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KEY POINTS

� The ultimate goal of precision medicine in pediatric oncology is to develop more effective
and less toxic therapies in children, adolescents, and young adults with cancer.

� Precision clinical trials designed to assess the impact of molecularly targeted therapies in
pediatric oncology are ongoing in the United States and Europe.

� Our understanding of the cancer genomic landscape, advancement in genomic technol-
ogies, and drug development in enhanced targeted therapies, may lead to future oppor-
tunities for precision medicine in pediatric oncology.
INTRODUCTION

Dramatic improvements in clinical outcomes have been seen for children and adoles-
cents with cancer over the past 5 decades.1 The improvement in survival is attributed
primarily to risk-stratification of therapies and treatment intensification with cytotoxic
chemotherapy and multimodal approaches. However, accelerating the progress of
pediatric oncology requires both therapeutic advances and attention to diminishing
the late effects of standard cytotoxic therapies. The ultimate goal of precision medi-
cine in pediatric oncology is to develop more effective and less toxic therapies in chil-
dren, adolescents, and young adults with cancer. With the advancement in diagnostic
and molecular profiling technologies, precision medicine trials using clinical molecular
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testing are becoming more common for adult malignancies. Similarly, there is an inter-
est in how these technologies can be applied to tumors in children and adolescents to
expand our understanding of the biology of pediatric cancers and evaluate the clinical
implications of genomic testing for these patients, with the ultimate goal of improving
survival for pediatric malignancies. This article reviews the early studies in pediatric
oncology showing the feasibility of this approach, describes future plans to evaluate
the clinical implications in multicenter clinical trials, and identifies the challenges of
applying genomics in the patient population.

Feasibility of Precision Medicine in Pediatric Oncology

Biomarker-driven directed therapies have been used in pediatric oncology; however,
combining this treatment approach with individualized genomic analysis is in its
nascent phase.2–4 Over the last 5 years, several pediatric oncology studies have
explored the feasibility and use of genomics-driven precision medicine and provided
the foundation for pursuing this approach. These pilot studies have explored different
features of precision medicine and used various study designs, including patient pop-
ulation, timing of specimen acquisition, and inclusion of routine germline analysis. Of
note, none of the published studies included prospective treatment arms as part of the
study, although several studies include clinical follow-up to assess therapy response
and outcomes to genomics-based recommendations.
The Baylor College of Medicine Advancing Sequencing in Childhood Cancer Care

study completed enrollment of a primary cohort of 287 newly diagnosed and previ-
ously untreated patients with solid, including central nervous system (CNS), tumors.5

Whole-exome sequencing (WES) was performed both on tumor samples and periph-
eral blood. In the report of the first 150 patients (<18 years), in whom 121 tumors were
sequenced, 33 patients (27%) were found to have somatic mutations of established or
potential clinical use. An additional 24 patients (20%) were found to have mutations in
consensus cancer genes that were not classified as targetable. Diagnostic germline
findings related to patient phenotype (either cancer or other diseases or both) were
discovered in 15 (10%) of 150 cases, including 13 (8.6%) with pathogenic or likely
pathogenic mutations in known cancer susceptibility genes. Treatment decisions or
recommendations were not part of this study.
The University of Michigan Pediatric Michigan Oncology Sequencing study is

modeled after the sequencing experience in adults with cancer.6 The preliminary re-
sults of a cohort of 102 pediatric and young adult participants (25 years and younger)
with refractory or relapsed cancer and newly diagnosed patients with high-risk or rare
cancer types have been published.6 Patients with both hematopoietic malignancies
and solid tumors were included. A total of 91 patients underwent genomic analyses
with WES of tumor and germline DNA, as well as RNA sequencing (RNA-seq) of tumor.
A multidisciplinary tumor board provided clinical recommendations. They identified 42
patients (46%) with potentially actionable findings that were not identified by standard
diagnostic tests, which did not include sequencing. Nine of the patients had germline
findings, 10 had somatic actionable gene fusions found through RNA-seq, and 2 had
their diagnosis changed because of the analyses. A total of 23 patients had an individ-
ualized care decision made based on either tumor or germline sequencing results.
Fourteen of the patients had a change in therapy, 9 underwent genetic counseling,
and 1 required both. Of the 14 patients, 9 had a clinical response to the change in ther-
apy lasting more than 6 months. The median turnaround time for return of the results
was 54 days.
The individualized cancer therapy (iCAT) study is a multicenter study led by investi-

