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Abstract

Background Children with relapsed central nervous system (CNS tumors), neuroblastoma, sarcomas, and other

rare solid tumors face poor outcomes. This prospective clinical trial examined the feasibility of combining genomic
and transcriptomic profiling of tumor samples with a molecular tumor board (MTB) approach to make real-time treat-
ment decisions for children with relapsed/refractory solid tumors.

Methods Subjects were divided into three strata: stratum 1—relapsed/refractory neuroblastoma; stratum 2—
relapsed/refractory CNS tumors; and stratum 3—relapsed/refractory rare solid tumors. Tumor samples were sent

for tumor/normal whole-exome (WES) and tumor whole-transcriptome (WTS) sequencing, and the genomic data
were used in a multi-institutional MTB to make real-time treatment decisions. The MTB recommended plan allowed
for a combination of up to 4 agents. Feasibility was measured by time to completion of genomic sequencing, MTB
review and initiation of treatment. Response was assessed after every two cycles using Response Evaluation Crite-

ria in Solid Tumors (RECIST). Patient clinical benefit was calculated by the sum of the CR, PR, SD, and NED subjects
divided by the sum of complete response (CR), partial response (PR), stable disease (SD), no evidence of disease (NED),
and progressive disease (PD) subjects. Grade 3 and higher related and unexpected adverse events (AEs) were tabu-
lated for safety evaluation.

Results A total of 186 eligible patients were enrolled with 144 evaluable for safety and 124 evaluable for response.
The average number of days from biopsy to initiation of the MTB-recommended combination therapy was 38 days.
Patient benefit was exhibited in 65% of all subjects, 67% of neuroblastoma subjects, 73% of CNS tumor subjects,

and 60% of rare tumor subjects. There was little associated toxicity above that expected for the MGT drugs used dur-
ing this trial, suggestive of the safety of utilizing this method of selecting combination targeted therapy.
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Conclusions This trial demonstrated the feasibility, safety, and efficacy of a comprehensive sequencing model

to guide personalized therapy for patients with any relapsed/refractory solid malignancy. Personalized therapy

was well tolerated, and the clinical benefit rate of 65% in these heavily pretreated populations suggests that this treat-
ment strategy could be an effective option for relapsed and refractory pediatric cancers.

Trial registration ClinicalTrials.gov, NCT02162732. Prospectively registered on June 11, 2014.
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Background

Childhood cancer is the second leading cause of death in
children ages 1-14 and the fourth most common cause of
death in adolescents ages 15-19 [1]. Although improve-
ments in the past 40 years have led to markedly improved
survival rates approaching 80% for pediatric cancers
in general, patients with relapsed and advanced stage
tumors continue to have very poor prognoses with over-
all survival rates below 20% [2]. Of these, relapsed CNS
tumors, neuroblastoma, sarcomas, and other rare solid
tumors pose the greatest challenge.

Cancer results from disruption of molecular path-
ways within cells due to genetic or epigenetic events or
changes in the tumor [3-5]. The molecular networks
engaged during tumor development and progression are
complex and constantly evolving to provide resistance
against normal protective measures, allowing cells to
adapt to or exploit extracellular cues [6]. This complex-
ity is further exacerbated by the genomic instability seen
in many cancer cells, which leads to an accelerated evo-
lutionary process that results in subclones and further
heterogeneity [7, 8]. This variability, combined with the
adaptability of many molecular pathways, provides a path
to resistance against agents that target a subset of cellular
systems within a tumor’s molecular and genetic reper-
toire [9].

A fundamental challenge in targeted cancer treatment
is identifying optimal therapeutic combinations that can
treat heterogeneous tumors that are both highly adap-
tive and that exhibit significant inter- and intra-patient
variation [3, 10-12]. The growth of next-generation
sequencing and targeted gene panels has led to a shift in
the oncology world from a histology-driven approach to
a tumor-agnostic molecularly driven approach. This has
been especially beneficial for common adult cancers with
high mutation burdens and known genetic markers that
can easily be identified on limited panels. However, the
utility of gene panels is limited in the world of rare pedi-
atric cancers, given their paucity of actionable mutations.
Unlike adult cancers which are often driven by single
nucleotide variant (SNV) mutations, pediatric cancers
are more frequently driven by structural variants and
epigenetic perturbations, resulting in an aberrant RNA

expression profile. A holistic approach including whole-
exome sequencing, RNA expression profiling, and epige-
netic analysis is needed to identify molecular disruptions
among pediatric cancers [13].

With the expansion of genomic profiling comes the
advent and increasing clinical utility of small molecule
inhibitors. The hypothesis that genomic alterations can
be identified via genomic sequencing and can be matched
with specific inhibitors that target pathways resulting in
effective targeted therapy and reduced toxicities is the
basis of precision medicine. Several of these targeted
agents have shown efficacy in pediatric cancers, as in the
use of ALK inhibitors such as crizotinib in ALK-mutated
neuroblastoma (NB) [14] and CDK4/6 inhibitors includ-
ing Palbociclib in pediatric sarcomas [15].

Pediatric precision medicine trials address the diver-
sity in cancers by undertaking a histology-agnostic
approach. A limitation of such trials has been the use of
single-agent therapy when actionable alterations were
identified, limiting the therapeutic benefit to patients
and increasing the chances of tumor resistance. Studies
with single agents alone are less likely to produce clinical
benefit (28%) when compared to multi-agent trials (71%)
[16]. From previous studies, the feasibility of compre-
hensive profiling has been demonstrated [17-26]. Here,
we integrate comprehensive sequencing and multi-agent
treatment as we assess the safety, feasibility, and efficacy
of a precision medicine approach to treat all high-risk
childhood solid malignancies. This clinical trial includes
a variety of pediatric solid tumors that underwent com-
prehensive genomic analysis, including whole-exome
sequencing and transcriptome analysis, and a molecular
tumor board wherein all subjects received an individu-
alized multi-agent treatment plan in a novel “N of one”
study design. We hypothesize that genomic sequenc-
ing and molecular tumor boards will lead to clinical
responses in patients who otherwise lack standard treat-
ment options.

