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Abstract

Background. Diffuse intrinsic pontine glioma (DIPG) is a lethal childhood cancer with median survival of less than
1 year. Panobinostat is an oral multihistone deacetylase inhibitor with preclinical activity in DIPG models. Study
objectives were to determine safety, tolerability, maximum tolerated dose (MTD), toxicity profile, and pharmacoki-
netics of panobinostat in children with DIPG.

Patients and Methods. In stratum 1, panobinostat was administered 3 days per week for 3 weeks on, 1 week off to
children with progressive DIPG, with dose escalation following a two-stage continual reassessment method. After
this MTD was determined, the study was amended to evaluate the MTD in children with nonprogressive DIPG/
Diffuse midline glioma (DMG) (stratum 2) on an alternate schedule, 3 days a week every other week in an effort to
escalate the dose.

Results. For stratum 1, 19 subjects enrolled with 17/19 evaluable for dose-finding. The MTD was 10 mg/m?/dose.
Dose-limiting toxicities included thrombocytopenia and neutropenia. Posterior reversible encephalopathy syn-
drome was reported in 1 patient. For stratum 2, 34 eligible subjects enrolled with 29/34 evaluable for dose finding.
The MTD on this schedule was 22 mg/m?/dose. DLTs included thrombocytopenia, neutropenia, neutropenia with
grade 4 thrombocytopenia, prolonged intolerable nausea, and increased ALT.

Conclusions. The MTD of panobinostat is 10 mg/m?%/dose administered 3 times per week for 3 weeks on/1 week off
in children with progressive DIPG/DMG and 22 mg/m?/dose administered 3 times per week for 1 week on/1 week
off when administered in a similar population preprogression. The most common toxicity for both schedules was
myelosuppression.

Key Points
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Importance of the Study

Panobinostat is one of the most active agents against
DIPG in preclinical studies. This clinical trial demon-
strates that panobinostat was safe and tolerable at lim-
ited doses when administered on 2 different schedules
to children with DIPG/DMG, with myelosuppression
the primary toxicity. Pharmacokinetic analysis demon-
strated varied exposure in this population compared to
prior adult and pediatric studies, suggesting the need for

Diffuse intrinsic pontine glioma (DIPG) is an aggressive
brainstem glioma, driven in the majority of cases by a
recurrent point mutation in genes encoding Histone H3
(H3K27M) and consequent epigenetic dysregulation.’3
Those with altered H3K27M are now classified by the
World Health Organization (WHO) along with diffuse mid-
line gliomas (DMG) in other neuroanatomical locations
that harbor the H3K27M mutation or related alterations af-
fecting epigenetic regulation at the H3K27 locus.* Standard
treatment for DIPG includes radiation therapy, but the
antitumor effects are short-lived, and no chemotherapeutic
agent has ever demonstrated significant efficacy.® Despite
many clinical trials and approaches, median progression-
free survival (PFS) for children with DIPG is 6-8 months,
and median postprogression overall survival is 2.3
months,® resulting in a median overall survival from diag-
nosis of only 10-11 months.5’

Panobinostat is a multi-histone deacetylases (HDAC)
inhibitor of class I, Il, and IV HDACs involved in the
deacetylation of histone and non-histone proteins. In
drug screens utilizing multiple patient-derived DIPG cell
lines, and confirmed in patient-derived animal models,
panobinostat was identified as one of the most active
agents against DIPG, in a dose-dependent manner.8'2
Panobinostat inhibits total cellular HDAC activity and ac-
tivities of most HDAC isoforms at nanomolar IC,,."*'* In
H3K27M-mutant glioma, panobinostat restored H3K27-
methylation and normalized gene expression, thereby
decreasing tumor cell proliferation and increasing cell
death.® In addition, it induces expression of cell-cycle con-
trol genes, selectively inhibits the proliferation of various
tumor cells compared to normal cells, and has shown
antitumor activity in several other cancers.'>' Clinical
trials of panobinostat have been performed in adult and
pediatric patients using different schedules, showing rela-
tive safety, tolerability, and some efficacy.?-?2 Panobinostat
was FDA-approved in combination with bortezomib and
dexamethasone for adults with multiple myeloma at a
dose of 20 mg 3 times per week for 2 weeks on/1 week off.%
Common adverse effects include myelosuppression and
diarrhea; severe cardiac events have also been reported.?®

