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Abstract

Background—Young children with medulloblastoma have inferior survival to older children.
While the principal difference is due to radiation-sparing therapy, radiation is not an absolute
requisite for survival of all. We aimed to estimate the event-free survival of young
medulloblastoma patients with a robust sample size using different treatment strategies designed to
defer, reduce, or delay radiation exposure. These strategies were deemed reasonable at the start of
the trial by physicians and ethics review board. Additionally, we aimed to define the molecular
characteristics associated with progression-free survival.

Methods—In this multicenter phase Il trial we enrolled children younger than 3-years-old with
newly diagnosed medulloblastoma, supratentorial primitive neuroectodermal tumor,
pineoblastoma, atypical teratoid/rhabdoid tumor, high grade glioma, choroid plexus carcinoma, or
ependymoma. Children = 3 and < 5-years-old with newly diagnosed non-metastatic
medulloblastoma without any high-risk features were also eligible. The study enrolled from 6
participating institutions. Patients were required to start therapy within 31 days from definitive
surgery. Eligible patients had to have a Lansky performance score = 30 (except for posterior fossa
syndrome) and adequate hematopoietic, renal, and hepatic functions. Patients were ineligible if
they had received any prior radiotherapy or chemotherapy. Patients were postoperatively stratified
by clinical and histologic criteria into low-, intermediate-, and high-risk groups. All participants
received 4 identical cycles of induction chemotherapy with high-risk patients also receiving
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vinblastine between induction cycles. Induction was followed by risk-adapted consolidation
therapy: low-risk patients received a cyclophosphamide (1,500 mg/m? IV day 1), etoposide
(100mg/m? IV day 1,2), carboplatin (AUC 5mg/mL/min 1V day 2) regimen; intermediate-risk
patients received focal radiation therapy (54 Gy with a clinical target volume of 5mm) to the tumor
bed; and high-risk patients received chemotherapy with targeted IV topotecan (AUC 120-160 ng-
hr/mL IV day 1-5) and cyclophosphamide (600mg/m2 1V day 1-5) or optional craniospinal
radiation (23.4-39.6 Gy) for those who reach 3-years of age by the end of induction. After
consolidation, all patients were to receive 6 cycles of oral maintenance chemotherapy with
cyclophosphamide, topotecan and erlotinib. Per intent to treat all patients who received at least one
dose of the first induction chemotherapy (methotrexate) were included in the analysis. Archived
tumor specimens were sub-classified into molecular subdivisions based on DNA methylation
profiles and overlaid with mutations and copy-number alterations. The co-primary endpoints for
the study were (1) therapeutic: to estimate the event-free survival distribution of young
medulloblastoma patients treated with risk-adapted therapy, and (2) biologic: to identify patterns
of methylation profiling that are associated with progression-free survival among young patients
with medulloblastoma treated with risk-adapted therapy. Medulloblastoma accrual drove the
primary endpoints of the study it is the only entity discussed here. This trial is registered at
ClinicalTrials.gov, number NCT00602667. The trial was permanently closed to accrual in April
2017.

Findings—Between November 27, 2007 and April 19, 2017, we enrolled 81 patients
histopathologically diagnosed with medulloblastoma. All 81 started treatment and were included
in the analysis. Accrual to the low-risk arm was suspended December 2, 2015 when the 1-year
event-free survival was estimated to be 78.3%; a value below the 80% stopping rule boundary. The
trial was closed to accrual once the specified accrual duration was reached. After a median follow
up of 5.5 years (IQR 2.7-7.3) the 5-year event-free survival of the low-risk cohort was 55.3% (95%
Cl 33.3-77.3%); intermediate-risk was 24.6% (95% CI 3.6-45.6%); and high-risk was 16.7% (95%
Cl 3.4-30.0%) (p=0.0021). Survival by methylation subgroup showed 5-year progression-free
survival of sonic hedgehog (SHH) was 51.1% (95% CI 34.6-67.6%) vs 8.3% (95% CI 0.0-24.0%)
for group 3 (G3) (p<0.0001) vs 13.3% (95% CI 0.0-37.6%) for group 4 (G4) (p=0.095). The 5-
year progression-free survival of two distinct methylation profiling patterns of SHH,
medulloblastoma named subtype iSHH-I and iSHH-II, were 27.8% (95% CI 9.0-46.6%) and
75.4% (95% CI 55.0-95.8%), respectively (HR 4.17, 95% CI 1.51-11.53, p=0.0028). The 5-year
progression-free survival of low-risk iISHH-I1 was 90.9% (95% CI 73.1-100.0%) vs 22.2% (95%
Cl 0.1-44.3%) for iISHH-1 (HR 14.75, 95% CI 1.84-118.04, p=0.0007). All three risk-adapted
therapies were well tolerated and no protocol-related deaths were observed. The most common
adverse events were expected grade 3-4 toxicities including febrile neutropenia (48 patients
[59%]), neutropenia (21 [26%]), infection with neutropenia (20 [25%]), leukopenia (15 [19%]),
vomiting (15 [19%]) and anorexia (13 [16%]).

Interpretation—The risk-adapted approach failed to identify an acceptable benefit despite being
well-tolerated. However, through the prespecified application of integrative genomics to this
clinical trial cohort, we identified a good-responder SHH-subtype (iSHH-I1) that exhibits excellent
progression-free survival in the absence of radiation, intra-ventricular chemotherapy, or high-dose
chemotherapy; a poor-responder SHH-subtype (iSHH-1); and very poor progression-free survival
for G3/G4 medulloblastoma. These findings support the development of a molecularly-driven risk-
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adapted approach that will shape risk stratification and therapy on future medulloblastoma trials
for young children.

Funding—American Lebanese Syrian Associated Charities, St Jude Children’s Research
Hospital, NCI Cancer Center Grant (P30CA021765), Alexander and Margaret Stewart Trust,
Sontag Foundation, and American Association for Cancer Research.

Introduction

Medulloblastoma is a malignant pediatric brain tumor that represents a leading cause of non-
accidental death in children and adolescents.(1) Conventional treatment for medulloblastoma
involves a combination of surgery, craniospinal irradiation and cytotoxic chemotherapy,
curing 60-80% of patients often at the expense of debilitating side effects of therapy.(1-4)
The severity of long-term neurocognitive consequences increases with dose of craniospinal
irradiation and is inversely associated with the age at time of craniospinal irradiation. For
children younger than 3-years at diagnosis (often called “infants”) this toxicity has come to
be judged as unacceptable and front-line chemotherapy-based regimens have been
prioritized over radiation. Despite limited success, the population of children treated with
front-line chemotherapy-based regimens has been expanding up to 6-, and even 10-, years of
age at diagnosis on some trials. The intent to decrease the risk of severe neurocognitive
consequences that does not disappear in patients diagnosed after 3-years of age is laudable
however survival consistently remains inferior to that of children treated with conventional
radiation-centered therapies. Progression-free survival at 5-years of early childhood
medulloblastoma from the most recently published trials that have employed radiation-
sparing strategies range from 30-60% as compared to 70% in older children.(5-10) For those
spared the debilitating neurologic and endocrine toxicities of craniospinal irradiation, the
benefits are enormous, (11, 12) but this approach leaves about half of the population
requiring salvage therapy or with terminal disease. Salvage therapy, which often includes
craniospinal irradiation, is not always successful and, even when successful, may result in
increased treatment-related morbidities from the successive therapies. Hence, improved
methods to risk-stratify patients are needed to guide treatment decisions.

Evidence that the early childhood medulloblastoma population can be risk-stratified comes
from the observation that different histopathological variants of medulloblastoma exhibit
different outcomes. Categorically, all recently reported trials confirm better survival for
patients with desmoplastic/nodular (DN) or closely related medulloblastoma with extensive
nodularity (MBEN) tumors than for patients with tumors of other histologies [i.e. classic
(CMB), large-cell/anaplastic (LCA)].(5, 8, 10, 11) The best reported 5-year progression-free
survival was 90+7% for non-metastatic DN/MBEN patients on the German HITT 2000 trial
that combined intra-ventricular and high-dose IV methotrexate with conventional
chemotherapy.(13) Another trial, CCG-99703, reported a highly regarded 5-year
progression-free survival of 78.6 +11% for DN/MBEN patients administered conventional
chemotherapy followed by repeated cycles of myeloablative chemotherapy.(10) However,
risk of central nervous system (CNS) infection and leuko-encephalopathy with
intraventricular therapy(9) and the toxic mortality rate of at least 2.6% with myeloablative
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regimens,(10) have led to attempts to eliminate the intra-ventricular requirement and/or
reduce the intensity.

