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Abstract

Background: Pediatric brain tumors are the leading cause of cancer death in children and represent a variety of diseases and molecular
subtypes. This study sought to evaluate a rapid immunohistochemistry testing panel to aid in therapy selection at the time of malignant
tumor recurrence. Methods: With IRB approval and appropriate informed consent, we conducted a single-institution prospective clinical
trial of selected kinase inhibitor therapy. A laboratory-developed immunohistochemical testing panel was performed on tumor tissue, and
therapy with one of four small molecule inhibitors was recommended in combination with oral chemotherapy consisting of temozolomide
and etoposide. Results: All 20 enrolled subjects were assigned to Everolimus (n = 4), Erlotinib (n = 6) or Dasatinib (n = 10); 90% (18/20)
within the pre-specified 14-day feasibility time period. Only two subjects elected treatment on study, 8 received targeted treatment based
on testing results either alone (n = 5) or in combination with chemotherapy (n = 3). Other subjects received chemotherapy alone (n =
7), surgery alone (n = 2) or no further therapy (n = 3). Immunohistochemical targets were associated with correlative genetic changes
in 28% (5/18) of those evaluated. Conclusions: It was feasible to rapidly select targeted therapy in recurrent pediatric brain tumors, but
not feasible to treat with a uniform combination treatment regimen.
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1. Introduction

Pediatric brain tumors are the leading cause of can-
cer death in children, with no standard effective therapy
for patients who relapse. That being said, pediatric brain
tumors are not a single uniform group, but are instead a
heterogeneous group of rare neoplasms with many molec-
ular drivers and subtypes, which have been defined in re-
cent years [1]. The sheer number of new molecular diag-
noses in pediatric brain tumors can make it challenging to
design clinical trials, since many molecular subtypes are
uncommon, and it may be challenging to enroll sufficient
numbers of patients to evaluate efficacy within a specific
histologic tumor type. At the same time, histology ag-
nostic therapies have emerged such as PD-1 inhibitors and
NTRK-inhibitors which have proven effective for a variety
of tumor types [2,3]. Many other tyrosine kinase inhibitors
have also been developed and basket trials such as the Pedi-
atric MATCH are underway to evaluate the tumor response
of these drugs in wide range of tumors (ClinicalTrials.gov
Identifier: NCT03155620). The median progression free
survival for pediatric patients with recurrent CNS tumors
enrolled on phase II studies of single-agent therapy is less

than two months [4–9].

Temozolomide and etoposide are an attractive com-
bination as backbone chemotherapy because of their oral
route of administration, and different mechanisms of ac-
tion with preclinical data suggesting synergy between alky-
lating agents and topoisomerase inhibitors [10–12]. A
phase I study established safe dosing of this combination
even in heavily pre-treated patients, with hematologic dose-
limiting toxicity [13]. In a prospective trial of this combina-
tion in 11 pediatric and young adult patients with high-grade
brain tumors, five patients responded with tumor shrink-
age, and an additional five patients achieved prolonged sta-
ble disease. Responding patients included diffuse midline
glioma, CNS embryonal tumor, NOS, glioblastoma, and
anaplastic astrocytoma [14].

In a review of pediatric patients with recurrent gliomas
treated with oral etoposide and temozolomide using various
dosing schedules, Korones et al. [15] reported responses in
7 of 11 patients, including a partial response in a patient
with brainstem glioma and a complete response in a patient
with glioblastoma. The rate of response in these prelim-
inary combination studies appears to be much better than
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single-agent studies of either drug [8,16–18].
The primary objective of this study was to determine

the feasibility of utilizing data from rapid immunohisto-
chemical studies performed on patient tumor tissue to in-
form treatment decisions in the setting of relapsed or re-
fractory pediatric brain tumors. Secondary objectives were
to estimate the objective response rate in patients who re-
ceived biologically directed therapy in combination with
chemotherapy, estimate event free and overall survival for
pediatric patients who receive biologically directed therapy,
and to further describe toxicity and tolerability of the com-
bination regimens used in this study. Given prior experi-
ence with targeted next-generation sequencing [19,20], cor-
relative testing was performed to compare clinical sequenc-
ing to clinical immunohistochemical testing.

2. Materials and Methods
2.1 Retrospective Biomarker Assessment

Potential protein biomarkers were initially screened
using immunohistochemical stains to archived formalin-
fixed paraffin-embedded tissue microarrays. Tissue mi-
croarrays included a variety of high grade primary pediatric
brain tumors including initial diagnosis of medulloblastoma
(n = 28), ependymoma (n = 17), high-grade glioma (n =
10), and CNS embryonal tumors, NOS (n = 6). In addition,
13 paired tumors obtained at the time of relapse included
2 medulloblastoma, 8 ependymoma, 1 high-grade glioma
and 2 CNS embryonal tumors. Laboratory-developed im-
munohistochemical testing was performed for the follow-
ing proteins: EGFR, HER2, CKIT, PDGFRA, pS6, pERK
and scored using the methods detailed below. All patients
included in these initial screening studies had appropriate
consent and IRB approval was obtained for this analysis.
Survival analysis was performed using data extracted from
the electronic medical record system. The log-rank test was
used to evaluate the significance of associations between
survival, tumor type, age at diagnosis, extent of resection,
and immunohistochemical staining pattern. Stepwise Cox
regressionwas used to conductmultivariable analysis. Haz-
ard of death associated with each biomarker was adjusted
for tumor histology, age, and extent of resection.

