventions for Pediatric Brain Tumors 403

and therapeutic compounds can limit predictive accuracy, warranting
further investigation. More recently, positron emission tomography (PET)
with radiolabeled therapeutics has emerged as a more precise strategy for
assessing Vd and optimizing infusion parameters (ID’Amico et al., 2021;
Kreatsoulas et al., 2024; Stine & Munson, 2019).

CED has shown particular promise in preclinical models of pediatric
brain tumors, especially diffuse midline glioma (DMG), due to its capacity
to bypass the intact BBB and facilitate targeted drug delivery to the
brainstem (Lin et al., 2019; Singleton et al., 2017; Tsvankin et al., 2020).
Studies have reported improved survival with CED-delivered therapies
such as dasatinib (Tsvankin et al., 2020) and Panobinostat (Hennika et al.,
2017) in H3.3K27M DMG models. Encouraged by these findings, several
clinical trials are now assessing the safety and feasibility of intratumoral
CED in children. Early data suggest a survival advantage compared to
historical controls (Mueller et al., 2023; Souweidane et al., 2025;
Souweidane et al., 2021). Table 3 presents a summary of CED clinical trials
and findings in children with brain tumors.

Despite its advantages, CED is limited by the need for surgical inter-
vention and hospitalization for each administration. Although repeat CED
sessions are feasible and well-tolerated, long-term treatment remains
challenging. To address this, recent advances have demonstrated the fea-
sibility of chronic CED using an implantable, abdominally placed pump
capable of delivering multiple treatment sessions over several weeks
(Spinazzi et al., 2022). This approach may enable sustained therapy through
subcutaneous refilling of the drug reservoir.

E 6. Focused ultrasound (FUS) and sonodynamic therapy
in pediatric brain tumors

Focused ultrasound (FUS) is a non-invasive therapeutic modality that
utilizes high-frequency sound waves to precisely target tissues within the body.
Its mechanisms and applications are diverse, ranging from thermal ablation to
mechanical disruption. FUS operates by propagating ultrasound waves that
create alternating cycles of compression and rarefaction within tissues. When
these waves converge at a focal point, they produce a localized increase in
energy density, which can be modulated to achieve specific therapeutic eftects.
Integration with real-time MRI guidance enhances the precision and safety of
FUS procedures by enabling accurate targeting and continuous monitoring
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(Rao et al., 2023). Depending on the frequency and intensity of the ultrasound
waves, FUS can induce either thermal or non-thermal biological eftects. High-
intensity focused ultrasound (HIFU), typically operating at frequencies above
650 kHz, generates thermal energy sufficient to ablate targeted tissue, including
both normal and neoplastic structures. In contrast, low-intensity focused
ultrasound (LIFU), operating at lower frequencies (e.g., ~220 kHz), produces
mechanical effects such as cavitation, which can transiently disrupt the BBB.
This allows for enhanced delivery of therapeutic agents to otherwise inac-
cessible regions of the brain (Chesney et al., 2024; Meng et al., 2022). The
clinical application of LIFU for BBB disruption was first demonstrated in
patients with Alzheimer’s disease in 2018, showing successful and reversible
BBB opening while meeting primary safety endpoints (Lipsman et al., 2018).
More recently, a clinical trial demonstrated that LIFU, when combined with
aducanumab, an anti-amyloid-p antibody, resulted in reduction of amyloid-f3
plaque burden, indicating therapeutic efficacy in neurodegenerative disease
(Rezai et al., 2024). In pediatric neuro-oncology, LIFU is being actively
investigated as a method to enhance drug delivery to malignant brain tumors.
One ongoing clinical trial INCT05630209) is evaluating the safety and efficacy
of LIFU-mediated BBB disruption to facilitate doxorubicin delivery in patients
with diffuse midline glioma (DMG) (Chesney et al., 2024).

Sonodynamic therapy (SDT) leverages the ability of low-intensity
focused ultrasound (LIFU) to induce cavitation-mediated chemical reactions
for therapeutic benefit. Traditionally, photosensitizing agents—compounds
that generate reactive oxygen species (ROS) upon light activation—have
been studied extensively for their cytotoxic effects in tumors. SDT builds on
this principle by employing the fact that some of these agents can also be
activated by ultrasound, specifically LIFU, offering the key advantage of
non-invasive delivery to deep brain targets (Bader et al., 2025). A notable
strategy under clinical investigation (NCT05123534) for pediatric DMG
patients involves the combination of LIFU with aminolevulinic acid
hydrochloride (ALA HCI), a prodrug that is metabolized into proto-
porphyrin IX (PpIX)—a photosensitizer preferentially accumulated by
tumor cells. In this approach, LIFU is delivered at a frequency insufficient to
cause direct thermal ablation but adequate to activate PpIX and trigger ROS
generation, thereby inducing tumor cell necrosis and apoptosis through non-
thermal mechanisms (Chesney et al., 2024). This technique holds promise as
a novel, targeted therapeutic modality for deep-seated brain tumors,
including those in pediatric populations. Table 4 provides a summary of
ongoing clinical trials using FUS in pediatric patients with brain tumors.
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7. Conclusion

The advent of innovative treatments such as LITT, FUS, sonographic
therapy, and targeted therapies, marks a significant advancement in the
management of pediatric brain tumors. These techniques offer promising
alternatives to traditional surgery and radiation by providing precise, mini-
mally invasive options that minimize damage to healthy tissues. LITT
employs laser-induced heat for targeted ablation, FUS utilizes sound waves
for both thermal and non-thermal therapeutic eftects, and sonographic
therapy combines ultrasound with sensitizing agents to selectively target
tumor cells. Targeted therapy focuses on specific molecular markers within
tumor cells, allowing for highly specific treatment that disrupts cancer cell
growth pathways. Combinatorial therapies, which integrate multiple treat-
ment modalities, can enhance efficacy by attacking tumors from different
angles and reducing the likelihood of resistance. Together, these therapies
hold the potential to enhance treatment outcomes and improve quality of life
for children facing the challenges of brain tumors. As research continues,
these modalities may become essential components of pediatric neuro-
oncology, offering new avenues of effective treatment strategies.

Funding
No funding.

Conflict of interest

All authors reported no conflict of interest.

References

Abbou, S., Koschmann, C., Kramm, C. M., Hoffman, L. M., Plant-Fox, A. S., Abdelbaki,
M. S., ... Khuong-Quang, D.-A. (2024). TRLS-08. Rover: A phase 1/2 trial in progress
of avapritinib in pediatric patients with solid tumors dependent on kit or PDGFRA
signaling. Newuro-Oncology, 26(4) 0.

Ahluwalia, M., Barnett, G. H., Deng, D., Tatter, S. B., Laxton, A. W., Mohammadi, A.
M., ... Chiang, V. L. (2019). Laser ablation after stereotactic radiosurgery: A multicenter
prospective study in patients with metastatic brain tumors and radiation necrosis. Journal
of Neurosurgery, 130(3), 804—811. https://doi.org/10.3171/2017.11 Jns171273.

Alencastro Veiga Cruzeiro, G., Rota, C., Hack, O. A., Segal, R., & Filbin, M. G. (2021).
Understanding the epigenetic landscape and cellular architecture of childhood brain
tumors. Neurochemistry International, 144, 104940. https://doi.org/10.1016/j.neuint.
2020.104940.

An, Z., Aksoy, O., Zheng, T., Fan, Q. W., & Weiss, W. A. (2018). Epidermal growth
factor receptor and EGFRWVIII in glioblastoma: Signaling pathways and targeted
therapies. Omncogene, 37(12), 1561-1575. https://doi.org/10.1038/s41388-017-
0045-7.


http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref1
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref1
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref1
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref1
https://doi.org/10.3171/2017.11.Jns171273
https://doi.org/10.1016/j.neuint.2020.104940
https://doi.org/10.1016/j.neuint.2020.104940
https://doi.org/10.1038/s41388-017-0045-7
https://doi.org/10.1038/s41388-017-0045-7

Emerging Interventions for Pediatric Brain Tumors 407

Ardon, H., De Vleeschouwer, S., Van Calenbergh, F., Claes, L., Kramm, C. M.,
Rutkowski, S., ... Van Gool, S. W. (2010). Adjuvant dendritic cell-based tumour
vaccination for children with malignant brain tumours. Pediatric Blood & Cancer, 54(4),
519-525. https://doi.org/10.1002/pbc.22319.

Armold, A., Yuan, M., Price, A., Harris, L., Eberhart, C. G., & Raabe, E. H. (2020).
Synergistic activity of mTORC1/2 kinase and MEK inhibitors suppresses pediatric low-
grade glioma tumorigenicity and vascularity. Neuro-Oncology, 22(4), 563—574. https://
doi.org/10.1093/neuonc/noz230.

Arocho-Quinones, E. V., Lew, S. M., Handler, M. H., Tovar-Spinoza, Z., Smyth, M. D.,
Bollo, R. J., ... Brandmeir, N. (2023). Magnetic resonance imaging-guided stereotactic
laser ablation therapy for the treatment of pediatric epilepsy: A retrospective multi-
institutional study. Journal of Neurosuigery: Pediatrics, 1-14. https://doi.org/10.3171/
2022.12.Peds22282.

Arrillaga-Romany, 1., Lassman, A., McGovern, S. L., Mueller, S., Nabors, B., van den Bent,
M., ... Cloughesy, T. (2024). ACTION: A randomized phase 3 study of ONC201
(dordaviprone) in patients with newly diagnosed H3 K27M-mutant diffuse glioma. Neuro-
Oncology, 26(Supplement_2), S173—s181. https://doi.org/10.1093/neuonc/noac031.

Awad, A. J., & Kaiser, K. N. (2022). Laser ablation for corpus callosotomy: Systematic
review and pooled analysis. Seizure: the Journal of the British Epilepsy Association, 96,
137-141. https://doi.org/10.1016/j.seizure.2022.02.002.

Bache, K. G., Slagsvold, T., & Stenmark, H. (2004). Defective downregulation of receptor
tyrosine kinases in cancer. The EMBO Journal, 23(14), 2707-2712. https://doi.org/10.
1038/5j.emboj.7600292.

Bader, K. B., Padilla, F., Haworth, K. J., Ellens, N., Dalecki, D., Miller, D. L., & Wear, K.
A. (2025). Overview of therapeutic ultrasound applications and safety considerations:
2024 update. Journal of Ultrasound in Medicine: Official Journal of the American Institute of
Ultrasound in Medicine, 44(3), 381-433. https://doi.org/10.1002/jum.16611.

Ballard, P., Yates, J. W., Yang, Z., Kim, D. W., Yang, J. C., Cantarini, M., ... Cross, D.
(2016). Preclinical comparison of osimertinib with other EGFR -TKIs in EGFR-Mutant
NSCLC brain metastases models, and early evidence of clinical brain metastases activity.
Clinical Cancer Research: an Official Journal of the American Association for Cancer Research,
22(20), 5130-5140. https://doi.org/10.1158/1078-0432.Ccr-16-0399.

Barton, K. L., Misuraca, K., Cordero, F., Dobrikova, E., Min, H. D., Gromeier, M., ...
Becher, O.]. (2013). PD-0332991, a CDK4/6 inhibitor, significantly prolongs survival
in a genetically engineered mouse model of brainstem glioma. PLoS ONE, 8(10),
e77639. https://doi.org/10.1371/journal.pone.0077639.

Basu, E., Mora, ]J., Streby, K., Bear, M., Sano, H., Marachelian, A., ... Kramer, K. (2022).
LBA3 compartmental radioimmunotherapy (cRIT) 131I-OMBURTAMAB in patients
with neuroblastoma (NB) central nervous system (CNS) and/or leptomeningeal (LM)
metastases: updated results from pivotal trial 101. Immuno-Oncology and Technology, 16.
https://doi.org/10.1016/j.i0tech.2022.100364.

Batchelor, T. T., Mulholland, P., Neyns, B., Nabors, L. B., Campone, M., Wick, A., ... van
den Bent, M. (2013). Phase III randomized trial comparing the efficacy of cediranib as
monotherapy, and in combination with lomustine, versus lomustine alone in patients
with recurrent glioblastoma. Journal of Clinical Oncology, 31(26), 3212-3218. https://doi.
org/10.1200/JC0O.2012.47.2464.

Benitez-Ribas, D., Cabezon, R., Florez-Grau, G., Molero, M. C., Puerta, P., Guillen, A.,
... La Madrid, A. M. (2018). Immune response generated with the administration of
autologous dendritic cells pulsed with an allogenic tumoral cell-lines lysate in patients
with newly diagnosed diffuse intrinsic pontine glioma. Frontiers in Oncology, 8, 127.
https://doi.org/10.3389/fonc.2018.00127.


https://doi.org/10.1002/pbc.22319
https://doi.org/10.1093/neuonc/noz230
https://doi.org/10.1093/neuonc/noz230
https://doi.org/10.3171/2022.12.Peds22282
https://doi.org/10.3171/2022.12.Peds22282
https://doi.org/10.1093/neuonc/noae031
https://doi.org/10.1016/j.seizure.2022.02.002
https://doi.org/10.1038/sj.emboj.7600292
https://doi.org/10.1038/sj.emboj.7600292
https://doi.org/10.1002/jum.16611
https://doi.org/10.1158/1078-0432.Ccr-16-0399
https://doi.org/10.1371/journal.pone.0077639
https://doi.org/10.1016/j.iotech.2022.100364
https://doi.org/10.1200/JCO.2012.47.2464
https://doi.org/10.1200/JCO.2012.47.2464
https://doi.org/10.3389/fonc.2018.00127

408 Margaret Shatara et al.

Blackwell, J., Kra$ny, M. J., O’Brien, A., Ashkan, K., Galligan, J., Destrade, M., & Colgan,
N. (2022). Proton resonance frequency shift thermometry: A review of modern clinical
practices. Journal of Magnetic Resonance Imaging, 55(2), 389—-403. https://doi.org/10.
1002/jmri.27446.

Blauel, E. R., & Laetsch, T. W. (2022). The promise of TRK inhibitors in pediatric cancers
with NTRK fusions. Cancer Genetics, 262-263, 71-79. https://doi.org/10.1016/].
cancergen.2022.01.004.

Bobo, R. H., Laske, D. W., Akbasak, A., Morrison, P. F., Dedrick, R. L., & Oldfield, E. H.
(1994). Convection-enhanced delivery of macromolecules in the brain. Proceedings of the
National Academy of Sciences of the United States of America, 91(6), 2076—2080. https://doi.
org/10.1073/pnas.91.6.2076.

Boop, S., Bonda, D., Randle, S., Leary, S., Vitanza, N., Crotty, E., ... Hauptman, J. S.
(2023). A comparison of clinical outcomes for subependymal giant cell astrocytomas
treated with laser interstitial thermal therapy, open surgical resection, and mTOR
inhibitors. Pediatric Neurosurgery, 58(3), 150—159. https://doi.org/10.1159/000531210.

Boulftet, E., Hansford, J. R., Garre, M. L., Hara, J., Plant-Fox, A., Aerts, L., ... Hargrave, D.
R. (2023). Dabrafenib plus trametinib in pediatric glioma with BRAF V600 mutations.
The New England Journal of Medicine, 389(12), 1108-1120. https://doi.org/10.1056/
NEJMo0a2303815.

Bouftet, E., Larouche, V., Campbell, B. B., Merico, D., de Borja, R., Aronson, M., ...
Tabori, U. (2016). Immune checkpoint inhibition for hypermutant glioblastoma mul-
tiforme resulting from germline biallelic mismatch repair deficiency. Journal of Clinical
Oncology, 34(19), 2206—2211. https://doi.org/10.1200/JCO.2016.66.6552.

Brace, C. (2011). Thermal tumor ablation in clinical use. IEEE Pulse, 2(5), 28—=38. https://
doi.org/10.1109/mpul.2011.942603.

Bredel, M., Pollack, I. F., Hamilton, R. L., & James, C. D. (1999). Epidermal growth factor
receptor expression and gene amplification in high-grade non-brainstem gliomas of
childhood. Clinical Cancer Research: an Official Journal of the American Association for Cancer
Research, 5(7), 1786—1792.

