CHAPTER SIX

Current advances in the
management of atypical teratoid
rhabdoid tumors (ATRT)

Michael Angelo Huang®* and Ashley Margol”“

"Division of Hematology and Oncology, Department of Pediatrics, School of Medicine, Washington
University in St. Louis, St. Louis, MO, United States

bDepeurtment of Pediatrics, Keck School of Medicine, University of Southern California, Los Angeles, CA,
United States

“Keck School of Medicine, Children’s Hospital Los Angeles, Los Angeles, CA, United States
*Corresponding author. e-mail address: huangm(@wustl.edu

Contents

1. Introduction 186

2. Epidemiology and clinical presentation 186
2.1 Rhabdoid tumor predisposition syndrome 187

3. Molecular pathogenesis 188
3.1 SMARCB1/SMARCA4 inactivation 188
3.2 Molecular subgroups of ATRT 190
3.3 Impact of molecular subgroups on prognosis 192
3.4 Current conventional therapeutic approaches 192
3.5 Head Start trials 195
3.6 St. Jude trials 196
3.7 ACNS0333 196
3.8 Prognostic impact of specific treatment modalities for ATRT 197
3.9 Summary recommendations based on prospective upfront ATRT clinical 208

trials

4. Innovative mechanism-driven therapeutics for ATRT 208
4.1 Chromatin remodeling and histone modification 208
4.2 Cell cycle regulation 213
4.3 Other associated signaling pathways 217
4.4 Integrated stress response (ISR) 221

5. Promise of immunotherapeutic strategies for ATRT 223
5.1 Immune checkpoint inhibition 223
5.2 Combined epigenetic dysregulation and immune checkpoint inhibition 224
5.3 Vaccine-based therapy 224
5.4 Oncolytic viral therapy 225
5.5 Radioimmunotherapy 225
5.6 Chimeric antigen receptor (CAR) therapy 228

6. Summary 229

References 229

Advances in Cancer Research, Volume 167

ISSN 0065-230X, https://doi.org/10.1016/bs.acr.2025.08.007 185
Copyright © 2025 Elsevier Inc. All rights are reserved, including those for text and data mining,

Al training, and similar technologies.


mailto:huangm@wustl.edu
https://doi.org/10.1016/bs.acr.2025.08.007

186 Michael Angelo Huang and Ashley Margol

Abstract

Atypical teratoid rhabdoid tumors (ATRT) are rare, often lethal embryonal tumors of the
central nervous system (CNS) that primarily affect very young children. Intensive multi-
modal approaches have resulted in improvements in survival albeit with significant
associated toxicity. Recent molecular studies have led to the discovery of SMARCBI1
inactivation and resultant BAF47/INIT loss as the near-universal key genetic event that
leads to widespread epigenetic dysregulation. Rarely, SMARCA4 encoding BRGI is
impacted. SMARCB1 and SMARCA4 are core subunits of the SWI/SNF chromatin remo-
deling complex, which is a fundamental epigenetic regulator of gene transcription. Up to a
third of patients diagnosed with ATRT have Rhabdoid Tumor Predisposition Syndrome
(RTPS) characterized by germline SMARCBT (or SMARCA4) alterations. Patients with RTPS
are at increased risk of developing synchronous or metachronous rhabdoid tumors out-
side the CNS. At least three molecular subgroups of ATRT (ATRT-TYR, ATRT-SHH, ATRT-
MYC) have been identified through large-scale DNA methylation and transcriptomic stu-
dies, with each subgroup having distinct transcriptional, epigenomic and clinicopathologic
features. In this book chapter, we will summarize key epidemiological and clinical features
of ATRT, review current conventional multimodal regimens, summarize key findings from
conducted prospective trials and recently concluded (2020 to present) meta-analyses, as
well as discuss emerging targeted treatment approaches that exploit potential therapeutic
vulnerabilities of this epigenetically influenced tumor.

1. Introduction

CNS tumors represent the second most common type of childhood
(ages 0 to 19 years) cancer and are the leading cause of pediatric cancer
related death in developed countries (SEER, 2023). While advances in
medical management have improved the overall survival (OS) rate for
pediatric CNS tumors, the prognoses for certain entities remain dismal.
This chapter will focus on a rare type of pediatric CNS tumor called
atypical teratoid rhabdoid tumor (ATRT), delineating current state of
knowledge as well as recent advancements in clinical management.

2. Epidemiology and clinical presentation

ATRT is a rare, clinically aggressive CNS tumor that primarily affects
very young children but can occur in older children and adults. ATRTs are
classified as grade 4 embryonal tumors by the World Health Organization
(WHO). ATRT was first defined as an entity in the 1980s (Biggs et al., 1987)
but was not recognized as a separate entity by the WHO until 2000
(Kleihues et al.,, 2002). Prior to this entity being formally recognized,
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ATRTs have historically commonly been misdiagnosed as primitive neu-
roectodermal tumors (PNET, now termed embryonal tumor not otherwise
classified/NOS) or medulloblastoma. ATRT has an estimated prevalence of
1 % to 2 % of all pediatric CNS tumors and is the most common malignant
CNS tumor in infants (<1 year of age) (Wochrer et al., 2010).

ATRTSs comprise approximately 20 % of malignant CNS tumors in
children younger than 3 years of age, with 75 % of cases diagnosed in this age
group (Packer et al., 2002; Fossey et al., 2017; Hilden et al., 2004). The
median age at diagnosis is 16 to 24 months and there 1s a slight male pre-
dominance (Woehrer et al., 2010; Bartelheim et al., 2016; Dufour et al., 2012;
Lafay-Cousin et al., 2012). Approximately a third of patients are diagnosed in
the first year of life (Fossey et al., 2017). Age at diagnosis had been identified as
the strongest independent prognostic factor, with patients younger than 12
months of age having significantly poorer prognosis (Fossey et al., 2017,
Bartelheim et al., 2016; Dufour et al., 2012; Frithwald et al., 2020; Quinn
et al., 2019; Fischer-Valuck et al., 2017). It is unclear, however, whether age
serves as a surrogate of tendency towards avoidance of radiation therapy (RT)
in younger patients or there is true difference with age-related tumor biology.

ATRTs may arise in any location in the CNS, with approximately half
arising in the posterior fossa (Dho et al., 2015). Location appears to be age-
dependent, with supratentorial tumors occurring more commonly with
increasing age (Ostrom et al., 2014). Although exceedingly rare, ATRTs can
also be seen in adults wherein most tumors are located in the cerebral hemi-
sphere or sellar region (Ostrom et al., 2014; Chan et al., 2018). Primary
intraspinal disease is rare and only seen in 1 % to 2 % of cases. Up to 30 % of
patients can have CNS metastases or disseminated disease at presentation (Oka &
Scheithauer, 1999). Metastatic disease in ATRT has been variably correlated
with survival (Hilden et al., 2004; Dufour et al., 2012; Lafay-Cousin et al., 2012;
Fischer-Valuck et al., 2017; von Hoft et al., 2011; Buscariollo et al., 2012).

Given its clinically aggressive nature, symptoms typically develop
within days to a few weeks. As most tumors are located in the posterior
fossa, patients generally present with symptoms of hydrocephalus, namely
headaches, nausea and/or vomiting, irritability, lethargy, or increase in
head circumference. Ambulatory children may also show signs of gait
instability from cerebellar dysfunction. Older children with cortical tumors
can present with seizures, lethargy or focal weakness.

2.1 Rhabdoid tumor predisposition syndrome

Malignant rhabdoid tumors (MRTs) were originally described in the
kidney and subsequently in extrarenal tissues including the CNS
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(Beckwith & Palmer, 1978; Bonnin et al., 1984). Approximately two-
thirds of MRTs arise in the CNS where these tumors are coined as
ATRTs (Pinto et al., 2018). Up to a third of patients with ATRT have a
germline predisposition of developing multiple intra- or extracranial
rhabdoid tumors at a very young age, a condition known as Rhabdoid
Tumor Predisposition Syndrome (RTPS). RTPS is implicated in up to
80 % of cases of congenital MR T's, where the diagnosis is made prenatally
or within the first 28 days of life (Fossey et al., 2017; Frithwald et al.,
2021). Median age at presentation is younger for RTPS individuals
compared to those with sporadic rhabdoid tumors (5.5 vs 11.5 to 29.5
months) (Nemes et al., 2018, 2021).

In patients with RTPS, more than one tumor can develop simulta-
neously (synchronous tumors) or new rhabdoid tumors can develop over
time (metachronous tumors) (Del Baldo et al., 2021). More than 70 % of
children affected with RTPS are diagnosed with synchronous tumors before
12 months of age. The prognostic value of the presence of RTPS is con-
troversial. While one study noted higher risk of death in patients with RTPS
(Bruggers et al., 2011), other studies have not confirmed this observation
(Bartelheim et al., 2016; Kordes et al., 2014) It is important to note that
individuals affected by RTPS are at increased risk of developing other non-
rhabdoid tumors such as schwannomas, malignant peripheral nerve sheath
tumors (MPNST) and soft tissue sarcomas (Upadhyaya et al., 2018).

RTPS is defined by germline alterations in SMARCB1 or more rarely,
SMARCA4, members of the SWI/SNF chromatin-remodeling complex
(Del Baldo et al., 2021). RTPS has 2 types, namely RTPS1 and RTPS2,
characterized by pathogenic variants in SMARCB1 and SMARCAA4,
respectively. Both RTPS1 and RTPS2 are inherited in an autosomal
dominant fashion. The vast majority of RTPS1 cases are the result of a de
novo SMARCB1 mutation (Biegel et al., 2014). While penetrance is high
for RTPS1, it is incomplete for RTPS2 (Gastberger et al., 2023). As such,
most individuals with SMARCA4-related RTPS inherit the disease-
causing variant from an unaffected parent (Hasselblatt et al., 2014).

3. Molecular pathogenesis
3.1 SMARCB1/SMARCA4 inactivation

ATRT was the first primary pediatric CNS tumor in which a candidate tumor
suppressor gene (SMARCB1) was identified (Biegel et al., 2014). These
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tumors are unique amongst cancer types as they possess a relatively stable
genome with very low mutational rates (Lee et al., 2012). Cancer pathogenesis
in ATRT is primarily driven by epigenetic dysregulation of the genome
resulting from recurrent SMARCB1 alterations. More rarely, mutation and
loss of the SMARCA4 gene has been reported whereas no other recurrent
alterations have been identified in ATRT (Lanzi et al., 2023).

ATRT was first defined as a separate entity after recognition of recurrent
chromosome 22q abnormalities (Rorke et al., 1995, 1996). Abnormalities in
the long arm of chromosome 22q were later described as leading to biallelic
loss of function of the SWltch/sucrose nonfermentable (SWI/SNF) related,
matrix associated, actin dependent regulator of chromatin, subfamily B
(SMARCB1) gene, a tumor suppressor gene that encodes BRG1 associated
factor 47 (BAF47, also known as integrase interactor [INI1] or human SNF5
[ASNF5]) (Eaton et al., 2011). Much less commonly, biallelic inactivation of
SMARCA4 leading to loss of gene expression in the SWI/SNF ATPase
Brahma/SWI2-related gene 1 (BRG1) is seen in ATRT patients with wild
type SMARCB1 (Schneppenheim et al., 2010). The 2016 WHO Classifi-
cation of Tumors of the CNS has subsequently defined ATRT by the
presence of a genetic alteration in either INI1 (SMARCBI1 gene), or rarely,
BRG1 protein (SMARCA4 gene) (Louis et al., 2016).

SMARCB1 and SMARCA4 are both core subunits of the SWI/SNF
chromatin-remodeling complex (CR C) that plays a crucial role in normal cell
differentiation and cell lineage determination. Disruption of the SWI/SNF
complex by SMARCB1 loss precludes normal H3K27 acetylation
(H3K27Ac) by histone acetylase (HAT) P300 (Alver et al., 2017). In ATRT,
loss of H3K27Ac results in repressed chromatin states primarily in active
enhancer sites specific to neuronal differentiation programs (Wang et al.,
2017; Erkek et al., 2019).

Additionally, ATRTs overexpress the Polycomb Repressive Complex 2
(PRC2) subunit Enhancer of Zeste Homolog 2 (EZH?2). Integrated chromatin
immunoprecipitation (ChIP) analyses have identified significant overlap between
lost enhancers and EZH2-bound chromatin in ATRT (Erkek et al.,, 2019).
SWI/SNF and PRC2 have an antagonistic association that plays an important
role in ATRT pathogenesis (Roberts & Biegel, 2009). At repressed neuronal
differentiation genes, binding of SWI/SNF to the PRC2 complex 1s impeded
by the transcriptional repressor protein REST. REST then directs PRC2 to
repress gene expression at neuronal differentiation sites via deposition of the
epigenetic silencing mark H3K27me3 trimethylation of histone H3 on
lysine 27. This relationship leads to oncogenic dependency of ATRT cells on



190 Michael Angelo Huang and Ashley Margol

EZH2 enzymatic activity (Knutson et al., 2013). SMARCA4 is necessary for
tumorigenesis following SMARCB1 loss, and ChIP data has shown that most
SMAR CA4-bound targets are also bound by EZH2 (Erkek et al., 2019).