The successful treatment of some medulloblastomas with chemotherapy alone coupled with
the desire to reduce intra-ventricular toxicity motivated the clinical trial designated, St. Jude
Risk Adapted Therapy For Young Children with Embryonal Brain Tumors, High Grade
Gliomas and Choroid Plexus Carcinoma or Ependymoma (SJYC07, NCT00602667). In this
multicenter phase 1l trial, infants with medulloblastoma were postoperatively risk-stratified
by clinical and histologic criteria into three groups: low, intermediate, and high (figure 1). In
addition children = 3 and < 5-years-old with newly diagnosed non-metastatic
medulloblastoma without any high-risk features were also eligible for the intermediate risk
group. The working hypothesis maintained that progression-free survival of young children
with medulloblastoma could be improved with risk-adapted therapy. The primary therapeutic
objective was to estimate the event-free survival in this population treated with risk-adapted
therapy. All groups received induction chemotherapy that combined high-dose IV
methotrexate with conventional chemotherapy followed by a consolidation phase unique to
the risk-group. Low risk consolidation consisted of a familiar and well-tolerated carboplatin-
based regimen.(14) Intermediate-risk patients received focal radiation therapy aimed at the
tumor bed based on encouraging trial results for patients with localized disease.(7) High-risk
patients were given a pharmacokinetically-targeted topotecan and cyclophosphamide
regimen based on studies that suggested promising anti-medulloblastoma activity.(15) After
consolidation, all risk groups received identical maintenance chemotherapy that consisted of
alternating cycles of oral low-dose (metronomic) cyclophosphamide and topotecan with
erlotinib to target tumor angiogenesis.(16, 17) None of the patients were prescribed intra-
ventricular methotrexate or myeloablative regimens.

In addition, mindful of the emerging evidence that linked biologic heterogeneity with
distinct clinical outcomes, (18, 19) another primary objective was to identify molecular
patterns associated with progression-free survival in this cohort. Indeed, it is now widely
accepted that medulloblastoma is a heterogeneous entity composed of at least four
biologically and clinically distinct consensus subgroups: WNT, SHH, G3, and G4.(19)
Moreover, a recent series of publications have reported on molecular heterogeneity within
the consensus subgroups.(20-22) While the infant and young child medulloblastoma
population has been included and explored as a subset of larger cohorts, it has never been
systematically and rigorously explored on its own. Nor has molecular classification been
applied to a uniformly treated clinical trial cohort of early childhood medulloblastoma and
outcomes measured in the context of medulloblastoma subgroups and their associated
subtypes.

Herein, we report on the primary outcomes of medulloblastoma patients treated on the
SJYCO7 trial and contextualize results with multidimensional molecular datasets, including
a combined early childhood medulloblastoma series consisting of a large international
cohort(20) and SJYCO7 trial cases. These data de-clutter a complex entity and provide
means for improved risk-stratification that can serve as a guideline for the next generation of
early childhood medulloblastoma trials.
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Methods

Study design and Participants

SJYCO7 was a phase 1l study designed to evaluate risk-adapted multi-modality therapies in
young children with brain tumors. The original design of this study was based on the St Jude
historical cohort of 35 infant (0-3 years) medulloblastoma patients treated on various
studies. Given the treatment heterogeneity as well as the small sample size in the historical
cohort, SJYCO07 aimed to estimate the outcome associated with the proposed treatment
rather than to conduct a formal comparison. Using an ad hoc approach, the originally
planned sample size was 140 infant medulloblastoma patients to be enrolled over 7 years
with an estimated 73 events which was thought to be adequate to estimate the overall event-
free survival curve as well as to conduct outcome associations with genomic subgroups.
Following an amendment approved on September 17t 2010, eligibility was expanded to
patients 3-5 years of age without clinically high-risk features to be treated on the
intermediate risk arm where the intent was to estimate event-free survival separately in this
cohort. On May 20™ 2014, however, due to slow accrual as well as the emerging information
regarding infant medulloblastoma outcomes from published studies, the study design was
revised via an amendment to reduce the target sample size to 90 medulloblastoma subjects
and to limit the time of enroliment to three additional years. Furthermore the design was
revised to estimate and monitor outcome in each risk group separately. With the same
amendment, 3-5 year-old subjects were combined with the <3 year old intermediate risk
subjects since they received the same treatment. The following futility thresholds were
introduced: 1-year event-free survival <80% in the low-risk cohort and 2-year event-free
survival <20% in intermediate and high-risk cohorts. The monitoring was to be done
periodically by comparing the observed event-free survival to these thresholds after the
initial 10 patients in the low-risk group and the initial 15 patients in each of the intermediate
and high risk groups reached the 1- and 2-year time point, respectively. Despite the drastic
reduction in the sample size, the biologic primary objective was still deemed feasible since
technology evolved, fresh-frozen tissue was no longer required, and >95% of patients had
available FFPE tissue compared to initially estimated 50% with frozen tissue.

The study enrolled from 6 participating institutions (appendix p 3). Eligible participants
were children younger than 3-years-old with newly diagnosed medulloblastoma,
supratentorial primitive neuroectodermal tumor, pineoblastoma, atypical teratoid/rhabdoid
tumor, high grade glioma, choroid plexus carcinoma, or ependymoma. Children > 3 and < 5-
years-old with newly diagnosed non-metastatic medulloblastoma without any high-risk
features (defined below) were also eligible. All tumor samples were histologically confirmed
and centrally reviewed by pathology prior to enrollment. Central neuropathology review was
performed using standard histological preparations, established immunohistochemistry and
interphase fluorescence in situ hybridization. MRI of brain with and without contrast and
MRI spine with contrast and CSF cytology from lumbar spinal fluid (unless medically
contraindicated) was required for disease evaluation. Patients were required to enroll and
start therapy within 31 days from definitive surgery. Adequate hematopoietic (white blood
cell [WBC] > 2,000/mm3, platelets > 50,000/mms3, hemoglobin > 8 g/dL, absolute
neutrophil count [ANC] > 500/mm3), renal (serum creatinine < 3 times upper limit of
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normal [ULN]), and hepatic (alanine aminotransferase [ALT] < 5 times ULN, total bilirubin
< 3 times ULN) functions and a Lansky performance status = 30 (except for posterior fossa

syndrome) were required. No prior radiotherapy or chemotherapy other than corticosteroids
was allowed. No indication of estimated life expectancy of eligible patients was prespecified
by the protocol.

Medulloblastoma accrual drove the primary endpoints of the study and it is the only entity
discussed herein. Non-medulloblastoma entities are to be reported separately.
Medulloblastomas were risk-stratified by clinical and histologic criteria into three treatment
groups (figure 1).

1 Low-risk: < 3 years at time of diagnosis, no evidence of metastatic disease (M),
a surgical gross total resection (GTR) or near total resection (NTR) - defined as
residual tumor or imaging abnormality [not definite for residual tumor] with a
size of < 1 cm? on postoperative imaging (Rp), and DN/MBEN histology.

2. Intermediate-risk: < 3 years, Mg, Rg, with any histology other than DN/MBEN
(i.e. CMB or LCA); OR < 3 years, My, a subtotal resection (STR) — defined as
residual tumor or imaging abnormality with a size of > 1 cm? on postoperative
imaging(R+), with DN/MBEN histology; OR patients 3-5 years, Mg, Rg, CMB
or DN/MBEN histology without MYC or MYCN amplification.

3. High-risk: < 3 years old with evidence of metastatic disease (M+).

Patients aged 3-5 years with M+ disease, MY C or MYCN amplification, or LCA histology
were not eligible and treatment on separate protocols with craniospinal irradiation was
generally recommended.

