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Abstract

Background. Platelet-derived growth factor receptor (PDGFR) signaling has been directly implicated in pediatric
high-grade gliomagenesis. This study evaluated the safety and tolerability of crenolanib, a potent, selective inhib-
itor of PDGFR-mediated phosphorylation, in pediatric patients with high-grade glioma (HGG).

Methods. We used a rolling-6 design to study the maximum tolerated dose (MTD) of once-daily crenolanib
administered during and after focal radiation therapy in children with newly diagnosed diffuse intrinsic pon-
tine glioma (DIPG) (stratum A) or with recurrent/progressive HGG (stratum B). Pharmacokinetics were studied
during the first cycle at the first dose and at steady state (day 28). Alterations in PDGFRA were assessed by
Sanger or exome sequencing and interphase fluorescence in situ hybridization or single nucleotide polymor-
phism arrays.

Results. Fifty evaluable patients were enrolled in the 2 strata, and an MTD of 170 mg/m? was established for both.
Dose-limiting toxicities were primarily liver enzyme elevations and hematologic count suppression in both strata.
Crenolanib AUC__,,, and C,,,, did not differ significantly for crushed versus whole-tablet administration. Overall,
PDGFRA alterations were observed in 25% and 30% of patients in stratum A and B, respectively. Neither crenolanib
therapy duration nor survival outcomes differed significantly by PDGFRA status, and overall survival of stratum
A was similar to that of historical controls.

Conclusions. Children tolerate crenolanib well at doses slightly higher than the established MTD in adults,
with a toxicity spectrum generally similar to that in adults. Studies evaluating intratumoral PDGFR pathway
inhibition in biomarker-enriched patients are needed to evaluate further the clinical utility of crenolanib in this
population.
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Key Points

e Crenolanib has similar pharmacokinetics, irrespective of whole-tablet or crushed-

tablet administration, and an acceptable safety profile.

e Neither a correlation with PDGFRA alterations and outcomes nor a preliminary

signal of efficacy was observed.

Importance of the Study

Aberrant activation of the platelet-derived
growth factor (PDGF) pathway occurs in ~30%
of pediatric high-grade glioma (HGG), and the
PDGF receptor a (PDGFRA) gene has been di-
rectly implicated in pediatric gliomagenesis.
We evaluated the safety, tolerability, pharma-
cokinetics, and efficacy of crenolanib, a po-
tent, selective inhibitor of PDGFR-mediated
phosphorylation, combined with radiation
therapy or as single-agent therapy for pa-
tients with newly diagnosed DIPG or recurrent
HGG, respectively.This first-in-pediatrics phase
| study showed that crenolanib exhibits similar

Aberrant activation of platelet-derived growth factor re-
ceptor (PDGFR) signaling is common in pediatric high-
grade glioma (pHGG) and has been directly implicated in
driving pediatric glioma formation in vivo."® The PDGFRA
gene, which encodes PDGFRa, is the most commonly al-
tered receptor tyrosine kinase (RTK) gene in both pediatric
non-brainstem HGG and diffuse intrinsic pontine glioma
(DIPG).267 Genetic alterations including gene amplifica-
tion, mutation, or both have been noted in approximately
20-30% of pHGG, and they are most commonly subclonal
and heterogeneous, with some tumor cells co-amplifying
multiple RTK genes or discrete cell populations within the
same tumor amplifying different RTK genes.®8-'° Although
the heterogeneity of PDGFRA alterations and redundant
RTK signaling in pHGG might limit the efficacy of single-
agent selective RTK inhibitors, the growth advantage con-
ferred by overexpression of wild-type or mutant PDGFRa
was reduced after treatment with the ATP-competitive in-
hibitors crenolanib and dasatinib,2 and PDGFRA deletion re-
duced viability in models of H3 K27M glioma.?

Crenolanib is a potent and selective oral inhibitor of
PDGFR and FMS-like tyrosine kinase (FLT3)-mediated
phosphorylation of tyrosine substrates, with 50% inhibi-
tory concentrations of approximately 1 ng/mL (2.25 nM)
and 0.4 ng/mL (0.902 nM) for the PDGF a and 3 receptor
types, respectively."-'® Preliminary studies of the central
nervous system (CNS) penetration of systemically ad-
ministered crenolanib have been conducted in a murine
model of HGG, using microdialysis probes placed directly
into the tumor tissue.” With this approach, crenolanib
concentrations in tumor extracellular fluid were ~63% of

pharmacokinetics after whole-tablet or crushed-
tablet administration and demonstrates an ac-
ceptable safety profile with a toxicity spectrum
generally similar to that in adults. In this un-
selected, primarily clinically diagnosed pop-
ulation, neither a correlation with PDGFRA
alterations and outcomes nor a preliminary
signal of efficacy was observed, suggesting
that additional experimental data are needed
to better define biomarkers of response and ra-
tional combination therapy to support further
clinical investigation of crenolanib in pHGG.