gators at the Dana-Farber Cancer Institute/Boston Children’s Hospital to assess the
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feasibility of identifying actionable alterations and making individualized cancer ther-
apy recommendations in pediatric and young adult patients (30 years and younger)
with relapsed, refractory, or high-risk extracranial solid tumors.7 A multidisciplinary
expert panel reviewed the profiling results, and iCAT treatment recommendations
were made if an actionable alteration was present, and an appropriate drug was avail-
able. Of the 100 participants, 31 had tumor submitted only from diagnosis, whereas
the rest had tumor submitted from recurrence or local control or multiple specimens
from recurrence and diagnosis. Tumor profiling was successful in specimens from
89 patients. Overall, 31 (31%) patients received an iCAT treatment recommendation
and 3 received matched therapy. There were 0no objective responses. Three patients
had a change in their diagnosis based on the tumor profiling. Six patients had an
actionable alteration, but an appropriate drug was not available through a clinical trial
or as a Food and Drug Administration (FDA)-approved therapy with an age-
appropriate dose and formulation, and so an iCAT recommendation could not be
made. Finally, 43 (43%) participants had results with potential clinical significance
but not resulting in iCAT treatment recommendations were identified, including muta-
tions indicating the possible presence of a cancer predisposition syndrome (if also
found in the germline).
The Precision in Pediatric Sequencing Program at Columbia University Medical

Center instituted a prospective clinical next-generation sequencing (NGS) for high-
risk pediatric cancer and hematologic disorders.8 WES and RNA-seq were performed
on tumor and normal tissue from 101 high-risk pediatric patients. Results were initially
reviewed by a molecular pathologist and subsequently by a multidisciplinary molecu-
lar tumor board. Potentially actionable alterations were identified in 38% of patients, of
which 16% subsequently received matched therapy. In an additional 38% of patients,
the genomic data provided clinically relevant information of diagnostic, prognostic, or
pharmacogenomic significance. RNA-seq was clinically impactful in 37 of 65 patients
(57%), providing diagnostic and/or prognostic information for 17 patients (26%) and
identified therapeutic targets in 15 patients (23%). Known or likely pathogenic germ-
line alterations were discovered in 18 of 90 patients (20%), with 14% having germline
alternations in cancer predisposition genes. American College of Medical Genetics
secondary findings were identified in 6 patients.
The Individualized Therapy for Relapsed Malignancies in Childhood project is a

nationwide German program for children and young adults with refractory, relapsed
cancers, which aims to identify therapeutic targets on an individualized basis.9 In
the report of the pilot phase, 57 patients aged 1 to 40 years with hematopoietic and
solid malignancies were enrolled. Seven patients for whom no standard therapy
was available were enrolled at the time of primary diagnosis. Tumor specimens
were analyzed by WES, low-coverage whole-genome, and RNA-seq, as well as
methylation and expression microarray analyses. A customized 7-step scoring algo-
rithm was used to prioritize molecular targets and reviewed by an interdisciplinary mo-
lecular tumor board before returning the results to the treating physician. Germline
DNA was screened on each patient for damaging alterations in a predefined list of
known cancer predisposition genes. Turnaround time was 28 days. Of 52 patients,
26 (50%) with NGS data on their tumors harbored a potentially actionable alteration
with a prioritization score of intermediate or higher. Ten patients received targeted
therapy based on these results, with responses seen in some of the previously treated
patients, although systematic follow-up was not an objective of this study. Underlying
cancer predisposition was detected in 2 patients (4%). Comparative primary tumor–
relapsed tumor analysis revealed substantial tumor evolution in addition to detection
in one case of an unsuspected secondary malignancy.
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The Institut Curie reported their 1-year experience of genetic analysis and molecular
biology tumor board discussions for targeted therapies in pediatric solid tumors.10 Tu-
mor tissue from 60 pediatric patients (aged up to 21.5 years) with poor prognosis or
relapsed or refractory solid, including CNS, tumors were analyzed with panel-based
NGS and array comparative genomic hybridization. The most recently available tumor
tissue was analyzed but, where there was inadequate material, a new biopsy was not
requested and the initial diagnostic biopsy specimen was used. Recommendations
from the molecular biology tumor board were given to the treating physicians. The
mean turnaround time from patient referral to the molecular biology tumor board
and release of results was 42� 16 days. Of the 58 patients in whommolecular profiling
was feasible, 23 (40%) had a potentially actionable finding with high-grade gliomas
having the highest number of targetable alterations. Of the 23 patients, 6 received a
matched targeted therapy, with 5 being enrolled in a clinical trial and 1 by compas-
sionate use. Two patients had a partial response. Despite having a targetable lesion,
4 patients could not receive therapy owing to lack of available clinical trials with the
agents. The remaining 13 patients did not receive targeted therapy because of pursuit
of conventional chemotherapy or change in health status. The investigators concluded
that this approach is feasible, but only a small proportion of patients were able to
receive the targeted therapy.
A single-institutional feasibility study (MOSCATO-01) at Gustave Roussy in France