Methods

Study design

This was a prospective, open-label, multicenter study.
Subjects were enrolled in the Beat Childhood Cancer
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(BCC), formerly Neuroblastoma Medulloblastoma
Translational Research Consortium (NMTRC), clinical
trial NMTRCO009. This study was prospectively regis-
tered on ClinicalTrials.gov on June 11, 2014, with iden-
tifier: NCT02162732, and enrolled from July 8, 2014,
to June 10, 2018. This study was approved by the West-
ern Institutional Review Board (IRB) in addition to all
local IRBs at the 17 enrolling institutions. Informed
consent was obtained from all subjects enrolled in
this study. This study was conducted according to the
principles of the 2004 version of the Declaration of
Helsinki, the International Conference on Harmoniza-
tion Guidance on Good Clinical Practice (ICH GCP),
and the requirements of all local regulatory authorities
regarding the conduct of clinical trials and the protec-
tion of human subjects. Study data were collected and
managed using REDCap electronic data capture tools
hosted at BCC [27, 28]. This study is now completed
and is no longer enrolling.

The primary objective was to determine the feasi-
bility of combining genomic profiling of tumor sam-
ples with a drug-gene matching algorithm to make
real-time treatment decisions for children with
relapsed/refractory solid tumors. Feasibility was
assessed at the end of cycle 1 using the following fea-
sibility definition: enrollment into study, genomic pro-
file, analysis and report generation completed, tumor
board held with treatment decision, treatment review
completed, start of treatment, and completion of 1
cycle of therapy.

The secondary objective was to determine the overall
response rate (ORR) by the presence of radiologically
assessable disease by cross-sectional CT or MRI imag-
ing and/or by MIBG or PET scans. The assessment of
response included the initial measurable targets, and
then an assessment was performed after cycle 2 and
then after every two additional cycles. An additional
secondary objective was the safety analysis that was to
be conducted on all subjects who have received at least
one dose of therapy and included the frequency of all
reported adverse events and laboratory abnormalities
as well as the frequency of dose interruptions, dose
reductions, and treatment discontinuation. Adverse
events were collected from the day of the first dose of
MGT therapy until 30 days after the last dose.

In addition, tumor tissue was collected for correla-
tive biologic studies. Tumor cells were grown to 70%
confluency in cell growth media and established as cell
lines. Upon successful cell line generation, tumor cells
were then implanted into non-obese, diabetic severe
combined immunodeficient (NOD-SCID) mice for
patient-derived xenograft (PDX) creation.
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Subjects enrollment criteria

Eligible subjects were required to have a confirmed diag-
nosis of pediatric cancer fitting into one of three gen-
eral diagnostic categories (neuroblastoma, CNS tumor,
or other rare solid tumors) that was either refractory to
established proven therapies or for which there was no
known effective curative therapy. Subjects were required
to be <21 years of age at initial diagnosis, >12 months of
age at enrollment, have a Lansky/Karnofsky performance
score>50, and have measurable disease as defined by
the Response Evaluation Criteria in Solid Tumor ver-
sion 1.1 (RECIST v1.1) [29] with at least one tumor
lesion accessible for biopsy. Screening of subjects was
performed within 14-21 days prior to biopsy. Written,
informed consent was obtained according to institutional
guidelines. Tumor samples submitted for analysis had
to be>50% viable, confirmed by local pathology. Sub-
jects with disease confined to the bone marrow were
also eligible to enroll if the degree of marrow involve-
ment was >50%. Subjects who were expected to have no
evidence of disease (NED) after surgical removal of their
tumor were still eligible for this trial if their disease typi-
cally required adjuvant chemotherapy treatment after
surgery, despite NED status. Specimens were obtained
only in a non-significant risk manner and not solely for
investigational testing.

There were 186 subjects screened for this study. Of
these, 18 were excluded due to the inability to obtain a
biopsy. Of the 168 who had biopsies performed, 160 of
the tumor samples completed tumor-normal whole-
exome sequencing and tumor RNA sequencing. Molecu-
lar tumor boards were held for 157 of the subjects who
had adequate sequencing. Of those, 144 of these subjects
started molecular-guided therapy based on the tumor
board recommendations and were evaluable for safety.
A total of 131 subjects met the feasibility criteria, having
completed at least 1 cycle of treatment, and 124 subjects
had at least 1 set of scans following completion of at least
1 cycle of therapy and were evaluable for efficacy. See
consort diagram for more information (Fig. 1A).

Endpoints

The primary endpoint of this clinical trial was the fea-
sibility of sequencing biopsied tumor samples, gener-
ating a genomic profile, allowing a multidisciplinary
tumor board to devise a molecular-guided personal-
ized treatment plan, initiating combination therapy,
and completing 1 cycle of therapy. This endpoint was
measured in days from biopsy to each time point. The
secondary endpoints of this study were to (a) evaluate
the safety of combining up to four targeted agents as
measured by the number of subjects with related and
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Fig. 1 AThe consort diagram includes the flow of inclusion from enrollment through safety, feasibility, and efficacy criteria. A total of 186 patients
were consented for this clinical trial. A total of 144 started MGT, 131 completed one full cycle of MGT, and 124 were evaluable for best response. B
The study flow diagram includes the flow of data and samples throughout the trial. Upon consent and enrollment on-study, patients underwent
biopsies to obtain tumor samples in a non-significant fashion. Tumor samples were then divided between the clinical and research arms and sent
to Ashion (CLIA) and POTRL (non-CLIA) for further evaluation. Tumor-normal whole-exome sequencing (WES) and tumor RNA sequencing were
performed at Ashion. Data were analyzed, and the results were used to guide treatment decisions through a molecular tumor board. Patients
received therapy according to the molecular tumor board and were evaluated for response per protocol. Tumor samples sent to POTRL were

used for cell line and PDX model generation, high-throughput drug screening, and further biological research and analysis. C The drug algorithm
represents the flow of decision-making that occurs during the molecular tumor board in order to devise the combination of MGT. Direct or inferred
drug matches were first- and second-line options, respectively. However, due to the historically low mutational burden of pediatric tumors, RNA
data was primarily used for drug selection. The algorithm was cycled up to four times until the combination therapy treatment plan was decided.
*Repeat the algorithm until a three- or four-drug combination has been decided

unexpected adverse events, medication holds, dis- best response while on-study; and (c) explore the rela-
continued medications, and dose reductions during tionship between tumor phenotype/genotype and
the first two cycles of molecular guided therapy; (b) response.