Given the mechanisms of action of panobinostat and
preclinical evidence of efficacy in patient-derived DIPG cell
lines and animal models, we performed a phase | trial in
children with DIPG/DMG. Initially, children with progres-
sive DIPG (stratum 1) were enrolled. The study was later
amended to include children with DIPG or thalamic DMG,
H3K27M-mutated who had received radiation therapy and
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population-based pharmacokinetic studies. Although
some patients may have had modest clinical benefit,
significant efficacy was not observed. Reasons for lack
of observed efficacy may include altered pharmacoki-
netics in addition to limited exposure at the tumor site,
the need for a multipronged approach, or undefined re-
sistance mechanisms.

were eligible prior to first progression (stratum 2), using
an alternate schedule in an effort to escalate the dose.The
primary objectives for each stratum were to describe the
toxicity profile and define the dose-limiting toxicities, to
estimate the maximum-tolerated dose and recommended-
phase 2 dose (RP2D), and to evaluate and characterize the
plasma pharmacokinetics of panobinostat in this pop-
ulation. Secondary objectives included assessment of
progression-free survival (PFS), overall survival (OS), and
assessment of cell-free (cf)DNA.

Patients and Methods

The institutional review boards of each participating insti-
tution approved the protocol prior to enrollment, and con-
tinuing approval was maintained throughout the study.

Eligibility

For stratum 1, patients were required to have progressive
DIPG, defined as one or more of the following: progres-
sive neurologic abnormalities or worsening neurologic
status not explained by causes unrelated to tumor progres-
sion, an increase in tumor bidimensional measurement,
or the appearance of a new tumor lesion since diagnosis.
Patients in stratum 2 were eligible if they had DIPG or tha-
lamic H3K27M-mutated DMG, received standard radia-
tion therapy and had not experienced disease progression
(PD). Patients with a radiographically typical DIPG, defined
as a tumor with a pontine epicenter and diffuse involve-
ment of more than 2/3 of the pons, were eligible without
histologic confirmation. Patients who did not meet these
radiographic criteria were eligible upon histologic confir-
mation of malignant glioma involving the pons.

Additional inclusion criteria for both strata included age
older than 2 years and less than 22 years, prior treatment
with >54 Gy focal irradiation administered over approx-
imately 42 days, =14 days since last fraction of radiation
therapy, ability to swallow capsules, performance score
(Lansky or Karnofsky) of =50, and adequate bone marrow
function with absolute neutrophil count (ANC) > 1000/uL
and platelets > 100 000/uL. Patients were required to have
a left ventricular ejection fraction >50 or shortening frac-
tion of >27%, a QTc interval <450 ms, and no significant
ventricular arrythmia. Patients with overt renal, hepatic,
cardiac, or pulmonary disease were excluded, as were
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Table 1. Planned Panobinostat Dose Escalation Schema
Dose level Panobinostat dose
Stratum 1
0 5 mg/m?
Il 10 mg/m?
2 16 mg/m?
3 22 mg/m?
4 28 mg/m?
5 36 mg/m?
Dose Panobinostat
level dose
Stratum 2
-1 5 mg/m?
0 10 mg/m?
1" 16 mg/m?
2 22 mg/m?
3 28 mg/m?
4 36 mg/m?

“Starting dose.

patients who received >60 Gy total radiation to the pons,
patients who received prior HDAC inhibitors or HSP90 in-
hibitors for treatment of their DIPG/DMG, patients who re-
ceived valproic acid within 28 days prior to enrollment, and
those who had prior bone marrow transplant. Patients or
their legal guardians gave written informed consent, and
assent when appropriate, at the time of enroliment.

Treatment Regimen and Dose Escalation

Panobinostat was initially supplied by Novartis and then
by SecuraBio (IND#128437). All eligible and evaluable pa-
tients received panobinostat. Panobinostat, supplied as 5-,
10-, 15-, and 20 mg hard gelatin capsules and administered
by mouth, was dosed based on assigned dose level with
body surface area (BSA) calculated at the beginning of each
course and rounded to the nearest deliverable dose. Dosing
for stratum 1 was every other day, 3 times a week (eg,
Monday, Wednesday, Friday, MWF) for 3 weeks on, 1 week
off for each 28-day course. Dosing for stratum 2 was MWF
every other week of each 28-day course. The starting dose
for stratum 2 was based on the MTD determined in stratum
1. The panobinostat dose escalation schema is provided
in Table 1. No intra-patient dose-escalation was allowed.
Therapy was continued until development of unacceptable
toxicity, PD, or completion of 26 courses of therapy.

Definition of MTD and DLT

The dose-finding period began with the initial dose of
panobinostat and ended on the last day of course 1.