2.2 Prospective Clinical Trial Ethics Approval

This study was conducted as a prospective phase 1
clinical trial. FDA risk determination was requested re-
garding complex laboratory-developed testing, and the im-
munohistochemical panel was determined to pose a non-
significant risk in the context of this study. The study was
subsequently approved by the Seattle Children’s Institu-
tional Review Board (IRB). Informed consent, and assent
where applicable, was obtained from study participants or
their legal guardians according to institutional standards,
including IRB-approved process for phone consent for pa-
tients not residing in the region.

2.3 Eligibility Criteria
Eligibility for tumor testing included age less than 30

years, Karnofsky or Lansky performance score ≥50%, and
documented progression or recurrence of brain tumor by
MRI or CSF since completion of last tumor-directed med-
ical therapy, for which there was no known curative ther-
apy. Histologic confirmation of brain tumor was required
from either initial diagnosis or relapse. Most recent sur-
gical tissue was preferred and utilized for study treatment
selection if discrepant results were found between initial
diagnostic and relapse tissue. Additional eligibility crite-
ria to begin study therapy included adequate organ function
and recovery from prior therapy. Adequate organ function
included bone marrow function defined as absolute neu-
trophil count >750/uL and platelet count >75/uL; renal
function defined as normal creatinine for age; liver func-
tion defined as bilirubin and alanine aminotransferase≤1.5
times upper limit of normal; and neurologic function de-
fined as well-controlled seizures on non-enzyme inducing
antiepileptics, and no increase in steroid dose within past
seven days. Adequate recovery from prior therapy was
considered three weeks from surgery or myelosuppressive
chemotherapy; seven days from hematopoietic growth fac-
tors or biologic therapy; 12 weeks from craniospinal radi-
ation and 2 weeks from focal radiation therapy. Exclusion
criteria consisted of pregnancy, breastfeeding, uncontrolled
infection, within one year of allogeneic transplant, bleeding
disorder or more than punctate intratumoral hemorrhage,
other anti-neoplastic agents, immunosuppressive agents, or
strong CYP3A4 inducers or inhibitors.

2.4 Treatment Plan
Treatment was recommended but not required for pa-

tients consented to study. Treatment consisted of 28-day
cycles of oral temozolomide 150 mg/m2 daily on days
1–5, oral etoposide 50 mg/m2 daily on days 1–12 and
continuous kinase inhibitor based on arm assignment to
either Sorafenib (Arm A) 150 mg/m2/dose twice a day,
Everolimus (ArmB) 3mg/m2/dose daily, Erlotinib (ArmC)
85 mg/m2/dose daily, or Dasatinib (Arm D) 60 mg/m2/dose
twice a day. Eligible subjects were permitted to begin study
treatment with temozolomide and etoposide alone prior to
laboratory testing results if treatment was deemed to be ur-
gent based on disease status.

2.5 Treatment Assignment
All cases were reviewed by the study pathologist to

confirm the diagnosis. The schema for assignment of treat-
ment arm (see Fig. 1) was based on specificity of tar-
geted agent with more specific agent selected if target was
present. If more than one tumor specimen was available
from different surgical procedures, the results of the most
recent relapse specimen were prioritized. Additionally, if a
sample was positive for more than one marker the drug pri-
ority was first Erlotinib, then Dasatinib, Everolimus, and
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last Sorafenib. Priority was based on drug specificity from
most specific to less specific.

Fig. 1. CONSORT diagram with study arm assignment.

Four-µm-thick paraffin sections of each case were
stained using a Ventana Benchmark Stainer (Tucson, AZ).
Sections were incubated with primary antibodies in the fol-
lowing concentrations: EGFR, 1:100 (Invitrogen, Carslbad,
CA, USA); CD117, 1:2000 (Dako, Carpinteria, CA, USA);
pERK, 1:50 (Cell Signaling Technology, Danvers, MA,
USA); PDGFRA, 1:100 (Santa Cruz Biotechnology Inc.,
Dallas, TX, USA); and pS6, 1:150 (Cell Signaling Technol-
ogy, Danvers, MA, USA) diluted in phosphate-buffered so-
lution (PBS). Slides were incubated with biotinylated sec-
ondary antibodies, followed by incubation with the strepta-
vidin and biotinylated peroxidase complex. Sections were
counterstained with hematoxylin and mounted. For HER2
testing only, unstained slides were sent to Phenopath Lab-
oratories, Seattle, WA and stained with HER2. All testing
was performed in a CAP accredited CLIA approved setting
with appropriate control tissues.