evaluate the efficacy of the treatments chosen using
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Sample collection

There were 168 subjects who underwent a scheduled
surgical resection and/or diagnostic biopsy procedure
in which fresh tumor samples and a blood sample were
collected. The fresh tumor samples were flash-frozen in
dry ice and shipped to Ashion Analytics (http://www.
ashion.com), a CLIA-certified laboratory, for tumor-
normal whole-exome sequencing and tumor RNA
sequencing. Blood samples were shipped at room tem-
perature to Ashion Analytics and underwent DNA ger-
mline sequencing. A sample of fresh tumor was collected
using a sterile technique and placed within 20 min in a
T25 flask containing cell growth media, sealed with para-
film, and shipped overnight at ambient temperature to
the research laboratory (Fig. 1B).

Somatic variant analysis

Ashion’s Strexome assay, which included tumor-normal
whole-exome and tumor mRNA sequencing (RNASeq),
was performed on the Illumina HiSeq 2500 Sequencer
with alignment to build 37 of the human reference
genome, as previously described [30, 31]. Variant calls
from Ashion were used in the variant-drug matching
algorithm for discussion at the molecular tumor boards.
Briefly, Seurat [32] was used for calling somatic single
nucleotide variants and small indels, a custom copy num-
ber tool (https://github.com/tgen/tCoNuT) was used to
call focal copy number events, Manta (https://github.
com/Illumina/manta) was used for structural variant
calling, and TopHat fusion (v2.0.8b, RRID:SCR_013035)
was used for fusion detection. In follow-on research
analysis, ExomeCNV (RRID:SCR_010815) was used to
call chromosome arm-level events, filtering for regions
containing 50 or more genes with a log2 ratio of tumor
to matched normal of > 0.5 (gain) or < —0.5 (loss). Chro-
mosome arm-level events were called if the gain or loss
covered >50% of the arm. Events seen in>15 tumors are
included in the oncoprint. Quality control (QC) thresh-
olds included metrics of base calling quality, coverage,
allelic read percentages, strand bias, and alignment qual-
ity. Somatic tumor mutation burden was evaluated using
an in-house tool to calculate the number of somatic point
mutations per megabase (Mb).

Gene expression analysis

For gene expression analysis, sequence read processing
included read trimming with Trimmomatic-0.36 [33],
alignment with STAR 2.5.3 to GRCh37 [34], read counts
using R package GenomicAlignments [35], and regular-
ized logarithm (rlog) values using DESeq2 [36]. A previ-
ously published standardized Z-score method was used
to suggest anomalous expression in each sample based
on comparison with a whole-body reference of 22 normal
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tissue gene expression levels [18]. This method known
as the normal reference using a standard Z-score (NRZ),
assigned a Z-score to each gene depending on the num-
ber of standard deviations they were from the normal
sample population mean, either over- or underexpression
of certain biomarkers. In addition, tumor gene expres-
sion profiles for each participant’s tumor were compared
to the expression profiles of other childhood relapsed/
refractory tumors (66 samples from 54 subjects with neu-
roblastoma, CNS tumors, or sarcoma), known as the can-
cer reference, based on the cumulative distribution-based
statistic (CRC). A heatmap was generated from NRZ
scores using the Complex Heatmap R package [37].

Mutational signature analysis

Mutational signature analysis was performed for
tumor samples using YAPSA [38] with COSMIC sig-
natures v2 [39] under default parameters. The propor-
tion of mutations contributing to each signature was
calculated within a sample and then averaged within
tumor types [38, 40].

Longitudinal analysis

Genomic evolution was evaluated for subjects with mul-
tiple longitudinal samples sequenced on the study. In
comparing the sequencing results from biopsies at each
distinct time point, a phylogeny of mutations was estab-
lished, outlining the evolution and subsequent hetero-
geneity of tumors. Nine subjects had two longitudinal
biopsies; three subjects had three longitudinal biopsies.
Venn diagrams were generated using an in-house script
to show protein-coding mutations, CNVs, and fusions
that were shared and unique across three longitudinal
biopsies in the three subjects. A heatmap was gener-
ated from NRZ scores of drug-targetable genes using
the Complex Heatmap R package [37]. Inkscape graph-
ics editor was used to render shapes, colors, and text
(RRID:SCR_014479).

Drug prediction report

The encrypted de-identified sequencing data was pro-
cessed and securely uploaded for the creation of the Drug
Prediction Report. The drug matching algorithm utilized
in determining the molecular-guided treatment plan
contained three tiers of decision-making. The first tier
was a direct variant/drug matching in which there was
literature evidence indicating that the variant had been
directly associated with a change in response to therapy,
or the gene was a target of the drug. The second tier was
an inferred variant/drug matching in which the literature
indicated that the variant was in a gene that is a direct
target of a drug that was computationally predicted to
have a biological impact on the gene. The third tier was
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based on the RNA expression of biomarkers and drug
targets. In this methodology, read counts were converted
to a relative measure of transcript abundance, and NRZ
was used to determine statistically significant differences
in each sample compared to normal tissues, as previously
described [18, 41]. The BCCLIMS contained a database
of drugs and genes with a column that implied whether
over- or underexpression of that gene, calculated by the
NRZ, indicated potential sensitivity or resistance to the
drug, as well as literature-based evidence supporting that
rule.

Treatment

Treatment protocols were generated from the molecu-
lar tumor board meeting after discussion of the medical
summary, the information contained in the report gener-
ated from genomic DNA exome and RNA transcriptome
analysis of the subject’s tumor, and literature-based evi-
dence. The molecular tumor board consisted of pediat-
ric oncologists, pharmacists, genomics experts, cancer
biologists, and bioinformaticians. Three reviewers were
assigned to each case, presenting overview and literature
evidence to the clinical team, who then voted to approve
recommended therapies. All agents were FDA-approved
drugs with published age-appropriate dosing which was
reviewed by the pharmacist. Potential drug choices were
analyzed regarding safety, mechanism, availability, and
cost. Drug combinations were allowed, up to a maxi-
mum of four agents. Previously established and tested
regimens were given priority. A pharmacist analyzed
the potential drug interactions between the targeted
agents and the patient’s routine medications and sup-
plements. The final treatment regimen was subjected to
an in-depth review and evaluation of safety and signed
off by a study pharmacist. A treatment memo outlining
the regimen, known and potential adverse events, and
any additional recommended clinical monitoring was
reviewed with and signed by the subject or subject’s legal
representative.