prospectively characterized genomic alterations in recurrent or refractory solid tumors
of pediatric patients for selection of targeted therapy. Seventy-five patients underwent
tumor biopsy or surgical resection of primary or metastatic tumor site on study. Tumor
samples were analyzed by comparative genomic hybridization array NGS for 75 target
genes, WES, and RNA-seq. Biological significance of the alterations and recommen-
dation of targeted therapies available were discussed in a multidisciplinary tumor
board. All patients were pretreated, 37% had CNS tumors, and 63% had an extracra-
nial solid tumor. Successful molecular analysis in 69 patients detected an actionable
alteration in various oncogenic pathways in 61% of patients, and a change in diag-
nosis was seen in 3 patients. Fourteen patients received 17 targeted therapies. This
study demonstrated the feasibility of research biopsies in advanced pediatric malig-
nancies for NGS and matching potential actionable mutations with targeted therapies.
These initial pilot studies demonstrated the feasibility of clinical sequencing for pa-

tients with childhood cancers and set the stage for subsequent precision medicine tri-
als that prospectively assess the impact of molecularly targeted therapies in pediatric
oncology. Our evolving understanding of the landscape of the cancer genome of pe-
diatric cancers also necessitates the inclusion of unique genomic technologies, such
as RNA analysis for fusion detection, and analyses of germline mutations for cancer
susceptibility risk determination in forthcoming studies.

National Cancer Institute-Children’s Oncology Group Pediatric Molecular Analysis
for Therapeutic Choice: New Era of Precision Medicine in Pediatric Oncology

In collaboration with, and supported by, the National Cancer Institute (NCI), the Chil-
dren’s Oncology Group (COG) is leveraging the information gained from earlier preci-
sion medicine studies a step further in their design of a histology agnostic trial in which
eligibility to treatment arms is determined based on predefined lists of genomic aber-
ration(s), or actionable mutation(s) of interest (aMOI). Pediatric MATCH (Molecular
Analysis for Therapeutic Choice) is a national clinical trial under a single IND
(NCT03155620; Fig. 1). Relapsed tumor tissue from pediatric and young adult patients
with recurrent or refractory tumors including CNS tumors, as well as lymphomas and
histiocytic disorders, is submitted for molecular profiling. To provide broader access



Fig. 1. NCI-COG Pediatric Molecular Analysis for Therapeutic Choice (MATCH) trial schema.
ALK, anaplastic lymphoma kinase; CR, complete response; ERK, extracellular signal-
regulated kinase; EZH2, enhancer of zeste homolog 2; FGFR, fibroblast growth factor recep-
tor; PARP, poly-ADP ribose polymerase; PD, progressive disease; PI3K/mTOR, phosphoinosi-
tide 3-kinase/mammalian target of rapamycin; PR, partial response; SD, stable disease;
TRK, tyrosine receptor kinase. (From Allen CE, Laetsch TW, Mody R, et al. Target and Agent
Prioritization for the Children’s Oncology Group-National Cancer Institute Pediatric MATCH
Trial. J Natl Cancer Inst. 2017;109(5); with permission.)
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to precision medicine trials for the adolescent and young adult oncology population,
patients aged up to of 21 years are eligible to enroll on Pediatric MATCH.
Similar to the NCI MATCH study for adults, if an aberration is identified that has been