Broniscer, A., Jia, S., Mandrell, B., Hamideh, D., Huang, J., Onar-Thomas, A., ... Stewart,
C. F. (2018). Phase 1 trial, pharmacokinetics, and pharmacodynamics of dasatinib
combined with crizotinib in children with recurrent or progressive high-grade and
diftuse intrinsic pontine glioma. Pediatric Blood & Cancer, 65(7), €27035. https://doi.org/
10.1002/pbc.27035.

Buonamici, S., Williams, J., Morrissey, M., Wang, A., Guo, R., Vattay, A., ... Dorsch, M.
(2010). Interfering with resistance to smoothened antagonists by inhibition of the PI3K
pathway in medulloblastoma. Science Translational Medicine, 2(51), 51ra70. https://doi.
org/10.1126/scitranslmed.3001599.

Butt, O. H., Zhou, A. Y., Huang, J., Leidig, W. A., Silberstein, A. E., Chheda, M. G, ...
Campian, J. L. (2021). A phase II study of laser interstitial thermal therapy combined
with doxorubicin in patients with recurrent glioblastoma. Neuro-Oncology Advances, 3(1),
https://doi.org/10.1093/noajnl/vdab164.

Capitini, C. M., Mackall, C. L., & Wayne, A. S. (2010). Immune-based therapeutics for
pediatric cancer. Expert Opinion on Biological Therapy, 10(2), 163—178. https://doi.org/
10.1517/14712590903431022.

Carballo, G. B., Honorato, J. R., de Lopes, G. P. F., & Spohr, T. (2018). A highlight on
sonic hedgehog pathway. Cell Communication and Signaling: CCS, 16(1), 11. https://doi.
org/10.1186/512964-018-0220-7.

Caruso, D. A., Orme, L. M., Neale, A. M., Radclift, F. J., Amor, G. M., Maixner, W, ...
Ashley, D. M. (2004). Results of a phase 1 study utilizing monocyte-derived dendritic
cells pulsed with tumor RNA in children and young adults with brain cancer. Neuro-
Oncology, 6(3), 236-246. https://doi.org/10.1215/51152851703000668.


https://doi.org/10.1002/jmri.27446
https://doi.org/10.1002/jmri.27446
https://doi.org/10.1016/j.cancergen.2022.01.004
https://doi.org/10.1016/j.cancergen.2022.01.004
https://doi.org/10.1073/pnas.91.6.2076
https://doi.org/10.1073/pnas.91.6.2076
https://doi.org/10.1159/000531210
https://doi.org/10.1056/NEJMoa2303815
https://doi.org/10.1056/NEJMoa2303815
https://doi.org/10.1200/JCO.2016.66.6552
https://doi.org/10.1109/mpul.2011.942603
https://doi.org/10.1109/mpul.2011.942603
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref24
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref24
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref24
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref24
https://doi.org/10.1002/pbc.27035
https://doi.org/10.1002/pbc.27035
https://doi.org/10.1126/scitranslmed.3001599
https://doi.org/10.1126/scitranslmed.3001599
https://doi.org/10.1093/noajnl/vdab164
https://doi.org/10.1517/14712590903431022
https://doi.org/10.1517/14712590903431022
https://doi.org/10.1186/s12964-018-0220-7
https://doi.org/10.1186/s12964-018-0220-7
https://doi.org/10.1215/s1152851703000668

Emerging Interventions for Pediatric Brain Tumors 409

Chen, C., Lee, L., Tatsui, C., Elder, T., & Sloan, A. E. (2021). Laser interstitial thermo-
therapy (LITT) for the treatment of tumors of the brain and spine: A brief review. Journal
of Neuro-Oncology, 151(3), 429—442. https://doi.org/10.1007/s11060-020-03652-z.

Chen, J. S., Haddad, A. F., Chung, J. E., Tang, O. Y., Ho, W. S., Hervey-Jumper, S. L.,
& Aghi, M. K. (2024). A propensity score-matched cost-effectiveness analysis of
magnetic resonance-guided laser interstitial thermal therapy versus craniotomy for
brain tumor radiation necrosis. Neurosurgical Focus, 57(5), E2. https://doi.org/10.
3171/2024.8.Focus24417.

Chesney, K. M., Keating, G. F., Patel, N., Kilburn, L., Fonseca, A., Wu, C. C,, ... Syed, H.
R. (2024). The role of focused ultrasound for pediatric brain tumors: Current insights
and future implications on treatment strategies. Child’s Nervous System: ChINS: Official
Journal of the International Society for Pediatric Neurosurgery, 40(8), 2333—2344. https://doi.
org/10.1007/500381-024-06413-9.

Chi, A. S., Staftord, J. M., Sen, N., Possemato, R., Placantonakis, D., Hidalgo, E. T., ...
Arrillaga-Romany, 1. (2017). EXTH-42. H3 K27M mutant gliomas are selectively killed
by ONC201, a small molecule inhibitor of dopamine receptor D2. Neuro-Oncology,
19(_6), vis1.

Chi, S., Hsieh, A., Foley, M., Shi, H., Swamy, P., Rodstrom, J., & Rudoltz, M. (2021).
CTNI-24. A phase 1/2 study of avapritinib in pediatric patients with solid tumors
dependent on kit or pdgfra signaling. Neuro-Oncology, 23(6), vi64.

Chi, S. N, Y1, J. S., Williams, P. M., Roy-Chowdhuri, S., Patton, D. R., Coftey, B. D, ...
Parsons, D. W. (2023). Tazemetostat for tumors harboring SMARCB1/SMARCA4 or
EZH?2 alterations: Results from NCI-COG pediatric MATCH APEC1621C. Journal of
the National Cancer Institute, 115(11), 1355-1363. https://doi.org/10.1093/jnci/djad085.

Cocco, E., Schram, A. M., Kulick, A., Misale, S., Won, H. H., Yaeger, R., ... Scaltriti,
M. (2019). Resistance to TRK inhibition mediated by convergent MAPK pathway
activation. Nature Medicine, 25(9), 1422—-1427. https://doi.org/10.1038/5s41591-
019-0542-z.

Cockle, J. V., Briining-Richardson, A., Scott, K. J., Thompson, J., Kottke, T., Morrison,
E., ... Hlett, E. (2017). Oncolytic herpes simplex virus inhibits pediatric brain tumor
migration and invasion. Molecular Therapy Oncolytics, 5, 75-86. https://doi.org/10.1016/
j-omto.2017.04.002.

Couec, M.-L., André, N., Thebaud, E., Minckes, O., Rialland, X., ... Corradini, N.
Comité Pharmacologie of the SFCE. (2012). Bevacizumab and irinotecan in children
with recurrent or refractory brain tumors: Toxicity and efficacy trends. Pediatric Blood &
Cancer, 59(1), 34-38. https://doi.org/10.1002/pbc.24066.

Cui, J.-W., Li, Y., Yang, Y., Yang, H.-K., Dong, J.-M., Xiao, Z.-H., ... Zhou, Z.-L.
(2024). Tumor immunotherapy resistance: Revealing the mechanism of PD-1 / PD-L1-
mediated tumor immune escape. Biomedicine & Pharmacotherapy, 171, 116203. https://
doi.org/10.1016/j.biopha.2024.116203.

Curatolo, P., Franz, D. N., Lawson, J. A., Yapici, Z., Ikeda, H., Polster, T, ... French, J. A.
(2018). Adjunctive everolimus for children and adolescents with treatment-refractory
seizures associated with tuberous sclerosis complex: Post-hoc analysis of the phase 3
EXIST-3 trial. The Lancet Child & Adolescent Health, 2(7), 495-504. https://doi.org/10.
1016/S2352-4642(18)30099-3.

D’Amico, R. S., Aghi, M. K., Vogelbaum, M. A., & Bruce, J. N. (2021). Convection-
enhanced drug delivery for glioblastoma: A review. Journal of Neuro-Oncology, 151(3),
415-427. https://doi.org/10.1007/s11060-020-03408-9.

Das, A., Sudhaman, S., Morgenstern, D., Coblentz, A., Chung, J., Stone, S. C., ...
Soleimani, S. (2022). Genomic predictors of response to PD-1 inhibition in children

with germline DNA replication repair deficiency. Nature Medicine, 28(1), 125-135.


https://doi.org/10.1007/s11060-020-03652-z
https://doi.org/10.3171/2024.8.Focus24417
https://doi.org/10.3171/2024.8.Focus24417
https://doi.org/10.1007/s00381-024-06413-9
https://doi.org/10.1007/s00381-024-06413-9
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref34
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref34
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref34
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref34
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref35
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref35
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref35
https://doi.org/10.1093/jnci/djad085
https://doi.org/10.1038/s41591-019-0542-z
https://doi.org/10.1038/s41591-019-0542-z
https://doi.org/10.1016/j.omto.2017.04.002
https://doi.org/10.1016/j.omto.2017.04.002
https://doi.org/10.1002/pbc.24066
https://doi.org/10.1016/j.biopha.2024.116203
https://doi.org/10.1016/j.biopha.2024.116203
https://doi.org/10.1016/S2352-4642(18)30099-3
https://doi.org/10.1016/S2352-4642(18)30099-3
https://doi.org/10.1007/s11060-020-03408-9
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref43
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref43
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref43

410 Margaret Shatara et al.

Das, A., Tabori, U., Sambira Nahum, L. C., Collins, N. B., Deyell, R., Dvir, R., ...
Morgenstern, D. A. (2023). Efficacy of nivolumab in pediatric cancers with high
mutation burden and mismatch repair deficiency. Clinical Cancer Research: an Official
Journal of the American Association for Cancer Research, 29(23), 4770—-4783. https://doi.org/
10.1158/1078-0432.Ccr-23-0411.

de Brito, R. V., Mancini, M. W., Palumbo, M. D. N., Moraes, L. H. O., Rodrigues, G. J.,
Cervantes, O., ... Paiva, M. B. (2022). The rationale for “Laser-Induced thermal therapy
(LITT) and intratumoral cisplatin” approach for cancer treatment. International Journal of
Molecular Sciences, 23(11), https://doi.org/10.3390/1jms23115934.

de Groot, J. F., Kim, A. H., Prabhu, S., Rao, G., Laxton, A. W., Fecci, P. E., ... Leuthardt,
E. C. (2022). Efficacy of laser interstitial thermal therapy (LITT) for newly diagnosed
and recurrent IDH wild-type glioblastoma. Neuro-Oncology Advances, 4(1), vdac040.
https://doi.org/10.1093/noajnl/vdac040.

De Meyts, P. (2015). Receptor tyrosine kinase signal transduction and the molecular basis of
signalling specificity. In D. L. Wheeler, & Y. Yarden (Eds.). Receptor tyrosine kinases:
Structure, functions and role in human disease (pp. 51-76). New York: Springer. https://doi.
org/10.1007/978-1-4939-2053-2_4.

Desai, A. V., Robinson, G. W., Gauvain, K., Basu, E. M., Macy, M. E., Maese, L., ... Fox,
E. (2022). Entrectinib in children and young adults with solid or primary CNS tumors
harboring NTRK, ROS1, or ALK aberrations (STARTRK-NG). Neuro-Oncology,
24(10), 1776-1789. https://doi.org/10.1093/neuonc/noac087.

Despa, F., Orgill, D. P., Neuwalder, J., & Lee, R. C. (2005). The relative thermal stability
of tissue macromolecules and cellular structure in burn injury. Burns: Journal of the
International Society for Burn Injuries, 31(5), 568=577. https://doi.org/10.1016/j.burns.
2005.01.015.

Dewhirst, M. W., Viglianti, B. L., Lora-Michiels, M., Hoopes, P. J., & Hanson, M. (2003).
Thermal dose requirement for tissue effect: Experimental and clinical findings.
Proceedings of SPIE - The International Society for Optical Engineering, 4954, 37. https://doi.
org/10.1117/12.476637.

DeWire, M., Fuller, C., Hummel, T. R., Chow, L. M. L., Salloum, R., de Blank, P., ...
Fouladi, M. (2020). A phase I/II study of ribociclib following radiation therapy in
children with newly diagnosed diffuse intrinsic pontine glioma (DIPG). Journal of Neuro-
Oncology, 149(3), 511-522. https://doi.org/10.1007/s11060-020-03641-2.

DeWire, M., Lazow, M., Campagne, O., Leach, J., Fuller, C., Senthil Kumar, S., ...
Fouladi, M. (2022). Phase I study of ribociclib and everolimus in children with newly
diagnosed DIPG and high-grade glioma: A CONNECT pediatric neuro-oncology
consortium report. Neuro-Oncology Advances, 4(1), https://doi.org/10.1093/noajnl/
vdac055.

DeWire, M. D., Fuller, C., Campagne, O., Lin, T., Pan, H., Young Poussaint, T., ...
Dunkel, I. J. (2021). A phase I and surgical study of ribociclib and everolimus in children
with recurrent or refractory malignant brain tumors: A pediatric brain tumor consortium
study. Clinical Cancer Research: an Official Journal of the American Association for Cancer
Research, 27(9), 2442-2451. https://doi.org/10.1158/1078-0432.Ccr-20-4078.

Dhawan, S., Bartek, J., Jr., & Chen, C. C. (2020). Cost-effectiveness of stereotactic laser
ablation (SLA) for brain tumors. International Journal of Hyperthermia: the Official Journal of
European Society for Hyperthermic Oncology, North American Hyperthermia Group, 37(2),
61-67. https://doi.org/10.1080/02656736.2020.1774084.

Doz, F., Van Tilburg, C. M., Geoerger, B., Hojgaard, M., Ora, 1., Boni, V., ... DuBois, S.
G. (2022). Efficacy and safety of larotrectinib in TRK fusion-positive primary central
nervous system tumors. Neuro-Oncology, 24(6), 997-1007.

Drilon, A. (2019). TRXK inhibitors in TRK fusion-positive cancers. Annals of Oncology, 30,
viii23—viii30. https://doi.org/10.1093/annonc/mdz282.


https://doi.org/10.1158/1078-0432.Ccr-23-0411
https://doi.org/10.1158/1078-0432.Ccr-23-0411
https://doi.org/10.3390/ijms23115934
https://doi.org/10.1093/noajnl/vdac040
https://doi.org/10.1007/978-1-4939-2053-2_4
https://doi.org/10.1007/978-1-4939-2053-2_4
https://doi.org/10.1093/neuonc/noac087
https://doi.org/10.1016/j.burns.2005.01.015
https://doi.org/10.1016/j.burns.2005.01.015
https://doi.org/10.1117/12.476637
https://doi.org/10.1117/12.476637
https://doi.org/10.1007/s11060-020-03641-2
https://doi.org/10.1093/noajnl/vdac055
https://doi.org/10.1093/noajnl/vdac055
https://doi.org/10.1158/1078-0432.Ccr-20-4078
https://doi.org/10.1080/02656736.2020.1774084
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref55
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref55
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref55
https://doi.org/10.1093/annonc/mdz282

Emerging Interventions for Pediatric Brain Tumors 411

Du, Z., & Lovly, C. M. (2018). Mechanisms of receptor tyrosine kinase activation in
cancer. Molecular Cancer, 17(1), 58. https://doi.org/10.1186/512943-018-0782-4.

Duchatel, R. J., Jackson, E. R., Parackal, S. G., Kiltschewskij, D., Findlay, L. J., Mannan,
A., ... Dun, M. D. (2024). PI3K/mTOR is a therapeutically targetable genetic
dependency in diffuse intrinsic pontine glioma. The Journal of Clinical Investigation,
134(6), https://doi.org/10.1172/jci170329.

Erker, C., Vanan, M., Mehta, V., & Eisenstat, D. (2024). Pediatric high grade glioma. Pediatric
neuro-oncology. Cham: Springer157—183. https://doi.org/10.1007/978-3-031-62017-1_10.

Evans, E. K., Gardino, A. K., Kim, J. L., Hodous, B. L., Shutes, A., Davis, A., ... Lengauer,
C. (2017). A precision therapy against cancers driven by KIT/PDGFRA mutations.
Science Translational Medicine, 9(414), https://doi.org/10.1126/scitranslmed.aao1690.