The protocol was approved by the St Jude Children’s Research Hospital Institutional Review
Board (IRB) and by local IRBs at participating institutions. The study was conducted in
accordance with good clinical practice. Written informed consent was provided in all cases
by the participant’s legal guardian.

A post-hoc analysis was performed using data sourced from 131 patients < 6-years old
sourced from a published international cohort(20) added to 59 molecularly characterized
SJYCO7 samples. Histology and treatment information for the 131 patients were not
collected.

Treatment, for all risk groups (figure 1), consisted of 4 identical 28-day cycles of induction
chemotherapy (16 weeks) which included high-dose (5 g/m2 or 2.5 g/m2 for patients < 31-
days-old at enrollment) intravenous (1) methotrexate on day 1;, vincristine 1mg/m2 1V on
day 8 and 15; cisplatin 75 mg/m2 IV on day 8; and cyclophosphamide 1.5 g/m2 IV on day 9.
High-risk patients also received vinblastine 1 mg/m2 IV on day 17, 19, 22, 24, and 26 of
each cycle.

Induction was followed by a consolidation phase unique to the risk groups. Low-risk
patients received conventional doses of carboplatin, cyclophosphamide, and etoposide x 2
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cycles (8 weeks). Intermediate-risk patients = 12-months upon completion of induction
received focal radiotherapy (RT) to the tumor bed (primary site dose of 54 Gy with a clinical
target volume of 5mm over 6 weeks) while patients < 12-months-old received low-risk
consolidation to delay focal RT until the age of 12-months. High-risk patients received
targeted IV topotecan and cyclophosphamide (8 weeks) or, if = 3-years-old upon completion
of induction, could opt for craniospinal irradiation (23.4-39.6 Gy; dose determined by
response after induction).(see attached protocol in appendix pp 19-258)

After consolidation, all risk groups received 6 cycles (24 weeks) of oral maintenance
chemotherapy with cyclophosphamide, topotecan and erlotinib. The IV topotecan
formulation was prepared with flavoring and given orally. For patients unable to swallow
tablets, an oral elixir of cyclophosphamide was given and erlotinib tablets (25mg) were
crushed.

Treatment continued until completion, disease progression, withdrawal of consent, or
unacceptable toxicity. Disease progression was defined as > 25% increase in the size of any
measurable lesion; the appearance of a new radiographically demonstrable lesion; or the
conversion of negative CSF to positive, confirmed by two consecutive positive cytologic
evaluations following two consecutive negative cytologic evaluations. Disease evaluations
were performed every 2 months while on induction and consolidation therapy, every 3
months during maintenance and for the first year off therapy. From 12-24 months off
therapy, disease evaluations occurred every 4 months with no MRI spine or LP required at
20 month off therapy. From 24-60 months off-therapy, disease evaluations occurred every 6
months with MRI spine only required annually and CSF cytology only required through 36
months off therapy. Laboratory studies were required prior to each therapy cycle and ANC>
500/mm3, platelets > 50,000/mms3 (without support), hemoglobin > 8 g/dL (with or without
transfusion support) and total bilirubin < 3 times ULN were required prior to start each
cycle. Auditory brainstem response (ABR) was required before first cisplatin dose, prior to
induction cycle 3, at end of induction, prior to maintenance, at end of therapy, and annually
thereafter. Dose reductions, delays, and omissions were permitted for: methotrexate with
hepatotoxicity and nephrotoxicity; vincristine with seizure, neuropathy, and hepatotoxicity;
cyclophosphamide for hematopoetic recovery; cisplatin for ototoxicty and nephrotoxicity;
vinblastine for neuropathy, hepatotoxicity, myelosuppression. Carboplatin was permitted to
be substituted for cisplatin for patients having grade 4 ototoxicity or bilateral hearing loss
after prior cisplatin dose reduction. Toxicity was monitored and graded according to the
Cancer Therapy Evaluation Program Common Terminology Criteria for Adverse Events
version 3.0 (CTCAEv3.0). All adverse events grade 3, 4, and 5 (except those listed below)
which occurred during treatment, for 30 days after the end of treatment, and which occurred
later than 30 days after the end of treatment but felt to be at least possibly related to therapy
were recorded. Exceptions included: Grade 3 elevation in ALT or AST which occurred
within 7 days after methotrexate infusion; grade 3 and 4 hematologic toxicities that occurred
from the beginning of induction therapy through the end of consolidation therapy for low
and high risk patients; grade 3 and 4 hematologic toxicities that occurred from the beginning
of induction therapy through the end of induction for the intermediate risk patients; grade 3
or 4 electrolyte abnormalities that occurred from the beginning of induction chemotherapy to
the end of maintenance therapy were not recorded unless these resulted in hospitalization.
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Tumor and matched blood samples were obtained with informed consent. DNA was
extracted from formalin-fixed paraffin-embedded (FFPE) tissues and blood using the
Maxwell® RSC DNA FFPE kit (#AS1450, Promega, Madison, W1), according to the
manufacturer’s instructions, and quantified using Qubit (Thermo Fisher Scientific, Waltham,
MA). DNA methylation-based classification was performed using methods previously
described (Capper D, et al. Nature. In press). In brief, a machine learning approach based on
the Random Forest algorithm was used to compare a given diagnostic sample to a cohort of
> 2,000 reference samples; thus allowing us to confirm the diagnosis of medulloblastoma
and assign molecular subgroups. For predicting SHH and Group 3/4 subtypes we performed
t-SNE clustering combined with DBSCAN (20). DNA copy-number variants were inferred
from DNA methylation arrays using the Conumee R package with default parameters (23).
Medulloblastoma samples were exome sequenced alongside patient-matched blood samples.
Tumor and germline DNA exomes were captured using the SureSelect Human All Exon V5
(Agilent Technologies) platform. All NGS data were harmonized and processed with the
same analysis pipelines to ensure consistent germline and somatic mutation calling (20). All
mutations and CNV calls were manually curated by inspecting sequence alignments and
genome-wide copy-number plots. (appendix pp 16-18).

The co-primary endpoints for the study were (1) therapeutic: to estimate the event-free
survival distribution of young medulloblastoma patients treated with risk-adapted therapy,
and (2) biologic: to identify patterns of methylation profiling that are associated with
progression-free survival among young patients with medulloblastoma treated with risk-
adapted therapy.

Event-free survival was defined as the time interval from date of treatment initiation to date
of relapsed or progressive disease, death, second malignancy, or to the date of last follow-up.
Progression-free survival was defined as the time interval from date of treatment initiation to
date of relapsed or progressive disease, or to the date of last follow-up. No second
malignancies or death prior to relapse or progression had been observed in this cohort so
event-free survival and progression-free survival are identical and hereon used
interchangeably. Overall survival was defined as the time interval from date of treatment
initiation to date of death from any cause or to date of last follow-up. Post-progression
survival was defined as the time interval from date of progression to date of death from any
cause or to date of last follow-up.

Secondary therapeutic endpoints were overall survival; event-free survival of non-
medulloblastoma patients (to be reported separately); rates of local and distant disease
progression in patients treated with focal RT (intermediate-risk); objective response rate to
induction chemotherapy for patients with residual or metastatic disease (to be reported
separately); the feasibility and toxicity of administering low dose IV vinblastine with
induction chemotherapy to patients with metastatic disease; the feasibility and toxicity of
administering cyclophosphamide and pharmacokinetically targeted topotecan to patients
with metastatic disease, and to estimate the sustained objective response rate to such therapy
in patients with measurable residual disease after induction (to be reported separately); the

Lancet Oncol. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Robinson et al.

Page 10

feasibility and toxicity of administering oral maintenance therapy in young children; to use
quantitative magnetic resonance (MR) measures (volumetric, diffusion, and perfusion) of
young brain tumor patients receiving chemotherapy including high-dose IV methotrexate to
assess impact of treatment on developing brain (to be reported separately); the feasibility of
using PET as an in-vivo dosimetric and distal edge verification system for patients treated
with proton beam therapy (for participants enrolled at St Jude only; to be reported
separately).

