
Neuro-Oncology
22(6), 875–885, 2020 | doi:10.1093/neuonc/noaa016 | Advance Access date 3 February 2020

875

© The Author(s) 2020. Published by Oxford University Press on behalf of the Society for Neuro-Oncology. All rights reserved. 
For permissions, please e-mail: journals.permissions@oup.com

applyparastyle "fig//caption/p[1]" parastyle "FigCapt"
applyparastyle "fig" parastyle "Figure"

A phase I/II study of veliparib (ABT-888) with radiation 
and temozolomide in newly diagnosed diffuse pontine 
glioma: a Pediatric Brain Tumor Consortium study

  

Patricia A. Baxter,† Jack M. Su,† Arzu Onar-Thomas, Catherine A. Billups, Xiao-Nan Li, 
Tina Young Poussaint, Edward R. Smith, Patrick Thompson, Adekunle Adesina, Pete Ansell, 
Vincent Giranda, Arnold Paulino, Lindsey Kilburn, Ibrahim Quaddoumi, Alberto Broniscer, 
Susan M. Blaney, Ira J. Dunkel, and Maryam Fouladi

Texas Children’s Hospital/Baylor College of Medicine, Houston, Texas (P.A.B.); Texas Children’s Hospital/Baylor College 
of Medicine, Houston, Texas (J.M.S.); St Jude Children’s Research Hospital, Memphis, Tennessee (A.O-T.); St Jude 
Children’s Research Hospital, Memphis, Tennessee (C.A.B.); Texas Children’s Hospital/Baylor College of Medicine, 
Houston, Texas (X-N.L.); Boston Children’s Hospital, Boston, Massachusetts (T.Y.P., E.R.S.); University of North Carolina 
Children’s Hospital, Chapel Hill, North Carolina (P.T.); Texas Children’s Hospital/Baylor College of Medicine, Houston, 
Texas (A.A.); AbbVie Laboratories, AbbVie Park, Illinois (P.A.); AbbVie Laboratories, AbbVie Park, Illinois (V.G.); The 
University of Texas MD Anderson Cancer Center, Houston, Texas (A.P.); Children’s National Medical Center, Washington, 
DC (L.K.); St Jude Children’s Research Hospital, Memphis, Tennessee (I.Q.); St Jude Children’s Research Hospital, 
Memphis, Tennessee (A.B.); Texas Children’s Hospital/Baylor College of Medicine, Houston, Texas (S.M.B.); Memorial 
Sloan Kettering Cancer Center, New York, New York (I.J.D.); Cincinnati Children’s Hospital, Cincinnati, Ohio (M.F.)

†Coauthors contributed equally.

Corresponding Author: Patricia A. Baxter, MD, MS, MBA, 1102 Bates Street, Suite 1590, Houston, Texas 77030 (pabaxter@txch.org).

Abstract
Background.  A Pediatric Brain Tumor Consortium (PBTC) phase I/II trial of veliparib and radiation followed by veliparib and 
temozolomide (TMZ) was conducted in children with newly diagnosed diffuse intrinsic pontine glioma (DIPG). The object-
ives were to: (i) estimate the recommended phase II dose (RP2D) of veliparib with concurrent radiation; (ii) evaluate the 
pharmacokinetic parameters of veliparib during radiation; (iii) evaluate feasibility of intrapatient TMZ dose escalation; (iv) 
describe toxicities of protocol therapy; and (v) estimate the overall survival distribution compared with historical series.
Methods. Veliparib was given Monday through Friday b.i.d. during radiation followed by a 4-week rest. Patients 
then received veliparib at 25 mg/m2 b.i.d. and TMZ 135 mg/m2 daily for 5 days every 28 days. Intrapatient dose es-
calation of TMZ was investigated for patients experiencing minimal toxicity.
Results.  Sixty-six patients (65 eligible) were enrolled. The RP2D of veliparib was 65 mg/m2 b.i.d. with radiation. Dose-
limiting toxicities during radiation with veliparib therapy included: grade 2 intratumoral hemorrhage (n = 1), grade 
3 maculopapular rash (n = 2), and grade 3 nervous system disorder (generalized neurologic deterioration) (n = 1). 
Intrapatient TMZ dose escalation during maintenance was not tolerated. Following a planned interim analysis, it was 
concluded that this treatment did not show a survival benefit compared with PBTC historical controls, and accrual was 
stopped for futility. The 1- and 2-year overall survival rates were 37.2% (SE 7%) and 5.3% (SE 3%), respectively.
Conclusion.  Addition of veliparib to radiation followed by TMZ and veliparib was tolerated but did not improve 
survival for patients with newly diagnosed DIPG.
Trial Registration.  NCT01514201

Key Points

1. �Veliparib and radiation followed by maintenance therapy with TMZ and veliparib 
was safe and well tolerated in pediatric DIPG patients.