defined as a driver mutation for a Pediatric MATCH study drug targeting the identified
aberration, then the patient will have the opportunity to enroll onto the relevant single-
agent treatment arm. Consequently, the trial is providing access to the study agent(s)
for each patient in addition to tumor genomic analysis and treatment assignment. This
trial will screen over 1000 patients for multiple targets and evaluate investigational tar-
geted therapies for clinical activity in patients carrying specific mutations that can
inform future trials. This is the largest pediatric oncology trial for all solid tumors to
identify the molecular aberration(s) in the tumor and provide the investigational agent
for the treatment of the identified molecular aberrations within the same trial. Similar to
the NCI MATCH study for adults, Pediatric MATCH uses an analytically validated
NGS-targeted assay of more than 4000 different mutations (single nucleotide variants,
indels, copy-number alterations, and gene fusions) across more than 140 genes.11

This type of basket or umbrella hybrid trial uses a rules-based treatment assignment,
based on available preclinical and clinical data, which has not been used in the other
pediatric trials.12 This offers the advantage of predefining treatment based on the
presence of a molecular aberration, ensures availability of agents within the context
of a trial, and negates assignment bias because all patients with a predefined aMOI
are assigned a given treatment.
The primary aims of the study are to determine the objective response rate in pedi-

atric patients with advanced solid tumors and lymphomas harboring a priori specified
genomic alterations treated with pathway-targeting agents, and to determine the pro-
portion of pediatric patients whose tumors have pathway alterations that can be
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targeted by existing anticancer drugs. A total of 20 patients will be enrolled per treat-
ment arm (or stratum within the arm) depending on the aMOIs, and the agent will be
considered of interest for further development if 3 or more patients of 20 show a
response. The arms may be expanded in the trial to enroll additional patients if activity
is seen for a particular agent. The study will have the flexibility to open and close arms.
A patient’s tumor that progresses while on treatment will be eligible to go on another
treatment arm if the tumor has additional genetic aberrations that are being targeted
with another Pediatric MATCH agent.
The molecular targets and study drugs selected for the trial were identified and

prioritized by the Pediatric MATCH Target and Agent Prioritization (TAP) committee
consisting of representatives from COG disease committees from 10 children’s hos-
pitals, the NCI, and the FDA. The TAP committee systematically reviewed target
and agent pairs for inclusion in the Pediatric MATCH trial. Criteria used to prioritize
the target and agent pairs included the frequency of the alterations in the target in pe-
diatric malignancies, the strength of the evidence linking the target to the activity of the
agent, whether the target can be detected with the testing platform, clinical and pre-
clinical evidence for the specific agent, and other ongoing or planned biomarker-
defined clinical studies. Details of this process have been described previously.13

Two criteria established for identifying specific agents to be considered for inclusion
in Pediatric MATCH were demonstrated activity against tumors with a particular
genomic alteration, and the establishment of an adult-recommended phase 2 dose.
The same levels of evidence for drug selection used in NCI MATCH were applied
for Pediatric MATCH.11 Neither a completed pediatric phase 1 study nor a pediatric
formulation was required to be considered for Pediatric MATCH trial. However, in
the case of an oral agent, appropriately sized capsules or tablets were required to
dose pediatric patients. Currently, the Pediatric MATCH trial has opened 10 treatment
arms with the goal of investigating a total of 15 to 20 single agents based on ongoing
review of new data and as agents become available based on the identified targets.
In a report of the first 422 patients enrolled from 93 COG sites on the Pediatric

MATCH screening protocol, the median age is 13 years (range 1–21).14 A tumor sam-
ple was submitted for 390 patients, sequencing was attempted for 370 patients (95%),
and results were confirmed for 357 patients (92%). The median turnaround time for the
tumor genomic results was 15 days. An aMOI for at least one of the 10 current treat-
ment arms was identified in approximately 25% of patients with tumor submitted for
the Pediatric MATCH screening protocol. These patients are assigned to a treatment
arm and must meet the eligibility criteria to enroll on therapy.
There are some notable differences for Pediatric MATCH compared with NCI