Secondary biological aims were to perform high resolution genome-wide analyses of
chromosomal abnormalities and gene expression patterns, and evaluate the relationship of
these to other clinicopathological variables; to evaluate specific tumor types for molecular
abnormalities with suspected prognostic or therapeutic significance; to evaluate the
feasibility of collecting frozen and fixed tumor samples for analysis using high-resolution
molecular biology tools.

Secondary pharmacologic aims were to explain inter- and intra-patient pharmacokinetic and
pharmacogenomic variability for methotrexate, cyclophosphamide, topotecan, and erlotinib
in young children with brain tumors and to explore possible associations between
pharmacokinetic parameters and patient specific covariates (e.g., age, sex, race, weight); to
explore the relationship between clinical effect (toxicity and antitumor efficacy) and
methotrexate pharmacokinetics; to assess the ability to achieve the target systemic exposure
of 1V topotecan in young patients with metastatic brain tumors.

Secondary cancer control aims were to explore possible associations between cerebrospinal
fluid (CSF) neurotransmitter concentrations (e.g., dopamine and its metabolites) and the
development of neurocognitive deficits; to explore the association between genetic
polymorphisms affecting central dopaminergic transmission and specific phenotypes,
including CNS neurotransmitter and neurocognitive performance phenotypes; to investigate
changes in neuropsychological performance among patients enrolled in the study, and
examine the impact of the proposed treatment regimen and other disease related factors (e.g.,
hydrocephalus) on neuropsychological performance; to assess the impact of changes in
quantitative MR measures in the frontal lobe on neurocognitive performance in attention,
working memory, and fluency; to assess the impact of changes in quantitative MR measures
in the right frontal-parietal regions on neurocognitive performance on visual-spatial
reasoning and processing speed; to assess the incidence of endocrinopathy after radiation
therapy using photons or protons; to estimate the rate of longitudinal change in growth
hormone secretion after conformal, intensity-modulated and proton beam radiation therapy.

These pharmacologic and cancer control aims are to be reported separately.

A post-hoc analysis was performed using data sourced from a published international
cohort(20) that was added to molecularly characterized SJYCO07 samples. The aim was to
describe molecular characteristics particular to early childhood medulloblastoma such that
recognizable patterns of methylation be applied to the trial cohort and outcomes measured.
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Statistical analysis

This study was designed to estimate the event-free survival distribution associated with the
proposed treatment approach. No specific statistical hypotheses were proposed rather the
sample size was based on what was deemed feasible for patient accrual and tissue
acquisition. Initially the trial proposed to enroll a total of 140 young medulloblastoma
patients in 7 years, 50% of whom were expected to have fresh frozen tissue which was
required for the planned molecular analyses. Based on historical data 73 events were
expected after the planned follow-up of 1-year post accrual completion which was deemed
adequate to describe event-free survival outcome and explore associations of molecular
subtypes with progression-free survival. On May 30, 2014 after 7 years of accrual, due to
slow accrual as well as the emerging information regarding infant medulloblastoma
outcomes from published studies, the study design was revised to dramatically reduce the
target sample size to 90 medulloblastoma subjects and to extend the time of enrollment to
three additional years. Furthermore the design was revised to estimate and monitor outcome
in each risk group separately. Based on available published data, the low-risk arm accrual
was to be suspended if 1-year event-free survival estimate dropped below 80%. Monitoring
was initiated after the first 10 patients reached the 1-year time point and was continued in a
group sequential fashion. For the intermediate and high risk groups, a monitoring threshold
of 2-year event-free survival <20% was established and monitoring was initiated after the
first 15 patients in each cohort reached the 2-year time point. Once initiated, the monitoring
was done periodically in approximately 6-month intervals in all three strata. Despite the
reduction in the sample size, the biologic primary objective remained feasible due to the
large percentage of patients (>95%) providing FFPE tissue which could now be used for the
planned analyses instead of frozen tissue.

As per an intention-to-treat analysis all eligible medulloblastoma patients who received any
methotrexate were included in the analyses for outcome and safety. All patients with
adequate tissue for methylation profiling were included in the biologic analyses. Outcome
distributions were estimated using the method of Kaplan and Meier; standard errors of
outcome estimates were obtained using the method of Peto and Pike. Hazard ratios (HR)
with associated 95% confidence intervals and p-values comparing outcome distributions
were calculated using Cox regression using the likelihood ratio approach. In cases where the
hazard ratio was not estimable due to small sample sizes or lack of events in an arm, the
exact log-rank test was used to compare outcome distributions. Fisher’s exact test was used
to compare distributions of categorical variables among patient groups (i.e. PTCHI1, SUFU,
SMO alterations, chromosome 2 gain between SHH subtypes). Statistical analyses were
done using SAS v9.4. This trial is registered at ClinicalTrials.gov, number NCT
NCT00602667 and was permanently closed to accrual in April 2017.

Role of the funding source

The funders of the study had no role in study design, data collection, data analysis, data
interpretation, or writing of the report. GWR, CAB, AO-T, AG had full access to all the data.
The corresponding author had final responsibility for the decision to submit for publication.
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Between November 27, 2007 and April 19, 2017, 293 children with newly diagnosed
malignant CNS tumors were assessed for eligibility on SJYCOQ7. Three patients were deemed
ineligible: 2 for ineligible pathology diagnoses; 1 for failure to start treatment within the
defined 31 day post-operative window. 290 eligible patients enrolled. 81 of the 290 were
defined as having medulloblastoma (figure 1). All 81 medulloblastoma patients received
methotrexate and were included in the analyses for the primary therapeutic aim. For the
primary biologic aim 78 of the 81 clinical trial cases had available DNA methylation data for
molecular classification. Three cases had no archival tissue available. 76 tumors molecularly
classified as medulloblastoma and the remaining 2 cases identified as embryonal tumor with
multilayered rosettes (ETMR) (figure 1).

Table 1 shows the general characteristics of the 81 medulloblastoma patients. Median age at
enrollment was 2.3 years (IQR 1.3-2.9) and median follow-up was 5.5 years (IQR 2.7-7.3).
23 (28%) of 81 patients risk stratified as low-risk; 32 (40%) as intermediate-risk; and 26
(32%) as high-risk. The most common reason for not completing therapy was progression.
Of the 47 patients who did not complete therapy, 37 (79%) progressed before therapy was
complete, 8 (17%) withdrew, and 2 (4%) remained on maintenance therapy at the writing of
this manuscript. Twenty-six (81%) intermediate-risk patients completed focal radiation
therapy and only one high-risk patient opted for craniospinal irradiation instead of
consolidation chemotherapy. 17 (74%) of 23 low-risk patients completed maintenance as
compared to 12 (38%) out 32 intermediate risk patient and 5 (19%) out of 26 high-risk
patients.

On December 2, 2015 as part of routine interim monitoring the 1-year event-free survival
rate in the low-risk arm was estimated to be 78.3%, which was below the protocol-specified
stopping threshold of 80%. Thus the low-risk arm was closed to accrual and never re-
opened. On April 19, 2017 the study was permanently closed after reaching the end of the
proposed enrollment period.

The 5-year event-free survival and overall survival of the entire cohort at 5-years was 31.3%
(95% CI 19.3-43.3%) and 59.4% (95% CI 45.7-73.1%), respectively (figure 2A; appendix p
6). Median time to progression/relapse was 8.4 months from start of treatment (IQR
5.4-12.0).

Event-free survival differed across risk groups (p=0.0021; figure 2B) mostly driven by the
low-risk cohort. Event-free survival at 5-years for the low-risk cohort was 55.3% (95% CI
33.3-77.3%) compared to intermediate-risk (24.6% at 5 years, 95% CI 3.6-45.6%) and high-
risk (16.7% at 5 years, 95% CI 3.4-30.0%). There was no significant difference between
intermediate- and high-risk groups in event-free survival (HR 1.42, 95% CI 0.78-2.57;
p=0.25) or in overall survival (HR 1.68, 95% CI 0.79-3.58; p=0.18). No significant
difference was observed between the event-free survival of 3-5 year-olds, all treated in the
intermediate-risk group, and the event-free survival of 0-3 year-old intermediate-risk patients
(HR 1.22, 95% CI 0.54-2.76; p=0.64; figure 2C) (See appendix p 6 for overall survival
estimates).
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Most progressions/relapses occurred on therapy (40 [74%] of 54 progressions) with the
majority (22 [55%] of the 40) occurring during or at the end of the maintenance phase. Table
1 shows the number of progression events and the survival status by risk-adapted group. The
location of relapse in intermediate-risk patients was distant (outside the primary site) in the
vast majority (19 [83%] of 23) and only one relapse was isolated to the primary site (table
1).