Assessments

Response was determined every two cycles via CT/MRI,
MIBG/PET scans, and/or bone marrow assessment and
was classified using RECIST v1.1 [29]. Patients with evi-
dence of bone marrow disease were evaluated in terms
of disease presence in bone marrow aspirates/biopsies.
Disease evaluation scans were sent to the BCC for central
review.

All adverse events were described in the source doc-
uments and graded according to the Common Termi-
nology Criteria for Adverse Events (CTCAE) v4.0 [42].
Grade 3 or higher related and unexpected adverse
events that occurred during the study were captured.
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To further assess the feasibility and safety of initiating
a three- to four-drug combination of MGT, a review
of treatment roadmaps was performed, capturing the
date of initiation of combination therapy, total num-
ber of cycles started, and toxicity-associated events
that occurred during cycles 1 and 2 (medication holds,
dose modifications, medication discontinuations, and
cycle delays).

Table 1 Patient characteristics were evaluated using the sample
size of all subjects meeting safety criteria, n=144

NMTRCO009 patient characteristics N=144
Enrollment age, years
Mean (range) 11.04 (1, 23)
Median 11
>10,n (%) 82 (56.94%)
<10,n (%) 62 (43.06%)
Sex, n (%)
Female 62 (43.06%)
Male 82 (56.94%)
Race/ethnicity, n (%)
White 93 (64.58%)
Black/African American 10 (6.94%)
Asian 5 (3.47%)
Hispanic 13 (9.03%)
Others/unknown 23 (15.97%)
Lansky status, n (%)
>80 125 (86.81%)
<80 19 (13.19%)
Previous relapse treatment lines, n (%)
New diagnosis 3 (2.08%)
0 41 (28.47%)
1 36 (25.00%)
2 19 (13.19%)
>3 45 (31.25%)
Time from diagnosis to enroliment, years
Mean (range) 3.1(0,19)
Median 2
Tumor type, n (%)
Neuroblastoma 31 (21.53%)
CNS tumor 41 (28.47%)
Ependymoma 9 (6.25%)
Glioblastoma 8 (5.55%)
Diffuse midline glioma 4 (2.78%)
Other CNS tumors 20 (13.89%)
Rare tumor 72 (50.00%)
Rhabdomyosarcoma 17 (11.81%)
Ewing sarcoma 12 (8.33%)
Osteosarcoma 10 (6.94-%)
Other rare tumors 33(22.92%)
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Results

Patient characteristics

Subjects were enrolled from July 8, 2014, to June 10,
2018. Table 1 describes the characteristics of all sub-
jects who met the safety criteria (n=144). The average
age of subjects at study enrollment was 11.04 years old,
with 56.94% > 10 years old. There were three subjects (all
with diffuse midline glioma, H3.3K27M-mutant) who
were new diagnoses and therefore did not receive any
chemotherapy, radiation, or surgery prior to enrollment,
given the lack of curative therapy for their disease state.
Over half of all subjects had received at least one line of
relapse therapy prior to initiation of the recommended
molecular-guided therapy regimen (69.44%). The average
amount of time from the initial diagnosis to study enroll-
ment was 3.10 years with a range of 0 to 19 years. 21.53%
of the subjects (31/144) had neuroblastoma. CNS tumors
comprised 28.47% of the subjects (41/144), with epend-
ymoma being the most common (9/144, 6.25%). Rare
tumors comprised 50.00% of the subjects (72/144), with
rhabdomyosarcoma being the most common (17/144,
11.81%).

Feasibility

For the entire study cohort, the average number of days
from biopsy to DNA/RNA sequencing was 10 days. The
completed analysis and drug prediction report, compris-
ing the possible drug targets identified through molecu-
lar data, was made available within an average of 17 days
from biopsy. Tumor board decisions were made available

Biopsy * 10 Days§

!

NB BoBeEsssEE

Biopsy h 10 Days§

17 Days[lu] 22 Days it

(XX}

8]

17 Days 22 Days
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within an average of 23 days from the biopsy date. Using
the four-drug combination agreed upon by the tumor
board, therapy was initiated within an average of 38 days
from biopsy.

The molecular tumor board was able to identify a pre-
cision medicine treatment plan for all patients. The drug
choices were based on the tiered approach (Fig. 1C) with
a discussion of DNA and RNA (Z-score > or <2) findings
and a literature review based on tumor type and pathways
involved. The discussion involved possible drug combina-
tions with the potential for inclusion of standard-of-care
chemotherapy agents, safety of the combinations based
on pharmacy input, and the ability to deliver the medi-
cation (intravenous versus oral depending on patient tol-
erability). In addition, the tumor board considered past
therapies received by the patient, patient preferences for
intensity of therapy, inpatient versus outpatient treat-
ments, and central line access.

In stratifying the feasibility timeline by the three main
pathologies, the average number of days (range) to DNA/
RNA sequencing from the date of biopsy was 10 days
(4,19) for neuroblastoma, 10 days (2,31) for CNS tumors,
and 10 days (3, 29) for rare tumors (Fig. 2). The average
number of days from biopsy to analysis and report was
17 days (8, 26) for neuroblastoma, 17 days (9, 41) for CNS
tumors, and 17 days (8, 36) for rare tumors. On average,
it took 22 days (13, 42) for neuroblastoma, 24 days (13,
47) for CNS tumors, and 22 days (10, 66) for rare tumors
from the date of biopsy for a tumor board decision. The
greatest variability in the feasibility timeline among the