2.6 Immunohistochemistry Methods

Stains were interpreted as either positive or negative
according to the following algorithm. Each stain was first
scored according to both staining intensity (weak, moder-
ate, to strong) and based on the percentage of tumor cells

staining positive (0 for no staining, 1+ for <10%, 2+ for
10–50, 3+ for 50–90% and 4+ for >90%). Tumors with no
staining were scored as 0. A score of 1+ or greater was con-
sidered positive for PDGFRA, EGFR, CD117, and HER2.
A score of 2+ or greater was considered positive for pERK
and pS6.

2.7 Next Generation Sequencing
The study was subsequently amended to offer optional

correlative targeted tumor Next Generation Sequencing
(NGS). Sequencing was performed using UW Oncoplex,
a clinically validated method as previously reported [21].
This panel was designed to detect most classes ofmutations,
including single nucleotide variants, small insertions and
deletions, gene amplifications, and selected gene-fusions.
Sequencing libraries were prepared fromDNA samples and
hybridized to a custom set of complementary RNA (cRNA)
biotinylated oligonucleotides targeting the exons of 262
cancer related genes and select intronic regions. NGS was
performed using aHiSeq 2500 instrument system (Illumina,
San Diego, CA, USA).

2.8 Treatment Response Evaluation
Response was evaluated by MRI imaging every two

cycles. For subjects with measurable disease, protocol-
defined tumor measurements included the product of the
longest diameter and the next longest perpendicular mea-
surement. Complete response was defined as the disappear-
ance of all abnormal signal, partial response was defined as
≥50% decrease, minor response was defined as ≥25% de-
crease and progressive disease was defined as >25% in-
crease in two-dimensional tumor measurement. Disease
was considered stable if no more than 25% increase or de-
crease in tumor measurement.

2.9 Feasibility Analysis
The statistical design of the study defined two feasi-

bility endpoints, namely (1) the feasibility of rapid testing,
and (2) the feasibility of subjects receiving treatment on
assigned study arm. Biologic selection by immunohisto-
chemical testing was defined as feasible if at least 80% of
study subjects received results of testing within two weeks
of study enrollment. To meet this endpoint, tumor blocks
were identified locally or acquired from another institution,
tissue quality had to be adequate in amount and quality for
staining and interpretation by study pathologist. Treatment
on studywas considered to be feasible if at least 50% of sub-
jects started therapy with an assigned treatment arm. The
treatment feasibility endpoint therefore depended on both
the presence of at least one of the pre-specified protein tar-
gets as well as patient and/or treating physician decision-
making.
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3. Results
3.1 Retrospective Biomarker Results

In the archival tissue microarray studies eighty-nine
percent of patients (54 of 61) evaluated had at least one pos-
itive immunohistochemical marker. The percent of positive
tumors was 16% for EGFR, 25% for HER2, 31% for KIT,
73% for PDGFRA, 43% for pERK and 54% for pS6. Each
marker was positive in a subset of tumors of each histologic
type, with the exception of HER2, which was negative in
all high-grade gliomas; and EGFR, which was negative in
all ependymomas. In addition to tumor histology, survival
was associated with extent of resection and expression of
3 of the 6 antigens evaluated: EGFR, PDGFRA and pS6
(log rank p < 0.05). Multivariable analysis was conducted
to evaluate the independence of clinical and IHC variables.
The magnitude of association between EGFR, PDGFRA
and pS6 positivity and survival persisted when adjusted for
tumor type, age, and extent of resection (Supplementary
Table 1).

3.2 Subject Demographics
Twenty subjects were enrolled on this phase 1 clini-

cal trial. One additional subject was screened and found to
be ineligible due to no documented disease progression fol-
lowing most recent medical therapy. Subject demograph-
ics and prior therapy are detailed in Table 1. Median age
at the time of enrollment was 8 years (range 1–28 years),
and 11 subjects (55%) were male. All patients had received
prior multi-modality therapy. The number of prior surgeries
was one in eight subjects, two in eight subjects, and three
in four subjects. All 20 subjects received prior radiation
therapy, including seven (35%) with prior craniospinal ra-
diation and six subjects (30%) who had received two prior
radiation therapy courses. Fifteen subjects (75%) received
at least one prior chemotherapy regimen. The subjects with-
out prior chemotherapy included diagnoses of ependymoma
(n = 4) and chordoma (n = 1) who had received treatment
with surgery and radiation.

3.3 Feasibility of Rapid Testing
The rapid return of testing results was considered fea-

sible, as results were returned within the 14-day study tar-
get goal in 90% of subjects (n = 18/20). Median time to
return of results was 11.5 days (range 6–22 days). Only
seven study subjects (35%) had tissue available at the pri-
mary study institution, and tissue was obtained from an out-
side institution for the remaining 13 subjects (65%). Test-
ing was returned for the two subjects who did not meet the
14-day study target goal at 19 and 22 days. The delay to
testing results was due to time to obtain tissue from out-
side institution in both cases. Targeted sequencing was per-
formed for 18 subjects (90%), and oncogenic mutations or
copy number changes were found in 15 of 18 tested (83%).
Details of patient characteristics, prior treatment, and test-
ing results are provided in Table 1. The highest levels of

protein overexpression (3–4+) were often observed to be
associated with gene amplifications or pathway mutations
(Fig. 2). In six cases, 33% of cases sequenced, the immuno-
histochemical staining results identified cases with genetic
alterations predicted to respond to targeted drug therapy.