unbound plasma concentrations.’ In the C6 glioblastoma
xenograft model, a single oral dose of 10 mg/kg resulted
in 53% inhibition of phospho-PDGFR that was maintained
for 3 h, whereas crenolanib resulted in 47% inhibition of
human glioma xenograft (U87MG) growth after 9 days of
dosing at 50 mg/kg BID, which corresponded to plasma
concentrations of 100 ng/mL (Crenolanib Investigator’s
Brochure, AROG Pharmaceuticals, LLC, 2011). A phase
| dose-escalation study of crenolanib in adults with recur-
rent solid tumors established a recommended phase Il
dosage of 200 mg once daily when the drug was admin-
istered as an uncoated tablet taken without food, while a
maximum tolerated dose (MTD) was not reached when
crenolanib was administered as uncoated tablets with
food." Dose-limiting toxicities (DLTs) included hematuria,
increased aspartate aminotransferase (AST) or alanine
aminotransferase (ALT), insomnia, and nausea/vomiting.
Most treatment-related adverse events (AEs) were of grade
1 or 2 severity; they included nausea, vomiting, fatigue,
and diarrhea. While recent studies have explored targeted
inhibition of PDGFR signaling in pHGG, including imatinib
mesylate'’® and dasatinib,'®'7 the pharmacokinetic and
pharmacodynamic properties of crenolanib suggest that
this agent may represent a more CNS penetrant and potent
and selective inhibitor of PDGFR a and p."1418-21

These data provide the rationale to investigate
crenolanib for treating pHGG, including DIPG. The pri-
mary objectives of this study were to estimate the MTD
of crenolanib administered concurrently with radiation
therapy (RT) in patients with newly diagnosed DIPG and
as a single agent in patients with progressive or recurrent
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pHGG and to characterize the pharmacokinetic proper-
ties of crenolanib in pediatric patients. We also aimed to
describe the toxicities associated with crenolanib in this
population and to evaluate alterations in PDGFRA in avail-
able tumor samples and correlate with treatment duration
and clinical outcome. Finally, through an expansion co-
hort of patients treated at the pediatric MTD, we sought to
evaluate the preliminary antitumor activity of crenolanib
in pHGG.

Materials and Methods
Patients

Patients between 18 months and 21 years of age with
newly diagnosed DIPG or other high-grade brainstem
glioma (stratum A) or with recurrent, refractory, or pro-
gressive HGG (WHO grade llI/IV) or DIPG (stratum B) were
eligible for this study. For patients with radiologic features
of DIPG, histologic confirmation was not required. Other
eligibility criteria are detailed in Supplementary Material.

The study protocol was approved by our institutional
review board before initial patient enrollment, and con-
tinuing approval was maintained throughout the study.
Written informed consent for participation was obtained
from patients’ parents or legal guardians, and assents
were obtained when appropriate. The study was registered
on ClinicalTrials.gov (NCT01393912).

Study Design, Treatment Plan, and Study
Evaluations

This was an open-label, single-institution, phase | dose-
escalation study using a rolling-6 design.The MTD was de-
fined as the highest dosage at which no more than one of
6 evaluable patients experienced a DLT. DLTs attributable
to the study drug are detailed in Supplementary Material.
Toxicities were graded based on the National Cancer
Institute Common Toxicity Criteria for Adverse Events (ver-
sion 4.0). The DLT evaluation period consisted of the first 8
weeks of therapy for patients enrolled in stratum A and the
first 4 weeks for patients enrolled in stratum B.

Crenolanib was administered orally daily for 28 con-
secutive days, which defined one cycle. For both strata,
crenolanib treatment was planned for a maximum of 5
dosage levels (Supplementary Figure 1), with independent
dose escalation for each stratum. The initial dosage of
crenolanib was 100 mg/m?, which was approximately 80%
of the adult MTD when administered as uncoated tablets
without food,”™ and one lower dosage level was also pro-
vided in case the starting level was deemed too toxic. The
maximum planned duration of crenolanib administration
was 2 years. Crenolanib was administered with food as un-
coated tablets of 20 mg and 100 mg.The dose was rounded
to the nearest 20 mg. The delivered crenolanib dose was
calculated based on the BSA before the start of the study
therapy and before each crenolanib cycle. Additional de-
tails of crenolanib administration as intact or crushed tab-
lets and supportive care are described in Supplementary
Material.

For stratum A, RT and crenolanib were started on the
same day and crenolanib was continued daily during and
after RT (without a break). Three-dimensional conformal
RT was delivered as 1.8-Gy fractions once daily, 5 days
a week, for a cumulative dose of 54 Gy. Radiotherapy
guidelines and study evaluations are further detailed in
Supplementary Material.