Frequency/schedule
(9 doses/28-day course)

MWE three weeks on, 1 week off
MWEF, three weeks on, 1 week off
MWEF, three weeks on, 1 week off
MWEF, three weeks on, 1 week off
MWEF, three weeks on, 1 week off

MWEF, three weeks on, 1 week off

Frequency/schedule
(6 doses/ 28-day course)

MWEF every other week
MWE every other week
MWEF every other week
MWEF every other week
MWEF every other week
MWEF every other week

Patients evaluable for toxicity included patients who re-
ceived any panobinostat. Patients who received less than
8 of 9 prescribed doses in stratum 1 and less than 5 of 6
doses in stratum 2 for any reason other than toxicity were
considered inevaluable for dose finding and were replaced.
The MTD of panobinostat was estimated via a likelihood-
based 2-stage continual reassessment method (CRM) with
a target toxicity level set as 25%. A minimum of 6 patients
were required to be treated at the MTD with a planned ex-
pansion to 12 subjects.

Toxicities were graded according to the NCI Common
Terminology Criteria (CTCAE Version 4.0) scale.
Hematologic DLT was defined as grade 4 thrombocyto-
penia, grade 3 thrombocytopenia with bleeding, grade
3 thrombocytopenia occurring twice within a treatment
course, myelosuppression causing a >14-day delay be-
tween courses, grade 4 neutropenia, and grade 3 or 4 fe-
brile neutropenia. Non-hematologic DLT was defined as
any grade 2 toxicity persisting for >7 days and considered
medically significant or intolerable that it required treat-
ment interruption, any panobinostat-related toxicity that
resulted in a delay of treatment >14 days between treat-
ment courses, and any > grade 3 toxicity with the specific
exclusion of the following: grade 3 nausea or emesis con-
trolled by antiemetics that resolved to <grade 2 within
5 days, grade 3 electrolyte abnormality that resolved
to <grade 2 within 5 days, grade 3 rash not considered
medically significant or intolerable by the patient, grade
3 diarrhea that resolved to <grade 1 with optimal use of
antidiarrheal medication, grade 3 fever that resolved to<
grade 2 within 5 days, and grade 3 infection that resolved
to <grade 2 within 5 days.



Dose Modification for Toxicity

If a patient experienced dose-limiting hematological tox-
icity, panobinostat was held. If the toxicity resolved to
meet on study parameters within 14 days of holding drug,
the patient resumed therapy at one dose level lower. For
dose-limiting nonhematologic toxicities, the following
modifications were made: panobinostat was held for grade
3 diarrhea and restarted at one dose level lower when re-
solved to <grade 1 or baseline; panobinostat was discon-
tinued if grade 4 diarrhea occurred. Panobinostat was also
held until resolution and dose reduced for grade 3 or 4 em-
esis or grade 3 nausea that was not controlled or did not re-
solve to <grade 2 within 5 days despite the use of standard
antiemetics, grade 3 fatigue that resolved in >7 days after
holding drug, any grade 4 fatigue, grade 3 or 4 elevation
in total bilirubin, increase in AST/SGOT, ALT/SGPT >5-10x
institutional upper limit of normal (ULN) that resolved in
>7 days or any elevation >10x ULN. Panobinostat was dis-
continued and not restarted if QTcF was >500 ms; if QTcF
was >450 msec or above 60 msec from baseline for any
predose ECG after the patient began treatment, the dose
of panobinostat was omitted. If unresolved within 7 days,
treatment was discontinued. If resolved within 7 days,
panobinostat was resumed at the prior dose if it was the
initial occurrence and dose reduced if it was recurrent.

Subjects dose-reduced for toxicity did not have their
dose re-escalated. If toxicity did not resolve to meet on
study parameters within 14 days of drug discontinuation,
the patient was removed from protocol therapy. If any DLT
occurred in a patient already dose reduced for toxicity, the
patient was removed from protocol therapy.

Assessment of Antitumor Activity

PFS and OS were assessed as secondary objectives.
Patients were evaluated by MRI after every 2 courses for the
first 6 courses, then every 3 courses and when clinically in-
dicated until PD or off-study criteria were met. Progressive
disease was defined by one or more of the following: pro-
gressive neurologic abnormalities or worsening neuro-
logic status not explained by causes unrelated to tumor
progression, >25% increase in tumor bidimensional meas-
urement taking as a reference the smallest disease meas-
urement recorded, since the start of protocol therapy, or
the appearance of a new tumor lesion. Although this was
a phase | study, patients were assessed for objective re-
sponse, with partial response (PR) defined as >50% reduc-
tion in tumor size by bidimensional measurement on axial
FLAIR images, as compared with the baseline measure-
ments, on a stable or decreasing dose of corticosteroids,
accompanied by a stable or improving neurologic exam-
ination. Patients were considered to have stable disease
(SD), if neurologic exam was at least stable and mainte-
nance corticosteroid dose not increased, and MR/CT im-
aging met neither the criteria for PR nor the criteria for PD.
Only those patients who had measurable disease present
at baseline, received at least one course of therapy, and
had their disease re-evaluated were evaluable for objec-
tive radiographic response. Patients who exhibited dis-
ease progression (clinical and/or radiographic) prior to
the first scheduled MRI were still considered evaluable for
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response. PFS was defined as the interval of time between
the time of treatment initiation until the time of progres-
sive disease or death from any cause in patients with an
event and until the time of last follow-up for patients who
are progression-free at the time of analysis. OS was meas-
ured similarly with the endpoint of death.