Of the 54 patients who progressed, 29 went on to receive craniospinal irradiation (median
dose, 36 Gy [IQR 36-36]) at a median of 0.7 months (IQR 0.3-3.9) from the date of relapse/
progression. Of these 29 patients, 18 (62%) are alive, compared to 6 (24%) of 25 who did
not receive craniospinal irradiation (p<0.0001; appendix p 6).

Not unexpectedly, given that histology was part of the risk definition used in this study,
histologic subtype was also significantly associated with outcome. (HRcpmg VvS. HRpn/MBEN
2.89, 95% CI 1.59-5.25; p=0.0005; HR|_ ca Vs. HRpn/mBen 10.14, 95% CI 3.79-27.16;
p<0.0001; figure 2D; see appendix p 6 for overall survival). Comparison of risk group
assignment to histology revealed that sixteen DN/MBEN patients were treated in the
intermediate- or high-risk groups. No significant difference in event-free survival was seen
between low-, intermediate-, or high-risk DN/MBEN (HRjntermediate VS- HRjow 1.42, 95% CI
0.39-5.16; p=0.60; HRpjgh Vs. HRjqy 1.48, 95% CI 0.51-4.34 p=0.48; figure 2E). Also, no
significant difference was seen between MBEN and DN (HR 1.48, 95% CI 0.43-5.11;
p=0.52; figure 2F).

The primary biologic aim was to identify molecular patterns associated with progression-
free survival in medulloblastoma treated with risk-adapted therapy. Before undertaking the
analyses we sought to describe and enrich our understanding of the molecular characteristics
particular to early childhood medulloblastoma. A post-hoc analysis was performed on a
larger cohort than what was collected on the SJYCO7 trial. We collected data from 131
patients < 6-years old sourced from a published international cohort(20) and added 59
molecularly characterized SJYCO07 samples. The age of 6 was selected to describe the full
spectrum of early childhood medulloblastoma even though this inclusion would knowingly
encompass more than what was captured on the SJYCO7 trial. The combined cohort of 190
cases had both DNA methylation array data (derived from Illumina 450K or 850K
methylation arrays) and matched germline and tumor sequencing (whole genome or whole
exome) data (figure 3).

Consensus molecular subgroup status was determined by a comparative analysis of tumor
DNA methylation profiles against a large reference dataset. (Capper D, et al. Nature. In
press). This divided samples of the molecular cohort into three subgroups: SHH (n=83;
44%), G3 (n=68; 36%), G4 (n=39; 20%). Consistent with prior reports, the WNT subgroup
was absent from the entire cohort.(24, 25) In parallel, we applied t-distributed stochastic
neighbor embedding (t-SNE) to molecularly-verified medulloblastomas. SHH tumors
separated from non-SHH (G3 and G4) tumors conveying a highly distinct molecular profile
(figure 3B). Conversely, G3 and G4 tumors clustered together and, as previously observed,
exhibited some overlap, implying a close molecular relationship between these subgroups.
(20, 22) The most recurrently mutated genes, copy nhumber variants, and basic clinical
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characteristics (age, gender) were compared across methylation subgroups (figure 3C).
Distribution of subgroups varied with age: for children < 3yrs (n=84), 73% were SHH
(n=61), 25% were G3 (n=21), and 2% were G4 (n=2). For children 3-6 years (n=106), 21%
were SHH (n=22), 44% were G3 (n=47), and 35% were G4 (n=37). t-SNE analysis
performed exclusively on SHH methylation data (n=87) uncovered two subtypes that we
designated as iSHH-I and iSHH-II (figure 4A). iISHH-I (n=37) was characterized by a
median age of 2.0 years at diagnosis (range, 0.2 — 5.0 years) with only 5 of 37 (14%)
patients falling between 3-6 years. The male: female ratio was 1.3:1. iISHH-II (n=46) was
characterized by a median age of 2.2 years at diagnosis (range, 0.6 — 5.9 years). The age
distribution for iISHH-I1 patients was broader than observed for iSHH-I, with 17 of 46 (37%)
iSHH-1I patients =3 years old. Gender distribution for iSHH-II showed a slight female
predominance of 1.3:1 female: male. PTCH alterations (mutations and focal deletions)
were more common in iISHH-I1 (48%) compared to iSHH-I (35%) (figure 4B,C). In contrast,
deleterious SUFU alterations were significantly enriched in iSHH-I (32%) and rare in iSHH-
11 (4%) (p=0.0009). Similarly, chromosome 2 gain was significantly enriched in iSHH-I
(35%) compared to iSHH-11 (4%) (p=0.001; figure 4B,C; appendix p 10). Additional genetic
alterations differentially distributed between iISHH subtypes included activating SMO
mutations (13% of iSHH-II; absent in iISHH-1; p=0.03) and BCOR mutations (9% of iSHH-
I1; absent in iSHH-1; p=0.12), as well as chromosome 9q deletions (52% of iSHH-II; 24% in
iSHH-1; p=0.01). To describe non-SHH tumors (iG3/iG4) relative to the eight methylation
subtypes described among medulloblastomas of all ages,(20) we mapped their distribution
on the published methylation-defined substructure (appendix p 15). Subtypes most
commonly associated with G3 (I, 111, IV) were more heavily represented, while subtypes V,
VI, and VIl associated with G4 were under-represented compared to our recent study which
included medulloblastoma patients of all age groups.(20) Consequently, prominent
chromatin-modifier mutations associated with subtypes VI and V111 were virtually absent,
whereas driver events such as MYC amplification and recently defined KBTBD4 mutations
(associated mainly with subtypes Il and I11) were observed. The most abundant non-SHH
subtype in patients <3-years was subtype 1V; characterized by almost no known driver
events but exhibiting widespread copy-number aberrations (appendix p 15).

With this improved understanding of the molecular patterning that occurs across early
childhood medulloblastoma we analyzed the distribution and outcomes of the76 molecularly
classified medulloblastoma tumors on SJYCOQ7 in order to meet the primary biologic
objective of the study. The majority of patients were SHH (42/76; 55%), followed by G3
(24/76; 32%), and G4 (10/76; 13%) (table 2). Evaluation of clinical risk groups according to
molecular subgroup showed that the low-risk group was comprised solely of SHH patients
(23/23; 100%), whereas intermediate- and high-risk groups were a mixture of SHH, G3, and
G4 (table 1, 2).

Survival by methylation subgroup revealed that progression-free survival of SHH was
superior to that of G3 (HR 4.07, 95% CI 2.19-7.59; p<0.0001; figure 5A,) and G3/G4
combined (non-SHH) (HR 3.18, 95% CI 1.79-5.66; p<0.0001; appendix p 7). The difference
in progression-free survival between SHH compared to G4 was not statistically significant
(HR 2.02, 95% CI 0.89-4.62, p=0.095; figure 5A).
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No statistical difference in progression-free survival was observed between the three risk
groups of SHH disease (HRintermediate VS- HRiow 1.38, 95% CI 0.43-4.40; p=0.59; HRpjgh Vs.
HR|ow 1.67, 95% CI 0.61-4.62; p=0.32; overall p=0.60; figure 5B), the two risk groups of
G3 (HR 1.75, 95% CI 0.72-4.27; p=0.22; figure 5C), nor the two risk groups of G4 (HR
2.76, 95% CI 0.46-16.75; p=0.29; figure 5D)(See appendix pp 8-9 for overall survival and
post-progression survival by subgroup).