H&E 

H&E 

H&E 

PDGFRA 

EGFR 

pS6 

A 

B 

C 

Fig. 2. Examples of high immune positivity associated with
gene amplification, subject 3. (A) PDGFRA overexpression as-
sociated with gene amplification; subject 7 (B) EGFR overexpres-
sion associated with gene amplification; subject 14 (C) pS6 over-
expression associated with TSC2 mutation.

3.4 Feasibility of Treatment on Study
No subjects were assigned to treatment arm A (So-

rafenib). Four, six, and ten subjects were assigned to treat-
ment arms B (Everolimus), C (Erlotinib) and D (Dasa-
tinib), respectively. While all 20 subjects were assigned to
a study treatment arm (see Fig. 1), only two subjects (10%)
elected treatment with study-assigned therapy within the
pre-specified four-week time-period (subjects 2 and 5). Of
the two subjects who elected treatment on study, only one
was able to receive kinase inhibitor; the other subject expe-
rienced a delay in start of targeted therapy due to insurance
denial of targeted agent, and subsequently experienced dis-
ease progression while receiving oral chemotherapy alone.
Two subjects received study-directed therapy off study, one
who elected for other treatment with re-irradiation prior to
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Table 1. All subjects, results, and treatment arm assignment.
All subjects, results and treatment arm assignment Immunohistochemical testing results Correlative targeted Sequencing
ID Age (years)

and gender
Tumor location and histology Prior

radiation
Prior
chemo-
therapy

Prior
surg-
eries

Time to
results (days)

Study Arm:
Targeted therapy
recommended

EGFR HER2 CD117PS6 PDGFRAERK Mutations Copy Changes

1 5 F PF medulloblastoma CSI yes 1 11 D: dasatinib – – – + + + sequencing not done
2 28 M PF medulloblastoma CSI yes 3 12* D: dasatinib – – + + + + sequencing not done
3 22 F ST anaplastic astrocytoma CSI yes 2 12* D: dasatinib – – + + + + H3F3A G35R, BCOR, TP53,

ATRX
PDGFRA amp, MYCN
amp, CDKN2A del

4 14 M ST anaplastic astrocytoma focal yes 1 9 D: dasatinib – – – + + + H3F3A G35R, TP53, ATRX,
PDGFRA, PTEN

CDKN2A del

5 9 F ST anaplastic pilocytic as-
troctyoma

focal yes 2 10 D: dasatinib – – – + + + MSH6 biallelic, POLE, hy-
permutated

6 4 F PF ependymoma focal,
CSI

yes 3 14* B: everolimus – – – + – + RAD51C

7 6 M ST anaplastic astrocytoma focal,
focal

yes 2 6 C: erlotinib + – – + – + NF1 EGFR amp, MYCN
amp, CDKN2A del,
PTEN del

8 8 M ST glioblastoma focal yes 1 17 D: dasatinib – – – + + + H3F3A K27M, PI3KCA,
TP53

NF1 loss

9 7 M PF ependymoma focal,
SRS

no 1 19* B: everolimus – – – + – + negative

10 12 M PF medulloblastoma CSI yes 2 14* D: dasatinib – – – + + + TP53, PBRM1 MYCN gain
11 14 M ST glioblastoma focal,

focal
yes 2 12* C: erlotinib + – – + + + BCOR, KDM6A, MTOR,

PDGFRA, PIK3CA, PIK3R1
EGFR amp, CDKN2A
loss

12 8 M PF ependymoma focal no 1 7* C: erlotinib – + – + + + NOTCH2 PTEN loss
13 23 F ST anaplastic astrocytoma focal yes 3 6 D: dasatinib – – + + + + IDH1, ATRX, TP53
14 19 F Clivus chordoma focal no 1 7* C: erlotinib + – + + + + TSC2 TSC2 loss
15 7 F ST embryonal CSI yes 2 7* B: everolimus – – – + – + MYCN gain
16 13 M PF ependymoma focal,

focal
no 3 22* B: everolimus – – – + – + negative

17 5 M PF medulloblastoma CSI yes 1 14* D: dasatinib – – + + + + FGFR3 amp, TACC3
amp, CDH1 loss

18 5 F ST glioblastoma with embry-
onal features

focal yes 2 9* C: erlotinib –/+ –/– –/+ + –/+ + TP53 biallelic MYCN amp, CDKN2A
del

19 7 F PF ependymoma focal no 2 12* C: erlotinib + + – + + + negative
20 1 M PF atypical teratoid/rhabdoid

tumor
focal,
spinal

yes 1 6 D: dasatinib – – – + + + SMARCB1

Key: M, Male; F, Female; PF, posterior fossa; ST, supratentorial; CSI, craniospinal radiation; SRS, steriotactic radiosurgery; *includes time to obtain tissue from other centers; amp: amplification; del: homozygous deletion;
loss: single copy loss; gain: copy gain of <10.
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initiation of study testing-directed therapy (subject 7); the
other decided not to travel for study therapy but received
treatment at home institution (subject 3). Both subjects re-
mained on therapy for 9 months until disease progression.
Subject 3 experienced initial response to combination study
treatment which was sustained for >6 months (Fig. 3).