3.2 Molecular subgroups of ATRT

Although genetically homogenous, growing evidence from large-scale
DNA methylation and transcriptomic studies have revealed that ATRTSs
are comprised of three epigenetically distinct and clinically heterogenous
subgroups (Johann et al., 2016; Torchia et al., 2016). These molecular
subgroups each have unique histopathological, molecular, and clinical
characteristics (Upadhyaya et al., 2021). The immune TME differs as well
among the different ATRT molecular subtypes (Tran et al.,, 2023a).
A consensus was reached by an international working group to come up
with the following nomenclature based on genes overexpressed or upre-
gulated in each subgroup: (1) ATRT-TYR, (2) ATRT-SHH, and (3)
ATRT-MYC (Ho et al., 2020) (See Fig. 1).

Molecular
Subtypes ATRT-TYR ATRT-SHH ATRT-MYC

tetriba Infant, 0-1 Year Toddler, 2-5 Years Older child > 3 Years
Age Distribution Median age: 12 Mo. & Median age: 20 Mo. & Median age: 27 Mo.

Gender Distribution Q ‘. (D/ Q ', d Q ', d
Female Male Female Male Female Male

Supratentorial Supratentorial Supratentorial

25% 65% 4 50% =
~—
Tumor Location o ud &
o o %
Infratentorial Infratentorial ® Infratentorial
spinal 129%
BMP Signaling Neurog.enesw
5 5 . . SHH Signalling
Major Oncogenic Melanogenesis Myc
Pathways and (TYR, TYRP, MITF) (L2, BOC., PTCHD2) "
Transcriptional Features . HOX Cluster Genes

NOTCH Signalling
(ASCL1, CBL, HES1)
MYCN

Mesenchymal Genes
(OTX2, PDGFRB, BMP4)

Fig. 1 Molecular subgroups of ATRT.
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3.2.1 ATRT-TYR

ATRT-TYR represents approximately 35 % of cases (Johann et al., 2016).
The ATRT-TYR subgroup was named after the melanosomal enzyme
tyrosinase, which was uniquely highly overexpressed in most ATRT-TYR,
but not in the other ATRT subgroups (Hasselblatt et al., 2020). The protein
tyrosinase catalyzes the synthesis of melanin in melanocytes and plays an
important role in neural tube development (Tief et al., 1996). Other com-
ponents of the melanosomal pathway are upregulated as well, including
tyrosinase-related protein (TYRP) and microphthalmia-associated tran-
scription factor (MITF), a key melanoma oncogene (Johann et al., 2016;
Levy et al., 2006). Additional notable major oncogenic pathway and tran-
scriptional features include upregulation of the orthodenticle homeobox 2
(OTX2) gene and the bone morphogenetic protein (BMP) signaling
pathway. These tumors have a more mesenchymal expression profile
(Johann et al., 2016). ATRT-TYR cases represent the youngest age group,
with a median age at diagnosis of 12 months and are mostly (75 %) infra-
tentorial in location (Ho et al., 2020).

3.2.2 ATRT-SHH

ATRT-SHH represents approximately 40 % of cases (Johann et al., 2016).
The ATRT-SHH subgroup displays overexpression of the sonic hedgehog
(SHH) pathway genes GLI2, protein patched homolog 1 (PTCH1), and
brother of CDO (BOC, hedgehog co-receptor). This subgroup is however
distinct from SHH medulloblastoma where PTCH and smoothened (SMO)
are active drivers. Additionally, this subgroup is characterized by over-
expression of Notch signaling pathway genes including the proneural marker
achaete-scute homolog 1 (ASCL1). ATRT-SHH can be characterized as a
mainly neuronally differentiated subgroup (Torchia et al., 2016). Clinically,
ATRT-SHH are intermediate in age between the ATRT-TYR and
ATRT-MYC subgroups with a median age at diagnosis of 20 months and
can be located both infra- and supratentorially (Johann et al., 2016). It has
been suggested that ATRT-SHH can be further divided into 3 molecular
subgroups (SHH-1A, SHH-1B, SHH-2), with SHH1-B patients being older
with a median age of >3 years (Federico et al., 2022; Tran et al., 2023b).

3.2.3 ATRT-MYC

ATRT-MYC represents approximately 25 % of cases (Johann et al., 2016).
The ATRT-MYC subgroup is aptly named due to elevated expression of
the MYC oncogene in this subgroup. As opposed to medulloblastoma, no
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MYC or MYCN amplifications have been observed among ATRT cases.
This subgroup is strikingly characterized by overexpression of several HOX
cluster genes. Similar to ATRT-TYR, ATRT-MYC tumors also possess a
more mesenchymal expression profile (Johann et al., 2016). ATRT-MYC
patients are significantly older than their ATRT-TYR and ATRT-SHH
counterparts with a median age of 27 months. ATRT-MYC is most
commonly found in ATRT patients diagnosed at age 6 years or older
(Frithwald et al., 2020). The majority (50 %) of ATRT-MYC tumors are
supratentorial in location. Spinal tumors are uniquely seen in this subgroup
and comprise 12 % of ATRT-MYC cases (Ho et al., 2020).

3.3 Impact of molecular subgroups on prognosis

While the ATRT-TYR subgroup has been largely associated with non-
metastatic disease and better overall survival (Frithwald et al., 2020;
Upadhyaya et al., 2021), the prognostic value of molecular subgroups
remains unclear. Data from St. Jude Children’s Research Hospital revealed
inferior outcomes for the ATRT-SHH subgroup, owing largely to increased
risk of metastasis (Upadhyaya et al., 2021). Federico et al., however, reported
better outcomes for older patients with ATRT-SHH, belonging to the
SHH-1B subgroup (Federico et al., 2022). The St. Jude group has since
published their data that failed to show any prognostic significance among
ATRT-SHH subgroups in their cohort (Tran et al., 2023b). Although
numbers were small, findings from the Children’s Oncology Group (COG)
ACNS0333 study demonstrated 6-month EFS of 100 % for their ATRT-
SHH cohort, suggesting a lower risk of early relapse (Reddy et al., 2021).

3.4 Current conventional therapeutic approaches

No current standard treatment approach exists for ATRT. Intensive
regimens following maximal safe resection that utilize varying combina-
tions of high-dose systemic chemotherapy, intrathecal or intraventricular
chemotherapy, and radiation have improved the survival for some patients.
Even with contemporary multimodal therapy, overall prognosis for ATRT
patients still remains dismal, with median survival ranging from 10 to 20
months and 5-year OS of 28 % to 34 % (Fossey et al., 2017; Frithwald et al.,
2020; Quinn et al., 2019; Fischer-Valuck et al., 2017; Ma et al., 2020). In
North America, treatment strategies have evolved from conventional
chemotherapy historically toward an aggressive multimodal strategy
incorporating high dose chemotherapy with autologous stem cell rescue
(HDCASCR) as a radiation-sparing/radiation-deferring strategy.
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ATRT patients treated on historical “baby tumor” prospective trials
reported rapid progression and dismal outcomes. In North America, the
majority of ATRT patients enrolled on the COG (then Children’s Cancer
Group and Pediatric Oncology Group) CCG9921 and POG9233/34 trials
progressed within a year of diagnosis (Geyer et al., 2005; Strother et al., 2013).
For the 64 ATRT patients enrolled on both trals, the 24-month event free
survival (EFS) was only 6.4 % (Reddy et al., 2020). In Europe, similar results
were seen with ATRT patients treated on German HIT CNS tumor protocols
that utilized conventional chemotherapy with or without RT, with 3-year EFS
and OS rates of only 13 % and 22 %, respectively (von Hoff et al., 2011).

To date, there have only been three prospective upfront clinical trials
designed specifically for ATRT. Until recently, the majority of ATRT
patients have been enrolled in trials alongside other infant embryonal tumors.

3.4.1 EU-RHAB

Although not a therapeutic study, the European registry for rhabdoid tumors
(EU-RHAB) prospectively collected outcomes for uniformly treated ATRT
patients across several European countries. In an earlier publication, EU-
RHAB published their outcomes for 31 ATRT patients uniformly treated with
the Rhabdoid 2007 treatment schedule (Bartelheim et al., 2016). Diagnosis was
centrally confirmed by negative INI1 staining and typical neuropathological
features. Features of the Rhabdoid 2007 protocol included use of anthracy-
clines, intraventricular chemotherapy and early initiation of RT.

Rhabdoid 2007 included 9 total courses of postoperative chemotherapy
consisting of alternating courses of vincristine/cyclophosphamide/doxor-
ubicin (VCD x 5 cycles) and ifosfamide/carboplatin/etoposide (ICE x 4
cycles). Intraventricular methotrexate (MTX) or triple chemotherapy
(MTX, cytarabine, hydrocortisone) was administered until start of RT.
Craniospinal irradiation (CSI) with 24 Gy was reserved for patients age
>3 years with metastatic disease. Following completion of chemotherapy,
recommended maintenance therapy consisted of 8 alternating cycles of
trofosfamide/idarubicin (TI) and trofostamide/etoposide (TE). Eight
patients received HDCASCR per treating physician’s discretion, 23
received RT, and 17 continued on to maintenance therapy.

6-year EFS and OS were 45 % and 46 %, respectively. The majority of
patients experiencing treatment failure (9 of 16) progressed on therapy.
Toxicities were significant but manageable. Age >3 years at diagnosis
demonstrated prognostic OS benefit. Seven of 8 ATRT patients age 3 years
and older at diagnosis are long-term survivors. Achievement of complete
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remission (CR) status was also of prognostic benefit whereas presence of
metastases at diagnosis or germline mutations did not influence OS in the
EU-RHAB cohort (Bartelheim et al., 2016). Updated results from the
EU-RHAB registry in a larger cohort of 143 evaluable ATRT patients
reported 5-year EFS and OS rates of 30.5% and 34.7 %, respectively
(Frithwald et al., 2020). To date, the EU-RHAB Rhabdoid 2007 cohort
represents the largest cohort of consistently treated ATRT patients.

3.4.2 DFCI-ATRT

Later efforts to intensify chemotherapy included use of the intensified arm
of the Intergroup Rhabdomyosarcoma (IRS)-III study which later led to
the first prospective trial designed specifically for ATRT patients by the
Dana-Farber Cancer Institute (DFCI) group. Weinblatt and Kochen from
Cornell were the first to report the utility of this regimen in a patient with a
CNS rhabdoid tumor (Weinblatt & Kochen, 1992). Olson et al. from Ohio
State University subsequently published an additional 3 cases successfully
treated similarly with IRS-III (Olson et al., 1995). This approach seemed
rational given that ATRT was thought to be similar to parameningeal
rhabdomyosarcomas. Additionally, the IRS-III regimen was easily adap-
table to radiation and the addition of triple intrathecal chemotherapy (Ginn
& Gayjjar, 2012). The DFCI group themselves reported on the efficacy of
this regimen in 3 of 4 ATRT patients (Chi et al., 2009).

Based on the above 8 patients, the DFCI group implemented a multi-
institutional phase 2 clinical trial using a modified version of the IRS-III
backbone. Modifications in the DFCI-ATRT trial (NCT00084838)
included focal stereotactic radiation for patients younger than age 3 years,
substitution of dacarbazine with temozolomide, and addition of dexra-
zoxane for cardioprotection against higher cumulative doses of doxor-
ubicin. Radiation was administered after the initial 6 weeks of induction
chemotherapy. Patients age 3 years and older with metastatic disease
received CSI. Although numbers were small (N = 20), the above intensive
multimodality regimen resulted in significant improvement in 2-year EFS
and OS (53 % and 70 %, respectively) compared to historical controls.
Univariate analyses revealed tumor location as prognostically significant
whereas metastatic status and age at diagnosis were not statistically sig-
nificant. Significant toxicities were seen in 4 of the 25 study patients which
included one toxic death from sepsis (Chi et al., 2009).

Most recently, long-term outcomes from a cohort of 60 patients from 3
large centers (Boston Children’s Hospital, Sydney Children’s Hospital,
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Children’s Hospital of Philadelphia/CHOP) treated with IRS-III based
chemotherapy regimens have been reported (Desai et al., 2024). Treatment
by the CHOP group varied somewhat and incorporated moderately
delayed RT with concurrent temozolomide post 6 induction cycles. For
the entire cohort, 5- and 10-year EFS were both 30 %. Five- and 10-year
OS were 38 % and 45 %, respectively. It was notable that none of the
patients with metastatic disease were long-term survivors. Based on the
above findings, the authors suggest a possible continued role of IRS-III
based strategies for ATRT patients but only those with localized disease.

3.5 Head Start trials

The Head Start (HS) series of trials represented the earliest efforts to study
the role of high-dose chemotherapy to avoid or defer RT in very young
children (<3 years of age) with brain tumors. In the HS II trial, patients
received five cycles of induction chemotherapy comprised of cisplatin,
etoposide, cyclophosphamide and vincristine with the addition of high-
dose methotrexate. This was followed by a single course of HDCASCR
with a preparative regimen of carboplatin, thiotepa and etoposide. Focal
RT was reserved for patients with evidence of residual disease or positive
CSF cytology after completion of induction therapy. Three of 6 ATRT
patients had no evidence of disease at 12, 34, and 46 months from diag-
nosis. Three-year EFS was 43 %. In the first iteration of the Head Start
(HS 1), systemic high dose methotrexate was not included and all 6 patients
with ATRT died of disease, suggesting a role for high dose methotrexate in
the treatment of ATRT. Three-year EFS and OS for patients treated on
both Head Start I and II trials combined were 23 % (Gardner et al., 2008).