2. �This therapy did not offer prolonged survival compared with historical controls.

mailto:pabaxter@txch.org?subject=
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Despite decades of clinical trials for patients with diffuse in-
trinsic pontine glioma (DIPG), outcomes remain poor, with 
radiation therapy remaining standard of care and survival 
rates less than 10% at 2 years.2,3 DIPG is historically a ra-
diographic diagnosis; however, recent studies demonstrate 
the safety of biopsy,4 and tissues collected at surgery and 
autopsy have led to molecular classification of tumors, with 
the majority having H3F3A or HIST1H3B mutations.5–7 In 
addition, studies demonstrate elevated poly(ADP-ribose) 
polymerase (PARP) expression and/or activity in pediatric 
glioblastoma (GBM) and DIPG,8–10 hence identifying PARP as 
a novel therapeutic target. The family of PARP proteins repair 
single-stranded DNA breaks through base excision repair 
and are involved in double-stranded break repair through 
chromatin remodeling and regulation of nonhomologous 
end-joining (NHEJ) and homologous recombination repair 
(HRR).11–13 Therefore, PARP inhibition has been developed as 
a novel strategy to inhibit DNA repairs and enhance chemo-
therapy and radiation sensitivity.14,15

Veliparib, an oral PARP inhibitor, has been shown to en-
hance the preclinical anticancer potential of multiple che-
motherapy agents, including temozolomide (TMZ),16,17 
and enhance radiation efficacy18,19 and has excellent CNS 
entry.20 In a phase I  trial of veliparib and TMZ in children 
with recurrent CNS tumors conducted through the PBTC, 
we established the RP2D of veliparib 25 mg/m2 b.i.d. and 
TMZ 135 mg/m2 daily, given 5 days every 28 days. We ob-
served prolonged stable disease (SD) in a patient with 
GBM for greater than 6 months and a patient with DIPG 
who had a 40% reduction in tumor size after one cycle.1

We report results of a PBTC phase I/II trial of veliparib 
and radiation, followed by veliparib and TMZ, in children 
with newly diagnosed DIPG. The primary objectives of this 
trial were to identify the maximum tolerated dose (MTD) or 
RP2D of veliparib administered concurrently with radiation 
and to describe the associated toxicities and plasma phar-
macokinetic (PK) parameters of veliparib during radiation 
(phase I component); to study the feasibility of intrapatient 
dose escalation of TMZ during maintenance therapy; to es-
timate the number of patients experiencing pseudo pro-
gression from therapy (phase I and phase II components); 
and to estimate the overall survival (OS) distribution and 
compare with historical controls (phase II component). The 
secondary objectives were to estimate progression-free 
survival (PFS); summarize the best response; explore pe-
ripheral blood mononuclear cell (PMBC) PARP activity and 
DNA repair proteins before and after treatment; evaluate 
PARP activity and DNA repair proteins in biopsied tumors; 
explore imaging correlatives with disease outcomes; and 
evaluate urinary biomarkers for detecting and monitoring 
pediatric gliomas.

Patients and Methods

Eligibility

Children ≤21  years of age with newly diagnosed DIPG, 
defined as tumors with a pontine epicenter and diffuse 
intrinsic involvement of the pons, were eligible without 
biopsy. Patients with atypical tumors were only eligible 
if a biopsy showed histology consistent with fibrillary 
astrocytoma, anaplastic astrocytoma, GBM, gliosarcoma, 
or anaplastic mixed glioma. Patients were required to 
have a Karnofsky or Lansky performance status ≥50. 
Patients must not have received prior therapy for their 
DIPG; had to be able to swallow oral medications; and 
have adequate baseline renal, hepatic, and hematologic 
functions. Patients were excluded if they were receiving 
other anticancer or experimental therapy; had systemic 
illness, uncontrolled infection, or seizures; or were preg-
nant or lactating. The institutional review board of each 
participating site approved the clinical trial. Written in-
formed consent and assent were obtained according to 
institutional guidelines.

Study Design

Veliparib (ABT-888; NSC# 737664) was supplied by AbbVie 
and distributed by the National Cancer Institute’s (NCI) 
Division of Cancer Treatment and Diagnosis as immediate 
release capsules or a 5 mg/mL suspension. Veliparib was 
given b.i.d. Monday through Friday during radiation. The 
morning dose was given 60–120 minutes prior to radiation 
when possible. The starting dose level of veliparib during 
radiation was 50  mg/m2/dose b.i.d., approximately 80% 
of the adult dose of 100 mg b.i.d.,21 with 2 planned dose 
escalations (65 and 85  mg/m2/dose b.i.d.) and 1 planned 
de-escalation (35  mg/m2/dose b.i.d.). Patients received a 
dose of 5400 cGy (centigray) administered in 30 fractions 
over 6 weeks to the planning target volume in addition to 
veliparib.

Maintenance therapy began 4 weeks following radia-
tion provided that the patient had fully recovered to meet 
on study criteria. Starting maintenance therapy were 
25  mg/m2/dose b.i.d. of veliparib and TMZ 135  mg/m2/
day, for 5 days every 28 days. Starting with maintenance 
course 2, intrapatient TMZ dose escalation was attempted 
for patients with predefined minimal toxicities in the pre-
ceding course, defined as grade ≤1 thrombocytopenia 
and grade ≤2 neutropenia and grade ≤2 non-hematologic 
toxicities. TMZ was escalated to 175  mg/m2/day and 
200  mg/m2/day in subsequent courses, as tolerated. 