MATCH or similar precision medicine protocols. The number of molecular aberrations
seen in pediatric tumors (w10%) is predicted to be much less than identified in adult
malignancies.15,16 These projections are based primarily on actionable mutation fre-
quencies in newly diagnosed tumors. However, the Pediatric MATCH aMOI detection
rate is currently higher than predicted.14 In comparison, this Pediatric MATCH aMOI
detection rate is higher than the match rate of for NCI MATCH for the first 10 treatment
arms (approximately 9%).11 One reason for this may be that patients with known
targetable mutations from previous molecular testing are enrolling on the screening
study at a higher rate on Pediatric MATCH. In addition, the Pediatric MATCH study
is optimizing the chances of finding a targetable aberration in a patient’s tumor by
requiring the submission of tumor specimen from a biopsy done after recurrence or
progression and as close to the time of genomic analysis, because tumors are likely
to acquire more mutations over time.17–20 In fact, in some studies in adults, it is rec-
ommended that a metastatic (as opposed to primary) lesion is biopsied.21,22 To
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provide access for as many children and adolescents as possible, and because the
risks associated with biopsies in children differ from adults, there is more flexibility
with the timing of the biopsy (need not be obtained just before study enrollment as
long as it is from a recurrence) or in the case of brain stem gliomas from the time of
diagnosis in the Pediatric MATCH study. Finally, although tumors occurring in adults
may have a larger number of mutations (on average), many of thosemutations are pas-
senger mutations that have been acquired over time and that may have little relevance
to the biology (or treatment) of the tumor. Thus, the number of targetable mutations
might bemore similar in children and adults than initially projected based on total num-
ber of mutations.
Pediatric cancers harbor a different spectrum and frequency of mutations

compared with adult cancers. For example, frequent targetable kinase alterations
seen in lung cancer and breast cancer, such as EGFR and HER2, respectively, rarely
occur in pediatric tumors. Therefore, such agents would not meet the selection criteria
as treatment arms in Pediatric MATCH. Drug availability is another challenge, because
agents are not yet available to target many of the recurrent aberrations identified in pe-
diatric tumors. Based on the small number of pediatric cancers, and even smaller sub-
groups of molecular aberrations identified in the tumors, agents have not been
developed to target some of the detectable molecular aberrations, such as epigenetic
alterations.
Similar to several of the pediatric studies described earlier, germline DNA is

collected and analyzed from all patients enrolled on Pediatric MATCH. In contrast,
NCI MATCH does not evaluate germline molecular aberrations. By including germline
analysis using the same panel as for tumor sequencing, it is possible to determine
which mutations are of interest and which actionable mutations of interest represent
germline variants in cancer susceptibility genes. Clinical genomics laboratories inter-
pret the germline findings and provide a report back to the treating oncologist identi-
fying whether any of the genomic aberrations included in the tumor sequencing report
represent pathogenic or likely pathogenic germline variants in cancer susceptibility
genes. The results of the germline analysis are not used for treatment assignment
and are not meant to provide a comprehensive cancer susceptibility evaluation. How-
ever, based on the results, the treating pediatric oncologist may recommend formal
genetic testing and counseling for the patient/family.

Other Precision Medicine Trials in Pediatric Oncology

There is a similar precision medicine initiative for the conduct of a genomically driven
basket study for children and adolescents with relapsed or refractory cancers in
Europe. The European Proof-of-Concept Therapeutic Stratification Trial of Molecular
Anomalies in Relapsed or Refractory Tumors in Children uses genomic data derived
frommultiple panels from several ongoing sequencing studies in Europe.23 In contrast
to Pediatric MATCH, which uses predefined levels of evidence linking variants to tar-
geted therapies, sequencing data are reviewed at a multidisciplinary molecular tumor
board to determine whether an actionable variant is present and whether the variant is
a match for one of the ESMART treatment arms or other targeted agent trials. At pre-
sent, ESMART has 7 treatment arms for 5 genomic targets/pathways. Each of the
treatment arms are conducted as individual clinical trials, with a phase 1 dose esca-
lation phase and a phase 2 expansion phase. In contrast to Pediatric MATCH, which
thus far includes only single agents, many of the treatment arms in ESMART combines
targeted agents with chemotherapy.
The initial results for the European pediatric precision medicine initiative have