Nineteen ATRT children were treated on the successor HS III study.
Modifications made in HS III included administration of high-dose
methotrexate in only 3 of 5 induction cycles and its replacement with
temozolomide in cycles 2 and 4. The 3-year EFS and OS were 21 % and
26 %, respectively (Zaky et al., 2014). Comparing the first three HS trials,
HS II appeared to have the best outcomes. Possible explanations for the
inferior outcomes noted in the HS III trial include a higher toxic death rate
(5 of 19) and lower rate of completion during induction (4 of 19) as well as
lower cumulative methotrexate doses. Results from the recently completed
Head Start 4 trial which randomized high risk medulloblastoma and other
embryonal tumors including ATRT to receive single (carboplatin/thio-
tepa/etoposide) versus triple tandem (carboplatin/thiotepa) HDCASR are
forthcoming.
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3.6 St. Jude trials

The SJYCO7 trial included 55 infants (<36 months of age) with ATRT that
were stratified into intermediate or high risk based on the absence or
presence of metastatic disease. ATRT infants with intermediate risk disease
received 4-drug multi-agent induction chemotherapy x 4 cycles followed
by focal RT and oral maintenance chemotherapy x 24 weeks. High risk
ATRT infants received additional vinblastine in induction followed by 2
cycles of consolidation with cyclophosphamide and topotecan before
moving on to maintenance oral chemotherapy. Optional CSI was offered
to patients who were 236 months at end of induction. Five-year pro-
gression free survival (PFS) and OS for intermediate risk patients were
31.4 % and 43.9 %, respectively. Regrettably, 5-year PES and OS for those
with high-risk disease were 0 % (Upadhyaya et al., 2021). Although RTPS
was associated with metastatic status at diagnosis, germline predisposition
was not associated with adverse prognosis in the SJYCO07 cohort.

The SJMBO3 trial had 22 ATRT trial participants =36 months of age
that were stratified into average or high risk based on the absence or
presence of metastatic disease and gross residual tumor. Patients were
treated with risk-adapted CSI with boost to primary and metastatic sites
followed by 4 cycles of multi-agent chemotherapy with peripheral blood
stem cell (PBSC) support. For average risk patients, 5-year PFS and OS was
encouraging at 72.7 % and 81.8 %, respectively. Outcomes were far less
encouraging for the high-risk cohort with 5-year PES and OS of 18.2%
(Upadhyaya et al., 2021).

Altogether, the St. Jude Children’s Research Hospital prospective risk-
adapted trials SJYCO07 and SHJMBO03 demonstrate a role for multimodal
therapy in some children with ATRT. Very good outcomes were seen in
children aged 23 years with MO disease after maximal safe resection and
postoperative CSI followed by adjuvant consolidation chemotherapy. A
subset of children <3 years of age with MO disease achieved long-term
survival without use of HDCASCR.

3.7 ACNSO0333

The Children’s Oncology Group ACNS0333 trial is the largest prospective
therapeutic trial to date specifically for ATRT. ACNS033 was built on the
chemotherapy backbone of its predecessor CCG99703 pilot study of
intensive chemotherapy with PBSC support for infant malignant brain
tumors. Though the number of ATRT patients enrolled on the CCG99703
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study were small, data suggested improved survival outcomes compared to
CCGY9921 (Reddy, 2003). Four of 8 ATRT patients were long term sur-
vivors, with a 5-year EFS of 37.5% (Cohen et al., 2015). Study patients
enrolled on ACNS0333 received two cycles of intensive multi-agent che-
motherapy with the addition of high dose methotrexate followed by triple
tandem HDCASCR with carboplatin and thiotepa and involved field RT
(IFRT). Timing of RT was based on patient age and disease location and
extent, with younger patients or those with metastatic disease receiving RT
after completion of consolidation therapy.

Of 65 evaluable patients enrolled on ACNS0333, 4-year PFS and OS
were 37 % and 43 %, respectively. Thirty four of 40 patients who received
RT had focal RT only. Patients with no evidence of disease (NED) at the
start of radiation had a 4-year OS of 79 % (Alva et al., 2023). About a third
of patients, however, had disease recurrence on treatment, with a cumu-
lative incidence of relapse (CIR) of 22 % and 41 % at 6 and 12 months,
respectively (Reddy et al., 2021). Nonetheless, survival outcomes from this
trial represented a dramatic improvement in survival for children with
ATRT compared to historical cohorts where the 4-year EFS was 6.4 %.

Analysis of prognostic variables failed to show any difference in survival
by age group (<6 months, 6 to 11 months, 12-35 months) or metastatic
status at diagnosis (Reddy et al., 2020). There was a trend towards lower
cumulative risk of relapse with infratentorial location (Reddy et al., 2021).
ACNSO0333 enrolled a lower-than-expected percentage (17 %) of RTPS
patients possibly owing to exclusion of patients with synchronous tumors.
Although not statistically significant owing to small numbers, it was notable
that only 2 of 10 patients with germline mutations survived beyond 2 years.

Main toxicities from the ACNS0333 regimen included myelosup-
pression and infectious complications. There were 4 treatment related
deaths, namely 1 patient died from sepsis during induction therapy, 1 died
from pulmonary fibrosis, and 2 succumbed from CNS necrosis. Of note,
the study was amended to lengthen the consolidation cycles from 21 to 28
days due to an unexplained fatal pulmonary toxicity as noted above, with
no further cases following this amendment (Reddy et al., 2020).

3.8 Prognostic impact of specific treatment modalities for
ATRT
3.8.1 Impact of extent of resection

All but one of the above conducted clinical trials failed to show an impact
of extent of resection on ATRT survival outcomes. The DFCI-ATRT
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trial demonstrated improved PES and OS for patients who achieved a GTR
on univariate analysis. In the DFCI cohort, all patients with NED had a
GTR and the 2-year OS for those who achieved a GTR was 91 % (Chi
et al., 2009). Similarly, a prior publication that looked at retrospective data
from patients on the ATRT registry showed improved EFS for patients
who had a GTR (14 months vs. 9.25 months). Based on this, the authors
recommended an aggressive surgical approach including second-look sur-
gery when possible to achieve a GTR (Hilden et al., 2004). In the
ACNSO033 study, only 6 patients underwent second-look surgery after
induction chemotherapy and as such, the impact of second-look surgery
could not be evaluated (Reddy et al., 2020). Experience from the Canadian
Brain Tumor Consortium likewise reported improved survival outcomes
after GTR (2-year OS of 60 % vs 21.7 %) (Latay-Cousin et al., 2012).
Several recent meta-analyses have shown conflicting results on the
impact of extent of surgical resection on ATRT outcomes. In a recent
meta-analysis by Gupta et al., there was no difference in OS based on
extent of resection on univariate or multivariate analysis (Gupta et al.,
2024). Conversely, in a prior systematic review by Egiz et al. of ATRT
cases confirmed by alterations in INI1 or BRGI1, there was a significant
survival advantage with GTR on multivariate analysis (Egiz et al., 2022).
Yang et al. also found that GTR was associated with better PFS and OS on
multivariate analysis (Yang et al., 2020). Pooled analysis by Ma et al.
similarly found GTR as an independent positive prognostic factor after
adjusting for age and sex (Ma et al., 2020). Two separate meta-analyses
specifically looking at metastatic ATRT cases also found variable impact of
GTR on survival outcomes (Aridgides et al., 2023; Underiner et al., 2020).

3.8.2 Impact of radiation therapy (RT)
Although the timing, dose and field of RT prescribed by each regimen
varies, RT overall appears to have a positive impact on survival for patients
with ATRT. In the EU-RHAB Rhabdoid 2007 cohort, RT significantly
impacted OS, with 6-year OS of 66 % compared to only 10 % for those not
receiving RT (Bartelheim et al., 2016). A separate retrospective analysis of
combined cohorts from the EU-RHAB and observational arms of the
German HIT/HIT-SKK and AT/RT-ZNS studies yielded similar results
and showed that RT was an independent prognostic factor for both PFS
and OS on multivariate analysis (Frisch et al., 2024).

Data from the St. Jude group also supports the use of upfront RT.
Notably, the only 2 long-term survivors in their historical younger patient
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(<3 years of age) cohort both received upfront RT whereas the only
patient in their older cohort who died did not receive upfront RT
(Tekautz et al., 2005). Of 42 patients in the ATRT registry, 13 patients
(31 %) received RT as part of upfront therapy. Nine children received focal
RT while 4 were treated with CSI plus a boost to the tumor bed. Median
survival for patients receiving RT was longer at 48 months compared to
16.75 months for the entire ATRT registry cohort. Of the 14 long-term
survivors in the registry, half received RT as part of upfront therapy
(Hilden et al., 2004). Conversely, reported outcomes from the Canadian
Brain Tumor Consortium did not demonstrate a survival benefit with
upfront radiation (Lafay-Cousin et al., 2012).

Patients treated on the Head Start I and III trials where there was no
radiation therapy had dismal prognoses (Gardner et al., 2008). Most of the
patients, however, progressed early during treatment, which suggested that
other factors such as de-intensified systemic chemotherapy adversely impacted
outcomes (Zaky et al., 2014). Although numbers were small, ATRT patients
treated on Head Start II which incorporated high dose methotrexate in all
induction cycles fared better, with 3 of 6 patients alive with no evidence of
disease at time of study publication (Gardner et al., 2008).

In ACNSO0333, the order of consolidation HDCASR and RT was based
on patient age, tumor location and extent of disease. For 48 of 65 patients
who proceeded with protocol therapy after induction chemotherapy, the
sequence of RT and HCASR did not affect survival outcomes. Four-year
OS was 49 % for RT before HDCASR versus 48 % for HDCASR before
RT. Important to note, however, is that 50 % (6 of 12) of patients who
received RT after HDCASR received CSI whereas none of those who
received RT before consolidation received CSI (Upadhyaya, 2020).
Although there was no difference in clinical outcomes based on the order of
radiation and HDCASR, increased risk of neurotoxicity was noted when
RT was administered between induction and HDCASR (Alva et al., 2023).
Planned future trials using this backbone should therefore administer RT
after HDCASR.

Several recent meta-analyses also demonstrate the positive impact of RT
on survival in ATRT patients. In the meta-analysis by Yang et al., RT was a
significant favorable prognostic factor for both PES and OS in ATRT
patients < 3 years of age whereas early (i.e. within 2 months of diagnosis) RT
significantly improved OS for patients >3 years of age. Timing of RT did not
affect survival outcomes for younger patients (Yang et al., 2020). Ma et al.
similarly found that RT was an independent positive prognostic factor after
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adjusting for age and sex (Ma et al., 2020). In a meta-analysis by Underiner
et al. looking specifically at metastatic ATRT patients, RT was found to
significantly improve survival on multivariate analysis (Underiner et al., 2020).

3.8.3 Impact of high dose chemotherapy with autologous stem cell
rescue (HDCASCR)

HDCASCR has been associated with improved survival in several ATRT
studies including the landmark COG ACNS0333 study (Lafay-Cousin et al.,
2012; Reddy et al., 2020; Zaky et al., 2014; Nicolaides et al., 2010; Sung et al.,
2016; Finkelstein-Shechter et al.,, 2010; Slave et al., 2014). ACNS0333
represents the largest conducted prospective clinical trial for patients with
ATRT and utilized triple tandem HDCASCR in addition to RT after
induction therapy. The Canadian Brain Tumor Consortium also reported
better outcomes (2-year OS 47.9% vs 12.1 %) after HDCASCR in their
cohort (Lafay-Cousin et al., 2012). Although an earlier report from the
EU-RHAB cohort suggested possible benefit from HDCASCR in select
ATRT patients with localized disease (Benesch et al., 2014), updated analysis
from the EU-RHAB cohort failed to demonstrate significant improvement in
survival among 34 patients who received HDCASCR (Frithwald et al., 2020).

Only about half of the recently published meta-analyses looked at the
prognostic impact of HDCASCR on ATRT outcomes. Ma et al. showed that
HDCASCR was an independent positive prognostic factor after adjusting for
age and sex (Ma et al., 2020). Yang et al. found that HDCASCR improved
both PFS and OS on multivariate analysis but only for patients aged <3 years
(Yang et al., 2020). Specifically looking at metastatic ATRT cases, Underiner
et al. noted HDCASCR to have the most substantial effect on survival out-
comes on multivariate analysis. In their meta-analysis, 3-year OS was 60 % for
metastatic ATRT patients who received HDCASR compared to 9 % for those
who did not (Underiner et al., 2020). While Arigides et al. noted a trend
towards survival advantage of metastatic patients that received HDCASCR, this
was statistically significant only on univariate but not on multivariate analysis
(Aridgides et al., 2023).

Randomized clinical trials to determine the advantage of HDCASCR
over conventional chemotherapy and radiotherapy-based approaches are
much needed. The European Society of Paediatric Oncology (SIOPE) has
recently launched SIOPE ATRT101, an international prospective
umbrella trial for pediatric ATRT that includes a randomized phase 3 study
evaluating the non-inferiority of 3 courses of HDCASR compared to focal
R T as consolidation therapy in children between 12 and 35 months of age.