Importance of the Study

The prognosis for patients with DIPG remains dismal, 
highlighting the urgent need for new therapies. This trial 
established the recommended phase II dose of veliparib 
combined with radiation therapy in newly diagnosed pa-
tients with DIPG. Following radiation, the combination 

of veliparib plus TMZ was tolerable at previously es-
tablished doses.1 While tolerable, this approach did not 
improve survival in patients with DIPG; however, it may 
warrant further evaluation in other patient populations, 
such as high-grade gliomas.
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Intrapatient dose escalation was permanently stopped 
for patients experiencing toxicities exceeding prede-
fined threshold in any maintenance course. Initiation of 
each course of maintenance required absolute neutrophil 
count ≥1000/mm3 and platelets ≥100 000/mm3. Treatment 
could continue, in the absence of disease progression or 
toxicity requiring discontinuation of therapy, for up to 10 
courses, with the option for continuing therapy for 13 ad-
ditional courses.

A traditional 3 + 3 phase I  dose escalation was used 
wherein the MTD was exceeded if either 1 out of 3 or 2 
out of 6 subjects experienced dose-limiting toxicities 
(DLTs) during radiation therapy. The design of the phase 
II study was based on the Bayesian approach developed 
by Thall, Wooten, and Tannir,22 where outcome from this 
study was to be compared with a historical cohort of 
140 DIPG patients treated on prior PBTC studies PBTC-
006 (phase I  imatinib), PBTC-007 (phase I  and phase II 
gefitinib), and PBTC-014 (phase I and phase II tipifarnib). 
OS was the primary endpoint and defined as the time in-
terval from starting treatment to death from any cause 
or to date of last follow-up. Failure times were modeled 
via an exponential distribution with an inverse gamma 
prior on the mean. The prior was based on the median 
OS estimate of 10.85 months from the PBTC historical co-
hort, and the target “effect size” was set as median OS 
of 16 months with a max sample size of 60 subjects. The 
trial also incorporated every 6-month monitoring as part 
of the early stopping assessment. PFS was a secondary 
endpoint, defined as the time from starting treatment 
to the earliest date of failure. For patients suspected of 
having pseudoprogression, defined as tumors with 25% 
or greater progression by bidimensional MRI area, but 
improved spontaneously to a size of SD or smaller com-
pared with baseline on subsequent scans, during the first 
6 months of therapy, the treating physician had the op-
tion of continuing therapy and repeating an evaluation 
in 4–6 weeks. If the repeat MRI showed true progression, 
then the date of progression was the initial MRI that sug-
gested progression. OS and PFS distributions were esti-
mated using the method of Kaplan and Meier. The exact 
log rank test was used to compare outcome distributions 
among patient groups (eg, poly(ADP-ribose) levels).The 
Wilcoxon-Mann-Whitney test was used to examine dif-
ferences in the distributions of age and urine biomarkers 
among cases and controls. The chi-square test was used 
to examine differences in gender distributions by group. 
Logistic regression was used to examine whether bio-
markers were predictive for differentiating DIPG versus 
controls adjusting for age and sex. Receiver operating 
characteristic curve analysis was done to assess the pre-
dictive accuracy of the biomarkers with area under the 
curve and 95% confidence intervals as indices of per-
formance in differentiating between DIPG and controls. 
Youden’s index was used to identify optimal cutoff values 
for the biomarkers of most interest; based on these cutoff 
values, sensitivity, specificity, and accuracy were calcu-
lated. Cox proportional hazards regression was used to 
examine association of urine biomarkers and imaging 
parameters at the time of diagnosis with outcome. 
P-values were two-sided and those less than 0.05 were 
considered statistically significant.

Monitoring

Toxicity monitoring included weekly physical examin-
ations and laboratory studies (complete blood count, 
serum chemistries, and renal and hepatic functions) during 
radiation therapy and prior to each maintenance course. 
Complete blood counts were also monitored weekly 
throughout protocol therapy. Disease evaluations with 
MRI were obtained at baseline and prior to maintenance 
therapy, and then prior to courses 3, 5, and 8, and at the 
end of maintenance. If pseudoprogression was suspected 
at weeks 10, 18, or 26, patients could remain on therapy 
provided that there was not clinical deterioration consistent 
with tumor progression, they had been on a stable dose 
of steroids, and subsequent MRI was stable or improved. 
Objective responses underwent central MRI review.

Definition of DLT and MTD

Toxicities were graded according to the NCI Common 
Terminology Criteria for Adverse Events v4.0. DLT, defined as 
any event that was at least possibly, probably, or definitely 
attributable to veliparib observed during the first 10 weeks 
of therapy, included: any interruption of irradiation related 
to protocol therapy for 5 consecutive or 10 cumulative days; 
any grade 4 non-hematologic toxicity; any grade 2 non-
hematologic toxicity persisting for >7  days and was con-
sidered medically significant; any grade 3 non-hematologic 
toxicity (except grade 3 nausea/vomiting <5 days, grade 3 
elevation of transaminases that return to on-study levels 
within 7 days, grade 3 fever or infection for <5 days, grade 
3 electrolyte abnormalities responsive to oral supplementa-
tion); grade 4 neutropenia; and grade 3 thrombocytopenia.

The MTD was defined as the highest dose level at which 
no more than 1 out of 6 patients experienced DLTs, and the 
next higher dose level was deemed too toxic. Patients who 
received less than 85% of the veliparib doses during radia-
tion therapy for reasons other than toxicity were considered 
inevaluable for estimating the MTD and were replaced.

Pharmacokinetic Studies

Blood samples were collected pre-veliparib course 1 day 1, 
at 0.5, 1, 2, and 6–8 hours after the first dose, pre-veliparib 
on day 4 (steady state), and 2 hours after the morning 
dose. Samples were collected and processed as previously 
described and veliparib concentrations were measured by 
AbbVie using a previously described liquid chromatog-
raphy–tandem mass spectrometry assay.1 PK parameters 
were evaluated using a non-compartmental analysis.