For the SJYCO07 SHH cohort only (iSHH-1 n=21, iSHH-11 n=21), progression-free survival
of iISHH-II was significantly better than iISHH-I (HR 4.17, 95% CI 1.51-11.53; p=0.0028;
figure5E). This trend persisted when adjusted for metastatic disease (5-year progression-free
survival estimates were 100% (95% CI1 100-100%) and 72.2% (95% CI 49.7-94.7%) for
SHH-II M+ and MO patients, compared to 25.0% (95% CI 0.5-49.5%) and 28.8% (95% ClI
4.9-52.7%) for SHH-1 M+ and MO patients, respectively p = 0.017; figure 5F). The 5-year
progression-free survival of clinically-defined low-risk iSHH-1I (n=11) was 90.9% (95% ClI
73.1-95.8%), whereas 5-year progression-free survival for low-risk iSHH-1 (n=12) was
22.2% (95% CI 0.1-44.3%) (HR 14.75, 95% CI 1.84-118.04, p=0.0007; figure 5G). A
separation in the progression-free survival curves was observed between iSHH-I and iISHH-
Il risk-stratified to the high-risk group but this was not statistically significant (5-year
PFSisyn-11 100%, 95% CI 100-100% vs 5-year PFSijsyn-1 25.0%, 95% CI 0.5-49.5%;
p=0.091; figure 5I). Only 1 intermediate-risk iSHH-I patient was enrolled and thus no
outcome comparison could be made with intermediate-risk iISHH-I1 (n=7) (figure 5H). Most
of the relapses among iSHH-I1I (4 out of 5; 80%) occurred in patients treated on the
intermediate-risk arm (table 2). No significant difference was observed in age, gender, extent
of resection, histology, metastatic status, or assignment of risk group between iSHH-I and
iSHH-1I (appendix p 11). Differences in overall survival between iSHH-I and iISHH-II were
also not significant (appendix p 12). Of the 15 relapsed iSHH-I patients, 8 (53%) died and 5
of 7 living patients received craniospinal irradiation.

Given that SUFU and chromosome 2 gain were significantly enriched in the SHH-I group
we performed a post-hoc analysis and plotted the entire SHH cohort (n=42) according to
SUFU mutation, chromosome 2 gain status, and combined chromosome 2 gain status and/or
SUFU mutation (appendix p 13). Significant difference in progression-free survival was only
seen in chromosome 2 gain status (HR 2.78, 95% CI 1.10-7.03; p=0.043). Survival of iSHH-
| patients was no different for those with chromosome 2 alterations or SUFU mutations than
those without (HR 1.00, 95% CI 0.35-2.81; p=0.99; appendix p 14)

Given the number of non-SHH subtypes and the modest number of non-SHH patients
enrolled on SJYCOQ7 (n=34; appendix p 15), no conclusions could be made about survival
differences between subtypes I-VIII.

Therapy was well tolerated, no patients discontinued for drug related toxicity, and no
protocol-related deaths were observed. The most common recorded grade 3 and 4 toxicities
were hematologic, infectious, and gastrointestinal (table 3). 5 serious adverse events were
reported (sepsis/bacteremia, pulmonary edema, viral respiratory infection requiring
hospitalization, catheter related infection, and bone fracture) and only 2 (sepsis/bacteremia
and pulmonary edema) were assessed as possibly, likely, or definitely related to study
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treatment. 14 (17%) of 81 patients had dose modifications due to toxicity (5[22%] of23 low
risk, 6 [19%] of 32 intermediate risk, and 3 [12%] of 26 high risk).

Discussion

Despite a low-toxicity profile and a statistically significant difference in the outcome of the
risk groups, the SJYCO07 clinical trial was not a therapeutic success. The 5-year event-free
survival of 31% for the entire medulloblastoma cohort did not improve upon previously
reported event-free survival rates; the 5-year event-free survival of 25% for intermediate-risk
patients failed to suggest a benefit for patients who received combined chemotherapy and
focal radiotherapy; the frequent occurrence of progression/relapse during maintenance did
little to suggest remission could be maintained on oral chemotherapy; and the 5-year event-
free survival of 55% for patients who risk-stratified into a low-risk category fell short of the
5-year progression-free survival reported for similar cohorts receiving intraventricular or
high-dose regimens.(10, 13)

A higher event-free survival for Mg, Ry, medulloblastoma patients < 3 years old with DN/
MBEN histology was observed in a risk adapted model over patients with elevated risk
characteristics. However, the increase in intensity afforded by different consolidation
regimens (i.e. focal RT for intermediate-risk, and topotecan and cyclophosphamide for high
risk) failed to improve the event-free survival over that which has been historically reported.
In fact the event-free survival results from all three trial arms are very similar when
clinically and morphologically matched to those reported in an international meta-analysis
of early childhood medulloblastoma treated with a variety of treatment regimens.(8)
Moreover when compared to Children’s Oncology Group (COG) P9934 study which used a
similar approach of induction chemotherapy followed by focal RT the results are very
similar for non-desmoplastic medulloblastoma (P9934 4-year event-free survival 23+£12% vs
SJYCO7 5-year event-free survival of 25£12).(7) Of interest, is the low local relapse rate
and, similarly, high distant relapse rate of the intermediate risk patients which hints at
effective local control but absent distant control from focal RT.

Reports on the pharmacokinetic findings of the different drugs used, such as high-dose 1V
methotrexate, and the neurocognitive outcomes of young children with brain tumors treated
on this trial will be forthcoming. These pharmacokinetic results might give insight into
differences in outcomes between patients who receive intraventricular methotrexate and
those who do not. Furthermore neurocognitive results may help understand the effects of
focal RT on tumors such as ependymoma or choroid plexus carcinoma that may still
continue to benefit from this intermediate-risk approach.

Notwithstanding the therapeutic shortcomings in medulloblastoma, a great deal of
knowledge was gained from this study; specifically, an improved understanding of how
progression-free survival associated with molecular patterns derived from the invaluable
tissue contributions of the patients.

The statistically significant difference observed in progression-free survival according to
consensus molecular subgroup is of paramount importance. While the SJYCO7 risk
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stratification reached statistical significance, re-stratification of the cohort by subgroup
demonstrated a similar effect, suggesting that risk-stratification by molecular sub-
classification is a viable and robust alternative to stratification on clinical risk factors.
Nineteen SHH patients were risk-stratified to the intermediate- (n=7) and high-risk groups
(n=12) and, despite the change in therapy, progression-free survival was not different from
the low-risk arm. Furthermore, removal of SHH patients from the intermediate- and high-
risk arms revealed that the progression-free survival of G3 and G4 was very low (5-year
progression-free survival of 8+8% and 13+12%, respectively) and reinforced that this
reduced-intensity approach should not be continued for non-SHH medulloblastoma. In fact,
given that most patients progressed after the intensive chemotherapy portion of therapy and
the salvage rate for patients who received craniospinal irradiation was encouraging, our data
suggest that delayed, or perhaps reduced-dose, craniospinal irradiation strategies warrant
exploration for this population. Equally, or arguably more importantly, novel strategies that
employ precision-based approaches warrant further consideration such that neuro-cognitive
quality of life is not sacrificed for better survival outcomes.

