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1.0 BACKGROUND

1.1 DRD2 Overview

Dopamine receptor D2 (DRD2) is overexpressed in many cancers, including high grade gliomas,
and its expression carries a poor prognosis (Li et al., 2014; Prabhu et al., 2018). As a G protein-
coupled receptor, DRD2 controls mitogenic and other signaling pathways that are associated with
tumorigenesis, proliferation, and metastatic dissemination. Selective DRD2 antagonism causes
inactivation of MAPK signaling and induces tumor cell death in preclinical models of high grade
gliomas and other malignancies (Cheng et al., 2015; Li et al., 2014).

The dopamine receptor family consists of 5 members, categorized as D1-like and D2-like
subfamilies based on coupling to different G-alpha proteins that cause opposing downstream
signaling consequences (Prabhu et al.,, 2018). Therefore, oncogenic dysregulation and
therapeutic targeting of dopamine receptors must be highly specific to achieve a profound net
functional response.

1.2 ONC201 Overview

ONC201 is an orally administered, anti-cancer small molecule that selectively antagonizes DRD2
and DRD3 (Madhukar et al., 2017; Prabhu et al., 2018). DRD2 antagonism by ONC201 requires
a combination of orthosteric and allosteric receptor residues that define it as the first bitopic DRD2
antagonist for clinical oncology (Figure 1A). This receptor pharmacology results in selective and
atypical functional inhibition of the receptor involving both competitive and non-competitive
antagonism. ONC201 exhibits a relatively slow association and rapid dissociation with DRD2,
both of which have been reported as defining characteristics of DRD2 antagonists that are not
generally associated with extrapyramidal side effects.

Downstream of target engagement, the compound induces p53-independent apoptosis involving
integrated stress response activation and inactivation of AkKt/ERK signaling in tumors cells (Figure
1B) (Allen et al., 2013; Ishida et al., 2018; Ishizawa et al., 2016; Kline et al., 2016). In addition to
DRD2/3 antagonism, direct activation of caseinolytic protease P (ClpP) by ONC201 has recently
been reported (Graves et al., 2019; Ishizawa et al., 2019). CIpP is a serine protease located in
the mitochondrial matrix of human cells that plays a central role in mitochondrial protein quality
control by degrading misfolded proteins. ClpP, in complex with other proteins, regulates oxidative
phosphorylation by controlling the degradation of respiratory chain complex subunits and can
trigger the mitochondrial unfolded protein response that converges with the integrated stress
response. Therefore, ONC201 exhibits anti-cancer activity as a ClpP agonist to activate the
integrated stress response, in addition to DRD2 antagonism that inactivates Akt/ERK signaling.
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Figure 1. ONC201 mechanism of action. (A) DRD2 amino acids required for functional
antagonism by ONC201 shown as purple spheres. Adapted from PBD 6C38. (B) Summary of

mechanism of action of ONC201.
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The small molecule has demonstrated efficacy in a range of preclinical models of advanced
cancers, with the most pronounced in vivo efficacy shown in high grade gliomas (Allen et al, 2013)
(Figure 2). These downstream effects are persistent after drug washout in vitro and in vivo, which
rationalizes the weekly schedule of ONC201 that yields saturable efficacy in preclinical models
(Allen et al., 2016).
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Figure 2. Efficacy of ONC201 in preclinical high grade glioma models. (A) Overall survival of
mice harboring luciferase-labelled SF767 intracranial tumors treated with a smgle oral dose of
vehicle (n = 8) or ONC201 (25 mg/kg, n = 7) at 2 weeks after implantation. (B) Bioluminescence
imaging of an exemplary control mouse and a ONC201-treated mouse from the experiment
described in (A).

In Phase | clinical trials, dose-limiting toxicities were not observed and 625mg ONC201
administered once every one week or once every three weeks was selected as a biologically
optimal dose based on pharmacokinetic and pharmacodynamic profiles (Stein et al., 2017). This
dose and schedule has exhibited a favorable safety profile in >350 patients enrolled in 13 clinical
trials that have enrolled a range of advanced cancers. Dose-limiting toxicities (DLTs) have not
been reported across the various clinical trials and administration schedules with dose levels
ranging from 125 mg to 625 mg. No study drug discontinuation due to drug-related toxicity has
been reported. One dose reduction (625mg to 500mg) occurred in 1 patient with a Grade 3
neutropenia assessed by the investigator as possibly related to ONC201 that, upon re-challenge,
did not recur.