(panujuios)

%6 —/ + %Ch SIT 4-¢
I SH
%IT —/ + %€T

oPAd 1 x 91-dA ‘VdAL

‘dgD uoneprjosuo) YSYOAH
sopAd (£ 111 SH
S X VIDA “XIW aH WNdD ‘9 1 SH)

(+202)

“Te 39 1es9(]

1I/1

‘SO pue SoF 14-¢ ON L I 9T-dA ‘ddaD uondnpuy ¢l (SH) ¥es peoH
SpPam 6 LOVA D *,XOd
NIDA :Aderoy ], uonenunuol)
SPIM $T x INAD “XOd YDA
‘LOVA “ZNL :2oUeunUIR
(1ISO ¥ sYom g (0202)
%01 —/ + %0L ‘SO - 205 11)  x LOVA 91-dA ‘WdD “XOd e 30 premynig
%ET —/ + %ES SAd - K VN <1 ‘dAdD \OA uonanpuj 0T IXILV-104d
S48 X 91-dA “dd.L
I mccwao:w
VAl ‘AL :oueunuieiy (9102) Te 20
wDMU%U :iyﬁz.d.:wﬂ
[£303 6 X 91-dA ‘NdD ‘SOAI LO0T
%Sy —/+ %LYE ‘SO -G [ Suneure propqeq
%TY —/ + %S 0¢ ‘SAH 4G X e I8 XOd ‘NdD MDA :uondnpuj crl avHY-Nd
owayd (N) L4 (N) syuened
sawodInQ  JejnduuaAenul/i|  (N) 4SvYDOAH wondn uswibal Adessylowayd jo JBquinN |o>0101d

141V 40} saipnis aAndadsold wouy synsal paysiigngd | ajger



SITOAD

9 x 91-dA Od Y Suneurae
OdO.L ‘WdD Od R2utua1utejy
P4 7 x OdOL ‘WdO

%0 SO Put Sid 14-¢ {(A[uo IH) uoneprjosuor)
XIH S9[04o  x (A[uo
%S6—/+ %6Ch SO 146 (&[uo 1 H 103 TdA) ‘dadD ‘WdO (9102)
%T6 —/ + %t TE :SAd 4-G 103 ‘[e203) “IOA XIW (H :uononpuj Te 39 eI T,
I ON VN ¥€ NI oL LOOA[S

IPAS [ x 91-dA VAL ‘dgD
:UonNEPIosu0) IDSYOAH
WdD YXIDA 91-dA

“ZNL ¥ ‘T $9PAD uononpug

XIW dH ‘WdO ‘9T-dA (8002)
% 0T —/ + %9T ‘SO I4-¢ MOA ‘dadad Te 39 12UpIen
%6 —/+ % 1T ST 4-¢ ON ¢ 0 i€ ‘¢ ‘T $9pPAD uononpul 61 111 3eIS peaH
owayd (N) 14 (N) syusned
sawodlnQ JejnduiuaAenul/il  (N) 4SYDOAH juondn uswibal Adessylowsyd Jo JBquinN |o>0l0.4d

(p.auod) “1Y1Y 104 sa1pnis aAndadsosd woly syNsal paysiignd | ajqeL



wnunserpawt/sutds overoyy 13 49 81 >J1 A[uQ |,

Ao ¢-1 SaPAD

A[uo 1 11e1S peaH .

op1sodord ‘91-JA ‘uednodor ‘OJQO.L. opruo[ozow

“ZINL ‘oprurejsojon ‘Jq1, ‘Ade1oy) uonerper ‘ I3 {PAIAINS 991-UOTSsaIZ01d ‘S {[EAIAINS [[EIDAO ‘GO IS IBIPIULINUI Y] OPTWEISOJT ‘SO YSU YSIY Y H ‘o3exomnoyiow
9s0p-yS1Y “X. LN (JH {on9sa1 92 wals snoSojoine i Aderspowrayd 9sop Yy YSYDH {[eo9Yaenul ‘I ] {UnIqnIepr ‘(] {EATAINS 99h-1U04Ad ‘SIH UDIqNIOXop “XO
furokwounoep ‘1Y ( fuonerpeir feurdsorued ‘750 ‘aprureydsoydopLd gD funerdso ‘gD 1owm propqeyl projerd) [edrdAie YLV S 98eIoAt YV SUONRIAIQQY

$IPAd ¢ x VAL

(I g-3s0d (ISO  *dgO :uoneprosuo) YMSVOAH (¢102)
% ¢t ‘SO~ ¢c I 9 ‘820§ $IPA T x dAAD ‘WD ‘91-dA “Te 39 WIYoD
% L§ ‘ST K- oN -o1d 0g) TF ¥o) 0r  YIOA XL (H :uondnpuj <9 €ECOSNOV
%S6 —/+ %T8l
‘SO pue Sid 14-¢
XIH
%1l —/+ %818 SO H4-¢
%LTT (9102)
—/+ % LT, SAd A6 SPA § X NdD Te 39 eyaIOT,

v ON 44 (44 MOA ‘dddd ~[SYOAH (44 COGINS



stown ], SND Py ‘ernowdpuadyg
“eTUOISE[ONPIN “DIN({ ‘BWOISL[qOI[D)

thﬂQS,H.
SNIO Arewn (am siudned OLIeIpa 10§ S[PD L

vsn Surpnpour ewor) dperd) YSIH ‘INLY  MVO-¢H-L JO AIAIR(] [EUOISI000T IVDE0T  £89SE8SOLON
(reaorddy 14 yam) stown T, JueuSIelA JUSDYOP
“FVOXIVIAS 10 2AnESON-TIN] YO ‘Piodes
profEyd (PRIENUAIPIP-a(T 10 PALHUIPI(T s190ueD) 2ANESIN [-INI M 9[NPy Sunox pue
vsn Apoo) ewopioyD I SUPNPUL [N “IXLLY uRIp[IYD ur qewunwifid] pue qelin(oAIN JO Apmig 8959 1+¥0ILON
(LOVAIND)
sTown T, [euoAIquuig SN 19710 Adexot T, 1Ry 2andopy Surkordwryg siownT,
VSN ‘ewroise[qoaurd ‘etrolse[qO[[npIaN “JINLA ‘I XMLV ureIg OIeIpoJ IueuSIely 10§ Aderdpounuru]  6G/¢6190.LDN
stown T, SN ATewI ] JUagop
“FVOXIVINS 10 ~(IDXIVINS) TINI ‘twodreg siowmng, yd
vsn prorpydy “ewopioyd I LYW LMLV ~#VOXMVINS/3IN-TINI Ut Id]/0aN+3wsolowdze],  1+4/0¥SOLON
tprur) stown 3wy yVOIVINS
‘erpensny eUIOUTDIE)) ATR[[NPIN [EUY ‘BUIODIES 10 TIDYIVINS A1030e1jox] 10 pasde[ox] jo
‘vsn profPydy ‘IXLV Surpnpur jown [, propqeyqy]  IUSUNLIL], ) 10} qEWNZI[0ZY put qeuun[oSer ],  [0898ZSO.LON
owmng,
uedef IXILY Surpnput 1own ], Propqeqy Propqeyy yim sjuaned Ut 8¢ch-ONO 03 ApmS  [+622990.LON
suoibal
s|qejieAy suoiipuo) apn Apms isquinu 3N

141V 4o} sjen3 onnadelayy [ed1uld aAIDY ¢ djqel



(panuuos)

stown ], prjos 1oyiQ pue

vSn Town T, swirpy s 9[dodd ur 10XduIpg Jo ApmIS V- 191686S0LON
‘stuse[doaN]
SNX[J ProIoy)) ‘etorduIua]y [eo1dAry /onsedetry
aowmn T, resurd ‘TN ‘BWOISL[qO[[NPI]A ‘BUIOISE[qOTE)
‘etuowidpuady ‘O] ‘BlIo1foonsy SnPI([ ‘YXd ~— Stuse[dOdN] UIOISAS SNOAION] [ENUD) ATRUILI dIeY]
VSN /eworSoIpuaposO /ewoiboonsy dnsedeny (IXLY  PUE UL Ul 90ZONO [B1O Jo Apmig [ 3seqd  ¢801+SH0.LON
VD Ioar ‘ewrooresodry ‘rowmnT, siowmn J, pros
JBG [OA ‘IoWNT, SWIIA\ ‘BWOIILSOATOPQRYY] SIRIPSJ 10] S[PD) I, Ul passaxdxyg 101dooay] uasnuy
VSN ‘IXILV Supnpur siown [, propqeqy]  dHawr) dgpads-¢ uedtdAln patouny ¢I-Un{opu]  ge6LLE0LON
VD I0ATT ‘etuooresodrT sIown T, pros dLeIpaJ
‘JommnJ, 0eS YO X ‘IoWNT SWIA\ ‘CWOdIBSOATIOPqey] 10§ S[D I, ur passardxy 103doooy] uddnuy ooy
A ‘INILV Sutpnpur siowmn |, propaeqy| ograds-¢-uedrdA[D) patouny [g-pue GI-URNIENAUL  [61STLEOLON
eIIOTD) opeIn) YSTH “JIN.IH (g-T1vDO) stown], urerg Surssordxa
vsn ‘DI “INLY Supnput siowmn], ND [euokiquyg gD M siuaned 10§ S[PD L VO TdDYLD  L6L660¥0LON
SIOWIN ], TWISAS SNOATIN] [eNU)) JLNRIPSJ
sTown ], SND IO ‘ewourdIe)) SNXaJ ProIoy))  AI0Ie[oy IO JUIINIIY] PUE BUIOND) SUIPTA SNPI(]
‘ewror) ‘ewrowrApuadyg ‘TN ‘PTOISL[OIUL]  /LUIOIL) JUNUOJ JSUMU] oSNI(T I0F Aderorpountumuy
vsn EWOISEIO[NPIN “DJIA/DNA "I XLV [EUOISAI00T [P0 I, XIVD 2Yads-¢H-/¢] Jo ApmiS  8¢0S8TH0LON
sTown , urerg
£SSO,] TOTINNSOJ JUOIINDIY] I TSIP[ID) UT SPIHUI A
VSN stomn T, SND AN  YUNoJ ) ojur suorsnju] opsodorg pue Nexonoyd 01 1S0620LON



‘etuo UummO%EO@Ldé ,NHEOuwﬁTH—OQUOm ‘etuo DIESOASO

‘etrolse[qoImaN] ‘TSN ‘eroisejqoredop]
‘Jown T, [[oD) W0 ‘etrodtes Sumy ‘1Y S(] ‘BuodIes

synpy Suno x pue
UaIp[IyH ur srownj, prjos bOuUN.@@MH\uE@HHSUUd

VSN [PO e[ “INLLY Surpnpur 1owmn [, propqeyy] 10 Aderpount] PO L MVO 908XMADT  18¢819¢0LON
Jowmn I, PrjoS dmeIpa IO ‘Towny,
SWT\ ‘BUIODIES INSSLT, YOS ‘BUTOITLSOATIOPARI Y]
‘BUIODTLSOIS() “BUIOISL[QOINAN] “BUIOUR[ITA]
‘ISNAdIN ‘euuoisejqoredof ‘Towuny, [0 WD) (IVD¢) stowny, prjos yrm
‘etroo1es UMy ‘IS BWOdIES [[OD) 18D VD syuameJ omerpodJ 107 Aderoyy, [[oD- ], snosojony
vSn [E20I00URIPY “[XLY Surpnpur jown [, propqeq] 103d2003] weSnuy drWI) dYLads-¢H-/d  1T¢L68F0LON
Jowmny, pros IO ‘Iowny,
JBG [OA ‘TOWNT, SWIIA\ ‘BWOIILSOATIOPQRYY] sTowN J, PIjOS 107 S[?D) I, snoSojoiny
‘ewrourdIe)) [0 I9ArT ‘ewrodresodr ur passordxyg 103doooy] uadnuy oWy
VSN ‘IOATT 913 JO BUWIODIES [EUOATIUT ‘T JIN sgoads-¢ uedtdA[D) parourry GI-Umno[IAu]  [¢9¢0TSOLDON
BUIOISL[qOTNPIN ‘LHNJ ‘TWO0IL00nsY ‘INILV sIowWN I, Uredq] IB[[9(a19)) I0I0eLI
vSn Surpnput stse[dodN Fe[[PQRI) ATeWLL] BP0 10 JURLINOSY] Y WRIP[IYD Ul 02O ASH  88¢TT6€0LON
stown J,
PI[OS 2O ‘LSNAIN ‘eruoisejqorydoN /rown
s\ IV Supnppur siown [, propqeyy]
suolbal
o|qejieAy suonlpuo) apn Apms Jsquinu I3N

(p,2U0d) "1H1V 10} sjeuy dnadesayy [ed1uUld ALY T djqel



" [PIOPQEYI,, pue  TXIV,, SPIOM [oIeas Juisn 91sqom A0S

O MMM IO} PIUTEIQO S[ELI) [eITUI[D JO ISIT

BOLIOWY JO SABIG PATUN ‘YSN
{Aupry a1 Jo 10wy propqeyd ‘1Y own) [euapolddoinau aanmund ‘TN 1oesnsoaur redound 4 rowm) propqeyr jueuSIew ‘I owny yaeays datou [eroyduad
Jueudiewr ‘TSNJIN ‘st xorduwrs sod1oy ‘ASH (59119501 PaIoAR[MNU M IOWN) [EUOAIqUID AL ‘Iowm [[90 punol [rews dnseidowsap ‘T OS] ELwors surpru
asngrp ‘ON( ‘ewor3 aunuod d1SULIUL SNPIP ‘O J[(] WAISAS SNOATIU [ENUD ‘SND 101dada1 uaSnue JLIWIYD [y Iown) propqeyt projeid [edrd£ie I3V SUoneadiqqy

sIown T, pros dMeIpa g
JSY-YSTH UI 90UALINIIY] 10 UOISSAAZ0I] IUIAI]

vSN IownJ, Prog IO ‘BUWIOIIES ‘BUIOISL[OININ] 0 U8y QOURUUIRIA] © s qrumuezode)) Jo ApmS V  G/6SCTSOLDON

‘uspamg
‘uredg
‘KeMION]
‘Qouery
pRidistielg]
‘onqndoyy
232D IXILY
‘ensny pue ermowApuady ‘PUIOISE[QO[[NPITA IUSITNIA]
VSN EWOISL[QO[NPIN ‘brrowdpuady ‘[ LV [ waIp[ry) 10§ Aderoyp, orweSorBuenuy  ()6g9S¢T10LON

3

Jowmny, prjos JLOerpdJ o0
‘Jowmn J, SWITA\ ‘BUIOOIES [BIAOUAS ‘BUIODIES INSSLT YOS


http://www.clinicaltrials.gov

208 Michael Angelo Huang and Ashley Margol

3.8.4 Impact of intrathecal/intraventricular chemotherapy
Intrathecal/intraventricular (IT) chemotherapy has been used as an adjunct
to systemic chemotherapy for patients with ATRT. IRS-III based strategies
in particular incorporate IT chemotherapy into its backbone. Historical
meta-analysis by Athale et al. has previously linked intrathecal che-
motherapy with improved survival in patients who did not undergo RT
(Athale et al., 2009). Only 2 contemporary meta-analyses looked at the
prognostic impact of I'T chemotherapy on ATRT outcomes. In both stu-
dies, I'T chemotherapy was independently associated with improved survival
(Ma et al., 2020; Underiner et al., 2020).