Pharmacokinetic Studies

Pharmacokinetic studies were conducted in all patients
during cycle 1 of crenolanib therapy to characterize the dis-
position of crenolanib in serum. Single-dose blood sam-
ples were collected predose and at 1, 2, 4, 8 (¥2), 24 (+6),
and 48 (+6) h after the first crenolanib dose on day 1. The
crenolanib dose on day 2 was held for the pharmacoki-
netic studies. Steady-state blood samples were collected
predose and at 1, 2, 4, 8 (x2), and 24 (+6) h postdose on
day 28. Additional trough samples were collected before
the crenolanib dose weekly for 2 consecutive weeks on
days 14 and 21 of cycle 1. Each blood sample (2 mL) was
collected in a labeled red-top tube and centrifuged for
10 min at 4°C at 1500 x g. The extracted serum was stored
at -80°C within 1 h of collection. Optional pharmacoki-
netic studies were performed in consenting patients to de-
termine the crenolanib disposition in cerebrospinal fluid
(CSF). Single or serial CSF samples were collected in pa-
tients with access to CSF, along with a simultaneous serum
sample, if possible. Serum and CSF crenolanib concentra-
tions were determined as described and further detailed in
Supplementary Material .22

The impact on relative drug bioavailability of crushing
the crenolanib tablet in applesauce versus taking a whole
tablet was evaluated by comparing the crenolanib AUC _,..
and Cy,.x values after the first dose among the first 6 pa-
tients taking crenolanib as whole tablets (stratum A1) and
the 6 patients taking crenolanib as crushed tablets (stratum
A2), using the Mann-Whitney test.

Histopathology and Molecular Analysis

Histopathology was centrally reviewed by a neuropathol-
ogist specializing in pediatric CNS tumors (J.C.). Standard
hematoxylin and eosin histopathologic preparations from
each case were supplemented by immunohistochemistry
on 5-um formalin-fixed, paraffin-embedded (FFPE) tissue
sections. Monoclonal anti-histone H3 K27M antibody
(RevMab Biosciences, #31-1175-00, clone RM192; diluted
1:250) was used to identify tumors expressing K27M-
mutant histone H3. A monoclonal antibody (Cell Signaling
Technology, #9733, clone C36B11; diluted 1:200) was used
to confirm the loss of trimethylation of the histone H3 K27
residue in K27M-mutant tumors. Sanger sequencing of ge-
nomic DNA extracted from FFPE tissue was used to iden-
tify the mutant histone H3 variant and PDGFRA hotspot
mutations with the primers listed in Supplementary Table
1. Copy-number variation (CNV) of PDGFRA (4912) was
detected by interphase fluorescence in situ hybridization
with probes developed in-house, using the following BAC
clones: PDGFRA (RP11-231C18 + RP11-601115) with 4p12
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control (CTD-2057N12 + CTD-2588A19). Amplification was
defined as a gain of more than 5 PDGFRA signals per cell or
the presence of double minutes or homogeneously staining
regions. In a subset of patients, whole-genome sequencing
or whole-exome sequencing was used to identify PDGFRA
single nucleotide variants (SNVs), and single nucleotide
polymorphism arrays were performed to identify PDGFRA
CNVs as previously described.8?3 Sequencing results were
analyzed using an institutionally established pipeline in a
Clinical Laboratory Improvement Amendments (CLIA)-
certified laboratory.?> SNVs were discovered using the
Bambino variant-detection program, annotated and ranked
by putative pathogenicity, and then manually reviewed.?

Statistical Analysis

Progression-free survival (PFS) was defined as the interval
between the start of therapy and disease progression or
death from any cause, whichever occurred first. Overall
survival (OS) was defined as the interval from the date of
diagnosis to death from any cause. Patients who experi-
enced no events were censored at the date of the last fol-
low-up.The distribution of OS and PFS was estimated using
the Kaplan-Meier method and compared via the log-rank
test. The Wilcoxon signed-rank sum test and the sign test
were used to analyze paired results from pharmacokinetic

A

Stratum A

studies. In order to study the PK characteristics of a child-
friendly administration of the agent, an expansion cohort
was incorporated (stratum A2) in which patients received
the study agent as a crushed tablet. Spearman correlations
were used to assess the association between selected
pharmacokinetic parameters. Associations between
crenolanib exposure (AUC) values and all AEs of grade 3 or
higher that were at least possibly attributable to crenolanib
were explored between individual single-dose crenolanib
AUC values obtained at day 1 of course 1 and toxicity that
occurred within the first 28 days, and between steady-state
crenolanib AUC values obtained at day 28 of cycle 1 and
toxicity that occurred after the first 28 days. A 2-sided sig-
nificance level of P < .05 was used for all statistical tests.
Statistical analyses were conducted using SAS Version 9.4
(SAS Institute).

Results

From July 2011 until December 2013, 32 patients were
enrolled in stratum A and 23 were enrolled in stratum
B. Supplementary Table 2 lists the patient and treat-
ment characteristics, and Figure 1 shows selected
clinicopathologic and genomic features for both strata.
Patients in stratum A were administered doses of 100
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(n =12), 130 (n = 6), 170 (n = 6), and 220 mg/m? (n = 8),
corresponding to dosage levels 1-4, respectively, to de-
termine the MTD (Supplementary Figure 1). Patients in
stratum B were administered doses of 100 (n = 3), 130
(n=6),170 (n=7), and 220 mg/m? (n = 7).