Fangusaro, J., Jones, D. T., Packer, R. J., Gutmann, D. H., Milde, T., Witt, O., ...
Bandopadhayay, P. (2023). Pediatric low-grade glioma: State-of-the-art and ongoing
challenges. Neuro-Oncology, 26(1), 25=37. https://doi.org/10.1093/neuonc/noad195.

Fangusaro, J., Onar-Thomas, A., Poussaint, T. Y., Wu, S., Ligon, A. H., Lindeman, N., ...
Fouladi, M. (2021). 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-Oncology, 23(10), 1777-1788. https://doi.org/10.1093/neuonc/
noab047.

Farouk Sait, S., Gilheeney, S. W., Bale, T. A., Haque, S., Dinkin, M. J., Vitolano, S., ...
Karajannis, M. A. (2021). Debio1347, an oral FGFR inhibitor: Results from a Single-
Center study in pediatric patients with recurrent or refractory FGFR -Altered gliomas.
JCO Precision Oncology, (5), 876—883. https://doi.org/10.1200/P0.20.00444.

Feroze, A. H., McGrath, M., Williams, J. R., Young, C. C., Ene, C. I, Buckley, R. T, ...
Hauptman, J. S. (2020). Laser interstitial thermal therapy for pediatric atypical teratoid/
rhabdoid tumor: Case report. Neurosurgical Focus, 48(1), E11. https://doi.org/10.3171/
2019.10.Focus19746.

Foster, J. B., Alonso, M. M., Sayour, E., Davidson, T. B., Persson, M. L., Dun, M. D., ...
van der Lugt, J. (2023). Translational considerations for immunotherapy clinical trials in
pediatric neuro-oncology. Neoplasia (New York, N. Y.), 42, 100909. https://doi.org/10.
1016/j.ne0.2023.100909.

Foster, J. B., Madsen, P. J., Hegde, M., Ahmed, N., Cole, K. A., Maris, J. M., ... Waanders,
A. J. (2019). Immunotherapy for pediatric brain tumors: Past and present. Neuro-
Oncology, 21(10), 1226—1238. https://doi.org/10.1093/neuonc/noz077.

Fouladi, M., Stewart, C. F., Blaney, S. M., Onar-Thomas, A., Schaiquevich, P., Packer, R. J.,
... Gilbertson, R.. J. (2013). A molecular biology and phase II trial of lapatinib in children
with refractory CNS malignancies: A pediatric brain tumor consortium study. Journal of
Neuro-Oncology, 114(2), 173—179. https://doi.org/10.1007/s11060-013-1166-7.

Franz, D. N., Belousova, E., Sparagana, S., Bebin, E. M., Frost, M., Kuperman, R., ...
Jozwiak, S. (2014). Everolimus for subependymal giant cell astrocytoma in patients with
tuberous sclerosis complex: 2-year open-label extension of the randomised EXIST-1
study. The Lancet Oncology, 15(13), 1513—1520. https://doi.org/10.1016/S1470-2045(14)
70489-9.

Franz, D. N., Belousova, E., Sparagana, S., Bebin, E. M., Frost, M., Kuperman, R., ...
Jozwiak, S. (2013). Efficacy and safety of everolimus for subependymal giant cell
astrocytomas associated with tuberous sclerosis complex (EXIST-1): A multicentre,
randomised, placebo-controlled phase 3 trial. The Lancet, 381(9861), 125-132. https://
doi.org/10.1016/S0140-6736(12)61134-9.

Franz, D. N., Belousova, E., Sparagana, S., Bebin, E. M., Frost, M. D., Kuperman, R., ...
Jozwiak, S. (2016). Long-term use of everolimus in patients with tuberous sclerosis
complex: Final results from the EXIST-1 study. PLoS ONE, 11(6), e0158476. https://
doi.org/10.1371/journal.pone.0158476.


https://doi.org/10.1186/s12943-018-0782-4
https://doi.org/10.1172/jci170329
https://doi.org/10.1007/978-3-031-62017-1_10
https://doi.org/10.1126/scitranslmed.aao1690
https://doi.org/10.1093/neuonc/noad195
https://doi.org/10.1093/neuonc/noab047
https://doi.org/10.1093/neuonc/noab047
https://doi.org/10.1200/PO.20.00444
https://doi.org/10.3171/2019.10.Focus19746
https://doi.org/10.3171/2019.10.Focus19746
https://doi.org/10.1016/j.neo.2023.100909
https://doi.org/10.1016/j.neo.2023.100909
https://doi.org/10.1093/neuonc/noz077
https://doi.org/10.1007/s11060-013-1166-7
https://doi.org/10.1016/S1470-2045(14)70489-9
https://doi.org/10.1016/S1470-2045(14)70489-9
https://doi.org/10.1016/S0140-6736(12)61134-9
https://doi.org/10.1016/S0140-6736(12)61134-9
https://doi.org/10.1371/journal.pone.0158476
https://doi.org/10.1371/journal.pone.0158476

412 Margaret Shatara et al.

Franz, D. N, Leonard, J., Tudor, C., Chuck, G., Care, M., Sethuraman, G., ... Crone, K.
R. (2006). Rapamycin causes regression of astrocytomas in tuberous sclerosis complex.
Annals of Neurology, 59(3), 490—498. https://doi.org/10.1002/ana.20784.

Franzini, A., Shayan, M., Domenico, S., Isabella, S., Francesco, D., Zhiyuan, X., ... Prada,
F. (2019). Ablative brain surgery: An overview. International Journal of Hyperthermia,
36(2), 64-80. https://doi.org/10.1080/02656736.2019.1616833.

Friedman, G. K., Johnston, J. M., Bag, A. K., Bernstock, J. D., Li, R., Aban, L, ... Gillespie,
G. Y. (2021). Oncolytic HSV-1 G207 immunovirotherapy for pediatric high-grade
gliomas. The New England Journal of Medicine, 384(17), 1613—1622. https://doi.org/10.
1056/NEJMo0a2024947.

Gajjar, A., Stewart, C. F., Ellison, D. W, Kaste, S., Kun, L. E., Packer, R. J., ... Curran, T.
(2013). Phase I study of vismodegib in children with recurrent or refractory medullo-
blastoma: A pediatric brain tumor consortium study. Clinical Cancer Research: an Official
Journal of the American Association for Cancer Research, 19(22), 6305—6312. https://doi.org/
10.1158/1078-0432.Ccr-13-1425.

Gallego Pérez-Larraya, J., Garcia-Moure, M., Labiano, S., Patino-Garcia, A., Dobbs, J.,
Gonzalez-Huarriz, M., ... Alonso, M. M. (2022). Oncolytic DNX-2401 virus for
pediatric diftuse intrinsic pontine glioma. The New England Journal of Medicine, 386(26),
2471-2481. https://doi.org/10.1056/NE]JM0a2202028.

Gambella, A., Senetta, R., Collemi, G., Vallero, S. G., Monticelli, M., Cofano, F., ... Bertero,
L. (2020). NTRK fusions in central nervous system tumors: A rare, but worthy target.
International Journal of Molecular Sciences, 21(3), https://doi.org/10.3390/1jms21030753.

Garcia-Moure, M., Gonzalez-Huarriz, M., Labiano, S., Guruceaga, E., Bandres, E.,
Zalacain, M., ... Alonso, M. M. (2021). Delta-24-RGD, an oncolytic adenovirus,
increases survival and promotes proinflammatory immune landscape remodeling in
models of AT/RT and CNS-PNET. Clinical Cancer Research: an Official Journal of the
American Association for Cancer Research, 27(6), 1807-1820. https://doi.org/10.1158/
1078-0432.Ccr-20-3313.

Garcia-Moure, M., Laspidea, V., Gupta, S., Gillard, A. G., Khatua, S., Parthasarathy, A., ...
Gomez-Manzano, C. (2024). The emerging field of viroimmunotherapy for pediatric brain
tumors. Neuro-Oncology, 26(11), 1981-1993. https://doi.org/10.1093/neuonc/noael60.

Garcia-Moure, M., Martinez-Velez, N., Gonzalez-Huarriz, M., Marrodan, L., Cascallo,
M., Alemany, R., ... Alonso, M. M. (2019). The oncolytic adenovirus VCN-01 pro-
motes anti-tumor effect in primitive neuroectodermal tumor models. Scientific Reports,
9(1), 14368. https://doi.org/10.1038/5s41598-019-51014-1.

Gardner, S. L., Tarapore, R. S., Allen, J., McGovern, S. L., Zaky, W., Odia, Y., ... Khatua,
S. (2022). Phase I dose escalation and expansion trial of single agent ONC201 in
pediatric diffuse midline gliomas following radiotherapy. Neuro-Oncology Advances, 4(1),
https://doi.org/10.1093/noajnl/vdac143.

Geavlete, P., Nitd, G., Jecu, M., & Geavlete, B. (2016). Chapter 6 - Laser treatment for
benign prostatic hyperplasia. In P. A. Geavlete (Ed.). Endoscopic diagnosis and treatment in
prostate pathology (pp. 107—134)Academic Press. https://doi.org/10.1016/B978-0-12-
802405-8.00006-8.

Geoerger, B., Bourdeaut, F., DuBois, S. G., Fischer, M., Geller, J. L., Gottardo, N. G, ... Chi,
S. N. (2017). A phase I study of the CDK4/6 inhibitor ribociclib (LEE011) in pediatric
patients with malignant rhabdoid tumors, neuroblastoma, and other solid tumors. Clinical
Cancer Research, 23(10), 2433-2441. https://doi.org/10.1158/1078-0432.Ccr-16-2898.

Geoerger, B., Kang, H. J., Yalon-Oren, M., Marshall, L. V., Vezina, C., Pappo, A., ...
Pinto, N. (2020). Pembrolizumab in paediatric patients with advanced melanoma or a
PD-L1-positive, advanced, relapsed, or refractory solid tumour or lymphoma
(KEYNOTE-051): Interim analysis of an open-label, single-arm, phase 1-2 trial. The
Lancet Oncology, 21(1), 121-133. https://doi.org/10.1016/s1470-2045(19)30671-0.


https://doi.org/10.1002/ana.20784
https://doi.org/10.1080/02656736.2019.1616833
https://doi.org/10.1056/NEJMoa2024947
https://doi.org/10.1056/NEJMoa2024947
https://doi.org/10.1158/1078-0432.Ccr-13-1425
https://doi.org/10.1158/1078-0432.Ccr-13-1425
https://doi.org/10.1056/NEJMoa2202028
https://doi.org/10.3390/ijms21030753
https://doi.org/10.1158/1078-0432.Ccr-20-3313
https://doi.org/10.1158/1078-0432.Ccr-20-3313
https://doi.org/10.1093/neuonc/noae160
https://doi.org/10.1038/s41598-019-51014-1
https://doi.org/10.1093/noajnl/vdac143
https://doi.org/10.1016/B978-0-12-802405-8.00006-8
https://doi.org/10.1016/B978-0-12-802405-8.00006-8
https://doi.org/10.1158/1078-0432.Ccr-16-2898
https://doi.org/10.1016/s1470-2045(19)30671-0

Emerging Interventions for Pediatric Brain Tumors 413

Gibson, E. G., Campagne, O., Selvo, N. S., Gajjar, A., & Stewart, C. F. (2021). Population
pharmacokinetic analysis of crizotinib in children with progressive/recurrent high-grade
and diffuse intrinsic pontine gliomas. Cancer Chemotherapy and Pharmacology, 88(6),
1009-1020. https://doi.org/10.1007/500280-021-04357-4.

Grabovska, Y., Mackay, A., O’Hare, P., Crosier, S., Finetti, M., Schwalbe, E. C., ...
Williamson, D. (2020). Pediatric pan-central nervous system tumor analysis of immune-
cell infiltration identifies correlates of antitumor immunity. Nature Communications,
11(1), 4324. https://doi.org/10.1038/s41467-020-18070-y.

Grill, J., Massimino, M., Boulffet, E., Azizi, A. A., McCowage, G., Cafete, A., ... Vassal, G.
(2018). Phase II, open-label, randomized, multicenter trial (HERBY) of bevacizumab in
pediatric patients with newly diagnosed high-grade glioma. Journal of Clinical Oncology,
36(10), 951-958. https://doi.org/10.1200/]JCO.2017.76.0611.

Groves, A., Clymer, J., & Filbin, M. G. (2022). Bromodomain and extra-terminal protein
inhibitors: Biologic insights and therapeutic potential in pediatric brain tumors.
Pharmaceuticals (Basel), 15(6), https://doi.org/10.3390/ph15060665.

Gurses, M. E., Khalafallah, A. M., Gecici, N. N., Gokalp, E., Shah, K. H., DeLong, C. A,
... Komotar, R. J. (2024). The safety, accuracy, and feasibility of robotic assistance in
neuro-oncological surgery. Neurosurgical Focus, 57(6), E3. https://doi.org/10.3171/
2024.9.Focus24290.

Gururangan, S., Chi, S. N., Young Poussaint, T., Onar-Thomas, A., Gilbertson, R. J.,
Vajapeyam, S., ... Kun, L. E. (2010). Lack of efficacy of bevacizumab plus irinotecan in
children with recurrent malignant glioma and diffuse brainstem glioma: A pediatric brain
tumor consortium study. Journal of Clinical Oncology, 28(18), 3069-3075. https://doi.
org/10.1200/JC0O.2009.26.8789.

Gururangan, S., Fangusaro, J., Poussaint, T. Y., McLendon, R. E., Onar-Thomas, A., Wu,
S., ... Kun, L. E. (2013). Efficacy of bevacizumab plus irinotecan in children with
recurrent low-grade gliomas—a pediatric brain tumor consortium study. Neuro-
Oncology, 16(2), 310-317. https://doi.org/10.1093/neuonc/not154.

Haas-Kogan, D. A., Aboian, M. S., Minturn, J. E., Leary, S. E. S., Abdelbaki, M. S.,
Goldman, S., ... Mueller, S. (2023). Everolimus for children with recurrent or pro-
gressive low-grade glioma: Results from the phase II PNOCOO01 trial. Journal of Clinical
Oncology, 42(4), 441-451. https://doi.org/10.1200/JCO.23.01838.

Hansford, J. R., Neevika, M., Gauthier, B., Vijay, R., Nada, J., & Bouftet, E. (2024).
ONC201 (Dordaviprone): Review of evidence to date in diffuse midline glioma, hope
or hype? Expert Opinion on Emerging Drugs, 29(4), 321-325. https://doi.org/10.1080/
14728214.2024.2426649.

Hargrave, D. R, Terashima, K., Hara, J., Kordes, U. R., Upadhyaya, S. A., Sahm, F., ...
Cohen, K. J. (2023). Phase II trial of dabrafenib plus trametinib in relapsed/refractory
BRAF V600-mutant pediatric high-grade glioma. Journal of Clinical Oncology: Official

Journal of the American Society of Clinical Oncology, 41(33), 5174-5183. https://doi.org/10.
1200/jc0.23.00558.

He, Y., Li, J., Koga, T., Ma, J., Dhawan, S., Suzuki, Y., ... Chen, C. C. (2021). Epidermal growth
factor receptor as a molecular determinant of glioblastoma response to dopamine receptor D2
inhibitors. Neuro-Oncology, 23(3), 400—411. https://doi.org/10.1093/neuonc/noaal88.

Heiss, J. D., Jamshidi, A., Shah, S., Martin, S., Wolters, P. L., Argersinger, D. P., ... Lonser,
R. R. (2019). Phase I trial of convection-enhanced delivery of IL13-Pseudomonas toxin
in children with diffuse intrinsic pontine glioma. Journal of Neurosurgery: Pediatrics, 23(3),
333-342. https://doi.org/10.3171/2018.9.Peds17225.