In accordance with the broad applicability of the mechanism of action of ONC201 for the treatment
of many types of cancer, the preclinical activity of ONC201 has been demonstrated in a variety of
cancers. Correspondingly, there are currently 13 ongoing clinical trials with ONC201 evaluating a
wide spectrum of tumor types: 3 clinical trials enroll high grade glioma patients and the other
clinical trials enroll patients with a range of solid tumors and hematological malignancies that
include neuroendocrine tumors, endometrial cancer, breast cancer, multiple myeloma, acute
myeloid leukemia, and non-Hodgkin’s lymphoma. While the activity of ONC201 across this array
of cancers continues to be evaluated as a single agent and/or in combination with other anti-
cancer therapies, high grade gliomas has been prioritized as the lead indication due to the
emergence of objective responses as a single agent in clinical trials in the recurrent setting that
are outlined below. The potential utility of ONC201 in pediatric indications beyond high grade
gliomas is being evaluated in preclinical studies in collaboration with the NCI Pediatric Preclinical
Testing Consortium.
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1.3 H3 K27M-mutant Glioma Overview

Gliomas that harbor the H3 K27M mutation have been identified as a molecular subset of brain
tumors that are responsive to ONC201 (Chi et al., 2017). H3 K27M is a missense mutation that
occurs in one of several genes encoding for the histone H3 protein. The mutant form of histone
H3 acts as a dominant negative inhibitor of the PRC2 histone methyltransferase complex, which
normally trimethylates lysine 27 of histone H3, among other substrates. Consequently, tumor cells
harboring this mutation exhibit a histone hypomethylation profile that causes epigenetic
dysregulation of the expression of many genes associated with cancer (Piunti et al., 2017;
Schwartzentruber et al., 2012).

The H3 K27M mutation defines a distinct form of Grade IV glioma codified in the 2016 WHO
classification of CNS tumors (Khuong-Quang et al., 2012; Louis et al., 2016). H3 K27M-mutant
diffuse midline glioma is characterized by a poor prognosis and a high prevalence in midline
gliomas that predominantly afflict children and young adults (Kleinschmidt-DeMasters and
Mulcahy Levy, 2018): 75% of thalamic tumors, ~54% of brainstem tumors and 55% of spinal cord
tumors; 24% of pediatric gliomas and 8% of adult gliomas. The H3 K27M mutation occurs in a
unique spatiotemporal pattern, with midline gliomas involving the pons (i.e. DIPG) tending to occur
in pediatric patients (<18 years of age) and midline gliomas involving the thalamus and spinal
cord tending to occur in young adult patients.

Since the midline region of the brain is involved in critical physiological functions, many of these
tumors are not operable (especially in the brainstem where the pons is located). This means that
until recently, many midline gliomas such as diffuse intrinsic pontine glioma (DIPG) were
diagnosed solely on a radiographic basis. Recent advances in neurosurgical techniques and
increased patient consent to post-mortem tumor tissue retrieval have led to systematic molecular
evaluations of DIPG and other midline gliomas. Standard therapy for midline gliomas involves
neurosurgery, if feasible, followed by fractionated external beam radiotherapy. Radiotherapy
remains the sole standard-of-care alone that is considered palliative, as it transiently improves
symptoms and tumor burden in DIPG.

1.4 Identification of H3 K27M-mutant Glioma as a Candidate Indication for ONC201

The identification of H3 K27M-mutant glioma as an ONC201-responsive subset of brain tumors
began with a positive outlier radiographic tumor response that occurred in the first Phase Il clinical
trial of the compound (Arrillaga-Romany et al., 2017). This adult recurrent glioblastoma trial
demonstrated that ONC201 exceeded therapeutic thresholds and achieved pharmacodynamic
activity in resected glioblastoma samples following the second weekly dose of ONC201 at the
625mg recommended Phase |l dose (Figure 3).

Page 8 of 22



A 10000 AR T T ~
A e g,
= (I 4
£ g 1000 "y e N
S E SN, :
€3 WS 1 anobbe ey
o & 100
C& Archival On Treatrnent
8° 10 AT T - lreatment
- . . . .u' 0
] ‘ . et fe
»y ' é ‘ "
1 Alr4 "- ’. ‘ ‘,.,.-.p. 4
2 27 2 4 ML M , PERN Wl "
3 2 0 3 Paki 18,5 9o 'f.’.!«‘ 'hlm
. . ‘."' "‘) ).
Patient Identifier y { ",. o g:‘ > .::
DR5 : :
. o,
o ““",' ‘ A "‘..
R 2 LA W ;
a9 b v g, e
[ » N r 3 " .

Figure 3. Intratumoral ONC201 concentrations and pharmacodynamics in resected
recurrent glioblastoma specimens. (A) ONC201 concentrations in tumor tissue homogenates
of adult recurrent glioblastoma tissue resected ~24 hours after the second weekly dose of 625mg
ONC201. (B) Immunohistochemical (IHC) analysis of archival DRD2 and DRD5 expression (top)
and expression of pharmacodynamic biomarkers (bottom) in archival and on-treatment
glioblastoma tissue resected, as described in (A).