Toxicities

Of the 32 patients in stratum A, 2 (both treated at dose
level 4) were considered inevaluable for MTD estimation
because treatment was discontinued before completion
of the 8-week DLT period for reasons other than toxicity.
The following DLTs attributable to crenolanib were noted
during the DLT observation period: grade 4 neutropenia
(dose level 1), grade 3 gamma-glutamyl transferase (GGT)
elevation (dose level 3), grade 3 GGT elevation (dose level
4), and grade 3 ALT elevation (dose level 4). Additional sig-
nificant toxicities necessitating dose reduction noted be-
yond the DLT observation period included grade 3 GGT
and ALT elevations (dose level 1), grade 3 neutropenia
(dose level 1), grade 3 leukopenia (dose level 2), and grade
3 GGT and ALT elevations (dose level 3). One patient expe-
rienced recurrently elevated GGT, ultimately necessitating
dose reduction from dose level 3 to dose level 1, and one
patient was taken off therapy because of recurrent grade
3 neutropenia at dose level 0. The most common grade

Stratum B

3/4 toxicity in stratum A was leukopenia that resolved with
drug interruption. Given the observation of a DLT in 2 of 6
evaluable patients treated at dose level 4 during the DLT
period, the pediatric MTD for stratum A was determined to
be 170 mg/m? (dose level 3). Table 1 summarizes the data
on toxicities at least possibly attributable to crenolanib for
all patients in stratum A during and after the initial 8 weeks
of therapy.

Of the 23 patients in stratum B, 3 (1 treated at dose level
3, 2 treated at dose level 4) were considered inevaluable
for MTD estimation because treatment was discontinued
before completion of the 4-week DLT period for reasons
other than toxicity. The following DLTs attributable to
crenolanib were noted during the DLT observation period:
grade 4 GGT, ALT, and AST elevations (dose level 3); grade
3 amylase, GGT, ALT, and AST elevations (dose level 4); and
grade 3 GGT elevation (dose level 4). The most common
grade 3/4 toxicity in stratum B was leukopenia that resolved
with drug interruption. Given the observation of a DLT in 2
of 5 evaluable patients treated at dose level 4 during the
DLT period, the pediatric MTD for stratum B was also de-
termined to be 170 mg/m? (dose level 3). Supplementary
Table 3 summarizes toxicities at least possibly attributable
to crenolanib for all patients enrolled in stratum B during
and after the initial 4 weeks of therapy.

The median duration of treatment for stratum A was
179 days (range, 24-726 days), and the median number of
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Table 1.
(stratum A)
Level 1
n=12
Grade 1/2

n=6

Grade 3/4

Level 2

Grade 1/2

Most Significant Toxicities Attributed to Crenolanib During and After the DLT Evaluation Period in Patients With Newly Diagnosed DIPG

Level 3
n=6

Grade 3/4 Grade 1/2 Grade 3/4 Grade 1/2

Hematologic adverse events

Lymphocyte count decreased 2 (17%) 8 (67%) 0 6 (100%) 2 (33%) 4(67%) 0 8(100%)
Neutrophil count decreased 0 5 (42%)? 1(17%) 2 (33%) 1(17%) 0 1(13%) 0

White blood cell decreased 4 (33%) 5 (42%) 3(50%) 2 (33%) 4(67%) 1(17%) 7 (88%) 0
Platelet count decreased 4 (33%) 1(8%) 3 (50%) 0 2 (33%) 0 3 (38%) 0
Anemia 3(25%) 1(8%) 3(50%) 0 3 (50%) 0 6 (75%) 0
Nonhematologic adverse events