Pharmacokinetics

Pharmacokinetic (PK) studies were performed on all en-
rolled patients. Samples were collected prior to the first
dose of therapy (pretreatment) and then at 0.5, 1, 2, 4,
8 (1), and 24 (+4) h after the first dose and on day 3 of
course 1, prior to the second dose of panobinostat. Plasma
concentrations of panobinostat were assayed using a
validated LC-MS/MS method with a lower limit of quan-
titation (LLOQ) of 0.1 ng/mL, as previously reported.?* A
noncompartmental analysis (NCA) was conducted to es-
timate pharmacokinetic (PK) parameters for each patient
using WinNonlin 8.3 (Certara, Cary, NC), validated per
FDA 21 CFR Part 11. The maximum plasma concentration
(C,..x) @and its corresponding time (T, ) were reported as
observed values. The area under the curve (AUC) was cal-
culated using the linear up/log down trapezoidal rule from
time of dosing to the last measurable concentration (AUC
last) @nd to time infinity (AUC, ). AUC, values with an ex-
trapolated area exceeding 25% of the total were excluded.
The elimination rate (lambda z) was estimated using at
least 3 terminal points having a correlation (adjusted
r?) > 0.8. Half-life (t,,,) was calculated as the natural log 2/
lambda z. Clearance was calculated as dose/AUC, .

Pharmacodynamic Studies: Cell-Free DNA

As an exploratory study in consenting patients, blood was
collected to assess histone mutation status and changes
with therapy in cell-free DNA via microfluidic analysis.
Samples were collected on consenting patients prior to
dosing of courses 1, 2, 4, 6, and 12.

Cell-free DNA extraction.

—Cell-free DNA (cfDNA) was manually extracted using
the Qlamp Circulating Nucleic Acid Extraction Kit (Qiagen)
as per manufacturer’s protocol for most of the samples.
The last samples were extracted using the automated
Maxwell RSC ccfDNA Plasma Kit. Samples were then run
on the 2100 BioAnalyzer (Agilent) using HS DNA chips.

Preamplification and ddPCR.

—For the H3F3A_K27M assay, samples were preampli-
fied by Rnase H2-dependent PCR (rhPCR).The rhPCR reac-
tion was carried out using 2.5 ul of ¢cfDNA, 5 pl of SsoFast
Evagreen mix (Biorad), 300 nM final of each primers, and
150 mU of RPa RnaseH2 (Integrated DNA Technologies).
Conditions for the rhPCR were: 2 min at 98°C followed by
10 cycles of 5 sec at 98°C, 25 sec at 66°C. For Hist1H3B_
K27M, samples were preamplified using SsoAdvanced
PreAmp Supermix (Biorad). Reaction was carried out using
2.5 pl of cfDNA, 5 ul of SsoAdvanced mix (Biorad), and 50
nM final of each primers. Conditions for the reaction was:
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3 min at 95°C followed by 10 cycles of 15 sec at 95°C, 4
min at 58°C. Preamplified products were diluted 1 in 5 in
low-EDTATE buffer, then 5 pl of diluted product was used
for droplet digital PCR.The ddPCR reaction was carried out
using 900 nmol primers, 250 nmol probes and 2x ddPCR
Supermix for probes on the QX-100 (Biorad) following
manufacturer’s instructions. PCR conditions were 10 min at
95°C, 50 cycles at 94°C for 30 sec, 1 min at 56°C, then 10 min
for 98°C. Results were then analyxed using the Quantasoft
software. For both H3F3A_K27M and Hist1H3B_K27M as-
says, the limit of detection (LOD) was calculated following
the application note from Stilla Technologies (“How to
characterize the LOB and LOD in Crystal Digital PCR”). The
calculated LOD were 11 droplets for H3F3A_K27M and 9
droplets for HistTH3B_K27M assays.