Hennika, T., Hu, G., Olaciregui, N. G., Barton, K. L., Ehteda, A., Chitranjan, A., ...
Becher, O. J. (2017). Pre-clinical study of panobinostat in xenograft and genetically
engineered murine diffuse intrinsic pontine glioma models. PLoS ONE, 12(1),
e0169485. https://doi.org/10.1371/journal.pone.0169485.


https://doi.org/10.1007/s00280-021-04357-4
https://doi.org/10.1038/s41467-020-18070-y
https://doi.org/10.1200/JCO.2017.76.0611
https://doi.org/10.3390/ph15060665
https://doi.org/10.3171/2024.9.Focus24290
https://doi.org/10.3171/2024.9.Focus24290
https://doi.org/10.1200/JCO.2009.26.8789
https://doi.org/10.1200/JCO.2009.26.8789
https://doi.org/10.1093/neuonc/not154
https://doi.org/10.1200/JCO.23.01838
https://doi.org/10.1080/14728214.2024.2426649
https://doi.org/10.1080/14728214.2024.2426649
https://doi.org/10.1200/jco.23.00558
https://doi.org/10.1200/jco.23.00558
https://doi.org/10.1093/neuonc/noaa188
https://doi.org/10.3171/2018.9.Peds17225
https://doi.org/10.1371/journal.pone.0169485

414 Margaret Shatara et al.

Hingorani, P., Zhang, W., Zhang, Z., Xu, Z., Wang, W.-L., Roth, M. E., ... Gorlick, R.
(2022). Trastuzumab deruxtecan, antibody—drug conjugate targeting HER?2, is effective
in pediatric malignancies: A report by the pediatric preclinical testing consortium.
Molecular Cancer Therapeutics, 21(8), 1318-=1325. https://doi.org/10.1158/1535-7163.
Mct-21-0758.

Holste, K. G., & Orringer, D. A. (2020). Laser interstitial thermal therapy. Neuro-Oncology
Advances, 2(1), vdz035. https://doi.org/10.1093/noajnl/vdz035.

Hong, D. S., DuBois, S. G., Kummar, S., Farago, A. F., Albert, C. M., Rohrberg, K. S., ...
Drilon, A. (2020). Larotrectinib in patients with TRK fusion-positive solid tumours: A
pooled analysis of three phase 1/2 clinical trials. The Lancet Oncology, 21(4), 531-540.
https://doi.org/10.1016/5s1470-2045(19)30856-3.

Hooten, K. G., Werner, K., Mikati, M. A., & Muh, C. R. (2019). MRI-guided laser
interstitial thermal therapy in an infant with tuberous sclerosis: Technical case report.
Journal of Neurosurgery: Pediatrics, 23(1), 92-97. https://doi.org/10.3171/2018.6.Peds1828.

Hu, H., Mu, Q., Bao, Z., Chen, Y., Liu, Y., Chen, J., ... Jiang, B. (2018). Mutational
landscape of secondary glioblastoma guides MET-targeted trial in brain tumor. Cell,
175(6), 1665-1678 ¢1618.

Huehls, A. M., Coupet, T. A., & Sentman, C. L. (2015). Bispecific T-cell engagers for
cancer immunotherapy. Immunology and Cell Biology, 93(3), 290-296. https://doi.org/
10.1038/icb.2014.93.

Hubhtala, L., Karabiyik, G., & Rautajoki, K. J. (2024). Development and epigenetic reg-
ulation of atypical teratoid/rhabdoid tumors in the context of cell-of-origin and halted
cell differentiation. Neuro-Oncology Advances, 6(1), https://doi.org/10.1093/n0oajnl/
vdael62.

Hummel, T. R., Wagner, L., Ahern, C., Fouladi, M., Reid, J. M., McGovern, R. M., ...
Blaney, S. M. (2013). A pediatric phase 1 trial of vorinostat and temozolomide in
relapsed or refractory primary brain or spinal cord tumors: A children’s oncology group
phase 1 consortium study. Pediatric Blood & Cancer, 60(9), 1452—-1457. https://doi.org/
10.1002/pbc.24541.

Hwang, E., Onar, A., Young-Poussaint, T., Mitchell, D., Kilburn, L., Margol, A., ...
Fouladi, M. (2018). IMMU-09. Outcome of patients with recurrent diffuse intrinsic
pontine glioma (DIPG) treated with pembrolizumab (ANTI-PD-1): A pediatric brain
tumor consortium study (PBTC045). Neuro-Oncology, 20(2), 1100.

Hwang, E. L., Sayour, E. J., Flores, C. T., Grant, G., Wechsler-Reya, R., Hoang-Minh, L.
B., ... Pollack, I. F. (2022). The current landscape of immunotherapy for pediatric brain
tumors. Nat Cancer, 3(1), 11-24. https://doi.org/10.1038/543018-021-00319-0.

Jackson, E. R., Duchatel, R. J., Staudt, D. E., Persson, M. L., Mannan, A., Yadavilli, S., ...
Dun, M. D. (2023). ONC201 in combination with paxalisib for the treatment of
H3K27-altered diftuse midline glioma. Cancer Research, 83(14), 2421-2437. https://doi.
org/10.1158/0008-5472.Can-23-0186.

Jethwa, P. R, Lee, J. H., Assina, R., Keller, I. A., & Danish, S. F. (2011). Treatment of a
supratentorial primitive neuroectodermal tumor using magnetic resonance-guided laser-
induced thermal therapy. Journal of Neurosurgery: Pediatrics, 8(5), 468—475. https://doi.
org/10.3171/2011.8.Peds11148.

Jones, D. T., Kocialkowski, S., Liu, L., Pearson, D. M., Bicklund, L. M., Ichimura, K., &
Collins, V. P. (2008). Tandem duplication producing a novel oncogenic BRAF fusion
gene defines the majority of pilocytic astrocytomas. Cancer Research, 68(21), 8673-8677.
https://doi.org/10.1158/0008-5472.Can-08-2097.

Jozwiak, S., Kotulska, K., Berkowitz, N., Brechenmacher, T., & Franz, D. N. (2016).
Safety of everolimus in patients younger than 3 years of age: Results from EXIST-1, a
randomized, controlled clinical trial. The Journal of Pediatrics, 172, 151-155.e151.
https://doi.org/10.1016/j.jpeds.2016.01.027.


https://doi.org/10.1158/1535-7163.Mct-21-0758
https://doi.org/10.1158/1535-7163.Mct-21-0758
https://doi.org/10.1093/noajnl/vdz035
https://doi.org/10.1016/s1470-2045(19)30856-3
https://doi.org/10.3171/2018.6.Peds1828
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref101
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref101
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref101
https://doi.org/10.1038/icb.2014.93
https://doi.org/10.1038/icb.2014.93
https://doi.org/10.1093/noajnl/vdae162
https://doi.org/10.1093/noajnl/vdae162
https://doi.org/10.1002/pbc.24541
https://doi.org/10.1002/pbc.24541
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref105
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref105
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref105
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref105
https://doi.org/10.1038/s43018-021-00319-0
https://doi.org/10.1158/0008-5472.Can-23-0186
https://doi.org/10.1158/0008-5472.Can-23-0186
https://doi.org/10.3171/2011.8.Peds11148
https://doi.org/10.3171/2011.8.Peds11148
https://doi.org/10.1158/0008-5472.Can-08-2097
https://doi.org/10.1016/j.jpeds.2016.01.027

Emerging Interventions for Pediatric Brain Tumors 415

Kaka, N., Hafazalla, K., Samawi, H., Simpkin, A., Perry, J., Sahgal, A., & Das, S. (2019).
Progression-free but no overall survival benefit for adult patients with bevacizumab
therapy for the treatment of newly diagnosed glioblastoma: A systematic review and
meta-analysis. Cancers, 11(11), 1723. https://www.mdpi.com/2072-6694/11/11/1723.

Kamath, A. A., Friedman, D. D., Hacker, C. D., Smyth, M. D., Limbrick, D. D., Jr., Kim,
A. H., ... Leuthardt, E. C. (2017). MRI-guided interstitial laser ablation for intracranial
lesions: A large Single-Institution experience of 133 cases. Stereotactic and Functional
Neurosurgery, 95(6), 417-428. https://doi.org/10.1159/000485387.

Kardian, A. S., & Mack, S. (2024). The intersection of epigenetic alterations and devel-
opmental state in pediatric ependymomas. Developmental Neuroscience, 46(6), 365-372.
https://doi.org/10.1159/000537694.

Kasper, L. H., & Baker, S. J. (2020). Invited review: Emerging functions of histone H3
mutations in paediatric diffuse high-grade gliomas. Neuropathology and Applied
Neurobiology, 46(1), 73=85. https://doi.org/10.1111/nan.12591.

Kaur, G., & Roy, B. (2024). Decoding tumor angiogenesis for therapeutic advancements:
Mechanistic insights. Biomedicines, 12(4), 827. https://www.mdpi.com/2227-9059/12/4/827.

Keefe, D. W., Christianson, D. T., Davis, G. W., Oya, H., Howard, M. A., 3rd, ... Toor, F.
(2024). Modeling for neurosurgical laser interstitial thermal therapy with and without
intracranial recording electrodes. Current Research in Neurobiology, 7, 100139. https://doi.
org/10.1016/j.crneur.2024.100139.

Kieran, M. W., Chisholm, J., Casanova, M., Brandes, A. A., Aerts, 1., Bouftet, E., ...
Geoerger, B. (2017). Phase I study of oral sonidegib (LDE225) in pediatric brain and
solid tumors and a phase II study in children and adults with relapsed medulloblastoma.
Neuro-Oncology, 19(11), 1542—1552. https://doi.org/10.1093/neuonc/nox109.

Kilburn, L. B., Khuong-Quang, D. A., Hansford, J. R., Landi, D., van der Lugt, J., Leary,
S. E. S., ... Nysom, K. (2024). The type II RAF inhibitor tovorafenib in relapsed/
refractory pediatric low-grade glioma: The phase 2 FIREFLY-1 trial. Nature Medicine,
30(1), 207-217. https://doi.org/10.1038/5s41591-023-02668-y.

Kim, A. H., Tatter, S., Rao, G., Prabhu, S., Chen, C., Fecci, P, ... Leuthardt, E. C. (2020).
Laser ablation of abnormal neurological tissue using robotic NeuroBlate system
(LAANTERN): 12-Month outcomes and quality of life after brain tumor ablation.
Neurosurgery, 87(3), E338—e346. https://doi.org/10.1093/neuros/nyaal71.

Kline, C., Crawford, J. R., Reddy, A. T., Gerber, N., Stucklin, A. G., Kilburn, L., ...
Mueller, S. (2024). TRLS-07. Pnoc016: Intratumoral pharmacokinetics and pharma-
codynamic (PK/PD) results from a target validation study of a novel pan-HDAC and
pi3k inhibitor, fimepinostat, in children and young adults with newly diagnosed diffuse
intrinsic pontine glioma (DIPG), recurrent medulloblastoma (MB), and recurrent high-
grade glioma (HGG). Neuro-Oncology, 26(Supplement_4), https://doi.org/10.1093/
neuonc/noae064.160.

Kline, C., Franson, A., Banerjee, A., Reddy, A. T., Raber, S., Hoffiman, C., ... Mueller, S.
(2024). TRLS-14. Pnoc022 report: A combination therapy trial using an adaptive
platform design for patients with diffuse midline glioma at initial diagnosis, post-radiation
therapy, or progression. Neuro-Oncology, 26(ement_4), https://doi.org/10.1093/
neuonc/noae064.167.

Kline, C., Yu, B., Knowles, T., Ranavaya, A., Minturn, J., Banerjee, A., ... Mueller, S.
(2024). TRLS-11. Pnoc005: Oncolytic measles virus for the treatment of children and
young adults with recurrent medulloblastoma or atypical teratoid rhabdoid tumor.
Neuro-Oncology, 26(4).

Koschmann, C., Hoffman, L. M., Kramm, C. M., Plant-Fox, A., Abdelbaki, M. S., Bui, A.,
... Shi, H. (2023). TRLS-10. Rover: A phase 1/2 study of avapritinib in pediatric
patients with solid tumors dependent on kit or PDGFRA signaling. Neuro-Oncology,
25(Supplement_1), 181.


https://www.mdpi.com/2072-6694/11/11/1723
https://doi.org/10.1159/000485387
https://doi.org/10.1159/000537694
https://doi.org/10.1111/nan.12591
https://www.mdpi.com/2227-9059/12/4/827
https://doi.org/10.1016/j.crneur.2024.100139
https://doi.org/10.1016/j.crneur.2024.100139
https://doi.org/10.1093/neuonc/nox109
https://doi.org/10.1038/s41591-023-02668-y
https://doi.org/10.1093/neuros/nyaa071
https://doi.org/10.1093/neuonc/noae064.160
https://doi.org/10.1093/neuonc/noae064.160
https://doi.org/10.1093/neuonc/noae064.167
https://doi.org/10.1093/neuonc/noae064.167
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref122
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref122
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref122
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref122
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref123
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref123
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref123
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref123

416 Margaret Shatara et al.

Koschmann, C., Zamler, D., MacKay, A., Robinson, D., Wu, Y. M., Doherty, R., ... Castro,
M. G. (2016). Characterizing and targeting PDGFRA alterations in pediatric high-grade
glioma. Oncotarget, 7(40), 65696—65706. https://doi.org/10.18632/oncotarget.11602.

Kreatsoulas, D., Damante, M., Cua, S., & Lonser, R. R. (2024). Adjuvant convection-
enhanced delivery for the treatment of brain tumors. Journal of Neuro-Oncology, 166(2),
243-255. https://doi.org/10.1007/s11060-023-04552-8.

Kresbach, C., Holst, L., Schoof, M., Leven, T., Gobel, C., Neyazi, S., ... Schiller, U.
(2024). Intraventricular SHH inhibition proves efficient in SHH medulloblastoma
mouse model and prevents systemic side effects. Neuro-Oncology, 26(4), 609—622.
https://doi.org/10.1093/neuonc/noad191.

Kresbach, C., Neyazi, S., & Schiiller, U. (2022). Updates in the classification of ependymal
neoplasms: The 2021 WHO classification and beyond. Brain Pathology (Zurich,
Switzerland), 32(4), e13068. https://doi.org/10.1111/bpa.13068.

Kulubya, E. S., Kercher, M. J., Phillips, H. W., Antony, R., & Edwards, M. S. B. (2022).
Advances in the treatment of pediatric brain tumors. Children (Basel), 10(1), https://doi.
org/10.3390/children10010062.

Laetsch, T. W., DuBois, S. G., Mascarenhas, L., Turpin, B., Federman, N., Albert, C. M.,
... Hawkins, D. S. (2018). Larotrectinib for paediatric solid tumours harbouring NTRK
gene fusions: Phase 1 results from a multicentre, open-label, phase 1/2 study. The Lancet
Oncology, 19(5), 705=714. https://doi.org/10.1016/5s1470-2045(18)30119-0.

Laetsch, T. W., Ludwig, K., Williams, P. M., Roy-Chowdhuri, S., Patton, D. R., Coftey,
B., ... Parsons, D. W. (2024). Phase II study of samotolisib in children and young adults
with tumors harboring phosphoinositide 3-Kinase/Mammalian target of rapamycin
pathway alterations: Pediatric MATCH APEC1621D. JCO Precision Oncology(8),
€2400258. https://doi.org/10.1200/p0.24.00258.

Lang, S.-S., Kumar, N. K., Madsen, P., Gajjar, A. A., Gajjar, E., Resnick, A. C., & Storm,
P. B. (2022). Neurotrophic tyrosine receptor kinase fusion in pediatric central nervous
system tumors. Cancer Genetics, 262-263, 64—70. https://doi.org/10.1016/j.cancergen.
2022.01.003.

Lasky, J. L., 3rd, Panosyan, E. H., Plant, A., Davidson, T., Yong, W. H., ... Moore, T. B.
(2013). Autologous tumor lysate-pulsed dendritic cell immunotherapy for pediatric
patients with newly diagnosed or recurrent high-grade gliomas. Anticancer Research,
33(5), 2047-2056.

Lazow, M. A., Palmer, J. D., Fouladi, M., & Salloum, R. (2022). Medulloblastoma in the
modern era: Review of contemporary trials, molecular advances, and updates in man-
agement. Neurotherapeutics: the Journal of the American Society for Experimental
NeuroTherapeutics, 19(6), 1733—1751. https://doi.org/10.1007/s13311-022-01273-0.