PARP Inhibition in Peripheral Blood Monocytes 

Blood samples were collected prior to the start of veliparib 
and radiation, during the third and sixth weeks of radia-
tion, and during the first course of maintenance therapy. 
Samples were shipped at room temperature and PBMCs 
were isolated (CPT Cell Preparation Tube with sodium cit-
rate) within 24–36 hours after receipt and stored at −80°C 
until analysis. An enzyme-linked immunosorbent assay 
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(ELISA) was used to measure poly(ADP-ribose) (PAR) levels 
in PBMCs.23 Each sample was analyzed by protein-load, 
performed in duplicates, and quantified as pg/mL.

ELISA Analysis of DNA Repair Proteins in PBMC

PBMCs were lysed by washing in phosphate buffered saline 
and freezing to −20°C and thawing to room temperature 3 
times, centrifuged at 1500 g for 10 minutes at 4°C, and the 
supernatant was collected for analysis. Protein concentra-
tions were determined using the Bradford protein assay 
(Bio-Rad #500–0006). The Sandwich ELISA kits from Lifespan 
Biosciences, Inc (LS-F9958–1 for BRCA2; LS-F4618 for 
KU70; LS-F8678 for MLH1; LS-F12266 for PARP; LS-F20942 
for ATM) were used to measure protein levels following 
manufacturer’s manual. Each sample was run in duplicate 
and the optical density values at 450  nm (BioTek Synergy 
2) were calculated by subtracting negative control blank.

Immunohistochemical Studies of FFPE 
Tumor Slides

Immunohistochemical staining was performed on 
4-micron, formalin-fixed paraffin embedded (FFPE) 
tissue sections using standard techniques, with tissue-
appropriate controls as previously described.1

Urine Biomarker Studies

Urine samples were collected at enrollment in consenting 
patients, post-veliparib and radiation, and then at the 
time of each MRI. Urine was collected, placed on ice, and 
stored at −20°C until shipped. All samples were assayed 
for total protein concentration by Bradford analysis (Bio-
Rad Laboratories) as previously described.24,25 ELISAs were 
performed according to manufacturer instructions and 
read using a FilterMax F3 spectrophotometer (Molecular 
Devices). Netrin-1 levels were determined by ELISA (US 
Biomax). Levels of matrix metalloproteinase (MMP)-2, MMP-
3, MMP-9, MMP-13, angiogenin, angiopoietin, placental 
growth factor (PlGF), thrombospondin-2, vascular endothe-
lial growth factor, epidermal growth factor (EGF), hepato-
cyte growth factor, heparin-binding EGF-like growth factor, 
and basic fibroblast growth factor (bFGF) were analyzed 
using custom Luminex screening assays (R&D Systems). 
Tissue inhibitor of metalloproteinase (TIMP-1), TIMP-2, TIMP-
3, and TIMP-4 levels were analyzed using a Luminex per-
formance assay (R&D Systems). All Luminex assays were 
performed according to manufacturer instructions, and read 
using a Bio-Plex 200 HTF system (Bio-Rad Laboratories). 
Protein concentrations are given in picograms per micro-
gram (pg/μg), and determined by dividing the concentration 
of the target protein in the sample (pg/mL) by the concentra-
tion of total protein in the sample (μg/mL).

Neuroimaging

An MRI (sagittal T1, axial fluid attenuated inversion re-
covery [FLAIR], axial T2, post-gadolinium sagittal T1 with 

reformats) was obtained prior to registration, at the end 
of radiation therapy (week 10), within 1 week prior to 
courses 3, 5, and 8 of maintenance, and at the end of 
treatment. Dynamic susceptibility contrast MR perfusion 
and T1 permeability perfusion and diffusion imaging 
were obtained at the same timepoints through week 26. 
Apparent diffusion coefficient (ADC) histogram analysis 
was also obtained. Volumetric analysis was done using a 
Vitrea workstation from the axial FLAIR and T1-weighted 
post contrast brain images. A  complete response (CR) 
was defined as complete disappearance of all enhancing 
tumor and tumor on T2 FLAIR/T2 images, and a partial 
response (PR) was defined by >50% reduction in tumor 
size by bidimensional measurements from FLAIR or T2 
images, maintained for at least 8 weeks, accompanied 
by a stable or improving neurologic examination and a 
stable or decreasing dose of corticosteroids. Progressive 
disease (PD) was defined as progressive neurologic 
abnormalities or worsening neurologic status not ex-
plained by causes unrelated to tumor progression, OR 
a greater than 25% increase in bidimensional measure-
ment based on MRI T2 FLAIR/T2 images, compared with 
the smallest measurement recorded since start of pro-
tocol therapy, OR a new lesion, OR increasing doses of 
corticosteroids to maintain stable neurologic status or 
imaging.

Study Results

Sixty-six patients, 65 eligible, enrolled on this trial (18 
patients on the phase I  [6 each at 50, 65, and 85  mg/
m2/dose veliparib] and 48 patients on the phase II arm) 
from February 2012 to January 2016. One phase II pa-
tient was deemed ineligible to start therapy due to ele-
vated alanine aminotransferase. The 6 patients treated 
at the MTD on the phase I component were included in 
the phase II analyses. Patient characteristics are pre-
sented in  Table 1.