Statistical Considerations

Because panobinostat is an oral agent supplied in fixed
capsule sizes, the deliverable doses based on BSA con-
siderations were limited to the rounding constraints as set
by the minimum capsule size. An algorithm was, there-
fore, developed that enabled us to choose dose levels that
would avoid overlaps in BSA-adjusted doses in our patient
cohorts. For the lower dose levels, minimum BSA restric-
tions were utilized for enroliment to avoid these overlaps.
Panobinostat dose finding was governed by a 2-stage
CRM which was applied separately in the 2 strata.?>?7 In the
first stage, an approach similar to empirical methods, for
example, 3 + 3 or Rolling-6, was used until the first DLT was
observed; all patients had to complete the DLT assessment
before escalation to the next dose level was considered.
The second stage began once the first DLT was observed;
a CRM design was then utilized using a likelihood-based
algorithm via the empiric function (also called the power
function, FAx,B)=x® for 0 <x<1) to guide dose finding.?®
The maximum tolerated dose (MTD) was declared, as the
dose level at which at least six patients were treated, and

Table 2. Patient Demographics

the algorithm did not recommend escalation or de-escala-
tion based on a target toxicity level of 25%. Once the MTD
was declared, 6 additional patients were enrolled at this
dose level to better characterize the toxicity and pharma-
cokinetic profile. If the toxicities in this expanded cohort
exceeded the target probabilities for the MTD, the dose
level was reduced, and additional patients evaluated at the
lower dose until 12 patients were treated at a dose level,
and the model did not suggest de-escalation. Associations
between PK parameters and clinical and demographic vari-
ables such as toxicity, response, and PFS were explored
when feasible.

Secondary objectives of this trial included assessment of
PFS and OS as well as identification of histone 3 K27M mu-
tations in peripheral blood and evaluation of changes with
treatment. Efficacy analyses were conducted separately for
each stratum. For the cell-free DNA-based assays, we sum-
marized the percentage of patients in whom this mutation
was detected within each stratum and at each time point.

Results
Patient Demographics and Characteristics

Patient characteristics by stratum are listed in Table 2.
Nineteen eligible patients were enrolled in stratum 1, with
17 of 19 evaluable for dose finding. The 2 inevaluable pa-
tients received less than the required dose of study drug.
For stratum 2, 34 eligible patients enrolled, with 29 of 34
evaluable for dose finding. Inevaluable patients in stratum
2 included those who had PD prior to active treatment
(n=1), received less than required dose of study drug
(n=2), received insufficient labs to monitor for dose-
limiting toxicities (n= 1), and patient withdrawal prior to
beginning protocol therapy (n=1). Patients who initiated
treatment on the study were evaluable for all other safety
and efficacy assessments.

Stratum 1 Stratum 2

Enrolled 19 34
Evaluable for dose-finding 17 29

Age, years (at consent)

Mean (+SD) 9.0 (+5.2) 8.3 (+3.6)
Median 71 79

Range 3.2-21.4 3.5-17.3
Gender

Male 6 (31.6%) 12 (35.3%)
Female 13 (68.4%) 22 (64.7%)
Diagnosis

DIPG 19 (100.0%) 34 (100.0%)
Thalamic DMG, H3K27M-altered n/a? 0

A Thalamic DMG is eligible for Stratum 2 only.
Abbreviation: SD: standard deviation.



Toxicity

A total of 51 patients were evaluable for toxicity; 46 pa-
tients were evaluable for dose finding (Table 3). Of these,
12 DLTs were observed in 10 patients. The majority were
myelosuppression, including neutropenia and thrombocy-
topenia. Additional DLTs in stratum 2 included grade 2 pro-
longed, intolerable nausea, and grade 3 increased ALT. No
dose-limiting diarrhea or cardiac events were observed.
The MTD was defined as 10 mg/m?%dose 3 times per week
for 3 weeks on/1 week off in stratum 1 and 22 mg/m?/dose 3
times per week for 1 week on/1 week off in stratum 2.

Toxicities at least possibly related to panobinostat are
listed in Supplementary Table S1 as the highest grade re-
ported per patient per toxicity. As anticipated, the most
common toxicities were thrombocytopenia, neutropenia,
and lymphopenia. Fatigue and Gl toxicities, including diar-
rhea and nausea, were also common, but generally grade
1 or 2. Unexpected toxicities at least possibly attributed to
panobinostat are listed in SupplementTable 2. These were
all grade 1 or 2, with the exception of 1 patient in stratum 1,
dose level 1, who had grade 3 posterior reversible enceph-
alopathy syndrome.