ALT increased 10 (83%) 1(8%) 2 (33%) 2 (33%) 4 (67%) 2 (33%) 6 (75%) 2 (25%)?
GGT increased 5 (42%) 3(25%) 5 (83%) 0 4 (67%) 2 (33%)? 6 (75%) 1(13%)?
AST increased 6 (50%) 0 4 (67%) 0 5 (83%) 1(17%) 7 (88%) 0
Proteinuria 4 (33%) 1(8%) 5 (83%) 1(17%) 5 (83%) 0 5 (63%) 0
Hypophosphatemia 7 (58%) 0 3(50%) 0 3(50%) 0 6 (75%) 1(13%)
Hypoalbuminemia 7 (58%) 0 2 (33%) 0 4(67%) 0 6 (75%) 0
Hypokalemia 5 (42%) 1(8%) 1(17%) 1(17%) 2 (33%) 2 (33%) 3(38%) 2 (25%)
Serum amylase increased 4 (33%) 2 (17%) 0 1(17%) 3(50%) 0 3(38%) 0
Hypermagnesemia 3(25%) 0 1(17%) 0 3(50%) 0 5 (63%) 0
Lipase increased 5 (42%) 2 (17%) 2 (33%) 0 1(17%) 0 2 (25%) 0
Hematuria 3(25%) 0 2 (33%) 0 3(50%) 0 2 (25%) 0
Hypocalcemia 1(8%) 0 2 (33%) 0 1(17%) 0 3 (38%) 1(13%)
Alkaline phosphatase increased 1(8%) 0 3(50%) 0 2 (33%) 0 1(13%) 0
Hypernatremia 1(8%) 0 1(17%) 0 2 (33%) 0 0 0
Vomiting 8 (67%) 1(8%) 6(100%) 0 6(100%) 0 8(100%) O
Nausea 8 (67%) 0 5 (83%) 0 5 (83%) 0 7 (88%) 0
Diarrhea 2(17%) 0 3 (50%) 0 3 (50%) 0 4 (50%) 0
Abdominal pain 2 (17%) 0 3 (50%) 0 2 (33%) 0 1(13%) 0
Anorexia 1(8%) 0 1(17%) 0 3 (50%) 0 2 (25%) 0
Headache 0 1(8%) 1(17%) 1(17%) 0 0 1(13%) 0
Dyspepsia 2 (17%) 0 0 0 1(17%) 0 0 0
Stomach pain 1(8%) 0 2 (33%) 0 0 0 0 0
Fatigue/lethargy 0 0 0 0 3(50%) 0 0 0

aDose-limiting toxicity.

cycles of therapy was 7 (range, 1-26 cycles). Two patients
in stratum A completed all 26 courses of study therapy.The
median duration of treatment for stratum B was 36 days
(range, 2-727 days), and the median number of cycles of
therapy was 2 (range, 1-26 cycles), with one patient com-
pleting all 26 cycles of study therapy.

Pharmacokinetics Studies and Toxicity
Associations

Serum pharmacokinetic studies after single-dose
crenolanib were performed for 55 patients, of whom 5 were
considered inevaluable because of excessive vomiting

(n =1 in stratum B, dose level 2) or missing time points in
the terminal phase (one each in stratum A1, dose level 1;
in stratum B, dose level 3; in stratum A, dose level 4; and
in stratum B, dose level 4). Steady-state serum data were
collected from 44 patients, of whom 5 were considered
inevaluable because of adherence issues (n = 1 in stratum
A2, 100 mg/m?) or missing time points in the terminal
phase (n = 1 in stratum A1, 100 mg/m?% n = 2 in stratum B,
130 mg/m?; n = 1 in stratum B, 220 mg/m?3).

Summaries of the single-dose and steady-state phar-
macokinetic parameters for patients in strata A and B
are given in Table 2 and Supplementary Table 4, respec-
tively, and the concentration-time profiles are depicted
in Figure 2. Within 100 and 220 mg/m?, after single
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Table 2. Summary of Crenolanib Pharmacokinetic Parameters for Patients With Newly Diagnosed DIPG (stratum A)

Dosage (mg/m?)  Subgroup N Tyax(h)  Cyax (NM) AUC,_;(h-nM) CL/F (L/h/m?2) Half-life (h)
100 A1l D1 5 4 (2-8) 645 (558-1690) 8683 (4566-15 895) 26.2 (14.3-49.7)  8.5(6.6-10.9)
D28 4 6(2-8) 750 (298-981) 7340 (3551-11 022) 275(17.6-569.9) 4.9 (3.6-8.0)
A2 D1 6 2(2-4) 692 (297-2450) 7397 (3759-16 455) 32.9 (11.9-66.6) 6.8 (5.7-12.8)
D28 5 4 (2-8) 651 (200-1320) 6945 (2774-13 864) 32.6 (14.4-68.0) 5.1 (5.0-8.0)
130 D1 6 2(1-8) 733 (273-2240) 5951 (2675-15 291) 52.1 (20.6-111) 7.3(2.2-8.2)
D28 6 4(2-8) 1110 (273-1860) 14 212 (3936-19 795) 176 (13.9-569.3) 6.1 (3.9-10.8)
170 D1 6 4(1-8) 1240 (494-1880) 14 989 (6187-25 360) 25.4(15.0-62.8) 8.5(6.0-9.2)
D28 6 3(1-4) 2010 (1300-4210) 24522 (12548-52999) 13.2(6.4-27.5) 7.2 (4.4-14.2)
220 D1 7  4(2-8) 1890 (431-5970) 22 060 (4826-64 870) 21.6 (7.9-98.4) 6.75 (5.4-8.3)
D28 6 2(1-8) 2270 (1030-9620) 28394 (7914-105521)  13.7 (4.3-60.4) 5.5 (4.5-7.6)