3.9 Summary recommendations based on prospective
upfront ATRT clinical trials

Although the aforementioned trials have led to improved outcomes for patients
with ATRT, they incorporated varying combinations of conventional che-
motherapy, RT, HDCASCR, and IT chemotherapy. Therefore, there remains
no established standard of care for newly diagnosed patients with ATRT. Given
similar patient characteristics and outcomes among patients on the ACNS0333
and DFCI-ATRT studies, we recommend treatment per either ACNS0333 or
the DFCI-ATRT backbone for ATRT patients <3 years of age. More recent
data using IRS-III based strategies, however, cautions against its use in patients
with metastatic disease. SJMBO03 should also be considered for patients age 3
years or older with localized disease who have achieved a GTR.

Table 1 lists a summary of key findings from completed upfront ATRT
clinical trials.

Table 2 lists active clinical therapeutic trials for ATRT.

4. Innovative mechanism-driven therapeutics for ATRT

4.1 Chromatin remodeling and histone modification

4.1.1 HDAC inhibition

SWI/SNF histone modifications are critical in ATRT pathogenesis.
Histone acetyltransferases and histone deacetylases (HDACs) control the
acetylation status of the downstream histone target H3K27 in ATRT
(Roberts & Biegel, 2009). The HDAC family is subdivided into class I
(HDAC 1, 2, 3 and 8), class I (HDAC 4, 5, 6, 7, 9 and 10), and class IV
(HDACT11) based on sequence similarity to yeast deacetylases (Park & Kim,
2020). HDAC1 and HDAC2 are overexpressed in ATRT primary tumors
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and cell lines (Frithwald et al., 2016). Histone acetylation therefore serves as
an attractive therapeutic target for ATRTs.

ATRT cell proliferation is impaired by a variety of HDAC inhibitors
(HDAC:) including valproic acid, vorinostat (suberoylanilide hydroxamic
acid or SAHA), panobinostat (LBH589), and entinostat (MS-275).
Vorinostat, a first-generation pan-HDACI, inhibits HDAC activity by
inserting into the active site of the enzyme, resulting in G1 and G2/M cell
cycle arrest and p53-independent apoptosis (Xu et al., 2007). Resultant
buildup of acetylated histones leads to preferential increased transcription of
genes associated with neuronal differentiation or apoptosis (Yin et al.,
2007). Kerl et al. reported on the synergistic activity of vorinostat when
combined with chemotherapy against MRT cells. Additionally, vorinostat
was shown to induce deregulated gene programs associated with cell cycle
progression (MYC, RB, stem cell programs) (Kerl et al., 2013). Vorinostat
has also been demonstrated to enhance both in vitro and in vivo radio-
sensitivity of MRT cells (Knipstein et al., 2012; Thiemann et al., 2012). A
phase 1 study of vorinostat combined with temozolomide for relapsed/
refractory pediatric CNS tumors (NCT01132911) has been completed by
the Children’s Oncology Group. Although the combination was well
tolerated, there was limited clinical activity in a heterogenous group of
CNS tumors that included 2 ATRT cases (Hummel et al., 2013).

Panobinostat is another first-generation pan-HDACI considered to have
the highest potency compared to other pan-HDAC:s (Al Shoyaib et al., 2021).
In vitro work by Muscat et al. demonstrated that low dose treatment with
panobinostat can terminally differentiate MRT cells and inhibit self-renewal
(Muscat et al., 2016). Chong et al. showed in an orthotopic ATRT xenograft
model that continuous treatment with panobinostat leads to inhibition of
tumor growth, improvement in survival, and neuronal differentiation (Chong
etal., 2021). A phase 2 study of low dose panobinostat as maintenance therapy
for pediatric solid tumors including MRT/ATRT (NCT04897880) was
terminated early due to drug supply issues (Wood et al., 2020).

Several second-generation HDAC:s are now currently being investigated
in early phase clinical trials and are expected to provide improved risk-
benefit ratio owing to them being class- or isoform-selective (Yang et al.,
2019). Entinostat (MS-275), a second-generation selective class I and IV
HDAC:, has been evaluated in a phase 1 study (ADVL1513) by the Pediatric
Early Phase-Clinical Trial Network (PEP-CTN) for pediatric recurrent/
refractory solid tumors including CNS tumors (NCT02780804) but failed to
show any evidence of single agent activity in a heterogenous cohort of
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pediatric solid tumors (Bukowinski et al., 2021). Entinostat, however, has
been reported to have poor blood-brain barrier (BBB) penetration, sug-
gesting limitation as a therapeutic candidate for CNS tumors (Hooker et al.,
2010). The second-generation CNS penetrant HDACI quisinostat (JNJ-
26481585) possesses subnanomolar specificity for class I HDAC isoforms,
particularly HDAC1 and HDAC2, which are both highly expressed in
ATRT. Quisinostat demonstrated broad in vitro cytotoxicity in a panel of
pediatric tumor cell lines including MRT, as well as retarded tumor growth
in the majority of solid tumor xenografts tested (Carol et al., 2014). Cascio
et al. reported on the radiosensitizing properties of quisinostat in preclinical
models of glioblastoma (GBM) (Lo Cascio et al., 2023).

4.1.2 EZH2 inhibition
The antagonistic relationship between the SWI/SNF and PRC2 com-
plexes plays an important role in ATRT pathogenesis via regulation of
downstream targets EZH2 and H3K27 (Roberts & Biegel, 2009). This
antagonistic relationship leads to oncogenic dependency of ATRT cells on
EZH2 enzymatic activity. In mouse models, genetic inactivation of EZH2
has been shown to block tumor formation driven by SMARCB1 loss
(Wilson et al., 2010). The EZH2 inhibitor tazemetostat (EZH-102) has
been shown to induce apoptosis and differentiation in INI1-negative MRT
cell lines. In xenograft-bearing mice, EZH2 inhibition led to dose-
dependent regression of MR Ts with correlative reduction in intratumoral
H3K27me3 and prevention of tumor regrowth after treatment cessation
(Knutson et al., 2013). Alimova et al. provided evidence that tazemetostat
alters cell cycle progression and significantly impairs tumor growth in
ATRT cells as well as potently sensitizes them to RT (Alimova et al.,
2013). Klaus et al. found that tazemetostat given before or concomitantly
with RT induced robust in vitro antiproliferative activity and reduction in
clonogenic potential in ATRT cell lines (Klaus et al., 2017).
Tazemetostat was investigated in a phase 1 pediatric study for relapsed/
refractory INIl-negative tumors including ATRT (NCT02601937).
Objective responses were seen in 24 % (5 of 21) of ATRT patients (Chi
et al., 2022). Tazemetostat was generally well tolerated at doses up to
1200 mg/m*/dose twice daily (2400 mg/m?/day). There was a non-sta-
tistical trend towards improved objective response rate (ORR) for patients
who have received prior RT, suggesting potential synergism between RT
and tazemetostat. The phase 2 National Cancer Institute (NCI)-COG
Pediatric Molecular Analysis for Therapy Choice (MATCH) APEC1621C
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trial for tumors harboring SMARCB1/SMARCA4 or EZH?2 alterations
including ATRT (NCT03213665) did not meet its primary ORR efficacy
endpoint. Although ORR was only 5% in the entire cohort, 25% of
patients including 1 patient with ATRT experienced durable (26 months)
prolonged disease control, suggesting a potential effect of tazemetostat for
disease stabilization. Tazemetostat in combination with immune check-
point inhibition using nivolumab and ipilimumab is currently under
investigation in a phase I/Il setting for pediatric INI1-negative or
SMAR CA4-deficient tumors (NCT05407441).

GSK126 is another EZH?2 inhibitor that has demonstrated in vitro and
in vivo preclinical activity either alone or in combination with the bro-
modomain inhibitor JQ1 against ATRT (Ishi et al., 2022). Glax-
oSmithKline, however, has discontinued the development of GSK126
owing to insufficient evidence of clinical activity against hematologic
malignancies for which it was developed (Gulati et al., 2018).

4.1.3 Bromodomain and extra-terminal protein (BET) inhibition
ATRT cells express high levels of c-MYC, and chromatin immunopre-
cipitation (ChIP)-sequencing experiments conducted by Alimova et al.
have demonstrated significant enrichment of MYC chromatin occupancy
at transcriptional sites in ATRT (Alimova et al., 2019). MYC is a core
transcription factor that controls numerous cellular functions, and in the
malignant state, aberrant MY C activity drives transcriptional programs that
lead to tumor growth, metastasis, chemoresistance and reversal to a stem
cell-like state (Dang, 2012). Direct MYC targeting, however, is highly
challenging, largely owing to the absence of a clear ligand-binding domain
(Delmore et al., 2011). Several compounds have already been developed as
alternative strategies to target MYC including bromodomain (BET) inhi-
bitors. Transgenic knockdown of ¢c-MYC eftectively restricted in vivo
growth and prolonged survival of ATRT patient-derived xenograft (PDX)
mouse models, providing a rationale for use of BET inhibitors for ATRT
(Alimova et al., 2019).

Recent genome wide ChIP-sequencing analyses also identified high
occupancy of H3K27ac in association with BET bromodomain-containing
protein 4 (BRD4) at ATRT enhancer elements (Johann et al., 2016).
Acetylated histones bind to BRD4 and activate gene transcription. The
potent highly selective BET inhibitor JQ1 specifically blocks binding between
BRD4 and acetylated histone, resulting in suppression of gene transcription
(Popovic & Licht, 2012). Treatment with the potent BET inhibitor JQ1
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significantly attenuated ¢-MYC transcription and MYC-driven stemness
programs as well as significantly prolonged survival in orthotopic xenograft
mouse models of ATRT (Alimova et al., 2019). Moreno et al. also reported
on BRD4 inhibition alone or in combination with CDK9 inhibition
resulting in efficient in vitro impairment of cellular proliferation and induc-
tion of cytotoxicity in MRT (Moreno et al., 2017).

To date, most adult trials of pan-BET inhibitors have been challenged
by their narrow therapeutic index and modest anti-tumor activity as
monotherapy (Pearson et al., 2021). The first pediatric trial of BET inhi-
bition with ezobresib (BMS-986158) (Arm 1) and trotabresib (BMS-
986378/CC-90010) (Arm 2) (NCT03936465) was recently completed by
the Dana-Farber group with forthcoming results.

4.1.4 Other epigenetic therapies

The anti-viral drug ribavirin is structurally similar to the EZH2 inhibitor 3-
deazaneplanocin A (DZNep) (De la Cruz-Hemandez et al., 2015).
Ribavirin has shown preclinical activity against ATRT cells via down-
regulation of EZH2 and potentially impeding eukaryotic initiation factor
4E (eIF4E). Treatment with ribavirin significantly improved survival in an
ATRT-MYC B12 orthotopic mouse model (Casaos et al., 2018). Con-
sistent with this finding, recent integrated pharmacogenomic analysis
revealed subgroup specific sensitivity of ATRT-MYC cells to the eIF4E
inhibitor briciclib (Pauck et al., 2025).

Of the three molecular ATRT subgroups, ATRT-TYR and ATRT-
SHH demonstrate global hypomethylation, providing a rationale for the
use of hypomethylating agents (HMA) (Johann et al., 2016). The EU-
RHAB group reported on clinical outcomes of 22 ATRT patients who
received individualized low-dose-decitabine-augmented chemotherapy
after relapse or disease progression following upfront Rhabdoid 2007
therapy. In this highly refractory setting, 27.3 % of patients demonstrated
radiographic response (including 1 CR), with responders experiencing
prolonged time to progression and overall survival. Analysis of methylation
data suggested a possible influence of tumor methylation levels on HMA
response (Steinbtigl et al., 2021).

Curaxin (CBL0137) is a CNS penetrant DNA-binding small molecule
that is related to the anti-malarial drug quinacrine (Jin et al., 2018). Curaxin
targets spatial genome organization and acts as an epigenetic agent by
trapping the Facilitator of Chromatin Transcription (FACT) complex
within chromatin, which in turn results in p53 phosphorylation and
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suppression of nuclear factor ¥ (NF-xf) (Gasparian et al., 2011). Curaxin
has demonstrated in vitro cytotoxicity against ATRT cells and in vivo
growth suppression of MRT flank xenografts (Lock et al., 2017). A phase
1/2 trial of curaxin is being evaluated by the PEP-CTN in an ongoing
phase 1/2 trial for relapsed/refractory pediatric solid tumors including CNS
tumors and lymphoma (PEPN2111, NCT04870944).