Pharmacokinetics

Of the 53 enrolled patients, 50 patients (94%) had PK data
available; all but 2 (48/50, 96%) of these patients had suffi-
cient first-dose data for PK analysis. Panobinostat exhibited
rapid absorption followed by a biphasic elimination (Figure
1), consistent with a prior report in pediatric patients.? In
general, there was good absorption from oral capsules re-
sulting in dose-proportional increases in both C_.  and
AUC, ., (Figures 2-3). Table 4 reports the statistical sum-
maries of PK parameters by dose level. Of note, C,;,, in
this study was 30%-60% higher than in a pediatric study in

Table 3. Dose-Limiting Toxicities by Dose Level

Dose panobinostat

Eligible/evaluable
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acute myeloid leukemia (AML) patients (10 mg/m?: median
10.9 ng/mL vs. 8.4 ng/mL?; 16 mg/m?: 19.3 ng/mL vs. 11.8 ng/
mL on 15 mg/m?; and 22 mg/m?: 31.8 ng/mL vs. 20.7 ng/mL
on 20 mg/m?2).28 In this study, the average half-life and clear-
ance were 13 h (24% CV, n=36) and 112 L/h (52% CV, n = 36).

Based on Wilcoxon rank sum test, there was not suffi-
cient evidence to suggest an association between AUC_
of panobinostat and DLT (P-value =.062). However, there
was an association between panobinostat AUC,, and in-
cidence of myelosuppression (P-value =.018). On average,
patients who had myelosuppression DLTs had higher
panobinostat AUC, . (median 281.4 vs. 164.6 h * ng/ml).
In addition, patients with DLTs had higher C__  values
(median: 40.9 vs. 27.9 ng/ml, P=.0521), and patients with
myelosuppression DLTs had higher C__ values (median:
50.2 vs. 30.3 ng/ml, P=.0420). There was no association
of AUC, C_ .. and clearance of panobinostat with use of
dexamethasone. Based upon a Cox proportional haz-
ards model for OS, there was no association between
0S and AUC,, for stratum 1 (P-value =.180) or stratum 2
(P-value = .585).

Assessment of Efficacy

For stratum 1, the median (range) number of courses ad-
ministered was 2 (1-5); the median time to progression
from initiation of protocol therapy was 2.0 months (range:
0.9-4.0 months), and median time to death from initiation
of treatment was 5.2 months (range: 0.7-15.2 months). For
stratum 2, the median (range) number of courses admin-
istered was 3 (1-12); 1 patient received 12 courses and an-
other 1 received 11 courses of therapy. The median time to
progression from initiation of protocol chemotherapy was
4.4 months (range: 1.0-11.0 months), and median time to
death from initial diagnosis was 11.8 months (range: 4.8—
25.0 months).

# patients with DLT  DLT

(mg/m?) for dose-finding (n) (n)
Stratum
1
0 5
1 10 12 0
2 16 5 2
8 22
4 28
5 36
Stratum 2.
1 16 3/3 0
2 22 2/10 1
8 28 12/ 4
4 36 7/5 3

gr 4 neutropenia with gr 4 thrombocytopenia (n= 1)
gr 3 thrombocytopenia (n=1)

0
gr 3 thrombocytopenia

gr 4 neutropenia (n = 3)
gr 4 neutropenia and gr 4 thrombocytopenia (n=1)

gr 2 nausea (intolerable) (n=1)
gr 3increased ALT (n=1)
gr 4 thrombocytopenia (n=1)



http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad141#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad141#supplementary-data
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Figure 2. Dose proportional increases in panobinostat C,,,, with
absolute dose (mg).

Radiographic Response

All patients had measurable disease at baseline. Forty-
eight patients were evaluable for radiographic response.
Two patients did not receive any protocol therapy. Three
patients did not have disease re-evaluated by MRI due
to patient withdrawal/refusal after beginning protocol
therapy (n=2) and death on study unrelated to study drug
or disease progression (n=1). One patient in stratum 1,
dose level 1 (10 mg/m?), had ~35% decrease in tumor size
but had to hold drug and then dose reduce due to an infec-
tion and subsequently had clinical progression and came
off study treatment. One patient in stratum 2, dose level 2
(22 mg/m?) had a PR reportedatcourse 4 but PD at course
6. Two patients, both in stratum 2, had SD for >6 months,

Mean log concentration of panobinostat versus time by dose level.

including 1 patient on dose level 16 mg/m? with SD at 8.0
months and PD at 10.8 months and 1 patient on dose level
28 mg/m? with SD at 8.1 months but PD at 10.7 months.

Exploratory Pharmacodynamic ¢cfDNA Studies

A total of 74 plasma samples were collected from 34
unique patients. One sample was discarded due to a proc-
essing error. Six samples from 5 patients had levels above
the level of detection (LOD). Within this limited number of
patients, there was no apparent correlation with outcome.
Given the limited number of samples above the LOD
and the unknown mutation status of several patients, we
cannot make conclusions regarding correlation of H3K27M
status with clinical outcome.