20n day 1, AUC, ,corresponds to AUC,__. On day 28, AUC,_,corresponds to AUC ..
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Figure 2. Crenolanib serum concentration-time data in strata A (newly diagnosed DIPG) and B (recurrent HGG) after a single dose on day 1 (A
and C) and at steady state on day 28 (B and D). The black, red, blue, and green dots represent individual data for doses of 100, 130, 170, and 220 mg/
m? of crenolanib, respectively. In panels A and B, the black squares represent data from patients in stratum A2 who took crushed tablets and the
black dots represent data from patients in stratum A1 who took whole tablets. In all panels, the dotted line is the lower limit of quantification (5 ng/
mL=11.3nM).

and multiple doses, crenolanib AUC values appeared levels (Supplementary Figure 2). Crenolanib half-life
to increase with increasing dosages; however, wide ranged from 2.2 to 18.8 h across all dosage levels, with
interpatient variabilities were observed across dosage a median of 7.1 h. Crenolanib was, overall, absorbed
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slowly, with a median (range) T,,,, of 4 h (range, 1-8 h)
across dosage levels.

The crenolanib AUC, ., and C,, of patients in stratum
A2 who took crushed tablets in applesauce were not sig-
nificantly different from those of patients in stratum A1
who took whole tablets (P = .93 and P = .66, respectively)
(Supplementary Figure 3).

CSF crenolanib samples were collected from 2 patients in
stratum A2 during the third cycle (one on day 14 and one
on day 28, respectively), both approximately 19 h after a
crenolanib dose. The CSF crenolanib concentrations were
determined as 9.15 and 13.6 nM, respectively. One serum
sample was collected simultaneously during the day 28 CSF
sampling, revealing a serum crenolanib concentration of
546 nM and a CSF:total serum ratio of 0.025 in that patient.

To investigate potential exposure-toxicity relations, the
AUC data were log-transformed to account for the large
pharmacokinetic variability. Among the 50 patients with
available single-dose crenolanib AUC values, 18 experienced
one or more toxicity, as defined previously, within the first
28 days. No association between single-dose crenolanib
AUC values and toxicities that occurred within the first
28 days was found (Spearman correlation coefficient = 0.10
with P = .478, and Wilcoxon—-Mann-Whitney test P = .507).
Thirty-eight patients had available steady-state crenolanib
AUC values and toxicity data, among whom 29 experienced
one or more toxicities, as defined previously, after the first
28 days. No association between steady-state crenolanib
AUC values and toxicities that occurred after the first 28 days
was found (Spearman correlation coefficient = —0.07 with
P=.700, and Wilcoxon-Mann-Whitney test P=1.000).

Histopathology and Molecular Studies

In stratum A, 17 patients underwent tumor tissue sampling,
6 at diagnostic biopsy, 1 at progression biopsy, 1 at meta-
static site progression, and 9 at autopsy (Supplementary
Table 2 and Figure 1A). Two of 6 diagnostic biopsies re-
vealed grade 2 diffuse astrocytoma, whereas HGG (grade
III/IV) was observed in all other samples. Histone H3 K27M
mutation was detected in 11 of 12 samples (91.7%) with
sufficient material. PDGFRA SNVs were detected in 4 of 10
evaluable samples (40%), with 6 SNVs found in 1 sample, 5
in 1 sample, and 1 in 2 samples each (SupplementaryTable
5).The D836Y, D846E, R554S, E556K, and Y849C alterations
are predicted to be pathogenic or probably pathogenic,?4%
the R841* andY555* alterations truncate the protein kinase
domain, and theT230R, 1843S, R558P, R558L, and A500T al-
terations are novel findings. The 1843T alteration has been
reported previously.?® PDGFRA CNVs were detected in 7
of 15 evaluable samples (46.7%), with copy-number gain
noted in one case and amplification in the remainder. In
stratum B, 15 patients underwent tumor tissue sampling,
10 before study enrollment, 3 at subsequent progres-
sion, and 5 at autopsy, with all samples revealing HGG
(Supplementary Table 2 and Figure 1B). Histone H3 K27M
mutation was detected in 5 of 10 samples (50%) with suf-
ficient material and was restricted to patients with DIPG (5
of 5 evaluable DIPG cases). PDGFRA SNVs were detected
in 3 of 10 evaluable samples (30%), with 5 SNVs found in 1
sample, 3 in 1 sample, and 2 in 1 sample (Supplementary

Table 5). The H310Q, E311G, S389T, R558P, W559R, K384R,
L380R, and A389T alterations are novel findings. PDGFRA
CNVs were detected in 5 of 13 evaluable samples (38.5%),
with copy-number gain noted in one case and amplifica-
tion in the remainder. The potential impact of PDGFRA al-
terations on the duration of study drug administration
was evaluated in a swimmer plot for both strata (Figure
3). When compared to patients harboring tumors without
PDGFRA SNVs and/or CNVs to those with those aberra-
tions, there were no obvious differences in study treatment
duration in either stratum.