31 Days |-

35 Days |-

|
RARE 350700 500700 X070 007500 Y070 0 00 N0 700 1 00 0 5 0 0 0 1 0 D 10 0 D 10 T 0 1 10 D 0 T 10 D 0 D A D M M A B I
Biopsy 10 Days§ 17 Days[L1] 24 Days || 48 Days [
CNSL------------------------
01 2 3456 78 9 10111213 14151617 18 1920 2122 2324 2526 2728 2930 3132 3334 3536 3738 3940 4142 4344 4546 47 48
Mean days from biopsy (range) NB Rare CNS Total

§ DNA/RNA Sequencing 10 (4, 19) 10 (3, 29) 10 (2, 31) 10 (2, 31)

Analysis and Report 17 (8, 26) 17 (8, 36) 17 (9, 41) 17 (8, 41)

i Tumor Board Decision 22 (13, 42) 22 (10, 66) 24 (13, 47) 23 (10, 66)

Start of Therapy 31 (18, 75) 35 (20, 98) 48 (18, 146) 38 (18, 146)

End of Therapy* 136 (48, 556) | 174 (48,1317)| 321 (40, 1484)| 210 (40, 1484)

Fig. 2 Feasibility was evaluated by a number of days from biopsy to DNA/RNA sequencing, analysis and report, tumor board decision, and the start
of MGT. The average number of days from biopsy to these time points among the three tumor types is noted in the timeline. The ranges

for the means are noted in the corresponding table. Values were calculated for all subjects who met the safety criteria (n=144). For subjects still

in therapy by the time of submission, November 1,2019, was used as the end of therapy date, so as to not exclude these subjects from evaluation.
*End of therapy is defined as the number of days from biopsy to the last dose of study drug administration
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three tumor types was seen in the average number of
days from the date of biopsy to the start of therapy, with
31 days (18, 75) for neuroblastoma, 48 days (18, 146) for
CNS tumors, and 35 days (20, 98) for rare tumors.
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It was found that 84.03% of subjects started all tumor
board recommendations during cycle 1, and all but
4.86% were able to start all three or four drugs recom-

mended (Table 2). Furthermore, 43.06% of subjects

Table 2 The feasibility of initiating a combination treatment regimen of up to four targeted agents is represented in the above table,
with 84% of subjects able to start all recommended agents during cycle 1. All related and unexpected adverse events of grade 3
or higher were collected for this clinical trial and reported to the BCC. Only one grade 3 related and unexpected hematologic toxic
effect occurred during this trial. Six grade 3 and one grade 4 non-hematologic toxic effects that were related and unexpected occurred
during the trial. Toxicity-associated events attributable to MGT causing a delay or reduction in treatment, such as medication holds,
dose reductions, medication discontinuations, and cycle delays, were captured during cycles 1 and 2 via a retrospective roadmap
review. Since this trial involved combination agents, these events were captured by the total number of events and the total number
of subjects who experienced an event since subjects may have had > 1 drug held or reduced in dosage

NMTRC009 MGT feasibility and safety profile

N=144

Started at least one tumor board recommended agent, no. of

patients (%)

144 (100%)

Started 100% of tumor board recommended agents, no. of patients (%)

Cycle 1
Cycle 2
Cycle 3
Cycle 5
Never
Cycles, no. of patients (%)
1 cycle
2 cycles
3-10 cycles
>10 cycles

121 (84.03%)
12 (8.33%)
3(2.08%)
1(0.69%)

7 (4.86%)

19 (13.19%)
45 (31.25%)
57 (39.58%)
23 (15.97%)
Grade 3

Hematologic toxic effects (related and unexpected), no. of patients (%)

Anemia
Lymphocytopenia
Neutropenia
Thrombocytopenia
Leukopenia

1(<1%)

Non-hematologic toxic effects (related and unexpected), no. of patients (%)

Elevated ALT
Elevated AST
Dehydration
Infection

Oral mucositis
Pancreatitis

Cycle 1 toxicity-associated events
Medication holds
Dose reductions
Medication discontinuations
Cycle delays

Cycle 2 toxicity-associated events
Medication holds
Dose reductions
Medication discontinuations
Cycle delays

No. of events

O O

105
45
21
12

Grade 4 Grade 5

1(<1%)

No. of patients (%)

45 (31.25%)
9 (6.25%)

8 (5.56%)

0 (0%)

52 (41.60%)
31 (24.80%)
15 (12.00%)
12 (9.60%)
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were able to start the entirety of the treatment plan
on day 1 of cycle 1 and an additional 40.97% started
during cycle 1. An additional 8.33% of subjects started
all drugs during cycle 2, then 2.08% of subjects started
all drugs during cycle 3, and 0.69% of subjects did not
start all MGT agents until cycle 5. Overall, 95.14%
of patients were able to start all medications recom-
mended by the MTB.

Time on the study was measured in days from the date
of the initial biopsy to the date of the last administration
of study therapy. For subjects with>1 biopsies and>1
MGT regimens, the off-therapy date from their last treat-
ment was used. The average time (range) on the study
for the entire subject cohort that met the safety criteria
(n=144) was 194 days (28, 1415). In stratifying by tumor
type, the average time on study was 153 days (45, 556)
for neuroblastoma subjects, 283 days (50, 1415) for brain
tumor subjects, and 163 days (28, 1317) for rare tumor
subjects. Forty-four of the 144 subjects (30.56%) who
met the safety criteria were on study for at least 180 days.
Eighteen of 144 (12.50%) subjects were on study for
365 days or more.

Safety

Related and unexpected adverse events of grade 3
or higher are outlined in Table 2 for all subjects who
met the safety criteria (n=144). Each of these adverse
events occurred in< 1% of the subject cohort, indicat-
ing nearly negligible levels of toxicity above expected
for the drugs used during this trial. There was only one
unexpected hematologic toxic effect that occurred dur-
ing this trial, which was grade 3 leukopenia. There were
seven occurrences of unexpected non-hematologic
toxic effects during this trial: grade 4 elevated ALT
(1), grade 3 elevated AST (1), grade 3 dehydration (1),
grade 3 infection (2), grade 3 oral mucositis (1), and
grade 3 pancreatitis (1).

Forty-five subjects experienced a medication hold,
9 subjects experienced a dose reduction, and 8 sub-
jects experienced a medication discontinuation during
cycle 1. During cycle 2, 52 subjects had a medication

(See figure on next page.)