Among the first cohort of adult recurrent glioblastoma patients to receive ONC201, one patient
underwent a deep and durable tumor regression who remains on therapy for >3 years (Figure 4).
Subsequent investigations revealed that her tumor exclusively harbored the H3 K27M mutation
among the cohort. RNA-seq in a panel of patient samples showed that glioma cells with the H3
K27M mutation exhibit DRD2 overexpression and suppressed DRD5 expression (Figure 5) (Chi
et al., 2017), a biomarker signature associated with enhanced tumor cell sensitivity to ONC201
(Prabhu et al., 2018). Furthermore, the prevalence of these gliomas in midline brain structures
overlaps with some of the highest expression of dopamine pathway members and dopaminergic
neuron projections.
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Baseline ONC201

Figure 4. Objective response in first H3 K27M-mutant glioma patient treated with ONC201.
Gadolinium-enhanced MRIs shown at baseline and 72 weeks post-initiation of ONC201.
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Figure 5. Dopamine receptor expression in gliomas by histone H3 mutation status. (A)
DRD2 and (B) DRD5 expression by RNA-seq on patient biopsies. The panel included samples
with H3 K27M (n=8), H3 wild-type (n=28), and H3 G34R (n=3).
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2.0 CLINICAL DEVELOPMENT OF ONC201 FOR ADULT RECURRENT H3 K27M-
MUTANT GLIOMA

Based on the positive outlier clinical response and corroborating preclinical results, H3 K27M-
mutant glioma patients were enriched in the ongoing adult glioma trial. An additional clinical trial
dedicated to evaluating this adult patient population was initiated. Compassionate use was
permitted while the clinical program was expanded. As of December 15, 2018, 15 H3 K27M-
mutant glioma patients had received ONC201 who meet the following criteria that are designed
to isolate the observed effects to single agent ONC201: age >18 years old, recurrent and
measurable disease by RANO-HGG criteria, contrast-enhancing disease not involving the pons
or spine, H3 K27M mutation detected in a glioma sample by IHC or sequencing method performed
in a CLIA setting, >90 days from prior radiation, and administration of single agent ONC201
without concurrent anti-cancer therapies (including bevacizumab) until progression.

The characteristics of the 15 patients who met the criteria outlined above are summarized in Table
1. Nine were enrolled to NCT03295396, 5 to NCT02525692, and 1 to an expanded access
protocol conducted under the Sponsor’s IND. Median age was 28-years old (range: 17-58),
median number of recurrences was 1 (range: 1-3). Eight (563%) patients’ primary lesion was in the
thalamus, four (27%) brainstem, one (7%) cerebellum, one (7%) basal ganglia, and one (7%)
frontal lobe. Seven (47%) of these patients had multi-focal disease at baseline. Histologies were
reported as diffuse gliomas for several (47%) of these patients, three (20%) glioblastoma, three
(20%) astrocytoma, one (7%) pilocytic astrocytoma, and one (7%) gliosarcoma. All patients
received at least prior radiation with a median time from prior radiation of 51.7 weeks (range 12-
101.4).
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Table 1. Demographics of adult recurrent H3 K27M-mutant glioma patients treated with

ONC201 (N=15).

All Patients ONCO006 ONCO013 Expanded
Access
N=15 N=5 N=9 N=1
Gender (N%)
Female 7 (47%) 2 (40%) 5 (56%) -
Male 8 (53%) 3 (60%) 4 (44%) 1 (100%)
Age, years, median (range) 28 (17-58) 28 (17-58) 28 (19-55) 37
Weight, kilograms, median (range) 71.5 71.5 71 95.5
(56.2-106.1) (67.3-89.9) (56.2-106.1)
KPS, median (range) 90 (70-90) 90 (70-90) 90 (80-90) 80
Primary tumor location (N%)
Thalamus 8 (53%) 2 (40%) 5 (55%) 1 (100%)
Brainstem 4 (27%) 2 (40%) 2 (22%) -
Cerebellum 1(7%) - 1 (11%) -
Frontal lobe 1 (7%) 1(20%) - -
Basal ganglia 1 (7%) - 1 (11%) -
Histology (N%)
Diffuse glioma 7 (46%) 1(20%) 6 (66%) -
Glioblastoma 3 (20%) 2 (40%) 1(12%) -
Astrocytoma 3 (20%) - 2(22%) 1(100%)
Pilocytic astrocytoma 1(7%) 1(20%) - -
Gliosarcoma 1 (7%) 1(20%) - -
Multifocal disease (N%)
Yes 7 (47%) 2 (40%) 4 (44%) 1 (100%)
No 8 (53%) 3(60%) 5 (56%) -
Number of lesions, median, (range) 1(1-3) 1(1-3) 2 (1-3) 2(2)
Number of recurrences, median (range) 1(1-3) 2 (1-3) 1(1-2) 3
Time from prior radiation, weeks, median, 51.7 (12- 44 (19.0-52) 58 (12- 38.4
(range) 101.4) 101.4)
Levetiracetam (N%)
Yes 3 (20%) 2 (40%) 1(11%) -
No 12 (80%) 3 (60%) 8 (89%) 1 (100%)
Dexamethasone, mg per day, median (range) 4 (0-16) 3(2.5-4) 4 (0-16) 0 (0)