Leary, S. E. S,, Kilburn, L., Geyer, J. R., Kocak, M., Huang, J., Smith, K. S., ... Northcott,
P. A. (2022). Vorinostat and isotretinoin with chemotherapy in young children with
embryonal brain tumors: A report from the pediatric brain tumor consortium (PBTC-
026). Neuro-Oncology, 24(7), 1178=1190. https://doi.org/10.1093/neuonc/noab293.

Lee, A., Chou, A. J., Williams, P. M., Roy-Chowdhuri, S., Patton, D. R., Coffey, B. D.,
... Parsons, D. W. (2023). Erdafitinb in patients with FGFR -altered tumors: results from
the NCI-COG pediatric MATCH trial arm b (APEC1621B). Journal of Clinical Oncology,
41(16_suppl), https://doi.org/10.1200/JC0O.2023.41.16_suppl.10007 10007.

Lee, E. Q., Muzikansky, A., Duda, D. G., Gaffey, S., Dietrich, J., Nayak, L., ... Wen, P. Y.
(2019). Phase II trial of ponatinib in patients with bevacizumab-refractory glioblastoma.
Cancer Medicine, 8(13), 5988-5994. https://doi.org/10.1002/cam#4.2505.

Lee, J.]J., Clarke, D., Hoverson, E., Tyler-Kabara, E. C., & Ho, W. S. (2021). MRI-guided
laser interstitial thermal therapy using the visualase system and navigus frameless ste-
reotaxy in an infant: Technical case report. Journal of Neurosurgery: Pediatrics, 28(1),
50-53. https://doi.org/10.3171/2020.11.Peds20823.


https://doi.org/10.18632/oncotarget.11602
https://doi.org/10.1007/s11060-023-04552-8
https://doi.org/10.1093/neuonc/noad191
https://doi.org/10.1111/bpa.13068
https://doi.org/10.3390/children10010062
https://doi.org/10.3390/children10010062
https://doi.org/10.1016/s1470-2045(18)30119-0
https://doi.org/10.1200/po.24.00258
https://doi.org/10.1016/j.cancergen.2022.01.003
https://doi.org/10.1016/j.cancergen.2022.01.003
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref132
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref132
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref132
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref132
https://doi.org/10.1007/s13311-022-01273-0
https://doi.org/10.1093/neuonc/noab293
https://doi.org/10.1200/JCO.2023.41.16_suppl.10007
https://doi.org/10.1002/cam4.2505
https://doi.org/10.3171/2020.11.Peds20823

Emerging Interventions for Pediatric Brain Tumors 417

Lemmon, M. A., & Schlessinger, J. (2010). Cell signaling by receptor tyrosine kinases. Cell,
141(7), 1117-1134. https://doi.org/10.1016/j.cell.2010.06.011.

Lewis, R., Li, Y. D., Hoffman, L., Hashizume, R., Gravohac, G., Rice, G., ... Xi, G.
(2019). Global reduction of H3K4me3 improves chemotherapeutic efficacy for pediatric
ependymomas. Neoplasia (New York, N. Y.), 21(6), 505-515. https://doi.org/10.1016/].
neo.2019.03.012.

Liang, M.-L., Chen, C.-H., Liu, Y.-R., Huang, M.-H., Lin, Y.-C., Wong, T.-T., ...
Hsieh, T.-H. (2020). Abemaciclib, a selective CDK4/6 inhibitor, restricts the growth of
pediatric ependymomas. Cancers, 12(12), 3597. https://www.mdpi.com/2072-6694/
12/12/3597.

Lin, G. L., Wilson, K. M., Ceribelli, M., Stanton, B. Z., Woo, P. J., Kreimer, S., ... Monje,
M. (2019). Therapeutic strategies for diffuse midline glioma from high-throughput
combination drug screening. Science Translational Medicine, 11(519), https://doi.org/10.
1126/scitranslmed.aaw0064.

Lin, M. J., Svensson-Arvelund, J., Lubitz, G. S., Marabelle, A., Melero, 1., Brown, B. D., &
Brody, J. D. (2022). Cancer vaccines: The next immunotherapy frontier. Nature Cancer,
3(8), 911-926. https://doi.org/10.1038/543018-022-00418-6.

Linzey, J. R., Marini, B., McFadden, K., Lorenzana, A., Mody, R., Robertson, P. L., &
Koschmann, C. (2017). Identification and targeting of an FGFR fusion in a pediatric
thalamic “central oligodendroglioma”. npj Precision Oncology, 1(1), 29. https://doi.org/
10.1038/541698-017-0036-8.

Lipsman, N., Meng, Y., Bethune, A. J., Huang, Y., Lam, B., Masellis, M., ... Black, S. E. (2018).
Blood-brain barrier opening in Alzheimer’s disease using MR-guided focused ultrasound.
Nature Communications, 9(1), 2336. https://doi.org/10.1038/541467-018-04529-6.

Louis, D. N., Perry, A., Wesseling, P., Brat, D. J., Cree, I. A., Figarella-Branger, D., ...
Ellison, D. W. (2021). The 2021 WHO classification of tumors of the central nervous
system: A summary. Neuro-Oncology, 23(8), 1231-1251. https://doi.org/10.1093/
neuonc/noab106.

Lu, V. M., Ravindran, K., Grafteo, C. S., Perry, A., Van Gompel, J. J., Daniels, D. J., &
Link, M. J. (2019). Efficacy and safety of bevacizumab for vestibular schwannoma in
neurofibromatosis type 2: A systematic review and meta-analysis of treatment outcomes.
Journal of Neuro-Oncology, 144(2), 239-248. https://doi.org/10.1007/s11060-019~
03234-8.

Lu, Y., Chan, Y. T., Tan, H. Y., Li, S., Wang, N., & Feng, Y. (2020). Epigenetic reg-
ulation in human cancer: The potential role of epi-drug in cancer therapy. Molecular
Cancer, 19(1), 79. https://doi.org/10.1186/512943-020-01197-3.

Mack, S. C., Witt, H., Piro, R. M., Gu, L., Zuyderduyn, S., Stiitz, A. M., ... Taylor, M. D.
(2014). Epigenomic alterations define lethal CIMP-positive ependymomas of infancy.
Nature, 506(7489), 445—450. https://doi.org/10.1038/nature13108.

Mackay, A., Burford, A., Carvalho, D., Izquierdo, E., Fazal-Salom, J., Taylor, K. R., ...
Jones, C. (2017). Integrated molecular meta-analysis of 1,000 pediatric high-grade and
diffuse intrinsic pontine glioma. Cancer Cell, 32(4), 520-537.€525. https://doi.org/10.
1016/j.ccell.2017.08.017.

Mackay, A., Burford, A., Molinari, V., Jones, D. T. W., Izquierdo, E., Brouwer-Visser, J.,
... Jones, C. (2018). Molecular, pathological, radiological, and immune profiling of non-
brainstem pediatric high-grade glioma from the HERBY phase II randomized trial.
Cancer Cell, 33(5), 829-842.e825. https://doi.org/10.1016/j.ccell.2018.04.004.

Macy, M. E., Kieran, M. W., Chi, S. N., Cohen, K. J., MacDonald, T. J., Smith, A. A., ...
Dunkel, I. J. (2017). A pediatric trial of radiation/cetuximab followed by irinotecan/
cetuximab in newly diagnosed diffuse pontine gliomas and high-grade astrocytomas: A
pediatric oncology experimental therapeutics investigators’ consortium study. Pediatric
Blood & Cancer, 64(11), €26621. https://doi.org/10.1002/pbc.26621.


https://doi.org/10.1016/j.cell.2010.06.011
https://doi.org/10.1016/j.neo.2019.03.012
https://doi.org/10.1016/j.neo.2019.03.012
https://www.mdpi.com/2072-6694/12/12/3597
https://www.mdpi.com/2072-6694/12/12/3597
https://doi.org/10.1126/scitranslmed.aaw0064
https://doi.org/10.1126/scitranslmed.aaw0064
https://doi.org/10.1038/s43018-022-00418-6
https://doi.org/10.1038/s41698-017-0036-8
https://doi.org/10.1038/s41698-017-0036-8
https://doi.org/10.1038/s41467-018-04529-6
https://doi.org/10.1093/neuonc/noab106
https://doi.org/10.1093/neuonc/noab106
https://doi.org/10.1007/s11060-019-03234-8
https://doi.org/10.1007/s11060-019-03234-8
https://doi.org/10.1186/s12943-020-01197-3
https://doi.org/10.1038/nature13108
https://doi.org/10.1016/j.ccell.2017.08.017
https://doi.org/10.1016/j.ccell.2017.08.017
https://doi.org/10.1016/j.ccell.2018.04.004
https://doi.org/10.1002/pbc.26621

418 Margaret Shatara et al.

Majzner, R. G., Ramakrishna, S., Yeom, K. W., Patel, S., Chinnasamy, H., Schultz, L. M.,
... Monje, M. (2022). GD2-CAR t cell therapy for H3K27M-mutated diffuse midline
gliomas. Nature, 603(7903), 934-941. https://doi.org/10.1038/541586-022-04489-4.

Makker, S., Galley, C., & Bennett, C. L. (2023). Cancer vaccines: From an immunology
perspective. Immunotherapy Advances, 4(1), https://doi.org/10.1093/immadv/Itad030.

Man, A., Di Scipio, M., Grewal, S., Suk, Y., Trinari, E., Ejaz, R., & Whitney, R. (2024).
The genetics of tuberous sclerosis complex and related mTORopathies: Current
understanding and future directions. Genes, 15(3), 332. https://www.mdpi.com/2073-
4425/15/3/332.

Manoharan, N, Liu, K. X., Mueller, S., Haas-Kogan, D. A., & Bandopadhayay, P. (2023).
Pediatric low-grade glioma: Targeted therapeutics and clinical trials in the molecular era.
Neoplasia (New York, N. Y. ), 36, 100857. https://doi.org/10.1016/j.ne0.2022.100857.

Martinez-Vélez, N., Garcia-Moure, M., Marigil, M., Gonzilez-Huarriz, M., Puigdelloses,
M., Gallego Pérez-Larraya, J., ... Alonso, M. M. (2019). The oncolytic virus Delta-24-
RGD elicits an antitumor effect in pediatric glioma and DIPG mouse models. Nature
Communications, 10(1), 2235. https://doi.org/10.1038/541467-019-10043-0.

Mayr, L., Neyazi, S., Schwark, K., Trissal, M., Beck, A., Labelle, J., ... Filbin, M. G. (2025).
Effective targeting of PDGFR A-altered high-grade glioma with avapritinib. Cancer Cell.
https://doi.org/10.1016/j.ccell.2025.02.018.

Mayr, L., Trissal, M., Schwark, K., Neyazi, S., Beck, A., Labelle, J., ... Filbin, M. (2023).
DDDR-17. Clinical response to the PDGFRA/KIT inhibitor avapritinib in pediatric
and young adult high-grade glioma patients. Neuro-Oncology, 25(Supplement 5),
v108—v109. https://doi.org/10.1093/neuonc/noad179.0411.

Mehta, A. M., Sonabend, A. M., & Bruce, J. N. (2017). Convection-enhanced delivery.
Neurotherapeutics: the Journal of the American Society for Experimental NeuroTherapeutics,
14(2), 358-371. https://doi.org/10.1007/s13311-017-0520-4.

Melaiu, O., Lucarini, V., Giovannoni, R., Fruci, D., & Gemignani, F. (2022). News on
immune checkpoint inhibitors as immunotherapy strategies in adult and pediatric solid
tumors. Seminars in Cancer Biology.

Meng, Y., Pople, C. B., Budiansky, D., Li, D., Suppiah, S., Lim-Fat, M. J., ... Lipsman, N.
(2022). Current state of therapeutic focused ultrasound applications in neuro-oncology.
Journal of Neuro-Oncology, 156(1), 49-59. https://doi.org/10.1007/s11060-021-03861-0.

Merchant, T. E., Bendel, A. E., Sabin, N. D., Burger, P. C., Shaw, D. W., Chang, E., ...
Foreman, N. K. (2019). Conformal radiation therapy for pediatric ependymoma, che-
motherapy for incompletely resected ependymoma, and observation for completely
resected, supratentorial ependymoma. Journal of Clinical Oncology, 37(12), 974-983.

Miklja, Z., Yadav, V. N., Cartaxo, R. T, Siada, R., Thomas, C. C., Cummings, J. R., ...
Koschmann, C. (2020). Everolimus improves the efficacy of dasatinib in PDGFRa~
driven glioma. The Journal of Clinical Investigation, 130(10), 5313-5325. https://doi.org/
10.1172/5¢1133310.

Miller, K. D., Ostrom, Q. T., Kruchko, C., Patil, N., Tihan, T., Cioffi, G., ... Barnholtz-
Sloan, J. S. (2021). Brain and other central nervous system tumor statistics, 2021. CA: a
Cancer Journal for Clinicians, 71(5), 381-406. https://doi.org/10.3322/caac.21693.

Mills, C. C., Kolb, E. A., & Sampson, V. B. (2017). Recent advances of cell-cycle inhibitor
therapies for pediatric cancer. Cancer Research, 77(23), 6489—6498. https://doi.org/10.
1158/0008-5472.Can-17-2066.

Mondal, G., Lee, J. C., Ravindranathan, A., Villanueva-Meyer, J. E., Tran, Q. T., Allen, S.
J., ... Solomon, D. A. (2020). Pediatric bithalamic gliomas have a distinct epigenetic
signature and frequent EGFR exon 20 insertions resulting in potential sensitivity to
targeted kinase inhibition. Acta Neuropathologica, 139(6), 1071-1088. https://doi.org/10.
1007/500401-020-02155-5.


https://doi.org/10.1038/s41586-022-04489-4
https://doi.org/10.1093/immadv/ltad030
https://www.mdpi.com/2073-4425/15/3/332
https://www.mdpi.com/2073-4425/15/3/332
https://doi.org/10.1016/j.neo.2022.100857
https://doi.org/10.1038/s41467-019-10043-0
https://doi.org/10.1016/j.ccell.2025.02.018
https://doi.org/10.1093/neuonc/noad179.0411
https://doi.org/10.1007/s13311-017-0520-4
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref160
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref160
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref160
https://doi.org/10.1007/s11060-021-03861-0
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref162
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref162
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref162
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref162
https://doi.org/10.1172/jci133310
https://doi.org/10.1172/jci133310
https://doi.org/10.3322/caac.21693
https://doi.org/10.1158/0008-5472.Can-17-2066
https://doi.org/10.1158/0008-5472.Can-17-2066
https://doi.org/10.1007/s00401-020-02155-5
https://doi.org/10.1007/s00401-020-02155-5

Emerging Interventions for Pediatric Brain Tumors 419

Monje, M., Cooney, T., Glod, J., Huang, J., Peer, C. J., Faury, D., ... Warren, K. E.
(2023). Phase I trial of panobinostat in children with diffuse intrinsic pontine glioma: A
report from the pediatric brain tumor consortium (PBTC-047). Neuro-Oncology, 25(12),
2262-2272. https://doi.org/10.1093/neuonc/noad141.

Monje, M., Mahdji, J., Majzner, R., Yeom, K. W., Schultz, L. M., Richards, R. M., ...
Mackall, C. (2025). Intravenous and intracranial GD2-CAR T cells for H3K27M+
diffuse midline gliomas. Nature, 637(8046), 708—715. https://doi.org/10.1038/s41586-
024-08171-9.

Moreira, D. C., Mikkelsen, M., & Robinson, G. W. (2024). Current landscape of NTRK
inhibition for pediatric CNS tumors. CNS Drugs, 38(11), 841-849. https://doi.org/10.
1007/s40263-024-01121-z.

Mossé, Y. P., Fox, E., Teachey, D. T., Reid, J. M., Safgren, S. L., Carol, H., ... Weigel, B. J.
(2019). A phase II study of alisertib in children with recurrent/refractory solid tumors or
leukemia: Children’s oncology group phase I and pilot consortium (ADVL0921). Clinical
Cancer Research, 25(11), 3229-3238. https://doi.org/10.1158/1078-0432.Ccr-18-2675.