Page 9 of 18

hold, 31 subjects had a dose reduction, 15 subjects had
a medication discontinuation, and 12 subjects experi-
enced a cycle delay, due to expected and unexpected
toxicities. No subject discontinued treatment due to
toxicity.

Efficacy

Of the 144 subjects, 124 met the efficacy criteria,
including having at least one disease evaluation fol-
lowing the completion of at least 1 cycle of molecu-
lar-guided therapy. Outcomes were measured by the
subjects’ best scan while on the study. In total, 14.52%
(18/124) remained NED status post-surgical resection,
8.87% (11/124) achieved CR, 8.87% (11/124) achieved
partial response (PR), and 33.06% (41/124) maintained
SD, while 39.71% (48/124) had progressive disease
(Fig. 3A).

In stratifying by the three main tumor types, the
response rates for neuroblastoma subjects were as fol-
lows: 3.57% (1/27) NED, 14.29% (4/27) CR, 46.43%
(13/27) SD, and 33.33% (9/27) PD. Of the CNS tumor
subjects, 29.73% (11/37) remained NED, 5.41% (2/37)
achieved CR, 10.81% (4/37) achieved PR, 27.03% (10/37)
remained stable, and 27.03% (10/37) progressed. The out-
comes for subjects with rare solid tumors were 10.00%
(6/60) NED, 8.33% (5/60) CR, 11.67% (7/60) PR, 30.00%
(18/60) SD, and 40.00% (24/60) PD.

In stratifying based on genomic informed decisions, 0%
of subjects were treated based on DNA alone, 19.5% were
treated based on DNA and RNA clinical decision-mak-
ing, and 80.5% of subjects’ clinical decision-making was
based on RNA alone.

Patient benefit, calculated by the sum of the CR, PR,
SD, and NED subjects divided by the sum of CR, PR, SD,
NED, and PD subjects, was exhibited in 65% of all sub-
jects, 67% of neuroblastoma subjects, 73% of CNS tumor
subjects, and 60% of rare tumor subjects.

A central review of CT/MRI scans was performed for
all subjects with measurable disease at C1D1. Change
in tumor burden was calculated as a percent change
between the pre-cycle 1 scans and the best scan while

Fig.3 A For all subjects meeting the efficacy criteria (n=124), best response rates were calculated using subjects’'best scan results while on-study.
Sixty-seven percent of neuroblastoma subjects, 73% of CNS tumor subjects, and 60% of other rare solid tumor subjects experienced stabilization

of disease or better in this clinical trial. B Stable disease was defined as neither a sufficient decrease in tumor burden to qualify as PR nor a sufficient
tumor burden increase to qualify as PD. Therefore, any change in tumor burden between < 30% decrease and < 20% increase all fell under SD.

To better represent the change in tumor burden while on-study, the percent change from pre-cycle 1 scans to best scan while on-study

was determined for all subjects with measurable disease on imaging. A central review of all scans was performed by a single radiologist

and measurements were performed using RECIST v1.1. Of the 73 subjects with measurable disease, 21 experienced an increase in tumor burden,

6 experienced no change, and 46 experienced a decrease in tumor burden. C Time on-study for all subjects meeting the safety criteria (n=144)

is represented in the swimmer plots. The axis scale breaks at day 100, marked by 2 dotted parallel lines. Each color represents a different time point

of the trial (see color legend), accounting for multiple biopsied subjects
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on-study. Of the 73 subjects with measurable disease,
63.01% had a decrease in tumor burden while 28.76% had
an increase in tumor burden. Of the 33 subjects within
the range of tumor burden change captured by SD (<30%
decrease and <20% increase), 22 had a decrease in tumor
burden, 5 had an increase in tumor burden, and 6 had no
change (Fig. 3B).

The length of time on-study for all subjects meeting
the safety criteria (N=144) is shown in Fig. 3C. This plot
presents a timeline for each subject on the study includ-
ing the time between major study time points, includ-
ing subsequent biopsies. Fourteen NB subjects, 27 CNS
tumor subjects, and 32 rare tumor subjects were on study
for>100 days. Furthermore, 2 NB subjects, 7 CNS tumor
subjects, and 5 rare tumor subjects remained in the
study>400 days. The median progression-free survival
(PES) time was 94.9 days with the PES at 3 years being
15%; the Kaplan—Meier curve is shown in Fig. 4.

Generation of cell line and PDX models
Cell lines and patient-derived xenograft models were
established. Ninety-six unique cell lines were derived
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from subjects’ tumor biopsies (Additional file 1:
Table S1). Of these 96, 26 were neuroblastoma, 23 were
brain tumors, and 47 were rare tumors. Patient-derived
xenograft models were successfully produced for a total
of 47 subjects enrolled in this study, of which 15 were
neuroblastoma, 1 was a brain tumor, and 31 were rare
tumors.

Molecular genomics

In order to identify trends in genomic aberrations among
the three diagnostic categories of NB, CNS, and rare
tumors, mutational signatures, large-scale copy number
variations (CN'Vs), and gene alterations were plotted into
a comprehensive oncoprint (Fig. 5A, Additional file 1:
Table S2). A total of 157 relapsed/refractory childhood
tumor samples were analyzed and included (n=37 NB,
n=41 CNS, and n=79 rare) [31]. The median somatic
TMB was 1.4 mutations per Mb (range 0.06-56.1; Addi-
tional file 1: Table S2). Mutation burden was highest in
neuroblastoma (median 3.4) followed by rare tumors
(median 1.2) and CNS tumors (median 0.7; Fig. 5B).
Mutational signatures were plotted per individual tumor

1.001
>0.75;
E
®©
O
© 0.501
o
n
L
0 .25
0.00 1
0 1 2 3 4
. Time(years
Number at risk (y )
136 13 7 4 1

Fig. 4 Kaplan—-Meier plot of progression-free survival (PFS); the median progression-free survival (95% Cl) for patients who received therapy

was 0.26 years (0.19, 0.35)

(See figure on next page.)