Toxicity

Four patients on the phase I arm experienced DLTs during 
veliparib and radiation therapy. One of 6 patients treated at 
dose level 1 (50 mg/m2/dose) experienced a grade 2 intra-
cranial hemorrhage, and 3 experienced DLTs at dose level 
3 (85 mg/m2/dose) (2 maculopapular rash and 1 worsening 
of neurologic symptoms). Therefore, the RP2D of veliparib 
with concurrent radiation therapy was defined as 65 mg/
m2 b.i.d., Monday through Friday. The most commonly 
observed toxicities during veliparib and radiation were 
lymphopenia and neutropenia; Table 2 summarizes grade 3 
and higher toxicities observed.

While receiving intrapatient dose escalation of TMZ 
during maintenance, 2 out of 5 patients at 175 mg/m2 and 
2 of 3 patients at 200  mg/m2 experienced toxicities ex-
ceeding predefined threshold, and thus intrapatient dose 
escalation was halted for the remainder of the study. The 
most frequent grade 3 or greater toxicities during mainte-
nance were hematologic (Table 2).
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Table 1  Patient characteristics and outcome summary

Patient Group All Eligible Patients  
n = 65Eligible  

Phase I Patients^  
n = 12^

Eligible  
Phase II Patients^  
n = 53^

n % n % n %

Age, y, at Study Enrollment       

  Median 6.3 – 6.6 – 6.6 –

  Range 2.2–15.8 – 2.5–12.9 – 2.2–15.8 –

Sex 4 33.3 33 62.3 37 56.9

  Female

  Male 8 66.7 20 37.7 28 43.1

Race 8 66.7 32 60.4 40 61.5

  White, Non-Hispanic

  Black 1 8.3 11 20.8 12 18.5

  Unknown 1 8.3 7 13.2 8 12.3

  Native American 1 8.3 1 1.9 2 3.1

  Asian 1 8.3 1 1.9 2 3.1

  Pacific Islander 0 0 1 1.9 1 1.5

Ethnicity 8 66.7 39 73.6 47 72.3

  Non-Hispanic

  Hispanic or Latino 3 25.0 7 13.2 10 15.4

  Unknown 1 8.3 7 13.2 8 12.3

Diagnosis 10 83.3 49 92.5 59 90.8

  Brainstem glioma

  Astrocytoma, anaplastic 1 8.3 2 3.8 3 4.6

  Glioblastoma, NOS 0 0 2 3.8 2 3.1

  Fibrillary astrocytoma 1 8.3 0 0 1 1.5

# of Maintenance Courses 1 8.3 12 22.6 13 20.0

  0

  1 2 16.7 8 15.1 10 15.4

  2 2 16.7 5 9.4 7 10.8

  3 2 16.7 8 15.1 10 15.4

  4 2 16.7 11 20.8 13 20.0

  5 1 8.3 3 5.7 4 6.2

  6 0 0 1 1.9 1 1.5

  7 1 8.3 2 3.8 3 4.6

  9 0 0 1 1.9 1 1.5

  10 0 0 1 1.9 1 1.5

  13 1 8.3 1 1.9 2 3.1

  # of Maintenance Courses       

  0 1 8.3 12 22.6 13 20.0

  ≥1 11 91.7 41 77.4 52 80.0

  Median (for patients with ≥1 course) 3 – 3 – 3 –

  Range (for patients with ≥1 course) 1–13 – 1–13 – 1–13 –

Best Response 0 0 3 5.7 3 4.6

  No response assessment

  PR 0 0 7 13.2 7 10.8

  SD 11 91.7 38 71.7 49 75.4

  PD 1 8.3 5 9.4 6 9.2

^ The 6 patients treated at the MTD as part of the phase I study are included in this table as phase II patients.
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Clinical Outcomes

The study was stopped early following a planned futility 
analysis. Figure 1A shows the OS and PFS for eligible and 
evaluable patients included in the phase II component, and 
Figure 1B shows the comparison of OS to the PBTC histor-
ical control (n = 140). Fifty of 53 eligible phase II patients 
were evaluable for outcomes analyses. One patient with-
drew prior to therapy and 2 patients received less than 1 
full dose of veliparib. Median follow-up was 6.3  months 
(0.7–41.5 mo). One- and 2-year OS estimates were 37.2% 
(SE 7%) and 5.3% (SE 3%), respectively, compared with 
the historical control with 1-year OS of 45.6% (SE, 4.3%). 
Partial responses were observed in 7 of the 50 evaluable 
phase II patients (14%) and in 18 of the 140 historical con-
trol patients (13%).

Pseudoprogression

Sixteen patients were suspected to have 
pseudoprogression (4 patients on the phase I  arm and 
12 patients on phase II). Among the 12 patients treated at 
the RP2D, 3 had PD at their next disease assessment and 

were considered to have true progression, and 7 had SD 
at their next assessment and therefore were classified as 
pseudoprogression. Two additional patients withdrew 
from study after initial PD assessment and had no further 
imaging.

Neuroimaging Results

Larger baseline tumor volumes on FLAIR were associated 
with worse PFS (P = 0.012) but not OS (P = 0.13). Larger 
enhancing tumor volumes at baseline were associated 
with both worse OS (P = 0.005) and PFS (P = 0.010). The 
baseline perfusion ratio was significantly associated with 
OS (P = 0.006) and PFS (P = 0.017) where hazard of death 
(or an event) increased as the baseline perfusion ratio 
increased. There was no evidence of significant associ-
ation between outcome and either baseline mean ADC 
histogram values from FLAIR or enhancement. (Data not 
shown.)