4.2 Cell cycle regulation

4.2.1 Aurora A kinase inhibition

The Aurora family of serine/threonine kinases plays a critical role in the
regulation of chromosomal segregation and cytokinesis during mitosis.
Aurora kinase A (AURKA) and B are expressed in all actively dividing
cells, whereas Aurora kinase C expression is largely restricted to dividing
germ cells (Nigg, 2001). AURKA plays a critical role in the formation and
stability of the mitotic spindle and is highly overexpressed in ATRT cells
(Nikonova et al., 2013). Lee et al. were the first to demonstrate that
AURKA is a direct downstream target of INI1-mediated repression in
MRT cells and that INI1 loss leads to aberrant AURKA overexpression
that is required for MRT survival (Lee et al., 2011).

Alisertib (MLN8237) is a selective small molecule reversible inhibitor of
AURKA via ATP-competitive binding (Manfredi et al., 2011). Alisertib was
evaluated within the NClI-supported Pediatric Preclinical Testing Program
(PPTP) which selectively tests 10 to 12 agents or combinations of agents
annually in in vitro and in vivo preclinical models of common childhood
cancers. Alisertib was initially found to have significant activity against solid
tumors, most notably neuroblastoma, and pediatric leukemia xenografts
(Carol et al., 2011). Alisertib has also been demonstrated to suppress the
activity of pro-proliferative signaling pathways, induce cell death and
enhance radiation sensitivity in ATRT cell lines (Venkataraman et al., 2012).

Alisertib was evaluated in a pediatric phase 1 trial by the COG for
relapsed/refractory solid tumors (ADVL0812, NCT02444884). Notably,
there was a greater frequency of myelosuppression and hand-foot-syn-
drome than reported in the adult literature with twice daily dosing that was
mitigated by once daily higher dosing. The recommended phase 2 dose
(RP2D) was 80 mg/m>/day (Mossé et al., 2012). In the phase 2 COG
study of alisertib for recurrent/refractory pediatric solid tumors or leukemia
(ADVL0921, NCT01154816), although well tolerated, ORR was only
5% as a single agent. No response was seen in all 4 patients with ATRT/
MRT enrolled on this study (Mossé et al., 2019). Conversely, in an earlier
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small pilot study by the St. Jude group for recurrent ATRT, single agent
alisertib produced durable disease control in 4 patients, with a median
duration of 11 months (Wetmore et al., 2015). Although the phase 2
SJATRT study for recurrent ATRT (NCT02114229) did not meet its
predetermined efficacy end point, stable disease (SD) or partial response
(PR) was observed in approximately a third of study patients. Neutropenia
was the most common side effect noted. One-year PFS and OS were 30 %
and 36.7 %, respectively. Treatment responses or PFS did not difter by
ATRT molecular subgroup (Upadhyaya et al., 2023).

4.2.2 Cyclin D1 inhibition

Earlier studies have proposed that INI1 loss induces cell cycle proliferation
by direct transcriptional activation of cyclin D1 (CCND1) and repression
of cyclin-dependent kinase (CDK) inhibitors p16INK4A and p21 (Zhang
et al., 2002; Oruetxebarria et al., 2004). Consistent with this theory,
Tsikitis et al. demonstrated that INI1 heterozygous mouse models with
genetically induced cyclin D1 failed to develop MRT (Tsikitis et al., 2005).
More recently, however, Xue et al. showed that SMARCB1 loss in ATRT
leads to reduced cyclin D1 expression via upregulation of the microRNA
(miRNA) MIR17HG (miR-17-92) gene cluster, which produces
miRNAs that target cyclin D1 (Xue et al., 2020). Additionally, ATRT
patient tumors were generally RB-proficient and p16-deficient, which has
been linked to positive responsiveness to CDK4/6 inhibitors (O’Leary
et al., 2016). Functional genomic screening via CRISPR-Cas9 knockout
identified CDK4/6 among the most potent drugs against ATRT (Merk
et al., 2024). Thus, targeting the cyclin D-CDK4/6-INK4a-Rb axis appears
to be a biologically rational treatment strategy for ATRT.

Palbociclib (PD-0332991) is a potent selective inhibitor of CDK4 and
CDKG6. Katsumi et al. showed that human MRT cell lines were sensitive to
palbociclib and that p16 overexpression inversely correlated to growth
inhibitory effect from palbociclib (Katsumi et al., 2011). Hashizume et al.
found that adjuvant or concurrent use of palbociclib with RT inhibited
double-strand DNA (dsDNA) break repair and promoted tumor cell apop-
tosis in ATRT mouse models (Hashizume et al., 2016). The NCI-COG
pediatric MATCH trial Arm I (APEC16211, NCT03526250) was a phase 1
study of single agent palbociclib for pediatric solid tumors with genomic
alterations in the cyclin D-CDK4/6-INK4a-Rb pathway. Although palbo-
ciclib was well tolerated in this heavily-pretreated cohort, no objective
responses were observed at the study dose of 75 mg/m” daily, suggesting that
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cyclin D-CDK4/6-INK4a-Rb pathway alteration alone is insufficient to
generate a response in pediatric malignancies (Macy et al., 2024). Further
evaluation of palbociclib in combination with chemotherapy in pediatric
patients with recurrent/refractory solid tumors is underway (NCT03709680).

Ribociclib (LEE001) is another CDK4/6 inhibitor that has displayed
preclinical activity in MRT cells (Hua et al., 2024). In vitro screens of a panel
of more than 500 cell lines from the Novartis Cancer Cell Line Encyclopedia
identified MRT cell lines to be among the most sensitive to ribociclib treat-
ment (Geoerger et al.,, 2017). In a phase 1 study of ribociclib for pediatric
MRT, neuroblastoma, and other solid tumors (NCT01747876), 5 of 32
patients achieved prolonged (26 cycles) and included 2 patients with ATRT.
Ribociclib demonstrated acceptable safety with a 3-weeks-on/1-week-oft
dosing schedule and the RP2D was 350 mg/m>. The most common adverse
effect reported was myelosuppression (Geoerger et al., 2017).

Several studies combining ribociclib with other agents in pediatric solid
tumors including ATRT are underway. Among these is the ongoing phase
1/2 study evaluating ribociclib in combination with topotecan and
temozolomide (TOTEM) for relapsed/refractory neuroblastoma and other
pediatric solid tumors (NCT05429502). The above combination had been
previously evaluated in Arm A of the phase I/II Access Secured-European
Proof-of-Concept Therapeutic Stratification Trial of Molecular Anomalies
in Relapsed or Refractory Tumors (AcSé-ESMART) (NCT02813135).
No objective responses were seen and only 14.3 % of patients had SD as
best response (Bautista et al., 2021).

Abemaciclib is another CDK4/6 inhibitor that is currently being clini-
cally tested in pediatric recurrent/refractory solid tumors (NCT0264460).
Compared to palbociclib and ribociclib abemaciclib is more highly bound to
plasma proteins and can better penetrate the blood-brain barrier due to its
improved lipophilicity (Braal et al., 2021). Abemaciclib significantly pro-
longed survival of orthotopic mouse xenograft models of ATRT-MYC and
ATRT-SHH (Merk et al., 2024). Ding et al. tested TGO02, a multi-CDK
(CDK 1, 2, 5, 7 and 9) inhibitor in ATRT cells and observed that TG02
significantly impaired in vitro cell proliferation by limiting clonogenicity and
inducing apoptosis. Additionally, TGO2 acted as a potent radiosensitizer and
synergized with cisplatin against ATRT cells (Ding et al., 2021).

4.2.3 MDM2 inhibition
Mouse double minute 2 homolog (MDM?2) is a proto-oncogene that plays
a crucial role as the primary negative regulatory factor of the tumor
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suppressor gene p53. MDM2 encodes a nuclear-localized E3 ubiquitin
protein ligase that marks p53 for proteasomal degradation (Hou et al.,
2019). Using large scale RINAi, CRISPR-Cas9, and small molecule
libraries, Howard et al. identified MDM2 (also MDM4) as a therapeutic
vulnerability in MR T cell lines (Howard et al., 2019). Alimova et al. found
increased MDM2 expression levels in ATRT patient samples. Additionally,
ATRT cells demonstrated in vitro and in vivo sensitivity as well as
increased radiosensitivity in response to MDM?2 inhibition (Alimova et al.,
2022). Most recently, high throughput drug screening of 13 different
ATRT cell lines by Pauck et al. revealed sensitivity to MDM2 inhibitors
which is in line with earlier reports (Pauck et al., 2025).

The St. Jude group opened the phase 1 iSTAR trial of the orally
bioavailable MDM2 inhibitor idasanutlin (RG7388) combined with the
selective inhibitor of nuclear export (SINE)/exportin 1 (XPO) inhibitor
selinexor for progressive/relapsed ATRT and extra-cranial MRT
(NCT05952687) except idasanutlin was withdrawn by the pharmacy
sponsor, owing to insufficient tolerability and efficacy in a larger global
study (Center, 2024). Other small-molecule MDM2 inhibitors have
entered into adult early phase clinical trials but have thus far demonstrated
limited effectiveness and significant thrombocytopenia as a dose-limiting
toxicity (DLT) (Wang et al., 2024).

4.2.4 XPO1 blockade
XPO1 is the main nuclear exporter of many key tumor suppressors and
growth regulatory proteins which include TP53, CDKN1A/B, and RB1
(Xu et al., 2012). XPO1 is overexpressed in many cancer types and has
been associated with poor survival outcomes (Turner et al., 2012; Galinski
et al., 2021). In silico analysis of MRT patient samples by Coutinho et al.
revealed aberrant activation of XPO1. XPO1 inhibition resulted in in vitro
cell cycle arrest and apoptosis in MR T cell lines as well as significant tumor
growth inhibition in MRT PDX models (Coutinho et al., 2022).
Selinexor (KPT-330) is an orally bioavailable CNS-penetrant XPO1
inhibitor that has demonstrated promising results in adult clinical trials and
preclinical efficacy in multiple pediatric cancer models including CNS
tumors (Galinski et al., 2021; Attiyeh et al.,, 2016). Selinexor has been
evaluated by the COG in a phase 1 trial for recurrent/refractory solid and
CNS tumors (ADVL1414, NCT02323880). Although no objective
responses were seen, 13.5 % of patients experienced prolonged (>16 weeks)
SD. Toxicity was tolerable on once weekly dosing and the RP2D was
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determined to be 35 mg/m?®/dose weekly (Green et al., 2025). A multi-
center phase 2 study of selinexor for Wilms tumor and other solid tumors

(NCT05985161) that is being spearheaded by the Memorial Sloan Ket-
tering Cancer Center is underway.

4.3 Other associated signaling pathways

4.3.1 PI3K pathway inhibition

The phosphatidylinositol-3 kinase (PI3K)/AKT/mammalian target of
rapamycin (mTOR) signaling transduction pathway is frequently activated
in pediatric cancers and plays a major role in cancer cell proliferation and
survival (Toson et al., 2022). While initial responses to PI3K pathway
inhibition are encouraging, durability tends to be limited owing to mostly
cytostatic responses, suggesting that patients may benefit the most from
combination strategies (Hua et al., 2019). Rubens et al. were the first to
identify the PI3K pathway as an important driver of ATRT tumorigenicity
(Rubens et al., 2017). Furthermore, their group identified activation of
mTOR complex (mTORC) 1 and mTORC2, with mTORC2 more
broadly and strongly upregulated than mTORCI1, in ATRT.

Sirolimus (also known as rapamycin) and everolimus (RADO0O01) are two
mTOR inhibitors that have been tested extensively in several cancers
including pediatric CNS tumors (Toson et al., 2022). While both sirolimus
and everolimus are mMTORCI1 inhibitors, everolimus is more effective in
inhibiting mTOR C2 while sirolimus lacks such ability (Jin et al., 2014). In a
phase 1 study of everolimus in pediatric recurrent/refractory solid tumors
(NCT00187174), everolimus was well tolerated and the RP2D was
5 mg/m2. Although no objective responses were reported, 6 of 26 patients
experienced prolonged (4 or more courses) disease control but did not
include the 1 enrolled patient with ATRT (Fouladi et al., 2007). Everolimus
combined with ribociclib was evaluated by the Pediatric Brain Tumor
Consortium (PBTC) in a phase 1 setting for recurrent/refractory malignant
brain tumors (PBTC-050, NCT03387020). The RP2D of everolimus and
ribociclib was determined to be 1.2mg/m’/day and 120 mg/m>/day,
respectively. Although the combination was well-tolerated, there were no
observed objective responses and 16 of 18 evaluable patients developed
disease progression while on therapy (DeWire et al., 2021). This same
combination was evaluated in Arm B of the (AcSé-ESMART) phase 1/11
trial (NCTO02813135) in a heterogenous group of refractory/relapsed
pediatric malignancies. Although no objective responses were seen, disease
stability was observed in 41.2% of patients. RP2D from this trial was
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determined to be higher at 2.5 mg/m®/day and 175 mg/m*/day for ever-
olimus and ribociclib, respectively (Bautista et al., 2021).