been reported.24 From 2016 to 2017, 174 patients with a median age of 13 years
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(range, 1–32) were included in the European molecular profiling trial (MAPPYACTS).
Currently, the analysis for 104 patients has been completed. Seventy-six percent of
patients had at least one “actionable” variant. Based on the detected alteration, 21 pa-
tients were included in the ESMART trial since it opened in August 2016, with 2 pa-
tients enrolling on 2 different treatment arms: CDK4/6 inhibitor ribociclib plus
chemotherapy (1) or everolimus (5); DNA repair interfering combinations WEE1 inhib-
itor AZD1775 plus chemotherapy (4) and PARP inhibitor olaparib plus chemotherapy
(1); dual mammalian target of rapamycin inhibitor vistusertib alone (1) or with chemo-
therapy (5); or nivolumab and cyclophosphamide (6).24

Umbrella trials focusing on specific diseases or histologies in pediatric oncology are
currently underway in patients with relapsed and refractory or newly diagnosed can-
cers. These studies require a good understanding of the gene variants to be encoun-
tered in a specific diagnosis and its activity to targeted agents. Moreover, the
feasibility of conducting these studies requires that the frequency of variants is suffi-
cient to justify a clinical trial within a disease group. Examples of these studies are
shown in Table 1.
A major challenge with these precision medicine clinical trials is that the treatment

regimens are tailored to an increasingly smaller subset of genomically defined pa-
tients. Clinical trials such as these are intended to be screening trials to detect a signal
in a histology agnostic cohort based on the genetic marker. Additional studies will
Table 1
Examples of the range of precision medicine trials in pediatric oncology

Study Design Clinical Trial Sponsor NCT

Relapsed or refractory cancers

Basket studies across
multiple histologies

Pediatric MATCH NCI-COG
AcSé-ESMART Gustave Roussey NCT02813135

Histology-specific
umbrella studies

NEPENTHE (neuroblastoma) CHOP NCT02780128
Ruxolitinib or

Dasatinib 1 chemotherapy
in Ph-like ALL

MD Anderson NCT02420717

RELPALL (ALL) St. Jude NCT03515200

Newly diagnosed cancers

Histology-specific
umbrella studies

Dasatinib 1 chemotherapy
for Ph-like ALL

COG NCT02883049

Ruxolitinib 1 chemotherapy
for CRLF2/JAK/STAT
mutations in ALL

COG NCT02723994

Crizotinib 1 chemotherapy
in ALK aberrant
neuroblastoma

COG NCT03126916

Total therapy XVII JAK/STAT
mutations in ALL/
lymphoma

St. Jude NCT03117751

Clinical/Molecular Risk-
Directed Therapy in
Medulloblastoma

St. Jude NCT01878617

BIOMEDE (DIPG) Gustave Roussy NCT02233049

Abbreviations: AcSé-ESMART, European Proof-of-Concept Therapeutic Stratification Trial of Mo-
lecular Anomalies in Relapsed or Refractory Tumors; ALK, anaplastic lymphoma kinase; ALL, acute
lymphoblastic leukemia; CHOP, Children’s Hospital of Philadelphia; COG, Children’s Oncology
Group; DIPG, diffuse intrinsic pontine glioma; NCT, ClinicalTrials.gov Identifier/Number.

http://ClinicalTrials.gov
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need to be designed to assess the true activity of an agent in a prespecified cohort.
Likewise, future study designs and statistical methods will need to address these is-
sues as we analyze clinical trial results and consider incorporating this information
into standard of care therapies.

SUMMARY

Molecular characterization has the potential to advance the management of pediatric
cancer malignancies. The clinical integration of genome sequencing into standard
clinical practice has been limited. Although there are still many obstacles remaining
as precision medicine is applied to pediatric oncology, these studies represent the first
step in exploring this application of genomic-directed treatment of patients with child-
hood cancer.
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