Discussion

In this phase | study, panobinostat had limited tolerability
in pediatric patients with DIPG/DMG.The major toxicity ob-
served was myelosuppression, which limited drug adminis-
tration and dose escalation. Please note that hematological
dose-limiting toxicities were defined more stringently for
this population of patients than the definitions used in
previous pediatric AML studies.?’?® Panobinostat admin-
istered 3 times per week either 3 weeks on/1 week off or
every other week is tolerated in pediatric patients with
DIPG/DMG at doses below that estimated to be optimal for
efficacy based on preclinical studies in animal models.
Although panobinostat demonstrated preclinical activity
against DIPG, its efficacy in these studies was dose-related.®
Based on the preclinical studies of panobinostatin DIPG an-
imal models, we aimed to achieve target dosing of at least
30 mg/m?dose, which was achievable in clinical trials of



panobinostat in pediatric patients with hematologic malig-
nancies.?>?8 In one study, heavily pretreated children with
relapsed/refractory leukemia tolerated panobinostat doses
up to 34 mg/m?day, 3 days a week every week, without
an MTD declared.?° In the second study, children with AML
were treated with panobinostat prior to, and in combina-
tion with fludarabine and cytarabine, with panobinostat
administered 3 times per week x2 weeks for 1 cycle at
doses up to 20 mg/m?; no DLTs were observed.?® However,
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in both studies, the definition of DLT was amended to ac-
count for the hematologic malignancy, that is, defined as
failure to recover counts in the absence of leukemia by day
5628 and failure to recover a peripheral ANC >500/ul and
platelet count >20 000/yl more than 42 days from Day 1
of cycle 1 in the absence of persistent leukemia or lym-
phoma? thus was not comparable. In DIPG/DMG, which
carries a significant risk of intratumoral hemorrhage?
thrombocytopenia in particular adds considerable poten-

tial risk to the patient, and therefore, was included in our
definition of DLT.

A major question that remains for the use of
panobinostat in DIPG/DMG is its optimal schedule. It is not
known whether intermittent higher doses may be more ef-
ficacious than lower doses administered more frequently.
Overall, the schedule employed in stratum 2 allowed for
higher dosing to be administered and appeared better tol-
erated, although direct comparison of drug tolerability be-
tween schedules was constrained by the different eligibility
criteria. However, while 16 mg/m?/dose was declared too
toxic in stratum 1 due to dose limiting myelosuppression,
no dose-limiting toxicities were observed in the 3 patients
treated at this dose on the alternate schedule in stratum
2, suggesting a correlation between dose-density and tox-
icity. While we demonstrated no significant correlation be-
3 tween panobinostat exposure (AUC, ) and DLT, patients
with DLTs tended to have a higher C__ with a significant
association between C__ and myelosuppression, sug-
gesting intermittent higher dosing may be less tolerable.

Pharmacokinetic analysis on our study indicated a
shorter half-life and different clearance of panobinostat
in children compared to data on adults reported in the

Y = 0.7088*X + 3.109
p < 0.0001

C1D1 LN AUC 557
(hr*ng/mL)
(3]

LN Absolute Dose (mg)

Figure 3. Dose Proportional increases in panobinostat AUC ¢,
with absolute dose (mg).

Table 4. Noncompartmental Analysis of the Clinical Pharmacokinetics of Panobinostat

Firstdose Cy;y TCpyax/D Vs AUC ot tAUC, /D AUC, ¢ Tom

(ng/mL) (ng/mL/mg) (h) (h*ng/mL) (h*ng/mL/mg) (h*ng/mL) (h)
10 mg/m?  16.1 1.74 2.0 102 11.8 110 13.0 87 1704
(n=12)2 (78%) (59%) (0.6-6) (43%) (29%) (45%)? (31%)2 (22%)2 (49%)?
16 mg/m? 225 1.0 2.0 175 79 193 12.4 150 2594
(n=9)° (79%) (86%) (0.5-4.3) (70%) (71%) (74%)°P (20%)P (55%)P (50%)°
22 mg/m? 35.6 1.5 2.0 239 10.4 224 12.6 115 2141
(n=10)¢ (41%) (54%) (0.7-7.0) (30%) (48%) (22%)° (22%)°4 (30%)°4 (42%)°4
28 mg/m?  61.9 2.3 2.0 285 10.7 297 14.8 93 1967
(n=11) (48%) (45%) (1-2.2) (26%) (26%) (28%)°" (13%)f (28%)°f (23%)°f
36 mg/m? 78 2.8 1.9 372 12.9 376 11.3 129 2487
(n=6) (67%) (88%) (1-2) (60%) (81%) (75%)9 (33%)9 (84%)9 (111%)9
All co- n/a 1.83 2.0 n/a 10.7 n/a 13.0 12 2125
horts (72%) (0.5-7.0) (50%) (24%) (52%) (57%)
(n=48)4d

“Data presented as arithmetic means (%CV); T, reported as median (range).