Fig. 3. Response to therapy containing dasatinib in a recur-
rent tumor with PDGFRA immunopositivity and amplifica-
tion. MRI images at study enrollment (A), 3 months later demon-
strating response (B) sustained at six months (C). Patient remained
on therapy for 9 months until disease progression.

Five other subjects received targeted therapy alone
based on study testing results, without recommended con-
current chemotherapy, one of whom received two sequen-
tial targeted therapies (subject 14). While a total of 8 sub-
jects (40%) received targeted therapy based on study re-
sults, only one (5%) met the second feasibility endpoint
according to study design. Details of subject therapy and
follow-up are provided in Table 2.

The remaining subjects who did not receive targeted
treatment received either chemotherapy alone (n = 7),
surgery alone (n = 2) or no further tumor-directed ther-
apy (n = 3). One subject who did not plan initial post re-
resection therapy was subsequently lost to follow-up after
return of study results. At the time of study completion,
12 subjects had died of disease, one died of secondary ma-
lignancy (acute myelogenous leukemia), one died of infec-
tious complications of surgery, and three were alive with
disease. Only two patients were in follow-up with no ev-
idence of disease, one of whom was later deemed to have
probable pseudoprogression.

4. Discussion
We found that it was feasible to select kinase in-

hibitor therapy based on a limited panel of oncogenic pro-
tein targets utilizing a rapid laboratory-developed immuno-
histochemical panel. Although the majority of subjects on
study did not have tissue available at the local study in-
stitution, it was feasible to obtain tissue suitable for rapid
immunohistochemical evaluation in all patients on study,
90% within the target window of 14 days, which allowed
for the incorporation of testing results when selecting ther-

apy in the setting of recurrent pediatric malignancy. Cor-
relative targeted sequencing was also feasible to obtain in
all subjects in whom it was attempted as optional test-
ing. NGS in general takes significantly longer than im-
munostaining, so we were not able to use the sequencing
results in assigning patients to a treatment arm, however
such technologies are improving rapidly and other pediatric
brain tumor trials currently in progress are using tumor se-
quencing to assign treatment (ClincalTrials.gov Identifiers:
NCT02724579, NCT03581292).

Despite availability of testing results in a timely man-
ner, the study did not meet the second feasibility endpoint
regarding compliance with study-prescribed treatment. We
found that the study “one size fits all” approach to backbone
low-dose chemotherapy was not appealing to many sub-
jects, for a variety of reasons including the desire and ability
to receive care closer to home. Most subjects selected either
chemotherapy alone or targeted therapy alone rather than
the study combination recommended. Many local physi-
cians were willing to prescribe off-label targeted therapies.
This practice supports patients and families remaining near
home rather than traveling to a tertiary treatment center. In-
terestingly, and perhaps because nearly all standard medical
therapy in recurrent pediatric brain tumors consists of off-
label medication use, in only one case was insurance denial
a treatment-limiting factor. It is also of note that only one
of the subjects enrolled on this trial selected treatment on
a different clinical trial, likely due to lack of clinical trial
options in this heavily pre-treated group.

It is a challenge to evaluate the efficacy of any preci-
sion medicine approach, and this study was not designed or
powered to be able to address an efficacy question. While
the study of efficacy of a single targeted therapy for raremu-
tations in a specific subtype is in theory feasible, it would
be wholly impractical to study each rare mutation or disease
separately (e.g., Everolimus in TSC-mutated chordoma).
Other clinical trials are also evaluating this histology agnos-
tic personalized approach [22,23]. This trial does demon-
strate the high prevalence of potential targets for therapy in
children with recurrent brain tumors [19]. Further study of
the efficacy of a selected or precision medicine approach
to therapy is warranted, whether through prospective novel
clinical trial design or larger collaborative population stud-
ies.

This study protocol was developed during a time of
controversy over the role of the FDA in regulation of
laboratory-developed testing, just prior to the release of ini-
tial FDA draft guidance on laboratory developed testing
(LDT). At the instruction of the local Institutional Review
Board, the study team sought FDA determination regarding
the risk of the LDT used in this study, and ultimately re-
ceived a non-significant risk determination from the FDA
allowing the trial to proceed as designed. As laboratory test-
ing becomes more complex, the role of the FDA versus the
Center for Medicaid and Medicare (CMS) Clinical
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Table 2. Treatment and follow-up.
Treatment and follow-up Treatment after study arm assignment

ID Tumor location and histology Study Arm: Targeted
therapy recommended

Study treatment,
on study

Study
treatment, not
on study

Targeted
Only

Other chemo
only

Surgery
Only

No treat-
ment

Description of Targeted Therapy Status Follow-up
time

(months)