Outcomes

Of the 32 patients in stratum A, 2 were lost to follow-up
after completion of concurrent crenolanib and RT; one of
these patients was ultimately reported to have succumbed
to the disease. Twenty-nine patients experienced disease
progression, and 30 have died. All patients died of dis-
ease except for one whose death was attributed to influ-
enza A infection. The 6-month and 1-year PFS estimates for
all patients in stratum A were 74.9% + 8.2% and 17.8% +
7.2%, respectively, whereas the 1- and 2-year OS estimates
were 43.3% + 8.7% and 20.0% + 6.8%, respectively (Figure
4A and B). There was no significant difference in OS distri-
butions between stratum A patients and a historical cohort
of patients with newly diagnosed DIPG treated at our insti-
tution between October 1992 and May 2011 who met the
age criteria for SUPDGF (n = 189 patients) (P = .99).?” Two
patients remained alive and free of disease progression for
more than 2 years. One of these patients underwent diag-
nostic stereotactic biopsy, given atypical radiologic find-
ings at presentation, despite exhibiting classic neurologic
findings of DIPG. This patient was found to have histone
H3 wild-type grade Il astrocytoma and is disease-free at
75 years from diagnosis. Remarkably, the other patient,
who was thought to have clinical and radiologic character-
istics consistent with DIPG at diagnosis and who did not
undergo diagnostic biopsy, was noted to have diffuse mid-
line glioma, H3 K27M mutant, on biopsy at radiographic
progression 6 years from clinical diagnosis. This patient ul-
timately succumbed to the disease 7 months after initial
progression.

No patients in stratum B were lost to follow-up. The
6-month and 1-year PFS estimates for all patients in
stratum B were 10.3% + 5.6% and 5.2% + 3.5%, respec-
tively, whereas the 1- and 2-year OS estimates were
72.1% + 9.5% and 33.7% =+ 9.7%, respectively (Figure 4C
and D). Nine patients experienced clinical progression be-
fore cycle 2 of therapy. Only 2 patients received at least
6 cycles of therapy, with one patient completing all 26
cycles. This patient was initially diagnosed with a meta-
static temporal anaplastic oligoastrocytoma, despite the
lack of chromosomes 1p/19q co-deletion. The tumor was
initially managed with subtotal resection and craniospinal
irradiation, with local radiographic disease progression
noted 4 years later, and was enrolled on SJPDGF. No ob-
jective radiologic responses were observed with this
therapy, and all patients have died. When compared to
patients harboring tumors without PDGFRA SNVs and/
or CNVs to those with those aberrations, there were no
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Figure 3.  Swimmer plots of treatment duration by PDGFRA alteration status in (A) stratum A (newly diagnosed DIPG) and (B) stratum B (recurrent
HGG, including DIPG). PDGFRA status was defined as the presence of either a somatic nucleotide variant (SNV) or a copy-number variant (CNV),
both alterations (SNV + CNV), neither alteration (WT), unknown for both alterations (Unk), unknown for SNVs without an identified CNV (Unk1), and
unknown for SNVs with an identified CNV (Unk2). PD, progressive disease; AE, adverse event.
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patients) and compared via the log-rank test.

significant differences in PFS or OS in either stratum
(Supplementary Figure 4).

Discussion

In this first-in-pediatrics phase | dose-escalation study
of crenolanib in pediatric patients with newly diag-
nosed DIPG or recurrent HGG, including DIPG, the docu-
mented treatment-related AEs were largely consistent
with those reported in the phase | study of crenolanib in
adults with advanced solid tumors." However, hemato-
logic count suppression, particularly leukopenia, does
appear to be unique toxicity in this pediatric population.
The most common nonhematologic toxicities observed
in stratum A of this study were generally of grades 1 or
2 in severity and consisted of nausea (78%), vomiting
(88%), elevated ALT (69%), elevated GGT (63%), elevated
AST (69%), proteinuria (59%), hypophosphatemia (59%),
hypoalbuminemia (59%), hypermagnesemia (38%), and di-
arrhea (38%). A similar profile of toxicities and associated
intensities was observed in stratum B. As in the adult phase
| study, administering 5-HT3 antagonists 30 min before the

crenolanib was allowed and crenolanib was taken with
food to mitigate nausea and vomiting. These maneuvers
were largely effective in limiting the severity of these AEs.
Although a film-coated formula of crenolanib was associ-
ated with the lowest incidence of treatment-related AEs in
adults,” coated tablets were not available for this study.