Fig. 5 A, B Genomic landscape of relapsed and refractory childhood solid tumors. The genomic landscape of likely pathogenic driver mutations

in 157 subjects with BCC with tumor and matched normal WES. A Mutational signatures are shown as a per-patient bar graph. Chromosome
arm-level gains or losses, present in at least 15 subjects within the cohort, are displayed. Cancer genes bearing somatic SNVs, CNVs, SVs, and fusions
are ordered according to general tumor type and frequency. B Somatic mutation burden is shown for each general tumor type. C Heatmap

of molecular targets (over or under) of top sensitive drugs that are frequently expressed across MGT9 subjects. These drugs are selected based

on number of times they are chosen across the subjects (> 10). Rows are divided by drugs, and genes are clustered to find unique or similar
expression. Column clustering is performed using 78 genes to find the most similar subjects across different pathologies. Genes are colored

with red (over) and blue (under)
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as well as averaged for each diagnostic category and the
total cohort [40].

To characterize somatic copy number alterations, we
evaluated large-scale and focal copy number alterations
in the cohort. Somatic CNVs identified within neu-
roblastoma tumors included 17q+(78%), 7q+(43%),
1q+(30%), 2p+(8%), 11q- (43%), 3p- (43%), and 1p-
(19%). The only CNV identified among CNS tumors
was 17p- (27%). CNVs among rare tumors included
8q+(23%), 8p+(14%), 16q- (15%), and 17p- (8%). The
CNS and rare tumor cohorts were substantially more
heterogeneous, containing several more specific tumor
types, which potentially explains the lower percent abun-
dance of CNVs compared to neuroblastoma tumors.

Somatic gene alterations identified via whole-exome
sequencing (WES) were plotted and vertically clustered
by biochemical function, pathway relationship, and/or
cell-cycle control mechanism. WES of 37 NB tumors
revealed MYCN amplification in 30%, ATRX deletion
in 38%, TP53 alterations in 5%, and ALK mutations in
11%. Other genes of potential interest commonly altered
in neuroblastoma tumors included cell cycle regulators
(CDK4 [5%], CDK6 [8%], and CDKN2A [16%]), chro-
matic remodelers (ARID1A [8%], ARID1B [11%], and
SETD2 [8%]), and other genes of unknown significance
(BIRC6 [11%], MDM2 [8%], RNF213 [16%], and ERBB4
[11%]). The most common missense mutation among
CNS tumors was in the H3F3A gene (29%). Further-
more, all CNS tumors possessing this mutation were
considered HGGs (DIPG, GBM, and astrocytoma).
Other common alterations of potential interest among
CNS tumors included TP53 (24%), SMARCB1 (10%),
CDKN2A (15%), and PDGFRA (12%). The canonical
genetic alteration among rare childhood tumors is the
EWSRI fusion in Ewing sarcoma. WES of 79 rare tumors
revealed the EWSR1 gene modified as a fusion, translo-
cation, or nonsense mutation in 22% of the rare tumor
cohort. The majority of rare tumor subjects that exhib-
ited a mutated EWSR1 gene had a specific diagnosis of
Ewing sarcoma (other diagnoses included desmoplastic
small round cell tumor and other rare tumors). Other
potential genes of interest commonly mutated among
rare tumors included TP53 (16%), CDK2NA (10%), RB1
(10%), and LRP1B (14%).

Gene expression signatures

To investigate the gene expression patterns in relapsed
and refractory childhood solid tumors, a heatmap of
molecular targets (genes) for the top selected drugs
(chosen>10 times) is shown in Fig. 5C. Unsupervised
hierarchical clustering analysis of the 78 genes across
the cohort of subjects with RNASeq data was per-
formed (n=184 which included longitudinal samples)
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(Additional file 1: Table S3). Of the targetable genes ana-
lyzed, the most commonly overexpressed genes in NB
included BIRC5 (93%), TOP2A (89%), ALK (87%), BRIP1
(82%), HDAC2 (82%), CDK6 (80), and CDK4 (71%). The
most commonly overexpressed genes in CNS tumors
included TOP2A (67%), BIRC5 (59%), CDK4 (50%),
BRIP1 (49%), NOTCHI1 (41%), SMO (39%), and TP73
(39%). The most commonly overexpressed genes in rare
cancers included BIRC5 (88%), TOP2A (85%), CDK4
(82%), BRIP1 (76%), MSH6 (66%), and HDAC2 (62%).
Individual RNA gene expression levels were not found to
correlate with response outcomes (ORR/PFS) (Additional
file 1: Table S4).

Tumor heterogeneity and evolution

We next sought to investigate the genomic evolution
of R/R childhood cancers by evaluating nine longitu-
dinal tumor samples from three subjects (Additional
file 1: Table S5). Tumor heterogeneity was evident in all
subjects, and a majority of longitudinal samples dem-
onstrated oncogenic events that are shared and unique
across biopsies (Fig. 6A). In subject 1, a synovial sar-
coma, LRP1B V9741 hotspot mutation, was shared across
all whereas SS18_SSX2 fusion was detected only in ini-
tial biopsy. In subject 2, a Wilms tumor; there were less
oncogenic events, and ASXL1 S577* hotspot mutation
was shared across all whereas MYCN P44L was pre-
sent in later biopsies. In subject 3, a neuroblastoma; the
number of protein-coding mutations was very high com-
pared to other subjects. ERBB4 N1185I was present in
all biopsies and was selected as a drug target (lapatinib).
RNA expression differences of sensitive rule genes and
their associated drugs were evident across three subjects
among three longitudinal biopsies (Fig. 6B, Additional
file 1: Table S6). The highlighted boxes indicate a molecu-
lar target of the drug chosen during the molecular tumor
board.