Post-radiation there was significant associations in 
the percent change in FLAIR tumor volume from base-
line with OS (P = 0.044) and PFS (P = 0.014). In addition, 
larger increases in tumor volume between baseline and 

  
Table 2  Grade 3+ toxicities during radiation therapy and maintenance

Toxicity During Radiation (n = 64^) During Maintenance (n = 52^)

# of Pts with 
Grades 3/4/5  
Treatment- 
Related AE

% of Pts with  
Grades 3/4/5  
Treatment- 
Related AE^

# of Pts with 
Grades 3/4/5  
Treatment- 
Related AE

% of Pts with  
Grades 3/4/5  
Treatment- 
Related AE^

Lymphocyte count decreased 21 32.8 26 50.0

Neutrophil count decreased 3 4.7 17 32.7

White blood cell decreased 2 3.1 16 30.8

Platelet count decreased 1 1.6 12 23.1

Anemia 1 1.6 2 3.8

Hypokalemia 2 3.1   

Rash maculopapular 2 3.1   

Hydrocephalus 1 1.6   

Hypertension 1 1.6   

Nervous system disorders—other, specify 1 1.6   

Urinary tract infection 1 1.6   

Constipation 1 1.6   

Hypocalcemia 1 1.6   

Reversible posterior leukoencephalopathy  
syndrome

1 1.6   

Seizure 1 1.6   

Hyponatremia   1 1.9

Alanine aminotransferase increased   1 1.9

Febrile neutropenia   1 1.9

Lung infection   1 1.9

Lymphocyte count increased   1 1.9

Abbreviations: Pts, patients; AE, adverse event.
^ Sixty-four eligible patients received at least some study drug and were considered evaluable for toxicity. The denominator for the RT phase was 64 
and the denominator for the maintenance phase was 52 patients who started maintenance.
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post-radiotherapy imaging were associated with worse OS 
and PFS. Larger changes in enhancing tumor volume from 
baseline to post-radiation were associated with worse OS 
(P = 0.039) and PFS (P = 0.012). (Data not shown.)

Pharmacokinetics

Pharmacokinetics for veliparib (Table  3) appeared to be 
linear and similar to reported PK in adults.26 Mean ap-
parent clearance (CL/F), terminal half-life (t1/2), and apparent 
volume of distribution (Vd/F) were similar for all dose levels. 
In a preceding phase I  trial, patients receiving veliparib at 
doses of 15, 20, and 25 mg/m2 b.i.d. had mean clearances 
of 14.6, 10.8, and 10.9  L/m2/h, respectively.1 Those results 
are comparable to the clearances observed in the current 
study (16.1, 12.0, and 15.8 L/m2/h) at higher dose levels (50, 
65, and 80 mg/m2 b.i.d.) and results from a large population 
PK study of adult patients (20.9 L/h, or approximately 12.1 L/
m2/h adjusting for a typical body surface area of 1.73 m2).26

PAR Levels in PBMC

PBMCs were collected from 36 patients, and 27 had pre- 
and post-veliparib sampling to assess treatment-induced 
changes in PAR. A significant change in PBMC PAR levels 

was defined as >50% increase or decrease from pretreat-
ment level, at week 6 and/or week 11 after starting therapy. 
Two patients had inconsistent changes in post-veliparib 
PAR levels, with the remaining 25 patients showing con-
sistent responses to veliparib and classified as “no 
change,” “sustained reduction,” with reductions in PAR 
levels beyond week 6, “non-durable reduction,” with re-
ductions of PAR levels at week 3 but not at week 6, and 
“sustained elevation,” with increases in PAR levels beyond 
week 6.  Seven patients had “no change,” 10 had “sus-
tained reduction,” 5 had “non-durable reduction,” and 3 
had “sustained elevation” (data not shown). PFS and OS 
were analyzed for these 4 subgroups and showed no as-
sociation between post-veliparib PAR levels and outcome 
(Figure 1C, D).

Immunohistochemistry of Biopsied DIPG

Six patients had their tumors biopsied. One patient had 
no identifiable tumor sections on submitted slides, and 
1 had tumor sections sufficient for only PARP1 testing. 
All 5 tumor samples showed 2+ or 3+ staining for PARP1. 
Components of the NHEJ pathway (KU70, KU80, DNA-
PKcs) also showed 2+ to 3+ IHC staining in 4 tumors tested. 
Breast cancer susceptibility gene (BRCA)1 and BRCA2 from 
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the HRR pathway also showed 3+ or 4+ IHC staining, but 
RAD51 staining was essentially absent in 4 tumors tested. 
PMS2, a component of the mismatch repair pathway, 
showed 3+ staining in 4 tumors tested.