Mount, C. W., Majzner, R. G., Sundaresh, S., Arnold, E. P., Kadapakkam, M., Haile, S., ...
Mackall, C. L. (2018). Potent antitumor efficacy of anti-GD2 CAR t cells in H3-K27M
(+) diffuse midline gliomas. Nature Medicine, 24(5), 572-579. https://doi.org/10.1038/
s41591-018-0006-x.

Mueller, S., Cooney, T., Yang, X., Pal, S., Ermoian, R., Gajjar, A., ... Weigel, B. J. (2022).
Weel kinase inhibitor adavosertib with radiation in newly diagnosed diftuse intrinsic
pontine glioma: A children’s oncology group phase I consortium study. Neuro-Oncology
Advances, 4(1), https://doi.org/10.1093/noajnl/vdac073.

Mueller, S., Hashizume, R., Yang, X., Kolkowitz, I., Olow, A. K., Phillips, J., ... Haas-
Kogan, D. A. (2014). Targeting Weel for the treatment of pediatric high-grade gliomas.
Neuro-Oncology, 16(3), 352-360. https://doi.org/10.1093/neuonc/not220.

Mueller, S., Kline, C., Stoller, S., Lundy, S., Christopher, L., Reddy, A. T., ... Gupta, N.
(2023). PNOCO015: Repeated convection-enhanced delivery of MTX110 (aqueous
panobinostat) in children with newly diagnosed diftuse intrinsic pontine glioma. Neuro-
Oncology, 25(11), 2074-2086. https://doi.org/10.1093/neuonc/noad105.

Mueller, S., Taitt, J. M., Villanueva-Meyer, J. E., Bonner, E. R., Nejo, T., Lulla, R. R, ...
Whipple, N. S. (2022). Mass cytometry detects H3. 3K27m-specific vaccine responses in
diffuse midline glioma. The Journal of Clinical Investigation, 130(12).

Munn, D. H., & Mellor, A. L. (2013). Indoleamine 2,3 dioxygenase and metabolic control
of immune responses. Trends in Immunology, 34(3), 137-143. https://doi.org/10.1016/].
1t.2012.10.001.

Muscal, J. A., Thompson, P. A., Horton, T. M., Ingle, A. M., Ahern, C. H., McGovern,
R. M, ... Blaney, S. M. (2013). A phase I trial of vorinostat and bortezomib in children
with refractory or recurrent solid tumors: A children’s oncology group phase I con-
sortium study (ADVL0916). Pediatric Blood & Cancer, 60(3), 390-395. https://doi.org/
10.1002/pbc.24271.

Nicolaides, T., Nazemi, K. J., Crawford, J., Kilburn, L., Minturn, J., Gajjar, A., ... Prados, M.
(2020). 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), 1942-1952. https://doi.org/10.18632/oncotarget.27600.

Nobre, L., & Boutffet, E. (2022). BRAF inhibitors in BRAFV600E-mutated pediatric high-
grade gliomas: Upfront or at recurrence? Neuro-Oncology, 24(11), 1976-1977. https://
doi.org/10.1093/neuonc/noac160.

Norris, G., Widener, M., Amani, V., Donson, A., Schissel, D., Bruno, C., ... Dorris, K.
(2022). EPEN-11. Phase 0/I study of GM-CSF and intrathecal trastuzumab in children
with recurrent posterior fossa ependymoma. Neuro-Oncology, 24(Supplement_1), i40.
https://doi.org/10.1093/neuonc/noac079.148.


https://doi.org/10.1093/neuonc/noad141
https://doi.org/10.1038/s41586-024-08171-9
https://doi.org/10.1038/s41586-024-08171-9
https://doi.org/10.1007/s40263-024-01121-z
https://doi.org/10.1007/s40263-024-01121-z
https://doi.org/10.1158/1078-0432.Ccr-18-2675
https://doi.org/10.1038/s41591-018-0006-x
https://doi.org/10.1038/s41591-018-0006-x
https://doi.org/10.1093/noajnl/vdac073
https://doi.org/10.1093/neuonc/not220
https://doi.org/10.1093/neuonc/noad105
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref175
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref175
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref175
https://doi.org/10.1016/j.it.2012.10.001
https://doi.org/10.1016/j.it.2012.10.001
https://doi.org/10.1002/pbc.24271
https://doi.org/10.1002/pbc.24271
https://doi.org/10.18632/oncotarget.27600
https://doi.org/10.1093/neuonc/noac160
https://doi.org/10.1093/neuonc/noac160
https://doi.org/10.1093/neuonc/noac079.148

420 Margaret Shatara et al.

Packer, R. J., Jakacki, R., Horn, M., Rood, B., Vezina, G., MacDonald, T., ... Cohen, B.
(2009). Objective response of multiply recurrent low-grade gliomas to bevacizumab and
irinotecan. Pediatric Blood & Cancer, 52(7), 791-795. https://doi.org/10.1002/pbc.21935.

Parker, B. C., Engels, M., Annala, M., & Zhang, W. (2014). Emergence of FGFR family
gene fusions as therapeutic targets in a wide spectrum of solid tumours. The Journal of
Pathology, 232(1), 4-15. https://doi.org/10.1002/path.4297.

Patel, B., & Kim, A. H. (2020). Laser interstitial thermal therapy. Missouri Medicine, 117(1),
50-55.

Paugh, B. S., Broniscer, A., Qu, C., Miller, C. P., Zhang, J., Tatevossian, R. G., ... da Silva,
N. S. (2011). Genome-wide analyses identify recurrent amplifications of receptor tyr-
osine kinases and cell-cycle regulatory genes in diftuse intrinsic pontine glioma. journal of
Clinical Oncology, 29(30), 3999-4006.

Paugh, B. S., Qu, C., Jones, C., Liu, Z., Adamowicz-Brice, M., Zhang, J., ... Baker, S. J.
(2010). Integrated molecular genetic profiling of pediatric high-grade gliomas reveals key
differences with the adult disease. Journal of Clinical Oncology: Official Journal of the American
Society of Clinical Oncology, 28(18), 3061-3068. https://doi.org/10.1200/jc0.2009.26.7252.

Paugh, B. S., Zhu, X., Qu, C., Endersby, R., Diaz, A. K., Zhang, J., ... Baker, S. J. (2013).
Novel oncogenic PDGFRA mutations in pediatric high-grade gliomas. Cancer Research,
73(20), 6219-6229. https://doi.org/10.1158/0008-5472.Can-13-1491.

Pehlivan, K. C., Khanna, P. C., Elster, J. D., Paul, M. R, Levy, M. L., Crawford, J. R., &
Gonda, D. D. (2021). Clinical and neuroimaging features of magnetic resonance-guided
stereotactic laser ablation for newly diagnosed and recurrent pediatric brain tumors: A
single institutional series. World Neurosurgery, 150, €378—e387. https://doi.org/10.1016/
j-wneu.2021.03.027.

Perla, A., Fratini, L., Cardoso, P. S., Nor, C., Brunetto, A. T., Brunetto, A. L., ... Roesler,
R. (2020). Histone deacetylase inhibitors in pediatric brain cancers: biological activities
and therapeutic potential. Frontiers in Cell and Developmental Biology, 8, 546. https://doi.
org/10.3389/fcell.2020.00546.

Plotkin, S. R., Stemmer-Rachamimov, A. O., Barker, F. G., Halpin, C., Padera, T. P.,
Tyrrell, A., ... Tomaso, E. D. (2009). Hearing improvement after bevacizumab in
patients with neurofibromatosis type 2. New England Journal of Medicine, 361(4),
358-367. https://doi.org/10.1056/NEJM0a0902579.

Pollack, I. F., Jakacki, R. I, Butterfield, L. H., Hamilton, R. L., Panigrahy, A., Normolle,
D. P., ... Okada, H. (2016). Antigen-specific immunoreactivity and clinical outcome
following vaccination with glioma-associated antigen peptides in children with recurrent
high-grade gliomas: Results of a pilot study. Journal of Neuro-Oncology, 130(3), 517-527.
https://doi.org/10.1007/s11060-016-2245-3.

Pollack, I. F., Jakacki, R. I., Butterfield, L. H., Hamilton, R. L., Panigrahy, A., Potter, D.
M., ... Okada, H. (2014). Antigen-specific immune responses and clinical outcome after
vaccination with glioma-associated antigen peptides and polyinosinic-polycytidylic acid
stabilized by lysine and carboxymethylcellulose in children with newly diagnosed
malignant brainstem and nonbrainstem gliomas. Journal of Clinical Oncology: Official
Journal of the American Society of Clinical Oncology, 32(19), 2050-2058. https://doi.org/10.
1200/jc0.2013.54.0526.

Pollack, I. F., Stewart, C. F., Kocak, M., Poussaint, T. Y., Broniscer, A., Banerjee, A., ...
Geyer, J. R. (2011). A phase II study of gefitinib and irradiation in children with newly
diagnosed brainstem gliomas: A report from the pediatric brain tumor consortium.
Neuro-Oncology, 13(3), 290-297. https://doi.org/10.1093/neuonc/noql99.

Poorter, J. D., Wagter, C. D., Deene, Y. D., Thomsen, C., Stihlberg, F., & Achten, E.
(1995). Noninvasive MRI thermometry with the proton resonance frequency (PRF)
method: In vivo results in human muscle. Magnetic Resonance in Medicine, 33(1), 74-81.
https://doi.org/10.1002/mrm.1910330111.


https://doi.org/10.1002/pbc.21935
https://doi.org/10.1002/path.4297
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref183
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref183
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref184
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref184
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref184
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref184
https://doi.org/10.1200/jco.2009.26.7252
https://doi.org/10.1158/0008-5472.Can-13-1491
https://doi.org/10.1016/j.wneu.2021.03.027
https://doi.org/10.1016/j.wneu.2021.03.027
https://doi.org/10.3389/fcell.2020.00546
https://doi.org/10.3389/fcell.2020.00546
https://doi.org/10.1056/NEJMoa0902579
https://doi.org/10.1007/s11060-016-2245-3
https://doi.org/10.1200/jco.2013.54.0526
https://doi.org/10.1200/jco.2013.54.0526
https://doi.org/10.1093/neuonc/noq199
https://doi.org/10.1002/mrm.1910330111

Emerging Interventions for Pediatric Brain Tumors 421

Porta, R., Borea, R., Coelho, A., Khan, S., Aratjo, A., Reclusa, P., ... Rolfo, C. (2017).
FGFR a promising druggable target in cancer: Molecular biology and new drugs. Critical
Reviews in Oncology/Hematology, 113, 256-267. https://doi.org/10.1016/j.critrevonc.
2017.02.018.

Prasad, K., Serencsits, B. E., Chu, B. P., Dauer, L. T., Donzelli, M., Basu, E., ... Pandit-
Taskar, N. (2024). Feasibility of safe outpatient treatment in pediatric patients following
intraventricular radioimmunotherapy with 131I-omburtamab for leptomeningeal dis-
ease. EJNMMI Research, 14(1), 70. https://doi.org/10.1186/s13550-024-01127-0.

Pulivarthi, C. B., Choubey, S. S., Pandey, S. K., Gautam, A. S., & Singh, R. K. (2023).
Chapter 2 - receptor tyrosine kinases: An overview. In H. M. Mansour, M. M. Khattab,
& A. S. El-khatib (Eds.). Receptor tyrosine kinases in neurodegenerative and psychiatric disorders
(pp- 45=77)Academic Press. https://doi.org/10.1016/B978-0-443-18677-6.00011-7.

Qaddoumi, I., Kocak, M., Pai Panandiker, A. S., Armstrong, G. T., Wetmore, C.,
Crawford, J. R., ... Broniscer, A. (2014). Phase II trial of erlotinib during and after
radiotherapy in children with newly diagnosed high-grade gliomas. Frontiers in Oncology,
4, 67. https://doi.org/10.3389/fonc.2014.00067.

Raffeld, M., Abdullaev, Z., Pack, S. D., Xi, L., Nagaraj, S., Briceno, N, ... Quezado, M.
(2020). High level MYCN amplification and distinct methylation signature define an
aggressive subtype of spinal cord ependymoma. Acta Neuropathologica Communications, 8,
1-11.

Rao, R., Patel, A., Hanchate, K., Robinson, E., Edwards, A., Shah, S., ... Sengupta, S.
(2023). Advances in focused ultrasound for the treatment of brain tumors. Tomography,
9(3), 1094-1109. https://doi.org/10.3390/tomography9030090.

Ravi, K., Franson, A., Homan, M. J., Roberts, H., Pai, M. P., Miklja, Z., ... Perissinotti, A.
J. (2021). Comparative pharmacokinetic analysis of the blood-brain barrier penetration
of dasatinib and ponatinib in mice. Leukemia & Lymphoma, 62(8), 1990-1994.

Remick, M. M. M. M., Kanupriya, G., James, F., & Abel, T. J. (2020). Emerging indi-
cations for stereotactic laser interstitial thermal therapy in pediatric neurosurgery.
International Journal of Hyperthermia, 37(2), 84-93. https://doi.org/10.1080/02656736.
2020.1769868.

Rezai, A. R., D’Haese, P. F., Finomore, V., Carpenter, J., Ranjan, M., Wilhelmsen, K., ...
Haut, M. W. (2024). Ultrasound blood-brain barrier opening and aducanumab in
Alzheimer’s disease. The New England Journal of Medicine, 390(1), 55—62. https://doi.org/
10.1056/NEJMo0a2308719.

Robinson, G., Desai, A., Basu, E., Foster, J., Gauvain, K., Sabnis, A., ... Yoon, J. (2020). HGG-
01. Entrectinib in recurrent or refractory solid tumors including primary CNS tumors:
Updated data in children and adolescents. Neuro-Oncology, 22(Supplement_3), iii344.

Robinson, G. W., Gajjar, A. J., Gauvain, K. M., Basu, E. M., Macy, M. E., Maese, L. D, ...
Yoon, J. (2019). Phase 1/1B trial to assess the activity of entrectinib in children and
adolescents with recurrent or refractory solid tumors including central nervous system
(CNS) tumors. Journal of Clinical Oncology: Official Journal of the American Society of Clinical
Oncology, 37(15_), 10009.

Robinson, G. W, Kaste, S. C., Chemaitilly, W., Bowers, D. C., Laughton, S., Smith, A.,
... Gajjar, A. (2017). Irreversible growth plate fusions in children with medulloblastoma
treated with a targeted hedgehog pathway inhibitor. Oncotarget, 8(41), 69295-69302.
https://doi.org/10.18632/oncotarget.20619.

Robinson, G. W., Orr, B. A., Wu, G., Gururangan, S., Lin, T., Qaddoumi, I, ... Gajjar, A.
(2015). Vismodegib exerts targeted efficacy against recurrent sonic Hedgehog-Subgroup
medulloblastoma: Results from phase II pediatric brain tumor consortium studies
PBTC-025B and PBTC-032. Journal of Clinical Oncology: Official Journal of the American
Society of Clinical Oncology, 33(24), 2646-2654. https://doi.org/10.1200/jc0.2014.60.
1591.


https://doi.org/10.1016/j.critrevonc.2017.02.018
https://doi.org/10.1016/j.critrevonc.2017.02.018
https://doi.org/10.1186/s13550-024-01127-0
https://doi.org/10.1016/B978-0-443-18677-6.00011-7
https://doi.org/10.3389/fonc.2014.00067
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref198
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref198
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref198
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref198
https://doi.org/10.3390/tomography9030090
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref200
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref200
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref200
https://doi.org/10.1080/02656736.2020.1769868
https://doi.org/10.1080/02656736.2020.1769868
https://doi.org/10.1056/NEJMoa2308719
https://doi.org/10.1056/NEJMoa2308719
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref203
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref203
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref203
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref204
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref204
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref204
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref204
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref204
https://doi.org/10.18632/oncotarget.20619
https://doi.org/10.1200/jco.2014.60.1591
https://doi.org/10.1200/jco.2014.60.1591

422 Margaret Shatara et al.

Rogers, H. A., Estranero, J., Gudka, K., & Grundy, R. G. (2017). The therapeutic potential
of targeting the PI3K pathway in pediatric brain tumors. Oncotarget, 8(2), 2083-2095.
https://doi.org/10.18632/oncotarget.13781.