1 PF medulloblastoma D: dasatinib + none, combination chemotherapy DOD 11
2 PF medulloblastoma D: dasatinib +* none*, temozolomide/etoposide only DOD 3
3 ST anaplastic astrocytoma D: dasatinib + dasatinib with temozolomide/etoposide DOD 9
4 ST anaplastic astrocytoma D: dasatinib + none, no tumor-directed therapy DOD 0
5 ST anaplastic pilocytic astroctyoma D: dasatinib + dasatinib with temozolomide/etoposide DOD 2
6 PF ependymoma B: everolimus + everolimus DOD 7
7 ST anaplastic astrocytoma C: erlotinib + erlotinib with temozolomide/etoposide DOD 10
8 ST glioblastoma D: dasatinib + none, no tumor-directed therapy DOD 3
9 PF ependymoma B: everolimus + none, re-resection only NED 32
10 PF medulloblastoma D: dasatinib + vorinostat SMN 13
11 ST glioblastoma C: erlotinib + none, etoposide DOD 1
12 PF ependymoma C: erlotinib + everolimus DOD 10
13 ST anaplastic astrocytoma D: dasatinib + none, no tumor-directed therapy** NED** 15
14 Clivus chordoma C: erlotinib + imatinib, everolimus DOC 6
15 ST embryonal B: everolimus + everolimus AWD 21
16 PF ependymoma B: everolimus + everolimus AWD 25
17 PF medulloblastoma D: dasatinib + none, combination chemotherapy AWD 25
18 ST glioblastoma with embryonal fea-

tures
C: erlotinib + none, other study therapy DOD 8

19 PF ependymoma C: erlotinib + none, re-resection only NED^ 0^
20 PF atypical teratoid/rhabdoid tumor D: dasatinib + none, combination chemotherapy DOD 4

Key: PF, posterior fossa; ST, supratentorial; DOD, death from disease; DOC, death from other causes; AWD, Alive with disease; NED, no evidence of disease;*prescribed dasatinib, but insurance denied and patient never
received, **progression later attributed to pseudoprogression, ^subject lost to follow-up after initial return of results.

7

https://www.imrpress.com


Laboratory Improvement Amendments (CLIA) remains a
controversy affecting the implementation of clinical trials
of precision medicine.

While we observed a few anecdotal early signals of
targeted therapy efficacy in children on this trial, the major-
ity ultimately died from progression of recurrent therapy-
resistant brain tumors, which remain the leading cause of
cancer death in children. Much of brain tumor biology
has been described in the past decade, and it currently re-
mains unclear whether we need better targets for therapy
and/or better therapies for known targets [24–30]. Novel
mechanisms to target tumor-related proteins such as anti-
body therapy, vaccine therapy, and cellular immunother-
apy are under evaluation against some of the same tar-
gets identified in this study, and going forward we plan to
support our institution in clinical trials using CAR-T cells
and other novel approaches (ClinicalTrials.gov Identifiers:
NCT03638167, NCT03500991) [31]. These therapies may
hold greater potential compared to the previously available
small molecules without good CNS penetration. As our un-
derstanding of pediatric brain tumor biology and molecu-
lar subtypes changes, so will clinically relevant laboratory-
developed testing. In addition, the decreasing cost and
turnaround time of multiplexed genomic testing has gained
acceptance and has been incorporated into clinical care.

5. Conclusions
In this phase 1 clinical trial we found rapid testing by

immunohistochemistry was feasible for screening tumors
and selecting kinase inhibitor therapy for patients. In addi-
tion, the highest levels of protein overexpression were of-
ten observed to be associated with gene amplifications or
pathwaymutations identified by sequencing. Despite avail-
ability of testing results in a timely manner, the study did
not meet the second feasibility aim regarding compliance
with study-prescribed treatment for a variety of reasons de-
tailed in our manuscript. This work supports the further
clinical development of targeted therapeutics that may in-
hibit growth of tumors based on these proteins, such as im-
munotherapy approaches.

Author Contributions
All authors contributed significantly to this project.

Author SESL and KS designed the research study. Authors
SESL, BLC, KS, and CML all performed parts of this re-
search. SESL and BLC analyzed the data. SESL and BLC
wrote the manuscript. All authors contributed to editorial
changes, read, and approved the final manuscript.

Ethics Approval and Consent to Participate
This study was approved by the Seattle Children’s In-

stitutional Review Board (IRB). Informed consent, and as-
sent where applicable, was obtained from study participants
or their legal guardians.

Acknowledgment
The authors wish to thank Russ Geyer for his men-

torship and Erin Rudzinski for her advice and support. We
also wish to thank the Seattle Children’s Research Labora-
tory Services for their work on this study.

Funding
We thank the Seattle Children’s Hospital Cancer Re-

search Pilot Funds and Clinical Research Scholars Program
for funding this project. This research received no funding
external to our institution.

Conflict of Interest
The authors declare no conflict of interest.