ELISA Analysis of DNA Repair Proteins in PBMC

Six patients with PBMCs collected at pretreatment, 
during week 3 and 6 of veliparib and radiation therapy, 
and during maintenance therapy (week 11)  were ana-
lyzed for selected DNA repair protein levels, expressed 
as a percentage of the pretreatment measurement 
(Table 4). Levels of BRCA2 and mutL homolog 1 (MLH1) 
showed the most pronounced effect, with 4 out of 6 
patients exceeding or approaching 200% of pretreat-
ment measurements. Moderate increases (40–60%) 
in KU70 levels were seen in 5 of 6 patients, and mod-
erate decreases (40–50%) in ataxia telangiectasia mu-
tated (ATM) were observed in 3 of 6 patients. Diverging 
changes in PARP1 levels were seen after veliparib 
treatment, with 2 patients nearly doubling their pre-
treatment levels at week 3 of treatment, and 2 patients 
showing more than 70% reductions at week 6 and/or 
week 11 of treatment.

Urine Biomarkers

One hundred fifty-five urine samples were received 
from 53 patients, 49 of whom had pretreatment sam-
ples. Urine biomarkers from pretreatment samples were 
compared with 42 previously described healthy controls 
(healthy children undergoing MRI of the brain and spine 
for reasons other than a CNS tumor or vascular lesion, 
consented through institutional review board–approved 
research studies24,27,28). The controls were appropriately 
matched with regard to age or sex (P = 0.90 and P = 0.95, 
respectively).

Four putative biomarkers were identified with significant 
variations between cases and controls. Netrin-1 was sig-
nificantly lower in the DIPG cohort at the time of diagnosis 
compared with controls: median (interquartile range [IQR]) 
0.1 pg/µg (0.0–0.1) for cases versus 0.4 pg/µg (0.1–1.4) for 
controls; P < 0.001. MMP-3, TIMP-1, and bFGF were sig-
nificantly higher in DIPG patients (P < 0.001 for each bio-
marker). The pretreatment median MMP-3 level was 1.1 
pg/µg (IQR, 0.7–2.1) for cases versus 0.1 pg/µg (IQR, 0.0.–
0.3) for controls. Median TIMP-1 and bFGF levels were 7.3 
pg/µg (IQR, 5.3–10.9) and 3.3 pg/µg (IQR, 2.1–5.6) for cases 
compared with 4.0 pg/µg (IQR, 2.5–6.6) and 0.8 pg/µg (IQR, 
0.2–3.4) for controls (data not shown). In logistic regression 

  
Table 3  Pharmacokinetic parameters of veliparib administered concurrently with radiation

PK Parameters Units Veliparib 50 mg/m2  
PO b.i.d., n = 6

Veliparib 65 mg/m2  
PO b.i.d., n = 31

Veliparib 85 mg/m2  
PO b.i.d. n = 4

Mean SD Mean SD Mean SD

Day 1, Cmax ng/mL 519 241 843 290 1074 372

Day 1, Cmax μM 2.12 0.98 3.45 1.19 4.40 1.52

CL/F L/m2/h 16.1 8.1 12.0 8.1 15.8 8.3

Vd/F L/m2 75.4 29.2 69.8 98.9 63.9 10.6

Terminal t1/2 Hr 5.18 6.34 2.27 2.45 4.45 4.80

Day 4, Cmax ng/mL 409 84 734 284 954 348

Day 4, Cmax μM 1.68 0.34 3.00 1.16 3.91 1.42

Day 4, trough ng/mL 58 19 95 83 163 97

Day 4, trough μM 0.24 0.08 0.39 0.34 0.67 0.40

  

  
Table 4  ELISA analysis of DNA repair proteins in peripheral blood monocytes during protocol therapy

Subject
BRCA2 MLH1 ATM KU70 PARP1

W3 (%) W6 (%) W11 (%) W3 (%) W6 (%) W11 (%) W3 (%) W6 (%) W11 (%) W3 (%) W6 (%) W11 (%) W3 (%) W6 (%) W11 (%)

A 100 85 80 89 106 222 99 97 106 126 142 146 189 131 186

B 145 503 309 93 103 169 116 125 138 144 125 101 202 240 260

C 84 99 105 116 132 237 98 118 86 148 108 103 112 92 85

D 170 208 136 59 67 213 62 59 65 101 147 132 27 35 73

E 148 72 189 85 94 89 64 56 50 108 118 133 21 80 29

F 193 197 154 90 102 99 85 63 47 153 168 120 86 102 93

W = week; each measurement reported as the mean of two readings and expressed as a percentage of the baseline value (from peripheral mono-
cytes prior to protocol therapy). Measurements representing ≥40% increase or decrease from baseline are italicized and in bold type.
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models adjusted for sex and age, each biomarker was as-
sociated with DIPG compared with controls.

Based on cut-point analyses, measurement of urinary 
levels of these 4 molecules exhibited accuracy up to 79% 
and sensitivity up to 100% for identifying the presence of 
DIPG in a child (Table  5). Of these, TIMP-1 in our patient 
cohort was observed to be a significant predictor of PFS, 
with increasing values at the time of baseline conferring 
improved outcome hazard ratio = 0.92 (95% CI: 0.85–1.00), 
P = .048; data not shown.

Discussion

Based on preclinical studies showing enhancement of TMZ 
and radiation efficacy by veliparib,19,29–31 we initiated this 
phase I/II trial of veliparib and radiation therapy followed 
by veliparib and TMZ in children with newly diagnosed 
DIPGs. While the novel combination therapy was gener-
ally tolerable, this strategy failed to improve survival com-
pared with a contemporary PBTC historical series.