ONC201 was orally administered at 625 mg once per week, except for one patient dosed on the
initial once per 3 weeks schedule. No dose-limiting toxicities or treatment discontinuations due to
toxicity occurred.

RANO-HGG criteria are routinely used for high grade gliomas that are contrast-enhancing and
RANO-LGG criteria are used for low grade gliomas that often do not contrast enhance. Midline
glioma sometimes exhibit minimal contrast enhancement and frequently exhibit a mixture of
contrast-enhancing and non-contrast enhancing regions in the tumor. In light of these
considerations, blinded independent central review of tumor response was assessed by RANO-
HGG and RANO-LGG for each patient to assess contrast-enhancing and non-contrast-enhancing
disease (Figure 6-7).

Best response by RANO-HGG criteria is at least 27% (95% confidence interval [Cl], 8% to 55%)
(Figure 6): 1 complete response (CR), 3 partial responses (PR), 7 stable disease (SD), and 4
progressive disease (PD). Two SD patients remain on study and therefore ORR has not been
determined.
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Figure 6. Waterfall plot for contrast-enhancing assessment of adult recurrent H3 K27M-
mutant glioma patients treated with ONC201. Best change in target lesion(s) size relative to

baseline by RANO-HGG. Enroliment cutoff is December 15, 2018. CR — complete response, PR
— partial response, SD — stable disease, PD — progression disease. *Patient remains on study.

Best response by RANO-LGG is at least 36% (95% CI, 13% to 65%) (Figure 7): 1 CR, 1 PR, 3
minor response (MR), 4 SD, 5 PD, 1 unevaluable (UE). Two SD patients remain on study and
therefore ORR has not been determined.
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Figure 7. Waterfall plot for non-contrast-enhancing assessment of adult recurrent H3
K27M-mutant glioma patients treated with ONC201. Best change in target lesion(s) size
relative to baseline by RANO-LGG. CR — complete response, PR — partial response, MR — minor
response, SD — stable disease, PD — progression disease, UE - unevaluable. *Patient remains
on study. Enrollment cutoff is December 15, 2018.
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Best response by either RANO-HGG or RANO-LGG is 47% (95% Cl, 21% to 73%): 2 CR, 2 PR,
3 MR, 58D, 3 PD. Median onset of response by RANO-HGG is 2.6 months (range 1.3-3.4) (Figure
8-9). Median duration of response by RANO-HGG has not been reached with a median follow-up
of 7.7 months (range 1.8-29.8).
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Figure 8. Spider plot for contrast-enhancing assessment of adult recurrent H3 K27M-
mutant glioma patients treated with ONC201. Change in target lesion(s) size relative to
baseline by RANO-HGG since initiating ONC201. Enrollment cutoff is December 15, 2018.
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Figure 9. Spider plot for non-contrast-enhancing assessment of adult recurrent H3 K27M-
mutant glioma patients treated with ONC201. Change in target lesion(s) size relative to
baseline by RANO-LGG since initiating ONC201. Enrollment cutoff is December 15, 2018.
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Two patients with objective responses by RANO-HGG have reported improvement in disease-
associated symptoms that was evident with NANO criteria: one patient had improved gait, facial
strength, and language; the other patient had improved vision and behavior. One patient who was
not eligible for this analysis due to sub-cm lesions is not shown in the plots above, however she
experienced a complete regression of the three target lesions that has remained durable for >18
months (Figure 10).

8 Weeks ONC201

Baseline

Figure 10. Gadolinium-enhanced MRIs of 74-year-old H3 K27M-mutant glioma at baseline
and 8 weeks after initiating ONC201. Three target lesions are shown at baseline in green
circles. The lesion in the yellow circle is related to a prior stroke.

Progression-free survival at 6 months by RANO-HGG is 33% (Figure 11A). Median overall
survival has not been reached with a median follow-up of 9.1 months (Figure 11B).
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Figure 11. (A) Progression-free survival by RANO-HGG and (B) overall survival of adult
recurrent H3 K27M-mutant glioma patients treated with ONC201.