Still, while the lower than expected progression-free survival of low-risk DN/MBEN group
(n=23; 5-year 55%, 95% CI 33-77%) and the 5-year 51% (95% CI 35-68%) observed for the
entire SHH cohort (n=42) should not be interpreted as progress, these figures facilitated the
observation of a significant clinical distinction between iISHH-1 and iISHH-11 subtypes. Over
75% of patients with iISHH-I1 tumors survived without craniospinal irradiation,
myeloablative chemotherapy, or any intra-ventricular therapy in comparison to only 25% of
iSHH-1 patients. Equally impressive was that iISHH-11 patients who did not receive focal
radiation therapy (n=14) had a 5-year progression-free survival of >90% as compared to just
25% for iISHH-I (n=20). iSHH-I was significantly enriched for SUFU aberrations (including
5/6 pathogenic SUFU germline variants), supporting the recently published finding of
inferior outcomes in iSHH medulloblastomas harboring germline SUFU mutations.(26)
iSHH-1 was also significantly enriched for chromosome 2 gain over iISHH-II, consistent with
what was recently described for the SHH-beta group defined by Cavalli et al.(21)

The small sample size and the confounding between molecular, morphologic, and clinical
characteristics did not allow for definitive conclusions regarding whether molecular
classification outperforms morphological- or clinical-based classification. However multiple
aspects pertinent to the importance of molecular diagnosis and sub-classification were
suggested in this study. As expected from prior analyses of retrospective cohorts and our
molecular cohort, early childhood medulloblastoma divided into 3 consensus subgroups
(SHH, G3, and G4),(20-22) but importantly, age at diagnosis had a defining role in
subgroup prevalence. In the molecular cohort we observed greater than 70% of children <3
years-old were SHH, while in patients =3, this dropped to 30%. Conversely, non-SHH
medulloblastoma represented only about one-third of children <3, but more than two-thirds
between 3- and 6-years. This age variability suggests that subgroup prevalence is linked to
development and that age cutoffs in clinical trials will radically alter the study population by
unwittingly selecting certain subgroups over others. In the SJYCO?7 trial select 3-5 year-olds
(Mg, non-LCA, non-MYC or -MYCN amplified) were included in the intermediate-risk
group with the hope that focal radiation would benefit this population. The risk classification
scheme of the trial and the natural age distribution of subgroups combined to fill this
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intermediate-risk group with a majority of non-SHH patients and there was no significant
difference in outcome. However, the potential of confounding by age remained and the
indiscriminate use of age to define cohorts on clinical trials should be re-examined.

Two ETMRs, both noted by pathology to be uncharacteristic for medulloblastoma, but
which also tested negative for the C19MC amplicon common to ETMR, were diagnosed and
registered as medulloblastoma on the trial. While this enrollment had little effect on the
overall outcome of the study, it supports the notion that methylation-based classification can
assist in accurate characterization of challenging cases and reduce the number of
confounding diagnoses enrolled on a clinical trial [Capper et al Nature. In press].

With regard to histology, 39 (93%) of the 42 SHH medulloblastomas from the SJYC07
cohort were DN/MBEN and 3 (7%) were CMB, thus generating highly similar survival
outcomes for SHH vs. DN/MBEN cohorts (compare figure 2D and 5A). In contrast, recent
publications report 50-60% of SHH in young children as DN/MBEN and 30-40% as CMB.
(21, 22, 27) Therefore, while it is agreed that DN/MBEN histology remains inextricably
linked to the SHH subgroup, there appears to be a lack of uniformity across cohorts as to
what constitutes a SHH tumor with classic histology. It has long been recognized that inter-
tumoral variability can lead to discrepant calls even among experienced pathologists,(28, 29)
and since many trials use DN/MBEN histology for risk-stratification, then discrepancies in
histologic diagnosis may account for widely discrepant clinical trial outcomes. Hence, in
order to capture and assess uniform cohorts on clinical trials, molecular classification should
be placed ahead of morphologic classification (but not replace it) as is now recommended in
the 2016 World Health Organization classification of tumors of the CNS.(30)

While this study reports on a large molecularly assembled cohort of early childhood
medulloblastoma and utilizes a prospectively acquired clinical cohort to report outcomes, we
note the limitations regarding both sample power and bias towards single trial therapy. Given
its rarity, medulloblastoma in early childhood is a challenging disease to study and the
molecular analyses performed here on 190 medulloblastoma would be strengthened by the
addition of more samples. Moreover, our outcome findings can only be interpreted relative
to the therapy received. In retrospect the inclusion of R+ and/or LCA histology might have
introduced unfavorable bias to the intermediate-risk group, however given that only 3 (9%)
of 32 patients had these features the effect was nominal. We therefore strongly recommend
validation in other clinical trial cohorts such that different therapies are evaluated relative to
the observed molecular patterns. Since the most striking clinical finding from this study is
that iISHH-11 patients benefit from reduced-intensity therapy, it is important to compare this
result to other reduced-intensity trials (i.e. COG clinical trial, ACNS1221(31)). Furthermore,
because higher progression-free survival in DN/MBEN patients has been reported on HITT
studies and with myeloablative regimens, it is necessary to assess the prevalence of iISHH-I
vs iISHH-II in these cohorts in order to understand if more intensive therapies are more
efficacious than what was observed here. Also, the outcome of non-SHH medulloblastoma
(G3/G4) treated with intra-ventricular or myeloablative regimens needs to be assessed and
analyzed for benefit.
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In conclusion, we have reported on a prospective clinical trial cohort, described a large
molecularly defined cohort of early childhood medulloblastoma, and added clinical context
by exploring associations with survival. As such, we have identified a new subset of
medulloblastoma (iSHH-I1) that can be treated with reduced-intensity chemotherapy. We
have described extremely poor progression-free survival for non-SHH tumors (G3/G4) and
identified a subset of SHH (iSHH-I) that require more intensive and/or novel therapies. We
propose that these results be replicated and validated on other recently completed pediatric
brain tumor trials that have enrolled early childhood medulloblastomas so that the
implications of these findings can be interpreted in a broader context. The findings described
here will heavily influence risk-stratification approaches and treatment selection on the next
generation of early childhood medulloblastoma trials.
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Research in Context
Evidence before this study
We searched PubMed to identify articles published between January 1, 2005 and

December 31, 2017, using the search terms “medulloblastoma”, “infant OR young
children OR subgroups”. Several clinical and biology studies were identified and
reviewed. Overall, early childhood medulloblastoma was determined to be very
challenging to study and treat for a number of reasons: (1) The incidence is rare and
therefore most studies are characterized by small sample sizes. (2) The definition has
been inconsistent and the term “infant” has been used to describe any child less than 3-
years-old on some trials or as old as 6 on others. (3) The treatment strategies have been
heterogeneous and changed from a delayed craniospinal irradiation approach in the 1980s
and early 1990s to an approach that promoted craniospinal irradiation avoidance in the
late 1990s and early 2000s. (4) Biologic heterogeneity, although recognized in different
histologic variants, has yet to be adequately defined due to absent technology.

Nevertheless, three treatment strategies emerged as frontrunners for the treatment of this
disease: (1) an approach that utilized conventional chemotherapy with high-dose
myeloablative chemotherapy, (2) an approach that utilized conventional chemotherapy
with both systemic and intra-ventricular methotrexate and (3) an approach that combined
conventional chemotherapy with focal radiation therapy in lieu of craniospinal
irradiation. Each strategy contained potential risks and benefits and each had its
advocates, but all were confounded by the underlying complexities inherent to early
childhood medulloblastoma as discussed above.

Added value of this study

The risk-adapted approach of this study, which utilized components of all three treatment
strategies on a clinical trial population of children with medulloblastoma aged 0-5 years,
provides a wide-ranging account of early childhood medulloblastoma across multiple
modalities. Our results show a tiered survival pattern across all three risk groups with the
low-risk group displaying improved survival over intermediate- and high-risk groups.
Event-free survival of these risk groups, however, did not improve on historical outcomes
causing early closure of the trial.

Most importantly, this study identifies biological heterogeneity to account for the
outcome variability seen between, as well as within, medulloblastoma subgroups. Using
DNA methylation profiling and next-generation sequencing (NGS), we look beyond
tumor morphology and into the molecular landscape. We show SHH subgroup to be a
favorable predictor of outcome and Group 3 and Group 4 disease to have extremely poor
progression-free survival associated with this treatment approach. Furthermore, we
identify a subtype within SHH that has a very good progression-free survival on what
would be currently considered “reduced-intensity” therapy.