Supplementary Material
Supplementary material associated with this article

can be found, in the online version, at https://doi.org/10.
31083/j.fbl2707219.

References
[1] Louis DN, Perry A, Wesseling P, Brat DJ, Cree IA, Figarella-

Branger D, et al. The 2021 who Classification of Tumors of the
Central Nervous System: a summary. Neuro-Oncology. 2021;
23: 1231–1251.

[2] Bagchi S, Yuan R, Engleman EG. Immune Checkpoint In-
hibitors for the Treatment of Cancer: Clinical Impact and Mech-
anisms of Response and Resistance. Annual Review of Pathol-
ogy: Mechanisms of Disease. 2021; 16: 223–249.

[3] Cocco E, Scaltriti M, Drilon A. NTRK fusion-positive cancers
and TRK inhibitor therapy. Nature Reviews Clinical Oncology.
2018; 15: 731–747.

[4] Bomgaars LR, BernsteinM, KrailoM, Kadota R, Das S, Chen Z,
et al. Phase II trial of irinotecan in children with refractory solid
tumors: a Children’s Oncology Group Study. Journal of Clinical
Oncology. 2007; 25: 4622–4627.

[5] Dreyer ZE, Kadota RP, Stewart CF, Friedman HS, Mahoney
DH, Kun LE, et al. Phase 2 study of idarubicin in pediatric brain
tumors: Pediatric Oncology Group study POG 9237. Neuro-
Oncology. 2003; 5: 261–267.

[6] Fouladi M, Blaney SM, Poussaint TY, Freeman BB, McLendon
R, Fuller C, et al. Phase II study of oxaliplatin in childrenwith re-
current or refractory medulloblastoma, supratentorial primitive
neuroectodermal tumors, and atypical teratoid rhabdoid tumors:
a pediatric brain tumor consortium study. Cancer. 2006; 107:
2291–2297.

[7] Hurwitz CA, Strauss LC, Kepner J, Kretschmar C, Harris MB,
Friedman H, et al. Paclitaxel for the Treatment of Progressive or
Recurrent Childhood Brain Tumors: a Pediatric Oncology Phase
II Study. Journal of Pediatric Hematology/Oncology. 2001; 23:
277–281.

[8] Nicholson HS, Kretschmar CS, Krailo M, Bernstein M, Kadota
R, Fort D, et al. Phase 2 study of temozolomide in children and
adolescents with recurrent central nervous system tumors. Can-
cer. 2007; 110: 1542–1550.

[9] Turner CD, Gururangan S, Eastwood J, Bottom K, Watral M,
Beason R, et al. Phase II study of irinotecan (CPT-11) in chil-
dren with high-risk malignant brain tumors: the Duke experi-
ence. Neuro-Oncology. 2002; 4: 102–108.

[10] Houghton PJ, Stewart CF, Cheshire PJ, Richmond LB, Kirstein
MN, Poquette CA, et al. Antitumor activity of temozolo-

8

https://doi.org/10.31083/j.fbl2707219
https://doi.org/10.31083/j.fbl2707219
https://www.imrpress.com


mide combined with irinotecan is partly independent of O6-
methylguanine-DNA methyltransferase and mismatch repair
phenotypes in xenograft models. Clinical Cancer Research.
2000; 6: 4110–4118.

[11] Lilley ER, Rosenberg MC, Elion GB, Colvin OM, Bigner
DD, Friedman HS. Synergistic interactions between cyclophos-
phamide or melphalan and VP-16 in a human rhabdomyosar-
coma xenograft. Cancer Research. 1990; 50: 284–287.

[12] Patel VJ, Elion GB, Houghton PJ, Keir S, Pegg AE, Johnson
SP, et al. Schedule-dependent activity of temozolomide plus
CPT-11 against a human central nervous system tumor-derived
xenograft. Clinical Cancer Research. 2000; 6: 4154–4157.

[13] Korones DN, Benita-Weiss M, Coyle TE, Mechtler L,
Bushunow P, Evans B, et al. Phase i study of temozolomide and
escalating doses of oral etoposide for adults with recurrent ma-
lignant glioma. Cancer. 2003; 97: 1963–1968.

[14] Terasaki M, Bouffet E, Katsuki H, Fukushima S, Shigemori M.
Pilot trial of the rate of response, safety, and tolerability of temo-
zolomide and oral VP-16 in patients with recurrent or treatment-
inducedmalignant central nervous system tumors. Surgical Neu-
rology. 2008; 69: 46–50.

[15] Korones DN, Smith A, Foreman N, Bouffet E. Temozolomide
and oral VP-16 for children and young adults with recurrent or
treatment-induced malignant gliomas. Pediatric Blood & Can-
cer. 2006; 47: 37–41.

[16] Needle MN, Molloy PT, Geyer JR, Herman-Liu A, Belasco JB,
Goldwein JW, et al. Phase II study of daily oral etoposide in chil-
dren with recurrent brain tumors and other solid tumors. Medical
and Pediatric Oncology. 1997; 29: 28–32.