The two single agent ONC201 clinical trials for adult recurrent H3 K27M-mutant glioma continue
accrual (NCT03295396, NCT02525692). The clinical development of ONC201 for adult H3 K27M-
mutant glioma will be discussed with FDA separately from the pediatric development program

outlined below.
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3.0 CLINICAL DEVELOPMENT OF ONC201 FOR PEDIATRIC H3 K27M-MUTANT
GLIOMA AND DIPG

3.1 DIPG Background

The most common midline glioma in children occurs in the pons, called DIPG based on its
radiographic appearance (Piunti et al., 2017). DIPG is generally not resectable and a 6 week
course of palliative radiation remains the sole standard-of-care. The overall survival has not
improved from a median of 8-9 months and the 2-year survival rate is <10%, despite decades of
clinical trials. As a rare disease with an incidence and prevalence of ~300 patients annually in the
United States, large clinical studies have not been feasible. Furthermore, randomized studies
against radiation alone as the standard of care are not precedented, feasible, or ethical given the
relatively homogeneous dismal outcome that has been documented for decades.

3.2 Ongoing Pediatric Phase | Dose Escalation and Expansion Trial

Based on the initial clinical activity of ONC201 in adult recurrent H3 K27M-mutant glioma, the
clinical evaluation of ONC201 in DIPG and other pediatric patients with H3 K27M-mutant glioma
was warranted. A Phase | dose escalation and expansion clinical trial of ONC201 for previously-
irradiated H3 K27M-mutant glioma and newly diagnosed DIPG patients <18 years of age was
initiated. This study is designed to evaluate the safety of ONC201 as a single agent or in
combination with radiation with scaling of the adult fixed, oral dose by body weight as a capsule
or OraSweet formulation.

Arm A of this clinical trial has completed accrual, which confirmed the single agent RP2D of the
625mg once per week dose in adults scaled by body weight in pediatric H3 K27M-mutant glioma
patients who received at least prior radiation. The characteristics of these patients are
summarized below in Table 2.

Table 2. Demographics of Arm A patients of the pediatric H3 K27M-mutant glioma trial
treated with ONC201 (N=21).

Gender (N%)

Female 11 (52%)

Male 10 (48%)
Age, years, median (range) 8 (3-18)
Weight, kilograms, median (range) 39.4 (11.8-135.9)
KPS, median (range) 80 (50-90)
Primary tumor location (N%)

Pons 14 (67%)

Thalamus 5(23%)

Brainstem 1 (5%)

Posterior fossa 1 (5%)
Multifocal disease (N%)

Yes 3 (14%)

No 18 (86%)
Number of lesions, median, (range) 1(1-2)
Disease Status

Recurrent 3 (14%)

Post radiation, not recurrent 18 (86%)
Time from prior radiation, weeks, median, (range) 10.1 (0.1-79.6)
Dexamethasone, mg per day, median (range) 2 (0.25-12)

Page 16 of 22




One Grade 3/4 adverse event was reported as possibly-related to ONC201, which was one
instance of elevated aspartate aminotransferase (Table 3). The majority of the low grade adverse
events attributed by investigators as possibly related to study drug were nausea and headache
that are commonly associated with the disease itself. The preliminary PK profile of ONC201 was
similar to that observed in adults when the oral dose is scaled by body weight with a terminal half-
life of ~ 8 hours, Tmax~2.1 hours, Cmax~2.1ug/mL (6uM), and AUC~2.3h*ug/mL.

Table 3. Adverse events reported in Arm A patients of the pediatric H3 K27M-mutant glioma
trial treated with ONC201 (N=21). Adverse events reported in >10% of subjects are tabulated
CTCAE version 5.0.

All Attributions Possibly or Probably
Related
All Grade All Grade

Grades 3-4 Grades 3-4
Nervous system disorders
Headache 52% 0% 14% 0%
Nausea 43% 0% 24% 0%
6th nerve palsy 24% 0% 0% 0%
Ataxia 24% 0% 5% 0%
Dizziness 24% 0% 5% 0%
Vomiting 14% 0% 10% 0%
Dysarthria 10% 0% 0% 0%
Dysphagia 10% 0% 0% 0%
General disorders and administration site
conditions
Fatigue 19% 0% 10% 0%
Gait disturbance 10% 0% 5% 0%
Musculoskeletal and connective tissue disorders
Muscle weakness right-sided 14% 5% 0% 0%
Right hemiparesis 10% 0% 0% 0%
Investigations
Alanine aminotransferase elevated 10% 0% 10% 0%
Aspartate aminotransferase elevated 10% 5% 5% 5%
Eye disorders
Diplopia 10% 0% 0% 0%
Respiratory, thoracic and mediastinal disorders
Cough 10% 0% 0% 0%
Infections and infestations
Pharyngitis 10% 0% 0% 0%