Ronsley, R., Bertrand, K. C., Song, E. Z., Timpanaro, A., Choe, M., Tlais, D., ... Park, J.
R. (2024). CAR T cell therapy for pediatric central nervous system tumors: A review of
the literature and current north American trials. Cancer and Metastasis Reviews, 43(4),
1205—1216. https://doi.org/10.1007/510555-024-10208-4.

Ronsley, R., Seidel, K., Narayanaswamy, P., Pattabhi, S., Wendler, J., Ho, O., ... Vitanza,
N. (2024). CTIM-02. Pioneering quad-targeting car T cell therapy in pediatric CNS
tumors — analysis from the initial patients treated on the first-in-human phase 1 trial
brainchild-04. Neuro-Oncology, 26(Supplement_8), viii84. https://doi.org/10.1093/
neuonc/noael65.0336.

Rosenberg, T., Yeo, K. K., Mauguen, A., Alexandrescu, S., Prabhu, S. P., Tsai, J. W, ...
Karajannis, M. A. (2022). Upfront molecular targeted therapy for the treatment of
BRAF-mutant pediatric high-grade glioma. Neuro-Oncology, 24(11), 1964-1975.
https://doi.org/10.1093/neuonc/noac096.

Roussel, M. F., & Stripay, J. L. (2018). Epigenetic drivers in pediatric medulloblastoma.
Cerebellum (London, England), 17(1), 28=36. https://doi.org/10.1007/5s12311-017-0899-9.

Ryall, S., Zapotocky, M., Fukuoka, K., Nobre, L., Guerreiro Stucklin, A., Bennett, J., ...
Hawkins, C. (2020). Integrated molecular and clinical analysis of 1,000 pediatric low-
grade gliomas. Cancer Cell, 37(4), 569-583.e565. https://doi.org/10.1016/j.ccell.2020.
03.011.

Salehi, A., Paturu, M. R, Patel, B., Cain, M. D., Mahlokozera, T., Yang, A. B., ... Kim, A.
H. (2020). Therapeutic enhancement of blood-brain and blood-tumor barriers per-
meability by laser interstitial thermal therapy. Neuro-Oncology Advances, 2(1), vdaa071.
https://doi.org/10.1093/noajnl/vdaa071.

Salem, U., Kumar, V. A., Madewell, J. E., Schomer, D. F., de Almeida Bastos, D. C., Zinn,
P. O., ... Colen, R. R. (2019). Neurosurgical applications of MRI guided laser inter-
stitial thermal therapy (LITT). Cancer Imaging: the Official Publication of the International
Cancer Imaging Society, 19(1), 65. https://doi.org/10.1186/540644-019-0250-4.

Saraon, P., Pathmanathan, S., Snider, J., Lyakisheva, A., Wong, V., & Stagljar, I. (2021).
Receptor tyrosine kinases and cancer: Oncogenic mechanisms and therapeutic approaches.
Oncogene, 40(24), 4079-4093. https://doi.org/10.1038/s41388-021-01841-2.

Sarvode, S., & Gajjar, A. (2023). Review of the impact of molecular analysis on the therapy
of medulloblastoma. Pediatric Hematology Oncology Journal, 8(2), 121-128. https://doi.
org/10.1016/.ph0j.2023.05.001.

Schwark, K., Messinger, D., Cummings, J. R., Bradin, J., Kawakibi, A., Babila, C. M., ...
Yadav, V. N. (2022). Receptor tyrosine kinase (RTK) targeting in pediatric high-grade
glioma and diffuse midline glioma: Pre-clinical models and precision Medicine
[Review]. Frontiers in Oncology, 12. https://doi.org/10.3389/fonc.2022.922928.

Schwartzentruber, J., Korshunov, A., Liu, X. Y., Jones, D. T., Pfaft, E., Jacob, K., ...
Jabado, N. (2012). Driver mutations in histone H3.3 and chromatin remodelling genes
in paediatric glioblastoma. Nature, 482(7384), 226-231. https://doi.org/10.1038/
nature10833.

Shah, A. H., Semonche, A., Eichberg, D. G., Borowy, V., Luther, E., Sarkiss, C. A, ...
Komotar, R. J. (2020). The role of laser interstitial thermal therapy in surgical neuro-
oncology: Series of 100 consecutive patients. Neurosurgery, 87(2), 266—275. https://doi.
org/10.1093/neuros/nyz424.

Shao, J., Radakovich, N. R., Grabowski, M., Borghei-Razavi, H., Knusel, K., Joshi, K. C.,
... Mohammadi, A. M. (2020). Lessons learned in using laser interstitial thermal therapy
for treatment of brain tumors: A case series of 238 patients from a single institution.
World Neurosurgery, 139, e345—e354. https://doi.org/10.1016/j.wneu.2020.03.213.


https://doi.org/10.18632/oncotarget.13781
https://doi.org/10.1007/s10555-024-10208-4
https://doi.org/10.1093/neuonc/noae165.0336
https://doi.org/10.1093/neuonc/noae165.0336
https://doi.org/10.1093/neuonc/noac096
https://doi.org/10.1007/s12311-017-0899-9
https://doi.org/10.1016/j.ccell.2020.03.011
https://doi.org/10.1016/j.ccell.2020.03.011
https://doi.org/10.1093/noajnl/vdaa071
https://doi.org/10.1186/s40644-019-0250-4
https://doi.org/10.1038/s41388-021-01841-2
https://doi.org/10.1016/j.phoj.2023.05.001
https://doi.org/10.1016/j.phoj.2023.05.001
https://doi.org/10.3389/fonc.2022.922928
https://doi.org/10.1038/nature10833
https://doi.org/10.1038/nature10833
https://doi.org/10.1093/neuros/nyz424
https://doi.org/10.1093/neuros/nyz424
https://doi.org/10.1016/j.wneu.2020.03.213

Emerging Interventions for Pediatric Brain Tumors 423

Shatara, M., & Abdelbaki, M. S. (2025). Pediatric suprasellar tumors: Unveiling the mys-
teries of craniopharyngioma and germ cell tumors-insights from diagnosis to advanced
therapeutics. Pediatric Neurology, 162, 55—68. https://doi.org/10.1016/j.pediatrneurol.
2024.10.016.

Shulman, D. S., & DuBois, S. G. (2020). The evolving diagnostic and treatment landscape
of NTRK-fusion-driven pediatric cancers. Pediatric Drugs, 22(2), 189—-197. https://doi.
org/10.1007/540272-020-00380-9.

Siegel, B. L., Patil, P., Prakash, A., Klawinski, D. M., & Hwang, E. I. (2025a). Targeted
therapy in pediatric central nervous system tumors: A review from The National
pediatric cancer foundation [Review]. Frontiers in Oncology, 15. https://doi.org/10.
3389/fonc.2025.1504803.

Sievers, P., Sill, M., Schrimpf, D., Stichel, D., Reuss, D. E., Sturm, D., ... Sahm, F. (2021).
A subset of pediatric-type thalamic gliomas share a distinct DNA methylation profile,
H3K27me3 loss and frequent alteration of EGFR. Neuro-Oncology, 23(1), 34—43.
https://doi.org/10.1093/neuonc/noaa251.

Singleton, W. G., Collins, A. M., Bienemann, A. S., Killick-Cole, C. L., Haynes, H. R.,
Asby, D. J., ... Gill, S. S. (2017). Convection enhanced delivery of panobinostat
(LBH589)-loaded pluronic nano-micelles prolongs survival in the F98 rat glioma model.
International Journal of Nanomedicine, 12, 1385-1399. https://doi.org/10.2147/ijn.
S125300.

Skouras, P., Markouli, M., Strepkos, D., & Piperi, C. (2023). Advances on epigenetic drugs
for pediatric brain tumors. Current Neuropharmacology, 21(7), 1519-1535. https://doi.
org/10.2174/1570159x20666220922150456.

Slika, H., Shahani, A., Wahi, R., Miller, J., Groves, M., & Tyler, B. (2024). Overcoming
treatment resistance in medulloblastoma: Underlying mechanisms and potential strate-
gies. Cancers, 16(12), 2249. https://www.mdpi.com/2072-6694/16/12/2249.

Sneeringer, C. J., Scott, M. P., Kuntz, K. W., Knutson, S. K., Pollock, R. M., Richon, V.
M., & Copeland, R. A. (2010). Coordinated activities of wild-type plus mutant EZH2
drive tumor-associated hypertrimethylation of lysine 27 on histone H3 (H3K27) in
human B-cell lymphomas. Proceedings of the National Academy of Sciences of the United States
of America, 107(49), 20980-20985. https://doi.org/10.1073/pnas.1012525107.

Souweidane, M. M., Bander, E. D., Zanzonico, P., Reiner, A. S., Manino, N., Haque, S.,
... Dunkel, L. J. (2025). Phase 1 dose-escalation trial using convection-enhanced delivery
(CED) of radio-immunotheranostic 124I-Omburtamab for diftfuse intrinsic pontine
glioma (DIPG). Neuro-Oncology. https://doi.org/10.1093/neuonc/noaf039.

Souweidane, M. M., Kramer, K., Pandit-Taskar, N., Haque, S., Zanzonico, P.,
Carrasquillo, J. A., ... Dunkel, I. J. (2021). Phase 1 dose-escalation trial using convec-
tion-enhanced delivery of radiolabeled monoclonal antibody for diffuse intrinsic pontine
glioma following external radiation therapy. Journal of Clinical Oncology, 39(15_), 2010.
https://doi.org/10.1200/]CO.2021.39.15_suppl.2010.

Souweidane, M. M., Kramer, K., Pandit-Taskar, N., Zhou, Z., Haque, S., Zanzonico, P.,
... Dunkel, I. J. (2018). Convection-enhanced delivery for diffuse intrinsic pontine
glioma: A single-centre, dose-escalation, phase 1 trial. The Lancet Oncology, 19(8),
1040-1050. https://doi.org/10.1016/51470-2045(18)30322-x.

Spacca, B., Di Maurizio, M., Grandoni, M., Tempesti, S., & Genitori, L. (2023). Laser
interstitial thermal therapy (LITT) for pediatric patients affected by intracranial tumors.
Frontiers in Neurology, 14, 1120286. https://doi.org/10.3389/fneur.2023.1120286.

Spinazzi, E. F., Argenziano, M. G., Upadhyayula, P. S., Banu, M. A., Neira, J. A., Higgins,
D. M. O,, ... Bruce, J. N. (2022). Chronic convection-enhanced delivery of topotecan
for patients with recurrent glioblastoma: A first-in-patient, single-centre, single-arm,
phase 1b trial. The Lancet Oncology, 23(11), 1409—-1418. https://doi.org/10.1016/s1470~
2045(22)00599-x.


https://doi.org/10.1016/j.pediatrneurol.2024.10.016
https://doi.org/10.1016/j.pediatrneurol.2024.10.016
https://doi.org/10.1007/s40272-020-00380-9
https://doi.org/10.1007/s40272-020-00380-9
https://doi.org/10.3389/fonc.2025.1504803
https://doi.org/10.3389/fonc.2025.1504803
https://doi.org/10.1093/neuonc/noaa251
https://doi.org/10.2147/ijn.S125300
https://doi.org/10.2147/ijn.S125300
https://doi.org/10.2174/1570159x20666220922150456
https://doi.org/10.2174/1570159x20666220922150456
https://www.mdpi.com/2072-6694/16/12/2249
https://doi.org/10.1073/pnas.1012525107
https://doi.org/10.1093/neuonc/noaf039
https://doi.org/10.1200/JCO.2021.39.15_suppl.2010
https://doi.org/10.1016/s1470-2045(18)30322-x
https://doi.org/10.3389/fneur.2023.1120286
https://doi.org/10.1016/s1470-2045(22)00599-x
https://doi.org/10.1016/s1470-2045(22)00599-x

424 Margaret Shatara et al.

Stine, C. A., & Munson, J. M. (2019). Convection-enhanced delivery: Connection to and
impact of interstitial fluid flow [Review]|. Frontiers in Oncology, 9. https://doi.org/10.
3389/fonc.2019.00966.

Straining, R., & Eighmy, W. (2022). Tazemetostat: EZH?2 inhibitor. Journal of the Advanced
Practitioner in Oncology, 13(2), 158—163. https://doi.org/10.6004/jadpro.2022.13.2.7.
Sturm, D., Orr, B. A., Toprak, U. H., Hovestadt, V., Jones, D. T. W., Capper, D., ... Kool,
M. (2016). New brain tumor entities emerge from molecular classification of CNS-

PNETSs. Cell, 164(5), 1060—1072. https://doi.org/10.1016/j.cell.2016.01.015.

Sun, X., Song, Q., He, L., Yan, L., Liu, J., Zhang, Q., & Yu, Q. (2016). Receptor tyrosine
kinase phosphorylation pattern-based multidrug combination is an effective approach for
personalized cancer treatment. Molecular Cancer Therapeutics, 15(10), 2508-2520. https://
doi.org/10.1158/1535-7163.Mct-15-0735.

Sun, Y., Bailey, C. P., Sadighi, Z., Zaky, W., & Chandra, J. (2020). Pediatric high-grade
glioma: Aberrant epigenetics and kinase signaling define emerging therapeutic oppor-
tunities. Journal of Neuro-Oncology, 150(1), 17-26. https://doi.org/10.1007/s11060-020-
03546-0.

Szymczyk, J., Sluzalska, K. D., Materla, 1., Opalinski, L., Otlewski, J., & Zakrzewska, M.
(2021). FGF/FGFR-dependent molecular mechanisms underlying anti-cancer drug
resistance. Cancers (Basel), 13(22), https://doi.org/10.3390/cancers13225796.

Thompson, E. M., Landi, D., Brown, M. C., Friedman, H. S., McLendon, R., Herndon, J.
E., ... Ashley, D. M. (2023). Recombinant polio-rhinovirus immunotherapy for
recurrent paediatric high-grade glioma: A phase 1b trial. Lancet Child Adolesc Health, 7(7),
471-478. https://doi.org/10.1016/s2352-4642(23)00031-7.

Tomuleasa, C., Tigu, A.-B., Munteanu, R., Moldovan, C.-S., Kegyes, D., Onaciu, A., ...
Croce, C. M. (2024). Therapeutic advances of targeting receptor tyrosine kinases in
cancer. Signal Transduction and Targeted Therapy, 9(1), 201. https://doi.org/10.1038/
$41392-024-01899-w.

Tops, A. L., Schopman, J. E., Koot, R. W.,; Gelderblom, H., Putri, N. A., Rahmi, L. N.
A., ... Hensen, E. F. (2025). Efficacy and toxicity of bevacizumab in children with NF2-
Related schwannomatosis: A systematic review. Cancers, 17(3), 519. https://www.mdpi.
com/2072-6694/17/3/519.

Tran, S., Plant-Fox, A. S., Chi, S. N., & Narendran, A. (2023). Current advances in
immunotherapy for atypical teratoid rhabdoid tumor (ATRT). Neuro-Oncology Practice,
10(4), 322-334. https://doi.org/10.1093/nop/npad005.

Tringale, K. R., Wolden, S. L., Karajannis, M., Haque, S., Pasquini, L., Yildirim, O., ...
Kramer, K. (2023). Outcomes of intraventricular 131-I-omburtamab and external beam
radiotherapy in patients with recurrent medulloblastoma and ependymoma. jJournal of
Neuro-Oncology, 162(1), 69—78. https://doi.org/10.1007/s11060-022-04235-w.

Trissal, M., Mayr, L., Schwark, K., LaBelle, J., Kong, S., Furtner, J., ... Filbin, M. (2023).
HGG-19. Clinical response to the PDGFRA/KIT inhibitor avapritinib in pediatric and
young adult high-grade glioma patients with H3K27M OR PDGFRA genomic
alterations.  Neuro-Oncology, 25(Supplement_1), 143—i44. https://doi.org/10.1093/
neuonc/noad073.168.

Tsvankin, V., Hashizume, R, Katagi, H., Herndon, J. E., Lascola, C., Venkatraman, T. N.,
... Thompson, E. M. (2020). ABC transporter inhibition plus dexamethasone enhances
the efficacy of convection enhanced delivery in H3.3K27M mutant diffuse intrinsic
pontine glioma. Neurosurgery, 86(5), 742=751. https://doi.org/10.1093/neuros/nyz212.