TAll dose-normalized metrics were scaled to the absolute dose values (in mg, not mg/m?).

aPatient 112049295 had unacceptable correlation (2 < 0.8) for lambda z, hence cannot use values of TW, AUCINF’ CL, and Vd.

PPatient 105049119 had insufficient data for lambda z estimation, hence no values of T, AUC\ CL, and Vd.

°Patient 125049981 had insufficient data for lambda z estimation, hence no values of T, ,, AUC,,. CL, and Vd.

dPatients 148049303 and 151049115 had unacceptable correlation (7 < 0.8) for lambda z hence cannot use values of Tm, AUCINP CL, and Vd.
°Patient 142049520 had insufficient data for lambda z estimation, hence no values of T, ,, AUC, ., CL, and Vd.

fPatients 130049176, 145049759, and 146049493 had unacceptable correlation (r2 < 0.8) for lambda z hence cannot use values of T
Vd.

9Patients 138049310 and 139049214 had unacceptable correlation (r < 0.8) for lambda z, hence cannot use values of T, AUC CL, and Vd.

12r AUC, CL, and
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package insert. The prescribing information for Farydak®
reports a half-life of 37 hr and a clearance of 160 L/hr, es-
timated from a population PK model based on data from
adults with multiple myeloma.?® In our study of pediatric
patients with a median age 7.8 yr (range 3.2 — 21.4 yr),
the average half-life and clearance were 13 h (24%CV,
n=36) and 112 L/h (52%CV, n = 36), respectively. It is not
yet clear why our pediatric population exhibits different
pharmacokinetics. Panobinostat is a CYP3A substrate
and CYP3A inducers, such as dexamethasone, may de-
crease panobinostat plasma concentrations.’® However,
our PK parameters are in line with a study of single agent
panobinostat in adult Japanese patients with advanced
solid tumors (t,, 17.8-18.4 h, CL 67-150 L/h).3! It is impor-
tant to note that the adult Japanese study only conducted
PK sampling out to 48 h, the same as this pediatric study,
and both yielded comparable values for half-life and clear-
ance. In addition, the half-life reported in a pediatric study
of hematologic malignancies?® was very similar to ours at
12.8 + 3.0 h. Clive et al.>? performed an extensive single
dose study of radiolabeled panobinostat in adults to elu-
cidate the metabolism and disposition, with dense serial
sampling out to 168 h post dose and reported a half-life
and clearance of 30.7 h and 209 L/h, respectively. Other
reports, including the model estimates reported and used
in the Farydak prescribing information?® were based on
single dose studies with sampling out to 96 h or 168 h post
dose. The variability in these pharmacokinetic studies sug-
gest that the need for additional population pharmacoki-
netic studies of panobinostat.

No significant clinical benefit was observed in our
study. It is assumed that the lack of efficacy observed in
our study was due to insufficient dosing and exposure at
the tumor site; it is unclear if the different PK profile in
our population plays a role. Several preclinical studies
have demonstrated limited penetration of panobinostat
into the CNS (CSF and tissue),?* and CSF panobinostat
levels were below the LOD in pediatric patients.?033
Others have shown that effective concentrations may be
achieved in a murine model.3* It remains unclear if spe-
cies or tumor characteristics play a role in panobinostat
CNS penetration, possibly accounting for these varied
results. Alternative delivery of this agent may over-
come this hurdle. Preclinical studies demonstrate effi-
cacy of panobinostat delivery by convection enhanced
delivery (CED),® and a recent clinical trial of aqueous
panobinostat delivery by CED in 7 subjects demonstrated
tolerability and a median OS that compared favorably to
historical controls in this small cohort.® It is likely that a
multipronged approach is needed to adequately suppress
DIPG tumor growth. Given the promising preclinical ac-
tivity of this agent in DIPG, panobinostat or similar agents
may play a role as part of a multiagent strategy for these
tumors,® and alternative delivery methods such as CED
should be studied further.

This is the first clinical trial assessing tolerability of
systemically administered panobinostat in children with
DIPG/DMG. The MTD differed between our 2 strata, which
differed by schedule and disease status. Within the con-
text of this phase 1 trial, no significant clinical benefit of
panobinostat in the DIPG/DMG population was detected.
Further development of this and other HDAC inhibitors

for children with DIPG will likely necessitate combination
therapy and alternative methods of delivery.

Keywords:

DIPG | brainstem glioma | midline glioma | HDAC inhibitors
| epigenetics
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