Our patients’ response to PARP inhibition, as measured 
by PAR formation, appeared to be heterogeneous. Of 25 pa-
tients with PBMC samples from pretreatment through week 
11 of protocol therapy, 15 had >50% PAR reduction, with 10 
(40%) patients showing persistent inhibition through week 
11. In a study of 40 healthy adults, a similar percentage 
(47.5%) showed >50% PAR reduction in peripheral PBMC 
after ex vivo veliparib treatment, while several individuals 
showed resistance to veliparib.32 For the patients on this trial, 
the degree of PAR reduction in PBMCs did not correlate with 
survival; whether PAR reduction in PBMCs or other surrogate 
markers of PARP inhibition reflect intratumoral effect and/or 
correlate with clinical outcomes remains to be explored.

Similar to results from prior PBTC trials for DIPG, base-
line intratumoral enhancement was associated with shorter 
survival,33,34 which is likely a marker of more aggressive 
biologic behavior.35 Similarly, higher baseline intratumoral 
perfusion values were associated with shorter survival, 
which is consistent with association between increased 
vascularity and higher-grade tumors.36,37 Changes in tumor 
volume post-radiation were also associated with survival.

A secondary objective was to investigate the utility of 
urinary biomarkers in identifying disease presence, moni-
toring progression, and predicting outcome. The use of 
urinary biomarkers in pediatric brain tumors has been pre-
viously reported, but not for patients with DIPG.24,25,27,28 In 
this trial, several markers successfully distinguished the 
presence of DIPG in patients versus healthy controls, even 

when evaluated as single-species markers (MMP-3, TIMP-1, 
bFGF, and netrin-1) with an accuracy up to 79% and sen-
sitivity up to 100%. Based on previous reports, we antici-
pate that combining 2 or more markers (multiplexing) may 
markedly improve the robustness of this approach.24 One 
biomarker demonstrated significance in predicting sur-
vival (MMP-9) and progression-free survival (TIMP-1), while 
another (MMP-13) correlated with baseline tumor volume 
on imaging. These preliminary findings serve as successful 
proof-of-principle data supporting the continued investiga-
tion of urinary biomarkers as a novel, non-invasive diag-
nostic and prognostic technique for children with DIPG.

While several PARP inhibitors are now FDA approved for 
BRCA-deficient breast and ovarian cancers, identification of 
consistent biomarkers predicting response and elucidation 
of mechanisms of resistance to these drugs have lagged. 
Initial studies showed that HRR and NHEJ repair proteins 
such as BRCA1/2 and RAD51 are elevated after PARP inhi-
bition and likely mediate resistance, while deficiencies in 
ATM or RAD51 predict hypersensitivity to PARP inhibitors. 
In our trial, in the limited number of patients whose PBMCs 
were analyzed for DNA repair protein levels after veliparib 
treatment, we observed significant elevation of BRCA2 and 
modest reduction in ATM, suggesting that these biomarkers 
may predict responses to PARP inhibitor treatment in future 
trials.

More recent studies have shown complex, multifaceted 
mechanisms of resistance to PARP inhibition in various 
cancers, including mutation,38 methylation,39 and myriad 
of other molecular mechanisms, delineated in a recent re-
view article.40 These data suggest that clinical responses to 
PARP inhibition are likely heterogeneous, and resistance is 
likely inevitable in a high percentage of patients; however, 
these data can potentially guide rational design of future 
combination therapies to overcome treatment resistance. 
For example, GBMs with unmethylated O6-methylguanine-
DNA methyltransferase promoters are predicted to be sen-
sitive to veliparib and radiation therapy30,41 but resistant to 
veliparib and TMZ.41 This suggests that following comple-
tion of veliparib and radiation treatment, a combination of 
veliparib with a histone deacetylase inhibitor42 or a cyclin-
dependent kinase inhibitor43 is likely to be more effective 
than veliparib plus TMZ. Ultimately, in future trials, predic-
tion of tumor sensitivity to PARP inhibition and selection of 
the optimal combination with other targeted therapies will 
be improved through routine molecular characterization 
of newly diagnosed tumors through whole-genome anal-
ysis44 and other “omic” technologies. Although combining 
veliparib, radiation, and TMZ failed to improve survival in 
children with DIPG, drug entry and biological efficacy may 

  
Table 5  Summary of diagnostic performance of urinary biomarkers in differentiating DIPG patients and controls

Biomarker Area Under  
the Curve (95% CI)

Cut-point Based  
on Youden’s Index

Sensitivity Based  
on Cut-point

Specificity Based  
on Cut-point

Accuracy

Netrin-1 0.77 (0.66–0.87) 0.536 98% 49% 76%

bFGF 0.75 (0.64–0.86) 0.419 96% 38% 70%

TIMP-1 0.74 (0.63–0.84) 0.541 100% 8% 58%

MMP-3 0.85 (0.76–0.93) 0.529 78% 81% 79%
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differ between brainstem and non-brainstem high-grade 
gliomas, and an ongoing Children’s Oncology Group trial is 
evaluating such a strategy combining veliparib, radiation, 
and TMZ for pediatric high-grade gliomas without H3K27M 
mutations. An adult phase I/II trial of veliparib, radiation, 
and TMZ in newly diagnosed glioblastoma (NCT00770471) 
completed accrual in 2017, the results of which should lead 
to more insights regarding the utility of PARP inhibition 
in CNS tumors. Based on the preliminary data from this 
trial, PBTC will continue to explore the use of urinary bio-
markers as a novel diagnostic and prognostic tool in future 
DIPG trials.
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