Sapanisertib (TAK-228, MLNO0128, INK128) is a highly selective ATP-
competitive inhibitor of mMTORC1/2. Sapanisertib as a single agent slowed
ATRT cell growth and extended survival by nearly 2-fold in mouse
xenograft models of ATRT. Remarkably, when combined with cisplatin,
sapanisertib led to long-term survival of 40 % of treated mice (Rubens et al.,
2017). Pathway analysis after treatment with sapanisertib revealed disruption
of the nuclear factor erythroid 2-related factor 2 (Nrf2)-mediated oxidative
stress response (Parkhurst et al., 2022). Based on these findings, combination
treatment with the CNS penetrant borane (BH3) mimetic obatoclax
(GX15-070) was performed. BH3 mimetics function as antagonists of
apoptosis regulator protein B-cell lymphoma 2 (Bcl-2), thereby promoting
tumor apoptosis (Townsend et al., 2021). The combination of sapanisertib
and obatoclax further slowed tumor growth and significantly extended
survival time in ATRT orthotopic xenograft models (Parkhurst et al., 2022).

The aforementioned findings led to interest in the use of the highly
CNS penetrant dual PI3K/mTOR inhibitor paxalisib for ATRT. While
paxalisib monotherapy can slow tumor growth and extend survival in
mouse models of ATRT, limited durability of single agent therapy
prompted the Johns Hopkins University group to explore rational com-
bination regimens. Findlay et al. demonstrated that paxalisib and gemci-
tabine combine synergistically to suppress growth and kill ATRT cells
across molecular subtypes. Additionally, the combination led to significant
survival extension in ATRT-TYR (BT37) and ATRT-MYC (CHLAO06)
orthotopic xenograft models (Findlay et al., 2024). Metselaar et al. dis-
covered that gemcitabine induces degradation of sirtuin 1 (SIR'T), resulting
in cell death via activation of p53 and NF-kf. Gemucitabine treatment
resulted in > 30 % increase in median survival time and yielded long term
survivors in patient-derived ATRT xenograft mouse models (Metselaar
et al,, 2024). An upcoming trial from the Pediatric Neuro-Oncology
Consortium (PNOC) will look at the combination of paxalisib and gem-
citabine as part of an adaptive umbrella trial design framework (PNOCO035)
for recurrent/refractory ATRT. Paxalisib in combination with the novel
highly CNS penetrant HDAC1/3 inhibitor RG2833 or the highly CNS
penetrant MEK inhibitor mirdametinib have also shown promise in in vivo
models of ATRT (Findlay et al., 2022; Malebranche et al., 2023).

The NCI-COG phase 2 pediatric MATCH trial APEC1621D
(NCT03213678) looked at samotolisib (LY3023414), an orally bioavailable
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dual PI3K/mTOR inhibitor for relapsed/refractory solid and CNS tumors
but found no signs of efficacy (Laetsch et al., 2024). Notably, more than
75 % of tumors from study patients had other actionable genomic altera-
tions identified, suggesting that single agent PI3K/mTOR pathway inhi-
bition is likely clinically insufficient in genomically complex malignancies.
Notably, this trial did not include any patients with ATRT, an entity
known to be epigenetically heterogenous yet remarkably genomically
simple (Lee et al., 2012).

4.3.2 MAPK pathway inhibition

ATRT possess elevated levels of maternal embryonic leucine zipper kinase
(MELK) compared to normal brain tissue (Meel et al., 2020). The serine/
threonine kinase MELK is an important downstream mediator of the
MAPK signaling pathway and has been implicated in the maintenance of
cancer stem cell-like states (Ganguly et al., 2015; Badouel et al., 2006). The
MEK inhibitor binimetinib (MEK162) suppressed the growth of ATRT
flank xenografts but was not effective against orthotopic (intracranial)
xenografts, raising concern that binimetinib may not achieve sufficient drug
levels in the CNS (Shahab et al., 2020). Meel et al. demonstrated that the
combination of the MEK inhibitor trametinib (GSK1120212) with the
MELK inhibitor OTSSP167 (OTS167) significantly lengthened survival in
their ATRT-SHH orthotopic mouse xenograft model that was not
observed with either drug alone. Consistent with the aforementioned
findings, Pauck et al. conducted in vitro high throughput drug screening in
ATRT cell lines and found specific sensitivity to MEK inhibitors (Pauck
et al., 2025). Trametinib in combination with ribociclib has been evaluated
by the St. Jude group in stratum B of their phase 1 molecular driven
doublet therapies study for refractory/recurrent CNS tumors including
ATRT SJDAWN, NCT03434262. For stratum B which was mostly
composed of high-grade gliomas (53 %), 6-, 12- and 24-month PFS was
dismal at 18 %, 4 % and 0% (IRobinson et al., 2024).

4.3.3 LIN28/Let-7 pathway inhibition

Lin28 homolog A (LIN28A) and LIN28B are key oncogenic drivers of
cancer stemness via negative regulation of the maturation of Let-7
microRNA (miRNA) family members (Li et al., 2012; Zhou et al., 2013).
LIN28A/B is highly expressed in ATRT primary tumors and cell lines, and
LIN28A knockdown suppresses ATRT tumor growth (Weingart et al.,
2015). Choi et al. showed that LIN28B overexpression is likely mediated



220 Michael Angelo Huang and Ashley Margol

by SMARCBI1 loss in ATRT (Choi et al., 2016). One of the canonical
downstream targets of LIN28 is the mTOR pathway, and mTOR pathway
inhibitors have demonstrated efficacy against ATRT (Rubens et al., 2017;
Findlay et al., 2022; Zhu et al., 2011).

The anti-protozoan drug difluoromethylornithine (DFMO) is a selec-
tive inhibitor of ornithine decarboxylase (ODC), the rate limiting step in
the polyamine biosynthesis pathway, and has recently been repurposed as
an anti-cancer agent. ODC modulates eIF-5A via inhibition of polyamine
synthesis and has been shown to directly influence the LIN28/Let-7 axis
(Schramm et al., 2025). Kannapan et al. demonstrated that DFMO induced
apoptosis in ATRT cells and synergized when combined with the deox-
yhypusine synthase (DHPS) inhibitor GC7 (N'-guanyl-1,7-diamino-
heptane) (Kannappan et al., 2019). Dual targeting of polyamine synthesis
therefore is an attractive potential therapeutic strategy for ATRT.

4.3.4 Other signal transduction pathway inhibitors

Cancer cells heavily rely on the activation of multiple receptor tyrosine
kinases (RTKs) to sustain robust oncogenic signaling (Lemmon &
Schlessinger, 2010). RTKs therefore serve as attractive targets for cancer
therapy and a multitude of tyrosine kinase inhibitors (TKIs) have already
been clinically approved for a wide variety of cancer types. Preclinical
studies indicate that ATRT cells overexpress polo-like kinases (PLK) 1 and
4 (Sredni et al., 2017; Alimova et al., 2017). Treatment with the PLK1
inhibitor volasertib (BI 6727) significantly inhibited cell growth, inhibited
clonogenic potential, suppressed tumor-sphere formation, and significantly
induced radiosensitivity of ATRT cells (Alimova et al., 2017). PLK4
inhibition using CFI-400945 also demonstrated in vitro cytotoxicity
against ATRT cell lines (Sredni et al., 2017). Drug compound screening
performed by Singh et al. determined that agents capable of modulating
pathways constituting epidermal growth factor receptor-receptor tyrosine
(EGFR)-erythroblastic oncogene B (ErbB2, more commonly referred to as
human epidermal growth factor 2/HER?2), mTOR, PLK, or AURKA
were effective against ATRT cell lines. EGFR-ErbB2 pathway inhibition
using the small molecule inhibitor dual TKI lapatinib has exhibited both in
vitro and in vivo efficacy against ATRT (Singh et al., 2013).

High throughput drug screening of ATRT tumoroid models by Paasen
et al. revealed ATRT-MY C subgroup-specific vulnerability to multi-TKIs
(mTXKIs), most notably to pazopanib and lenvatinib (Paassen et al., 2023).
ATRT-MYC tumoroids had high basal levels of phosphorylated fibroblast
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growth factor receptor 2 (FGFR2) and platelet-derived growth factor
receptor alpha (PDGFR) that was abrogated by mTKI treatment. Inter-
estingly, Wong et al. previously showed that dual targeting of PDGFRa«
and FGFR1 displayed in vitro synergistic efficacy against MRT cells
(Wong et al., 2016). In an earlier study by Torchia et al., integrated
genomic analysis revealed differential methylation of a platelet derived
growth factor receptor B (PDGFRB)-associated enhancer in group 2 A
(corresponding to ATRT-MYC) ATRT tumors. ATRT-MYC tumors
demonstrated PDGFRB overexpression and in vitro sensitivity to the
mTXKIs nilotinib and dasatinib (Torchia et al., 2016). Consistent with these
findings, initial testing by the PPTP also showed the ATRT-MYC cell line
CHLA-266 among the most sensitive to dasatinib (Kolb et al., 2008).

Paasen et al. also described a subset of ATRT-SHH tumors showing
high sensitivity to Notch inhibitors that corresponded with high expression
of Notch receptors (Paassen et al., 2023). Notch signaling pathway inhi-
bition can be achieved using gamma (y)-secretase inhibitors (GSI) which
prevent the final cleavage step of its precursor form that releases the Notch
intracellular domain (NICD) (Olsauskas-Kuprys et al., 2013). A phase 1
trial of the GSI MK-0752 for pediatric refractory CNS tumors by the
PBTC (PBTC-024, NCT00572182) failed to show any objective
responses and most patients experienced disease progression after 1 to 2
cycles (Fouladi et al., 2011). Nirogacestat is a novel orally bioavailable GSI
that has shown antitumor activity in patients with desmoid tumor
(Gounder et al., 2023). Nirogacestat, however, has poor CNS penetration
due to its high serum protein binding properties (Bui, 2023).

4.4 Integrated stress response (ISR)

4.4.1 Proteasome inhibition

SMARCB1-deficient malignancies exhibit dramatic activation of the
unfolded protein response (UPR) and endoplasmic reticulum (ER) stress
response via the MYC-p19*1F
exquisite sensitivity to proteasome inhibitors (Carugo et al., 2019). Bor-

-MDM2-p53 axis, and consequently display

tezomib (PS-341) inhibited in vitro cellular proliferation and induced
apoptosis via p53 accumulation in ATRT-MYC PDX cell lines. Addi-
tionally, bortezomib repressed tumor growth and prolonged survival in
ATRT-MYC orthotopic xenograft mice (Tran et al., 2020).

Unbiased drug screening of ATRT cell lines by Morin et al. identified
proteasome inhibitors as being highly effective in vitro. The CNS-pene-
trant proteasome inhibitor marizomib (salinosporamide A, NPI-0052)
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demonstrated in vitro efficacy against ATRT cell lines. Moreover, mar-
izomib inhibited tumor growth and significantly extended survival in
ATRT PDX xenograft mice (Morin et al., 2020). The orally bioavailable
CNS-penetrant proteasome inhibitor ixazomib (MLN2238) also demon-
strated in vitro activity against ATRT (Carugo et al., 2019). Novak et al.
demonstrated in vitro synergistic activity of ixazomib with gemcitabine or
idarubicin against established ATRT cell lines (Novak et al., 2023).
Notably, ixazomib in combination with gemcitabine and doxorubicin is
being studied in the phase 2 setting for SMARCB1-negative renal
malignancies (NCT03587662) (Msaouel et al., 2019).

4.4.2 Anti-apoptotic inhibition

Pharmacogenomic analysis showed that ATRT-SHH cell clines are enri-
ched for multiple B-cell lymphoma 2 (bcl-2) and heat shock protein 90
(HSP90) inhibitors (Paassen et al., 2023). The anti-apoptotic Bcl-2 family
of proteins helps regulate cell proliferation and plays a critical role in tumor
formation and chemotherapy resistance (Qian et al., 2022). Heat shock
proteins are found in increased levels in many cancers and act as molecular
chaperones for many oncogenic proteins to provide potentially lethal stress
from the hostile hypoxic and acidotic tumor microenvironment (TME)
(Mahalingam et al., 2009). Coyle et al. also demonstrated expression of
several members of the inhibitor of apoptosis (IAP) family of proteins in
MRT cells and tissue (Coyle et al., 2022). Several anti-apoptotic inhibitors
have shown preclinical efficacy in ATRT and MRT cell lines including
obatoclax (Parkhurst et al., 2022), the X-linked inhibitor of apoptosis
protein (XIAP) inhibitor embelin (Coyle et al., 2022), and the protein-
translation inhibitor homoharringtonine (Howard et al., 2020).

4.4.3 Metabolic targeting

In the malignant state, rapid cellular proliferation drives dependency on distinct
metabolic pathways to support high energy demands for increased utilization of
nucleic acids and amino acids and to protect against reactive oxygen species
(ROS) (Alva et al., 2023). Unbiased metabolic profiling demonstrated that high
MY C-expressing ATRT patient cell lines were dependent on glutamine sig-
naling and sensitive to glutamine metabolic inhibition by 6-diazo-5-oxo-L-
norleucine (DON) (Wang et al., 2019). DON as a single agent significantly
improved survival in orthotopic ATRT-MYC mouse models and combined
synergistically with carboplatin to further improve survival. Nakata et al. also
showed that DON decreased histone trimethylation in ATRT cell lines and
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demonstrated in vitro synergistic activity when combined with tazemetostat
(Nakata et al., 2020). While further development of DON for clinical use was
impeded by its dose-limiting gastrointestinal toxicities, DON prodrugs are
currently under development for adult solid tumors (Novotna et al., 2024).
Among these is the CNS penetrant JHU-395 which has demonstrated pre-
clinical in vitro and in vivo efficacy albeit in another MY C-driven CNS tumor
type (Pham et al., 2021).