DLTs were similar across strata, and the pediatric MTD
established was 170 mg/m? for both strata. Importantly,
no additional toxicities were identified in stratum A, de-
spite concurrent administration with RT. At this dose, 2
of 6 evaluable patients in stratum A experienced grade
3 elevation of GGT and ALT during the DLT observation
period, whereas 2 of 5 evaluable patients in stratum B ex-
perienced grade 3 elevation of these liver enzymes plus
AST and amylase. Elevated biochemical markers of liver
injury were also noted at other dose levels across strata
during and after the DLT period, with 28% of patients in
stratum A and 17% in stratum B having grade 3/4 eleva-
tions of ALT, AST, GGT, or alkaline phosphatase. Although
significant elevations of several of these enzymes were
noted in adults with advanced solid tumors treated with
crenolanib," 28 the incidence was lower (<5%), suggesting
that the frequency of this gastrointestinal toxicity is dis-
tinctive in the pediatric population.
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In this pediatric population, crenolanib pharmacokinetics
were characterized by slow absorption and elimination and
by large interpatient variabilities, which were also observed
in adults with advanced cancers receiving crenolanib." The
crenolanib half-life of 7.1 h (range, 2.2-18.8 h) in pediatric
patients was comparable to the values previously reported
in adults of 14 + 4.2 h." Our analysis also demonstrated
that crushing the crenolanib tablet and administering it in
applesauce had no effect on crenolanib exposure or Cy,,
when compared with taking the drug as a whole tablet,
which is important when considering a pediatric popula-
tion. A population-based pharmacokinetic analysis will
be performed to quantify further the crenolanib pharma-
cokinetic variability between patients and determine the
influence of patient covariates for potential dosing adjust-
ments. The CNS penetration of crenolanib was assessed in
one patient that showed a CSF:total serum ratio of 0.025. In
vitro, crenolanib exhibited high protein binding in human
plasma with an unbound fraction of 4.1%.2° Assuming a
similar in vivo protein binding, the CSF:unbound serum
ratio, a more relevant metric, would be 0.61, suggesting a
good CNS penetration for this patient.

To delineate somatic molecular alterations and assess
the frequency of PDGFRA alterations within these 2 co-
horts, we evaluated histone H3 K27M mutation status and
PDGFRA hotspot mutations and copy-number alterations
in those patients who underwent tumor tissue sampling
for whom sufficient tissue was available. Consistent with
prior reports,”3%31 the vast majority of patients (92%) with a
clinical diagnosis of DIPG with ultimate histologic evalua-
tion harbored histone H3 K27M mutations, whereas K27M
mutation was detected in only 50% of patients in stratum
B and was restricted to patients with DIPG. Similarly,
PDGFRA alterations were observed at rates comparable
to those in published reports.26-1° Although the scarcity of
tissue sampling and the timing of PDGFRA analysis in re-
lation to disease course present obvious challenges when
evaluating the impact of PDGFRA alteration on crenolanib
treatment response and outcomes, we considered this
analysis important to a better understanding of the poten-
tial utility of crenolanib in this population. Acknowledging
this limitation, we observed no obvious correlation with
treatment duration in patients with PDGFRA alterations, in-
cluding SNVs and CNV.

To evaluate a preliminary signal of the efficacy of
crenolanib in newly diagnosed DIPG, an expansion cohort
within stratum A of 6 additional patients treated at the MTD
was incorporated into the study. When compared to a histor-
ical cohort of 189 similarly matched patients treated at our
institution, there was no significant difference in overall sur-
vival outcomes (P = .99). Acknowledging the limitations of
selection bias with regard to tissue sampling, the timing of
tissue analysis as discussed above, and the limited sample
size, we also observed no significant difference in PFS or OS
between those patients with a genetic alteration in PDGFRA
and those without an alteration across either stratum.
Genetic biomarkers associated with response to PDGFR in-
hibition remain ill-defined, although both amplification and
specific activating mutations of PDGFRA have been impli-
cated.>®?-%*The success of precision oncology rests, at least
in part, on successfully identifying these biomarkers. Critical
steps toward this realization include systematic functional
characterization of PDGFRA alterations and their impact

on the efficacy of available targeted therapies,®® as well as
designing clinical trials that facilitate safe tumor genetic
profiling and intratumoral pharmacokinetic and pharmaco-
dynamic assessment in this patient population.36-38

In  summary, crenolanib demonstrated generally
increasing pharmacokinetic exposures with increasing
doses. Once-daily administration of an uncoated formu-
lation was well tolerated, with toxicities being generally
consistent with those observed in adults. A recommended
pediatric phase Il dosage of 170 mg/m? once daily with
food, with or without RT, has been established. Despite
this, neither a correlation with PDGFRA alterations and
outcomes nor a preliminary signal of efficacy was ob-
served. The evaluation of rational combination therapy
with crenolanib in models of pediatric HGG?3% and the
development of PDGFRA biomarker—driven clinical trials
in this patient population (NCT02626364) might be partic-
ularly valuable if further clinical investigation of crenolanib
is considered, given the temporal and spatial heteroge-
neity of genetic aberrations of PDGFRA and the redundant
RTK signaling pathways operating in pHGG.%4°To this end,
preliminary reports have suggested clinical tolerability and
responses to combination therapy with crenolanib and
conventional chemotherapy,*' and crenolanib is currently
being evaluated in combination with targeted small molec-
ular inhibitors,*? including IDH1/2 and BCL-2 inhibitors, as
well as in phase lll trials in combination with chemotherapy
in patients with newly diagnosed acute myeloid leukemia
(AML) (NCT03258931) or refractory AML (NCT03250338).

Supplementary material

Supplementary material is available at Neuro-Oncology
Advances online.
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