Implications of all the available evidence

This study lays the framework for the study of early childhood medulloblastoma.
Distinctions uncovered by molecular analysis associate with progression-free survival
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and advance our understanding of the disease. These results will shape future
medulloblastoma trials for young children into molecularly driven risk-adapted models
that will ultimately transform practice.
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Figure 2. Event-free survival analysis
Event-free survival of (a) all 81 participants and (b) by risk group as prespecifed in the

protocol under the primary therapeutic aim. (c) Event-free survival of intermediate risk by
age < 3 years (orange) and 3-5 years (green). (d) Event-free survival by histology. (€) Event-
free survival of DN/MBEN samples by risk group. (f) Event-free survival of DN (black) and
MBEN (grey). Panels c-f were not prespecified in the protocol and were performed to
highlight event-free survival by major clinical characteristics. Hazard ratios with associated
95% confidence intervals and p-values comparing outcome distributions were calculated
using Cox regression using the likelihood ratio approach. EFS = Event-free survival. HR =
hazard ratio. Int = Intermediate-risk. NA = not applicable. DN = desmoplastic nodular.
MBEN = medulloblastoma with extensive nodularity. DN/MBEN = desmoplastic nodular or
medulloblastoma with extensive nodularity.
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Figure 3. The genomic landscape of early childhood medulloblastoma
(a) Establishing the molecular cohort (b) £#SNE plot of DNA methylation array data

showing the distribution of consensus medulloblastoma subgroups (7= 208). (c) Oncoprint
summarizing recurrently altered genes, frequent cytogenetic events, and sample annotations
according to imedulloblastoma subgroup (/7= 190).
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Figure 4. Molecular features of early childhood SHH medulloblastoma subtypes
(a) £SNE plot showing separation of SHH medulloblastoma samples into two subtypes,

SHH-I and SHH-II (n= 87). (b) Oncoprint summarizing recurrently altered genes, frequent
cytogenetic events, and sample annotations for SHH medulloblastoma subtypes (7= 87). (¢)
Distribution of genetic events associated with the SHH pathway in SHH-I and SHH-II (n=

87).
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Figure 5. Progression-free survival analysis of SJY C0O7 medulloblastoma Subgroups and SHH

medulloblastoma subtypes

(a) Progression-free survival of SHH (red), Group 3 (yellow), Group 4 (green) patients.
Progression-free survival of (b) SHH (c) Group 3 (d) Group 4 by low-, intermediate-, and
high-risk groups. Progression-free survival plots showing outcome differences for SHH-I
(red) and SHH-II (blue) subtypes by (€) entire cohort (f) metastatic disease (MO = solid; M+
= dashed) (g) low- (h) intermediate- (i) high-risk groups. Hazard ratios with associated 95%
confidence intervals and p-values comparing outcome distributions were calculated using
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Cox regression using the likelihood ratio approach. In f-i where the hazard ratio was not
estimable due to small sample sizes or lack of events in an arm, the exact log-rank test was
used to compare outcome distributions. All comparisons shown were prespecifed in the
protocol under the primary biologic aim. PFS = Progression-free survival. HR = hazard
ratio. SHH = Sonic hedgehog. G3 = Group 3. G4 = Group 4. Int = Intermediate-risk. NA =
not applicable. MO = non-metastatic. M+ = metastatic. *p values based on exact log-rank
tests
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Clinical Characteristics of enrolled patients by clinical risk group

Table 1

Lancet Oncol. Author manuscript; available in PMC 2019 June 01.

Low Intermediate High All
(n=23) (n=32) (n=26) (n=81)
Sex
Female 10 (43%) 12 (38%) 14 (54%) 36 (44%)
Male 13 (57%) 20 (62%) 12 (46%) 45 (56%)
Age Group
<3 years 23 (100%) 16 (50%) 26 (100%) 65 (80%)
3-5 years - 16 (50%) - 16 (20%)
Metastatic Status
MO0 23 (100%) 32 (100%) - 55 (68%)
M+ - - 26 (100%) 26 (32%)
M1 - - 1(4%) 1(1%)
M2 - - 7(27%) 7(9%)
M3 - - 18 (69%) 18 (22%)
Histology Group
MB-Classic - 25 (78%) 10 (38%) 35 (43%)
MB-LC/A - 1 (3%) 5 (19%) 6 (7%)
MB-DN/MBEN 23 (100%) 6 (19%) 10 (38%) 39 (48%)
DN 17 (74%) 5(16%) 8(31%) 30 (37%)
MBEN 6 (26%) 1(3%) 2 (8%) 9(11%)
MB-NOS - - 1 (4%) 1 (1%)
R status
RO 20 (87%) 30 (94%) 18 (69%) 68 (84%)
R+ 3 (13%) * 2 (6%) 8 (31%) 13 (16%)
Extent of Resection
GTR 19 (83%) 30 (94%) 13 (50%) 62 (77%)
NTR 1 (4%) - 5 (19%) 6 (7%)
STR 3 (13%) 2 (6%) 8 (31%) 13 (16%)
Methylation subgroup
SHH 23 (100%) 8 (25%) 11 (42%) 42 (52%)
G3 - 13 (41%) 11 (42%) 24 (30%)
G4 - 8 (25%) 2 (8%) 10 (12%)
ETMR - 1 (3%) 1 (4%) 2 (2%)
Unknown - 2 (6%) 1 (4%) 3 (4%)
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Low Intermediate High All

(n=23) (n=32) (n=26) (n=81)
PFS Status
Not progressed 13 (57%) 9 (28%) 5 (19%) 27 (33%)
Progressed 10 (43%) 23(72%) 21(81%) 54 (67%)
L ocation of Relapse
None 13 (57%) 9 (28%) 5 (19%) 27 (33%)
Local 6 (26%) 1 (3%) 4 (15%) 11 (14%)
Distant 3 (13%) 19 (59%) 10 (39%) 32 (39%)
Local + Distant 1 (4%) 3 (9%) 7 (27%) 11 (14%)
Survival Status
Alive 20 (87%) 19 (59%) 12 (46%) 51 (63%)
Dead 3(13%) 13 (41%) 14 (54%) 30 (37%)

*
Treated as low-risk because RO at the end of induction prior to consolidation

Lancet Oncol. Author manuscript; available in PMC 2019 June 01.
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Table 2

Clinical characteristics of enrolled patients by molecular subgroup.

SHH G3 G4 All
(n=42) (n=24) (n=10) (n=76)
Sex
Female 20 (48%) 12(50%) 3(30%) 35 (46%)
Male 22 (52%) 12(50%) 7 (70%) 41 (54%)
Age Group
<3 years 39(93%) 18(75%) 3(30%) 60 (79%)
3-5 years 3 (7%) 6(25%) 7 (70%) 16 (21%)
Metastatic Status
MO0 31(74%) 13(54%) 8(80%) 52 (68%)
M+ 11 (26%) 11 (46%) 2 (20%) 26 (32%)
M1 - 1 (4%) - 1(1%)
M2 5(12%) 1 (4%) 1(10%) 7 (9%)
M3 6(14%) 9(38%)  1(10%) 16(21%)
Histology Group
MB-Classic 3 (7%) 19 (79%) 9(90%) 31 (41%)
MB-LC/A - 5 (21%) 1 (10%) 6 (8%)
MB-DN/MBEN 39 (93%) - - 39 (51%)
DN 30 (72%) - - 30 (39%)
MBEN 9(21%) - - 9(12%)
R status
RO 34 (81%) 21(88%) 9(90%) 64 (84%)
R+ 8(19%) 3 (12%) 1(10%) 12 (16%)
Extent of Resection
GTR 32(76%) 17 (71%) 9(90%) 58 (76%)
NTR 2 (5%) 4 (17%) - 6 (8%)
STR 3(19%) 3 (12%) 1(31%) 12 (16%)
Risk subgroup
Low 23 (55%) - - 23 (30%)
Intermediate 8(19%) 13(54%) 8(80%) 29 (38%)
High 11 (26%) 11 (46%) 2 (20%) 24 (32%)
PFS Status
Not progressed 22 (52%) 2 (8%) 5(19%) 27 (33%)
Progressed 20 (48%) 22 (92%) 21 (81%) 54 (67%)
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SHH G3 G4 All
(n=42) (n=24) (n=10) (n=76)
L ocation of Relapse
None 22 (52%) 2 (8%) 2(20%) 26 (34%)
Local 7 (17%) 2 (8%) 1(10%) 10 (13%)
Distant 8(19%) 16(67%) 7(70%) 31 (41%)
Local + Distant 5 (12%) 4 (17%) - 9 (12%)
Survival Status
Alive 31 (74%) 12 (50%) 7(70%) 50 (66%)
Dead 11 (26%) 12 (50%) 3 (30%) 26 (34%)
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