[17] Ashley DM, Meier L, Kerby T, Zalduondo FM, Friedman HS,
Gajjar A, et al. Response of recurrent medulloblastoma to low-
dose oral etoposide. Journal of Clinical Oncology. 1996; 14:
1922–1927.

[18] Korones DN, Fisher PG, Cohen KJ, Dubowy RL. No responses
to oral etoposide in 15 patients with recurrent brain tumors.Med-
ical and Pediatric Oncology. 2000; 35: 80–82.

[19] Cole BL, Pritchard CC, Anderson M, Leary SE. Targeted Se-
quencing of Malignant Supratentorial Pediatric Brain Tumors
Demonstrates a High Frequency of Clinically Relevant Muta-
tions. Pediatric and Developmental Pathology. 2018; 21: 380–
388.

[20] Cole BL, LockwoodCM, Stasi S, Stevens J, LeeA, Ojemann JG,
et al. Year 1 in the Molecular Era of Pediatric Brain Tumor Di-
agnosis: Application of Universal Clinical Targeted Sequencing
in an Unselected Cohort of Children. JCO Precision Oncology.
2018; 19: 1–13.

[21] Pritchard CC, Salipante SJ, Koehler K, Smith C, Scroggins S,
Wood B, et al. Validation and Implementation of Targeted Cap-
ture and Sequencing for the Detection of Actionable Mutation,
Copy Number Variation, and Gene Rearrangement in Clinical
Cancer Specimens. The Journal ofMolecular Diagnostics. 2014;
16: 56–67.

[22] Mueller S, Jain P, Liang WS, Kilburn L, Kline C, Gupta N, et al.
A pilot precisionmedicine trial for children with diffuse intrinsic
pontine glioma-PNOC003: A report from the Pacific Pediatric
Neuro-Oncology Consortium. International Journal of Cancer.
2019; 145: 1889–1901.

[23] Allen CE, Laetsch TW, Mody R, Irwin MS, Lim MS, Adamson
PC, et al. Target and Agent Prioritization for the Children’s On-
cologyGroup-National Cancer Institute PediatricMATCHTrial.
Journal of the National Cancer Institute. 2017; 109: djw274.

[24] TaylorMD, Northcott PA, Korshunov A, RemkeM, Cho Y, Clif-
ford SC, et al. Molecular subgroups of medulloblastoma: the
current consensus. ActaNeuropathologica. 2012; 123: 465–472.

[25] Eckel-Passow JE, Lachance DH, Molinaro AM, Walsh KM,
Decker PA, Sicotte H, et al. Glioma Groups Based on 1p/19q,
IDH, and TERT Promoter Mutations in Tumors. The New Eng-
land Journal of Medicine. 2015; 372: 2499–2508.

[26] Sturm D, Pfister SM, Jones DTW. Pediatric Gliomas: Cur-
rent Concepts on Diagnosis, Biology, and Clinical Management.
Journal of Clinical Oncology. 2017; 35: 2370–2377.

[27] Pajtler KW, Witt H, Sill M, Jones DT, Hovestadt V, Kratochwil
F, et al. Molecular Classification of Ependymal Tumors across
All CNS Compartments, Histopathological Grades, and Age
Groups. Cancer Cell. 2015; 27: 728–743.

[28] Kool M, Korshunov A, Remke M, Jones DTW, Schlanstein M,
Northcott PA, et al. Molecular subgroups of medulloblastoma:
an international meta-analysis of transcriptome, genetic aber-
rations, and clinical data of WNT, SHH, Group 3, and Group
4 medulloblastomas. Acta Neuropathologica. 2012; 123: 473–
484.

[29] Northcott PA, Shih DJH, Peacock J, Garzia L, Morrissy AS,
Zichner T, et al. Subgroup-specific structural variation across
1,000 medulloblastoma genomes. Nature. 2012; 488: 49–56.

[30] Sturm D, Orr BA, Toprak UH, Hovestadt V, Jones DTW, Cap-
per D, et al. New Brain Tumor Entities Emerge from Molecular
Classification of CNS-PNETs. Cell. 2016; 164: 1060–1072.

[31] Vitanza NA, Johnson AJ, Wilson AL, Brown C, Yokoyama JK,
Künkele A, et al. Locoregional infusion of her2-specific CAR
T cells in children and young adults with recurrent or refractory
CNS tumors: an interim analysis. Nature Medicine. 2021; 27:
1544–1552.

9

https://www.imrpress.com

	1. Introduction
	2. Materials and Methods
	2.1 Retrospective Biomarker Assessment
	2.2 Prospective Clinical Trial Ethics Approval
	2.3 Eligibility Criteria
	2.4 Treatment Plan
	2.5 Treatment Assignment
	2.6 Immunohistochemistry Methods
	2.7 Next Generation Sequencing
	2.8 Treatment Response Evaluation
	2.9 Feasibility Analysis

	3. Results
	3.1 Retrospective Biomarker Results
	3.2 Subject Demographics
	3.3 Feasibility of Rapid Testing
	3.4 Feasibility of Treatment on Study

	4. Discussion
	5. Conclusions
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest
	Supplementary Material