The largest group of patients across the pediatric clinical trial and expanded access program who
are sufficiently interpretable for preliminary efficacy evaluation are 13 DIPG patients who received
single agent ONC201 after completion of radiation, but prior to recurrence. Eleven patients were
treated on the pediatric H3 K27M-mutant glioma trial and 2 patients were treated on an expanded
access protocol conducted under the Sponsor’s IND. Of these 13 patients, 6 patients had RNA-
seq available: 5 H3.3 and 1 H3.1. Six other patients were identified as H3 K27M mutant by IHC
and one patient’s tumor has not been profiled. Median PFS and OS have not been reached with
a median follow up of 13.2 months and OS12 is 69% (Figure 12). Historical outcomes for this
disease include median PFS of 5-7 months, median OS of 8-12 months, and OS12 of 40-50% for
DIPG patients.
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Figure 12. (A) Progression-free survival and (B) overall survival from diagnosis for DIPG
patients treated with ONC201 following radiation prior to recurrence (n=13).

Interpreting time-to-event outcomes for non-DIPG H3 K27M-mutant glioma patients is difficult due
to the lack of well-established historical controls and the fact that many of these patients initiate
ONC201 prior to recurrence. Nevertheless, tumor regressions have been observed in patients
with thalamic tumors while on treatment with kinetics that are atypical for the disease course
(Figure 13).

Figure 13. Gadolinium-enhanced MRIs of 6-year-old H3 K27M-mutant treated with ONC201.
Imaging is shown at (A) diagnosis, (B) post-radiation before ONC201, and (C) 6 months after
initiating ONC201. Panel C represents >50% regression relative to panel B.

The enrollment of this clinical trial continues (NCT03416530) to further establish the safety, PK,
and efficacy profile of ONC201 in this patient population.
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3.3 Planned Pediatric Trials

A series of additional pediatric clinical trials are in development that include Phase Il clinical trials
to evaluate the efficacy of ONC201 in newly diagnosed DIPG and H3 K27M-mutant glioma
patients. A Phase | investigation of biomarker endpoints exploring alternative dose schedules in
midline gliomas is also in development.

The most advanced study design in development is a NRG/COG cooperative group Phase |l
clinical trial investigating ONC201 in newly diagnosed DIPG, as well as newly diagnosed non-
DIPG H3 K27M glioma in separate arms. Both arms will administer ONC201 concurrently with
radiation, followed by maintenance ONC201. The newly diagnosed DIPG arm (age 1-21 years
old) has the potential to confirm the hypothesis that ONC201 extends overall survival based on
preclinical and early phase clinical data. The primary endpoint of this single arm is overall survival.

In Europe, ONC201 is being incorporated into the next version of the BIOMEDE clinical trial that
is currently being designed. This version of the study is currently designed to randomize newly
diagnosed H3 K27M-mutant and/or H3K27me3-negative diffuse midline glioma patients to
receive ONC201 or another agent. The other agent will be selected from the first version of
BIOMEDE involving everolimus, erlotinib, or dasatinib that have not been proven effective for this
disease. Either drug will be administered concurrently and following radiation. The primary
endpoint of this randomized study is overall survival.

3.4 Development Challenges

The development of a novel anti-cancer agent for pediatric H3 K27M-mutant glioma and/or DIPG
faces a number of challenges involving the heterogeneity of the disease, lack of suitable
radiographic assessment criteria, rare prevalence, and lack of feasibility to randomize against the
current standard therapy that is palliative.

Regarding disease heterogeneity, the majority of the literature indicates that patients with midline
gliomas who harbor the H3 K27M mutation have an inferior prognosis and different underlying
tumor biology than those without this mutation (Feng et al., 2015; Karremann et al., 2018;
Kleinschmidt-DeMasters and Mulcahy Levy, 2018). This recognition is embodied by the 2016
WHO criteria for central nervous system tumors where this mutation diagnoses a distinct form of
Grade IV glioma (Louis et al., 2016). However, small published studies report disparate prognostic
associations of H3 K27M outside of DIPG, particularly in adults. There are a number of factors
that can contribute to heterogenous outcomes and symptoms among H3 K27M-mutant glioma,
such as age and primary tumor location.

Radiographic assessments to measure objective response rate can sometimes be used to
document the therapeutic effects of a targeted agent across a disease(s) with underlying
heterogeneity. Unfortunately, RANO criteria that is widely used for brain tumors was developed
for supratentorial glioblastoma and there are a number of features that limit its application to some
midline gliomas. A major limitation is the reliance of RANO on contrast-enhanced imaging, as
some midline gliomas such as DIPG exhibit minimal or no contrast-enhancement. Furthermore,
standard criteria used in glioma clinical trials to isolate the treatment effect on radiographic
imaging typically require a prolonged washout period from prior therapies after disease recurrence
that is often not feasible for midline gliomas such as DIPG due to its associated dismal survival.
The diffuse nature of DIPG and some other midline gliomas also makes quantifying tumor
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dimensions subjective. Therefore, objective assessment of radiographic responses in this disease
is challenging and often not feasible for some forms of H3 K27M-mutant glioma, such as DIPG.