E 5. Promise of immunotherapeutic strategies for ATRT

ATRT has one of the lowest tumor mutational burden of all pediatric
malignancies, lending itself to the lack of suitable tumor-specific antigens
(neoantigens) for presentation to the adaptive and innate immune system to
generate an anti-tumor immune response (Torchia et al.,, 2016). Although
ATRT is known to be generally immunoquiescent, immune profiling has
revealed that these tumors are more immunologically active compared to other
pediatric CNS tumors (Tran et al., 2023a). ATRT is significantly infiltrated by a
greater number of clusters of differentiation (CD)8+ TILs compared to high-
grade glioma (HGG) and medulloblastoma. Similar to HGG and medullo-
blastoma, ATRT has moderate infiltration of CD68+ tumor-associated
macrophages (TAMs) and CD4+ TILs (Lu et al., 2012). The TME in ATRT,
however, has been demonstrated to vary by molecular subtype, with ATRT-
MYC tumors (also extracranial MR Ts) having the highest level of TILs in its
TME compared to ATRT-TYR and ATRT-SHH (Chun et al., 2019; Safaei
et al., 2021). Genomic analysis of immunologic correlates in ATRT by Pan-
walker et al. revealed that polybromo-1 (PBRMT1) expression levels were
associated with immune composition. Low expression of PBRM1, a core
subunit of the polybromo-associated factor (PBAF) SWI/SNF complex, was
inversely correlated with degree of CD8+ T-cell infiltration and associated with
better overall prognosis. Conversely, CD163+ TAMs were significantly asso-
ciated with high PBRM1 expression (Panwalkar et al., 2020).

5.1 Immune checkpoint inhibition

Immune profiling has shown that the immune checkpoint molecule pro-
grammed death-ligand (PD-L1) is more highly expressed in ATRT
compared to other pediatric CNS tumors. Leruste et al. described the
heterogeneity of immune infiltrates in ATRT that include exhausted T
effector cells and an abundance of immunosuppressive myeloid derived
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suppressor cells (MDSCs) (Leruste et al., 2019). The above findings thus
provide rationale for the use of immune checkpoint inhibitors for ATRT.
Several studies using PD-1/PD-L1 inhibitors combined with either cyto-
toxic T-lymphocyte-associated protein 4 (CTLA-4) or T cell immunor-
eceptor with Ig and immunoreceptor tyrosine-based inhibitory motif
(ITIM) domains (TIGIT) blockade for SMARCB1/SMAR CA4-deficient
tumors are underway (NCT05286801, NCT04416568).

5.2 Combined epigenetic dysregulation and immune
checkpoint inhibition

The histone methyltransferase EZH2 has been shown to facilitate epigenetic
silencing of MHC Class I antigen presentation genes in cancer (Burr et al.,
2019). Additionally, EZH?2 inhibition can enhance tumor immunogenicity
through derepression of endogenous retroviruses and induction of IFN-y
response (Ishak et al., 2016; Jayabal et al., 2021). Several studies have explored
the combination of EZH?2 inhibition with immune checkpoint inhibition
(ICI) and demonstrated significant immunological killing in several cancer
types by promoting CD8+ T cell infiltration and reprogramming of reg-
ulatory T cells in the immune TME (Emran et al., 2019; Wang et al., 2018).
TAZNI is an ongoing phase 1/2 combination trial of tazemetostat with
nivolumab (PD-1) and ipilimumab (CTLA-4) for pediatric INI1-negative or
SMAR CA4-deficient tumors including ATRT (NCT05407441).

5.3 Vaccine-based therapy

Cancer or tumor vaccines deliver a concentrated source of tumor-asso-
ciated and/or tumor-specific antigens in order to generate an anti-tumor
immune response. Challenges to this approach for use in ATRT include a
paucity of tumor-derived neoantigens from somatic mutations in this
genomically quiescent entity as well as suppression of MHC I class
molecules for antigen presentation (Torchia et al., 2016; Tran et al.,
2023a). Nevertheless, several DC vaccine-based studies using autologous
dendritic cells (DCs) have been conducted in ATRT patients. Ardon et al.
treated 45 pediatric patients with relapsed CNS tumors with autologous
DCs loaded with tumor lysate, which included 3 ATRT patients who
experienced prolonged disease remission (Ardon et al., 2010). In a later DC
vaccine study by Van Gool et al., 3 of 7 ATRT patients achieved long-
term survival with observable CD8+ T cell responses in 2 analyzed patients
(van Gool et al., 2016). No significant adverse events were noted in both
studies (Ardon et al., 2010; van Gool et al., 2016).
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5.4 Oncolytic viral therapy

Oncolytic viruses possess the ability to selectively propagate and destroy
cancer tissue while causing minimal damage to surrounding normal tissue
(Parato et al., 2005). MV-NIS is an Edmonston lineage oncolytic measles
virus that expresses the human sodium iodide symporter (hNIS) (Myers
et al., 2007). MV-NIS preferentially binds to complement inactivating factor
CD46 (also known as membrane cofactor protein/MCP), which plays a
pivotal role in tumor growth and metastases (Geller & Yan, 2019). Pre-
clinical studies using MV-NIS have exhibited viral targeting and replicability
of ATRT in cells in vitro and additionally, prolonged survival in intracranial
and metastatic mouse xenograft models of ATRT (Studebaker et al., 2015).
MV-NIS has been evaluated in a phase 1 trial by PNOC for recurrent
medulloblastoma and ATRT (PNOCO005, NCT02962167). This trial which
included 4 (of 34) patients with ATRT was safe and well-tolerated and
preliminary analysis indicated anti-viral effects in tumors (Kline et al., 2024).
Other oncolytic viral therapies have also demonstrated preclinical efficacy
against ATRT including herpes simplex virus-1 (HSV1) rRp450 and ade-
novirus Delta-24-RGD (DNX-2401, tasadenoturev) (Studebaker et al.,
2017; Garcia-Moure et al., 2021). A phase 1 trial of another modified HSV-1
vector G207 for recurrent/refractory cerebellar tumors including ATRT is
currently open (NCT03911388).

5.5 Radioimmunotherapy

Radioimmunotherapy (RIT), which involves intra-compartmental
delivery of radionuclides that selectively target cancer-associated cell sur-
face antigens using monoclonal antibodies, is a promising approach for
CNS tumors. Intra-compartmental RIT permits the delivery of a high dose
of therapeutic RT to CNS tumor cells while minimizing exposure to
surrounding normal brain tissue (Larson et al., 2015). The use of radiation
also upregulates expression of major histocompatibility complex (MHC) on
tumor cell surfaces and releases damage-associated molecular pattern
(DAMP) molecules such as ATP from tumor cells to induce immunogenic
cell death (Donlon et al., 2021). Candidate antigens are ideally those that
are highly expressed on the cell surface of CNS tumors but have little to no
expression in normal brain tissue. B7 Homolog 3 (B7-H3, encoded by
CD276) is an immune checkpoint molecule that is broadly expressed in
pediatric CNS malignancies including ATRT (Maachani et al., 2020;
Theruvath et al., 2020). Although initially highly expressed in fetal brain
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Table 3 Targeted agents under consideration for the treatment of ATRT.
Agent Target Mouse in  Adult Pediatric
vivo data? RP2D? RP2D?

Epigenetic modifiers

Vorinostat pan-HDAC Yes Yes Yes
Panobinostat HDAC Yes Yes Yes
RG2833 HDAC 1,3 Yes No No
Entinostat HDAC 1,3 No Yes Yes
Quisinostat HDAC 1,2 Yes Yes No
Tazemetostat EZH2 Yes Yes Yes
JjQ1 BRD4/MYC Yes Yes Yes
Decitabine DNMT No Yes Yes
Ezobresib (BMS-986158) pan-BET No Yes No
Trotabresib (BMS-986378)  pan-BET No Yes No
Curaxin (CBL0137) FACT Yes Yes Yes

Cell cycle targeting

Alisertib AURKA Yes Yes Yes
Palbociclib CDK4/6 Yes Yes Yes
Ribociclib CDK4/6 Yes Yes Yes
Abemaciclib CDK4/6 Yes Yes Yes
Idasanutlin MDM2/p53  Yes Yes Yes
Selinexor XPO1 Yes Yes Yes
Signal transduction pathway
inhibitors

Everolimus mTOR No Yes Yes
Sapanisertib mTOR Yes Yes No
Samotolisib PIBK/mTOR  No Yes Yes

Paxalisib PI3K/mTOR  Yes Yes Yes
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OTSSP167/0TS167 MELK Yes Yes No
Binimetinib MEK Yes Yes Yes
Trametinib MEK Yes Yes Yes
Selumetinib MEK No Yes Yes
Mirdametinib MEK Yes Yes Yes
DFEMO OoDC/ Yes Yes Yes
Lin28B/Let-7
AMXT-1501 Lin28B/Let-7 No Yes No
Volasertib PLK1 Yes Yes Yes
Lapatinib RTK/EGFR  Yes Yes Yes
Dasatinib PDGFRB Yes Yes Yes

Cellular stress activators

Bortezomib Proteasome Yes Yes Yes
Marizomib Proteasome Yes Yes Yes
Ixazomib Proteasome Yes Yes Yes
Obatoclax Bcl-2 Yes Yes No
DON Glutamine Yes Yes Yes
JHU-395 Glutamine Yes No No

tissue, B7-H3 expression becomes negligent postnatally due to post-tran-
scriptional regulation (Theruvath et al., 2020). The radiolabeled mono-
clonal antibody (iodine-131-8H9) omburtamab has been evaluated in a
phase 1 study for intraventricular delivery in B7-H3-expressing CNS
malignancies including ATRT (Kramer et al., 2022). Although "'I-
omburamab was safe and showed favorable dosimetry, further clinical
development for CNS tumors has been halted by the drug company.
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Fig. 2 Cartoon schema of targeted agents under consideration for use in ATRT.
Targeted agents are color coded as follows: epigenetic modifiers (purple), cell cycle
inhibitors (dark cyan), signal transduction pathway inhibitors (dark orange), cellular
stress activators (dark gray). Some agents act on multiple pathway/targets which are
not depicted in the above figure.

5.6 Chimeric antigen receptor (CAR) therapy

CARs are an emerging class of immunotherapy comprised of recombinant
receptors that provide both antigen-binding and T-cell (CAR-T) (or NK
cell/CAR-NK) activating functions (Sadelain et al., 2013). While CAR-T
therapy has met with success in hematologic malignancies, its use against
solid tumors including CNS tumors has demonstrated limited response
rates, largely owing to the immunosuppressive TME, which impairs CAR -
T proliferation and persistence and results in CAR-T exhaustion (Irving
etal., 2017). Newer generations of CAR products including CAR-NK are
being engineered to overcome immunosuppressive barriers and enhance
antitumor responses against solid tumors.

B7-H3 i1s broadly expressed in pediatric CNS tumors including ATRT
(Maachani et al., 2020; Theruvath et al., 2020). Theruvath et al. demon-
strated that B7-H3 is expressed at similar levels across the 3 ATRT molecular
subgroups (Theruvath et al., 2020). B7-H3 CAR-T cells were highly active
against ATRT cells and xenograft mouse models. Additionally, B7-H3
CAR-T cells administered either via intraventricular or intravenous route
mediated immunological memory and protected from tumor rechallenge.
Several early phase clinical trials using B7-H3 CAR-T cell therapy for
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pediatric relapsed/recurrent CNS tumors including ATRT are underway
(NCT05835687, NCT04185038, NCT04897321, NCT05768880).

Glypican 3 (GPC3) is a heparan sulfate proteoglycan and oncofetal
protein that is highly expressed on the cell surface of several pediatric solid
embryonal tumors including ATRT (Chan et al.,, 2013; Kohashi et al,
2013). GPC3 activates the canonical Wnt/B-catenin pathway (Ortiz et al.,
2019). Unlike B7-H3 which has negligible expression in normal tissue
postnatally, GPC3 can be physiologically expressed in normal tissues during
the first year of life (Kinoshita et al., 2015). To mitigate this age-associated
risk, phase 1 clinical trials utilizing GPC3 CAR-T therapy have an inclusion
criteria of > 1 year of age. Several early phase GPC3 CAR-T trials are
currently open to enrollment for pediatric solid tumors expressing GPC3
including ATRT (NCT04715191, NCT04377932, NCT05103631). Other
CAR-T cell therapy antigen targets under clinical investigation for ATRT
include EGFR, GD2, and HER2 (Tran et al., 2023a). Toxicities related to
immune-mediated tumor inflammation including pseudoprogression and
tumor inflammation-associated neurotoxicity (TIAN) have been docu-
mented in patients receiving CAR-T therapies, ICIs or vaccine-based
therapy (Tran et al., 2023a).

Table 3 lists targeted agents that are under investigation for the treat-
ment of ATRT (See Fig. 2).

g 6. Summary

Outcomes for ATRT have improved with aggressive multimodality

approaches that incorporate maximal safe resection, intensive che-
motherapy, and RT. Nevertheless, ATRT patients remain at high risk for
relapse and long-term treatment-related adverse effects, hence the need to
develop novel targeted therapies for this hard-to-treat disease. ATRT is
fundamentally an epigenetic disease and thus likely to respond to targeting
its epigenetic vulnerabilities, ideally utilizing combination strategies
alongside chemoradiation and/or other targeted agents. Compared to other
pediatric CNS tumors, ATRT is relatively immunogenic, thus supporting
investigation into new avenues for cancer immunotherapy.
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