Ullrich, N. J., Prabhu, S. P., Reddy, A. T., Fisher, M. J., Packer, R., Goldman, S., ...
Kieran, M. W. (2020). 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-Oncology,
22(10), 1527-1535. https://doi.org/10.1093/neuonc/noaa071.


https://doi.org/10.3389/fonc.2019.00966
https://doi.org/10.3389/fonc.2019.00966
https://doi.org/10.6004/jadpro.2022.13.2.7
https://doi.org/10.1016/j.cell.2016.01.015
https://doi.org/10.1158/1535-7163.Mct-15-0735
https://doi.org/10.1158/1535-7163.Mct-15-0735
https://doi.org/10.1007/s11060-020-03546-0
https://doi.org/10.1007/s11060-020-03546-0
https://doi.org/10.3390/cancers13225796
https://doi.org/10.1016/s2352-4642(23)00031-7
https://doi.org/10.1038/s41392-024-01899-w
https://doi.org/10.1038/s41392-024-01899-w
https://www.mdpi.com/2072-6694/17/3/519
https://www.mdpi.com/2072-6694/17/3/519
https://doi.org/10.1093/nop/npad005
https://doi.org/10.1007/s11060-022-04235-w
https://doi.org/10.1093/neuonc/noad073.168
https://doi.org/10.1093/neuonc/noad073.168
https://doi.org/10.1093/neuros/nyz212
https://doi.org/10.1093/neuonc/noaa071

Emerging Interventions for Pediatric Brain Tumors 425

van den Bent, M., Azaro, A., De Vos, F., Sepulveda, J., Yung, W. K. A., Wen, P. Y., ...
Wick, W. (2020). A phase Ib/II, open-label, multicenter study of INC280 (capmatinib)
alone and in combination with buparlisib (BKM120) in adult patients with recurrent
glioblastoma. Journal of Neuro-Oncology, 146(1), 79-89. https://doi.org/10.1007/
s11060-019-03337-2.

Van Mater, D., Gururangan, S., Becher, O., Campagne, O., Leary, S., Phillips, J. J., ...
Fouladi, M. (2021). A phase I trial of the CDK 4/6 inhibitor palbociclib in pediatric
patients with progressive brain tumors: A pediatric brain tumor consortium study (PBTC-
042). Pediatric Blood & Cancer, 68(4), ¢28879. https://doi.org/10.1002/pbc.28879.

Vanan, M. 1., Kakumanu, S., Pitz, M., Harlos, C., Kazina, C., McDonald, P., ... Sinha, N.
(2023). PATH-30. Gliomas with FGFR oncogenic alterations: Clinico-pathological fea-
tures, management and outcomes in pediatric, adolescent and young adult patients. Neuro-
Oncology, 25(Supplement_5), v174. https://doi.org/10.1093/neuonc/noad179.0660.

Venkataraman, S., Alimova, L., Tello, T., Harris, P. S., Knipstein, J. A., Donson, A. M., ...
Vibhakar, R. (2012). Targeting aurora kinase a enhances radiation sensitivity of atypical
teratoid rhabdoid tumor cells. Journal of Neuro-Oncology, 107, 517-526.

Venneti, S., Kawakibi, A. R., Ji, S., Waszak, S. M., Sweha, S. R., Mota, M., ...
Koschmann, C. (2023). Clinical efficacy of ONC201 in H3K27M-Mutant diffuse
midline gliomas is driven by disruption of integrated metabolic and epigenetic pathways.
Cancer Discovery, 13(11), 2370-2393. https://doi.org/10.1158/2159-8290.Cd-23-0131.

Vitanza, N. A., Johnson, A. J., Wilson, A. L., Brown, C., Yokoyama, J. K., Kiinkele, A., ...
Park, J. R. (2021). Locoregional infusion of HER 2-specific CAR T cells in children and
young adults with recurrent or refractory CNS tumors: An interim analysis. Nature
Medicine, 27(9), 1544—1552. https://doi.org/10.1038/541591-021-01404-8.

Vitanza, N. A., Ronsley, R., Choe, M., Seidel, K., Huang, W., Rawlings-Rhea, S. D., ...
Jensen, M. C. (2025). Intracerebroventricular B7-H3-targeting CAR t cells for diftuse
intrinsic pontine glioma: A phase 1 trial. Nature Medicine, 31(3), 861-868. https://doi.
org/10.1038/541591-024-03451-3.

Vitanza, N. A., Wilson, A. L., Huang, W., Seidel, K., Brown, C., Gustafson, J. A., ... Park,
J. R. (2023). Intraventricular B7-H3 CAR T cells for diffuse intrinsic pontine glioma:
Preliminary first-in-human bioactivity and safety. Cancer Discovery, 13(1), 114-131.
https://doi.org/10.1158/2159-8290.Cd-22-0750.

Wahid, M. A., Khan, M. T., Hussain, J. M., Malik, H., Umar, S. A., Mughal, S., ...
Mahmmoud Fadelallah Eljack, M. (2024). Emerging paradigm: Molecularly targeted
therapy with dabrafenib and trametinib in recurring pediatric gliomas with BRAF
mutations: A narrative review. Medicine (Baltimore), 103(49), e40735. https://doi.org/10.
1097/md.0000000000040735.

Weinberg, D. N., Allis, C. D., & Lu, C. (2017). Oncogenic mechanisms of histone H3
mutations. Cold Spring Harbor Perspectives in Medicine, 7(1), https://doi.org/10.1101/
cshperspect.a026443.

Wells, A. (1999). EGF receptor. The International Journal of Biochemistry & Cell Biology, 31(6),
637—643. https://doi.org/10.1016/51357-2725(99)00015-1.

Wen, P. Y., Cloughesy, T. F., Olivero, A. G., Morrissey, K. M., Wilson, T. R., Lu, X, ...
Rodon, J. (2020). First-in-human phase I study to evaluate the brain-penetrant PI3K/
mTOR inhibitor GDC-0084 in patients with progressive or recurrent high-grade
glioma. Clinical Cancer Research: an Official Journal of the American Association for Cancer
Research, 26(8), 1820—-1828. https://doi.org/10.1158/1078-0432.Ccr-19-2808.

Willie, J. T., Laxpati, N. G., Drane, D. L., Gowda, A., Appin, C., Hao, C,, ... Gross, R. E.
(2014). Real-time magnetic resonance-guided stereotactic laser amygdalohippo-
campotomy for mesial temporal lobe epilepsy. Neurosurgery, 74(6), 569-584. https://doi.
org/10.1227/1neu.0000000000000343 discussion 584-565.


https://doi.org/10.1007/s11060-019-03337-2
https://doi.org/10.1007/s11060-019-03337-2
https://doi.org/10.1002/pbc.28879
https://doi.org/10.1093/neuonc/noad179.0660
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref251
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref251
http://refhub.elsevier.com/S0065-230X(25)00061-2/sbref251
https://doi.org/10.1158/2159-8290.Cd-23-0131
https://doi.org/10.1038/s41591-021-01404-8
https://doi.org/10.1038/s41591-024-03451-3
https://doi.org/10.1038/s41591-024-03451-3
https://doi.org/10.1158/2159-8290.Cd-22-0750
https://doi.org/10.1097/md.0000000000040735
https://doi.org/10.1097/md.0000000000040735
https://doi.org/10.1101/cshperspect.a026443
https://doi.org/10.1101/cshperspect.a026443
https://doi.org/10.1016/s1357-2725(99)00015-1
https://doi.org/10.1158/1078-0432.Ccr-19-2808
https://doi.org/10.1227/neu.0000000000000343
https://doi.org/10.1227/neu.0000000000000343

426 Margaret Shatara et al.

Wilson, H., Dhawan, S., Do, T., Jones, S., & Chen, C. (2024). The ClearPoint prism® laser
ablation system: A new platform for laser interstitial thermal therapy (LITT) in neuro-
oncology. Neurosurgery Practice, 5. https://doi.org/10.1227/neuprac.0000000000000084.

Wireko, A. A., Ben-Jaafar, A., Kong, J. S. H., Mannan, K. M., Sanker, V., Rosenke, S.-L.,
... Atallah, O. (2024). Sonic hedgehog signalling pathway in CNS tumours: Its role and
therapeutic implications. Molecular Brain, 17(1), 83. https://doi.org/10.1186/s13041-
024-01155-w.

Wisoff, J., Sanford, R., Heier, L., Sposto, R., Burger, P., Yates, A., ... Kun, L. (2011).
Primary neurosurgery for pediatric low-grade gliomas: A prospective Multi-Institutional
study from the children’s oncology group. Neurosuigery, 68, 1548—1554. https://doi.
org/10.1227/NEU.0b013e318214a66¢ discussion 1554.

Witt, O., Farouk Sait, S., Diez, B. D., Cardoso, A., Reardon, D. A., Welsh, L., ...
Geoerger, B. (2024). Efficacy and safety of erdafitinib in pediatric patients with advanced
solid tumors and FGFR alterations in the phase 2 RAGNAR trial. Journal of Clinical
Oncology, 42(16_), 10002. https://doi.org/10.1200/JCO.2024.42.16_suppl.10002.

Wright, K. D., Yao, X., London, W. B., Kao, P. C., Gore, L., Hunger, S., ... Kieran, M.
W. (2021). A POETIC phase II study of continuous oral everolimus in recurrent,
radiographically progressive pediatric low-grade glioma. Pediatric Blood & Cancer, 68(2),
¢28787. https://doi.org/10.1002/pbc.28787.

Wu, B., Zhang, B., Li, B.,, Wu, H., & Jiang, M. (2024). Cold and hot tumors: From
molecular mechanisms to targeted therapy. Signal Transduction and Targeted Therapy, 9(1),
274. https://doi.org/10.1038/541392-024-01979-x.

Xu, A. M., & Huang, P. H. (2010). Receptor tyrosine kinase coactivation networks in cancer.
Cancer Research, 70(10), 3857-3860. https://doi.org/10.1158/0008-5472.Can-10-0163.

Yao, B., Delaidelli, A., Vogel, H., & Sorensen, P. H. (2023). Pediatric brain tumours:
Lessons from the immune microenvironment. Current Oncology (Toronto, Ont.), 30(5),
5024-5046. https://doi.org/10.3390/ curroncol30050379.

Yao, Z., Darowski, K., St-Denis, N., Wong, V., Offensperger, F., Villedieu, A., ... Stagljar,
I. (2017). A global analysis of the receptor tyrosine Kinase-Protein phosphatase inter-
actome. Molecular Cell, 65(2), 347-360. https://doi.org/10.1016/j.molcel.2016.12.004.

Yoel, A., Adjumain, S., Liang, Y., Daniel, P., Firestein, R., & Tsui, V. (2024). Emerging
and biological concepts in pediatric high-grade gliomas. Cells, 13(17), 1492. https://
www.mdpi.com/2073-4409/13/17/1492.

Yuan, J., Mei, C.-S., Panych, L. P., McDannold, N. J., & Madore, B. (2012). Towards fast
and accurate temperature mapping with proton resonance frequency-based MR ther-
mometry. Quantitative Imaging in Medicine and Surgery, 2(1), 21-32. https://qims.
amegroups.org/article/view/119.

Zeller, S., Kaye, J., Jumah, F., Mantri, S. S., Mir, J., Raju, B., & Danish, S. F. (2021).
Current applications and safety profile of laser interstitial thermal therapy in the pediatric
population: A systematic review of the literature. Journal of Neurosurgery: Pediatrics, 28(3),
360-367. https://doi.org/10.3171/2021.2.PEDS20721.

Zhang, D., Zhao, J., Zhang, Y., Jiang, H., & Liu, D. (2024). Revisiting immune check-
point inhibitors: New strategies to enhance efficacy and reduce toxicity. Frontiers in
Immunology, 15, 1490129. https://doi.org/10.3389/fimmu.2024.1490129.

Zhang, H., Bajraszewski, N., Wu, E., Wang, H., Moseman, A. P., Dabora, S. L., ...
Kwiatkowski, D. J. (2007). PDGFRs are critical for PI3K/Akt activation and negatively
regulated by mTOR. The Journal of Clinical Investigation, 117(3), 730-738. https://doi.
org/10.1172/5c128984.

Zhang, Y., & Zhang, Z. (2020). The history and advances in cancer immunotherapy:
Understanding the characteristics of tumor-infiltrating immune cells and their ther-
apeutic implications. Cellular & Molecular Immunology, 17(8), 807—-821. https://doi.org/
10.1038/541423-020-0488-6.


https://doi.org/10.1227/neuprac.0000000000000084
https://doi.org/10.1186/s13041-024-01155-w
https://doi.org/10.1186/s13041-024-01155-w
https://doi.org/10.1227/NEU.0b013e318214a66e
https://doi.org/10.1227/NEU.0b013e318214a66e
https://doi.org/10.1200/JCO.2024.42.16_suppl.10002
https://doi.org/10.1002/pbc.28787
https://doi.org/10.1038/s41392-024-01979-x
https://doi.org/10.1158/0008-5472.Can-10-0163
https://doi.org/10.3390/curroncol30050379
https://doi.org/10.1016/j.molcel.2016.12.004
https://www.mdpi.com/2073-4409/13/17/1492
https://www.mdpi.com/2073-4409/13/17/1492
https://qims.amegroups.org/article/view/119
https://qims.amegroups.org/article/view/119
https://doi.org/10.3171/2021.2.PEDS20721
https://doi.org/10.3389/fimmu.2024.1490129
https://doi.org/10.1172/jci28984
https://doi.org/10.1172/jci28984
https://doi.org/10.1038/s41423-020-0488-6
https://doi.org/10.1038/s41423-020-0488-6

Emerging Interventions for Pediatric Brain Tumors 427

Zhou, J., Wu, C., & Li, S. (2024). CNS germ cell tumors: Molecular advances, significance
in risk stratification and future directions. Brain Sciences, 14(5), https://doi.org/10.3390/
brainsci14050445.

Zhu, M., Sun, Z., & Ng, C. K. (2017). Image-guided thermal ablation with MR-based
thermometry. Quantitative Imaging in Medicine and Surgery, 7(3), 356-368. https://doi.
org/10.21037/qims.2017.06.06.

Ziegler, D. S., Lehmann, R., & Eisenstat, D. D. (2024). A paradigm shift in how we treat
pediatric low-grade glioma—targeting the molecular drivers. Neuro-Oncology, 26(4),
593-595. https://doi.org/10.1093/neuonc/noae008.


https://doi.org/10.3390/brainsci14050445
https://doi.org/10.3390/brainsci14050445
https://doi.org/10.21037/qims.2017.06.06
https://doi.org/10.21037/qims.2017.06.06
https://doi.org/10.1093/neuonc/noae008

	Emerging interventional treatments in the management of pediatric brain tumors
	1 Introduction
	2 Advancements in the molecular biology of pediatric brain tumors
	3 Novel therapeutic approaches in pediatric brain tumors
	3.1 Targeted small-molecule inhibitors
	3.1.1 MPAK-pathway inhibitors
	3.1.2 PI3K/mTOR inhibitors
	3.1.3 Receptor tyrosine kinase inhibitors
	3.1.3.1 PDGFR inhibitors
	3.1.3.2 EGFR inhibitors
	3.1.3.3 FGFR inhibitors
	3.1.3.4 NTRK inhibitors
	3.1.3.5 MET inhibitors
	3.1.3.6 VEGF inhibitors

	3.2 Epigenetic alterations and inhibitors
	3.3 Cell-cycle alterations and inhibitors
	3.4 SHH alterations and inhibitors
	3.5 Monoclonal antibodies and adoptive cellular immunotherapy
	3.5.1 Oncolytic viral therapies
	3.5.2 Immune checkpoint inhibitors
	3.5.3 Cancer vaccines
	3.5.4 Monoclonal antibodies
	3.5.5 CAR T cell therapy


	4 Laser interstitial thermal therapy for pediatric brain tumors
	5 Convection-enhanced delivery for pediatric brain tumors
	6 Focused ultrasound (FUS) and sonodynamic therapy in pediatric brain tumors
	7 Conclusion
	Funding
	Conflict of interest
	References