In view of the outlined radiographic challenges and dismal survival outcomes, assessment of
overall survival is positioned as the superior efficacy endpoint for documenting the potential
efficacy of an investigational agent for DIPG. Historically, regulatory approval with overall survival
as the primary endpoint has generally required randomized, controlled clinical trials. Conducting
a randomized clinical trial that is sufficiently powered for regulatory purposes is extremely
challenging for H3 K27M-mutant glioma while stratifying for various reported prognostic factors,
as subsets of the disease, such as DIPG, have an annual incidence of ~300 patients in the United
States and many of these patients will not be enrolled due to financial or geographic limitations,
eligibility criteria, or competing trials. The lack of feasibility for a randomized, controlled trial is
further pronounced in DIPG. Decades of clinical trials in this specific form of midline glioma have
produced nearly superimposable survival curves with a median of 8-12 months and 2-year
survival rate of <10%. Disease experts assert that a randomized trial against standard radiation
is not necessary, due to the established consistent survival benchmarks documented in many
trials, and that randomization of patients to palliative radiation is not ethical or feasible. BIOMEDE
is one of the only randomized clinical trials to be conducted for DIPG. However, this study
randomizes patients to drugs that do not have proven efficacy for the disease, rather than the
standard of care that is the more appropriate comparison for regulatory purposes.

As a consequence of the challenges above, for regulatory purposes we propose to evaluate
ONC201 for two subpopulations of H3 K27M-mutant glioma with different approaches based on
feasibility: adult recurrent H3 K27M-mutant glioma using objective response rate and newly
diagnosed DIPG using overall survival.

Page 20 of 22



4.0 REFERENCES

Allen, J. E., Kline, C. L., Prabhu, V. V., Wagner, J., Ishizawa, J., Madhukar, N., Lev, A.,
Baumeister, M., Zhou, L., Lulla, A., et al. (2016). Discovery and clinical introduction of first-in-
class imipridone ONC201. Oncotarget.

Allen, J. E., Krigsfeld, G., Mayes, P. A., Patel, L., Dicker, D. T., Patel, A. S., Dolloff, N. G.,
Messaris, E., Scata, K. A., Wang, W., et al. (2013). Dual inactivation of Akt and ERK by TIC10
signals Foxo3a nuclear translocation, TRAIL gene induction, and potent antitumor effects. Sci
Transl Med 5, 171ra117.

Arrillaga-Romany, I, Chi, A. S., Allen, J. E., Oster, W., Wen, P. Y., and Batchelor, T. T. (2017). A
phase 2 study of the first imipridone ONC201, a selective DRD2 antagonist for oncology,
administered every three weeks in recurrent glioblastoma. Oncotarget.

Cheng, H. W,, Liang, Y. H., Kuo, Y. L., Chuu, C. P, Lin, C. Y., Lee, M. H., Wu, A. T., Yeh,C. T,
Chen, E. |, Whang-Peng, J., et al. (2015). Identification of thioridazine, an antipsychotic drug, as
an antiglioblastoma and anticancer stem cell agent using public gene expression data. Cell Death
Dis 6, e1753.

Chi, A. S., Stafford, J. M., Sen, N., Possemato, R., Placantonakis, D., Hidalgo, E. T., Harter, D.,
Wisoff, J., Golfinos, J., Arrillaga-Romany, |., et al. (2017). H3 K27M mutant gliomas are selectively
killed by ONC201, a small molecule inhibitor of dopamine receptor D2. Neuro-Oncology 19, vi81.

Feng, J., Hao, S., Pan, C., Wang, Y., Wu, Z., Zhang, J., Yan, H., Zhang, L., and Wan, H. (2015).
The H3.3 K27M mutation results in a poorer prognosis in brainstem gliomas than thalamic gliomas
in adults. Hum Pathol 46, 1626-1632.

Graves, P. R., Aponte-Collazo, L. J., Fennell, E. M. J., Graves, A. C., Hale, A. E., Dicheva, N.,
Herring, L. E., Gilbert, T. S. K., East, M. P., McDonald, I. M., et al. (2019). Mitochondrial Protease
ClpP is a Target for the Anticancer Compounds ONC201 and Related Analogues. ACS Chem
Biol.