Discussion
This prospective, multicenter clinical trial tested the
safety, feasibility, and efficacy of using tumor samples
to obtain genomic data and generate a report used in a
molecular tumor board for real-time treatment decisions
in subjects with relapsed/refractory childhood cancer.
Most of the subjects enrolled in this study had received
one or more lines of relapse treatment, prior to enroll-
ment, further confirming the need for more effective
individualized therapies for refractory childhood cancers.
The primary endpoint of this study was the feasibility of
using genomic information in clinical decision-making,
defined as days from biopsy to DNA/RNA sequencing,
analysis and report generation, tumor board decision,
and start of therapy. The average time to initiation of
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Fig. 6 A Overlap of DNA events for three patients which each had three biopsies. The first was diagnosed with spindle cell synovial sarcoma

and had 384 and 230 days between relapses. The second was diagnosed with Wilms tumor and had 412 and 88 days between relapses. The third
was diagnosed with neuroblastoma and had 168 and 100 days between relapses.“1st”indicates the initial presentation while “2nd"and “3rd" indicate
subsequent relapses. The number of overlapping mutations is shown with the percentage of overlapping mutations shown in parenthesis. Genes
relevant to cancer are listed. B RNA Z-scores for three subjects each with three biopsies. Biopsy 1 is from the initial presentation, and biopsies 2-3
are from subsequent relapses. Selected genes are shown with the literature-associated drug target in parenthesis. Boxes are highlighted to indicate
a molecular target of the drug chosen during the molecular tumor board

therapy from biopsy was within 38 days, a reasonable
timeframe for treatment initiation. In comparing our
feasibility timeline to previous precision medicine tri-
als, we have demonstrated comparable turnaround times
(TAT) for sequencing and treatment plans. Shukla et al.
used both WGS and RNAseq and demonstrated a TAT of
9 days from biopsy to sequencing results, similar to our
timeline of 10 days [43]. Mueller et al., although limited
to newly diagnosed DIPG, also used WES and RNAseq
and demonstrated a TAT of 21 days from biopsy to treat-
ment plan, similar to our average of 23 days [44, 45]. This

timeline suggests that the utilization of this process is a
viable and feasible option for clinical decision-making
and treatment of relapsed/refractory childhood cancers.
Given the paucity of randomized clinical trials by phar-
maceutical companies in pediatric oncology, the major-
ity of agents used in this study were considered off-label,
as is the case in most standard-of-care pediatric cancer
treatment regimens. One factor leading to the variability
in days from biopsy to the start of therapy was the sub-
stantial time needed to obtain authorization from insur-
ance companies for the off-label use of the drugs. In
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the case of CNS tumors, in which the average time was
greater, recovery from surgery and/or radiation given
post-surgery was also identified as factors contributing to
delay in initiation of treatment.

The protocol for this trial mandated reporting of grade
3 or higher related and unexpected adverse events. The
safety of this approach was evaluated in cycles 1 and 2.
Although there was concern for potential increased tox-
icity when using combinations of targeted agents, the
occurrence of reportable adverse events was extremely
low. There was little unexpected associated toxicity for
the MGT drugs used during this trial, supporting the
safety of utilizing this method of therapy selection in the
relapsed/refractory pediatric cancer population. Impor-
tant aspects ensuring safety include the tumor board
discussion, literature review and pharmacy review of
drug interactions, and recommendations for dosing and
schedule. Of note, the study captured unexpected grade
3 and 4 toxicities throughout the study and only evalu-
ated treatment modifications occurring during the first
two cycles. The chemotherapy regimens did result in
expected toxicities for the medications as illustrated by
drug interruptions and reductions as well as cycle delays
(Table 2). These were felt to be manageable by the treat-
ing physicians. Treatment modifications were primarily
attributed to expected medication toxicities. As such,
drug modifications occurred based on known toxicity
profiles. Medications were reduced only for those drugs
attributed to have specific related toxicities (e.g., myelo-
suppression) and not all drugs in the treatment plan. No
patient discontinued treatment due to toxicity.

Pediatric cancers historically possess a low mutation
burden relative to adult cancers. The genomic landscape
reported in this trial matches that previously reported
[13, 20, 44, 46, 47]. This trial demonstrated that only a
small proportion of relapsed/refractory pediatric cancer
of patients would benefit from the sequencing of DNA
alone. In fact, a common limitation among many previous
precision medicine trials was that not all patients were
found to have targetable genomic events that would war-
rant treatment [46]. This was due to a limited genomic
workup such as gene panels or WES in the absence of
RNAseq [13, 20, 26]. Another limitation of past studies is
the use of single-agent therapy. The Zero Childhood Can-
cer Program precision medicine trial reported that 70%
of molecular tumor board recommendations were single
agents [20]. It has been well-established that multi-agent
therapy is superior to single-agent therapy in overcoming
resistance [16]. The addition of RNA transcriptome data
facilitates understanding of activated pathways and pro-
vides added clinical utility in the pediatric population. As
a result, all patients in our trial were offered a molecular
treatment plan that included combination therapy of up
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to four drugs. Of note, DNA in combination with RNA
data was used in 19.5% for MGT regimens whereas the
remaining 80.5% of regimens were devised using RNA
data alone, and there was not a statistically significant
difference in outcomes for those treated based on DNA
and RNA combination versus those treated using RNA
alone. This further reinforces the importance of compre-
hensive genomic and transcriptomic analyses in pursuing
targeted therapy [46].

The majority of mutational signatures have etiologies,
features, and significance that have yet to be elucidated in
the literature, but correlations can be identified between
the presence of a specific signature and cancer types [40].
The mutational signature analysis revealed consistency
with previous literature that identified an association
between signature 18 and neuroblastoma. This signa-
ture was differentially expressed in neuroblastoma sam-
ples when compared to both CNS and other rare solid
tumors. The etiology of this signature has been previ-
ously shown to be related to damage by reactive oxygen
species [48], which is a long-known biological stimulus in
NB [49].

This study confirms that clonal evolution in pediatric
cancers does occur over time [30]. This change in tumor
genomics with the evolution of new targets emphasizes
the importance of re-biopsy and re-sequencing at each
relapse. This approach may identify the different thera-
peutic approaches, as shown for patients in this study.
The ideal frequency of biopsies and reassessments needs
further exploration. In addition to tumor sequencing, the
MAPPYACTS trial [50] correlated cfDNA from plasma
suggesting that this may be an option for following tumor
evolution over time without the need for biopsy.

Conclusions

This trial demonstrated the feasibility, safety, and efficacy
of a comprehensive sequencing model to guide person-
alized therapy for patients with any relapsed/refractory
solid malignancy. Personalized therapy was well toler-
ated, and the response clinical benefit rate of 65% in these
heavily pretreated populations suggests that this treat-
ment strategy could be an effective option for relapsed
and refractory pediatric cancers.
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