Ishida, C. T., Zhang, Y., Bianchetti, E., Shu, C., Nguyen, T. T., Kleiner, G., Sanchez-Quintero, M.,
Quinzii, C. M., Westhoff, M. A., Karpel-Massler, G., et al. (2018). Metabolic Reprogramming by
Dual AKT/ERK Inhibition Through Imipridones Elicits Unique Vulnerabilities in Glioblastoma. Clin
Cancer Res.

Ishizawa, J., Kojima, K., Chachad, D., Ruvolo, P., Ruvolo, V., Jacamo, R. O., Borthakur, G., Mu,
H.,Zeng, Z., Tabe, Y., et al. (2016). ATF4 induction through an atypical integrated stress response
to ONC201 triggers p53-independent apoptosis in hematological malignancies. Sci Signal 9, ra17.

Ishizawa, J., Zarabi, S. F., Davis, R. E., Halgas, O., Nii, T., Jitkova, Y., Zhao, R., St-Germain, J.,
Heese, L. E., Egan, G,, et al. (2019). Mitochondrial ClpP-Mediated Proteolysis Induces Selective
Cancer Cell Lethality. Cancer Cell.

Karremann, M., Gielen, G. H., Hoffmann, M., Wiese, M., Colditz, N., Warmuth-Metz, M., Bison,
B., Claviez, A., van Vuurden, D. G., von Bueren, A. O., et al. (2018). Diffuse high-grade gliomas
with H3 K27M mutations carry a dismal prognosis independent of tumor location. Neuro Oncol
20, 123-131.

Page 21 of 22



Khuong-Quang, D. A., Buczkowicz, P., Rakopoulos, P., Liu, X. Y., Fontebasso, A. M., Bouffet, E.,
Bartels, U., Albrecht, S., Schwartzentruber, J., Letourneau, L., et al. (2012). K27M mutation in
histone H3.3 defines clinically and biologically distinct subgroups of pediatric diffuse intrinsic
pontine gliomas. Acta Neuropathol 124, 439-447.

Kleinschmidt-DeMasters, B. K., and Mulcahy Levy, J. M. (2018). H3 K27M-mutant gliomas in
adults vs. children share similar histological features and adverse prognosis. Clin Neuropathol 37
(2018), 53-63.

Kline, C. L., Van den Heuvel, A. P., Allen, J. E., Prabhu, V. V., Dicker, D. T., and El-Deiry, W. S.
(2016). ONC201 Kills solid tumor cells by triggering an integrated stress response dependent on
ATF4 activation by specific elF2alpha kinases. Sci Signal 9, ra18.

Li, J., Zhu, S., Kozono, D., Ng, K., Futalan, D., Shen, Y., Akers, J. C., Steed, T., Kushwaha, D.,
Schlabach, M., et al. (2014). Genome-wide shRNA screen revealed integrated mitogenic
signaling between dopamine receptor D2 (DRD2) and epidermal growth factor receptor (EGFR)
in glioblastoma. Oncotarget 5, 882-893.

Louis, D. N., Perry, A., Reifenberger, G., von Deimling, A., Figarella-Branger, D., Cavenee, W.
K., Ohgaki, H., Wiestler, O. D., Kleihues, P., and Ellison, D. W. (2016). The 2016 World Health
Organization Classification of Tumors of the Central Nervous System: a summary. Acta
Neuropathol 737, 803-820.

Madhukar, N. S., Khade, P., Huang, L., Gayvert, K., Galletti, G., Stogniew, M., Allen, J. E.,
Giannakakou, P., and Elemento, O. (2017). A New Big-Data Paradigm For Target Identification
And Drug Discovery. bioRxiv.

Piunti, A., Hashizume, R., Morgan, M. A., Bartom, E. T., Horbinski, C. M., Marshall, S. A.,
Rendleman, E. J., Ma, Q., Takahashi, Y. H., Woodfin, A. R., et al. (2017). Therapeutic targeting
of polycomb and BET bromodomain proteins in diffuse intrinsic pontine gliomas. Nat Med 23, 493-
500.

Prabhu, V. V., Madhukar, N. S., Gilvary, C., Kline, C. L. B., Oster, S., El-Deiry, W. S., Elemento,
O., Doherty, F. C., VanEngelenburg, A., Durrant, J., et al. (2018). Dopamine Receptor D5 is a
Modulator of Tumor Response to Dopamine Receptor D2 Antagonism. Clin Cancer Res.

Schwartzentruber, J., Korshunov, A., Liu, X. Y., Jones, D. T., Pfaff, E., Jacob, K., Sturm, D.,
Fontebasso, A. M., Quang, D. A., Tonjes, M., et al. (2012). Driver mutations in histone H3.3 and
chromatin remodelling genes in paediatric glioblastoma. Nature 482, 226-231.

Stein, M. N., Bertino, J. R., Kaufman, H. L., Mayer, T., Moss, R., Silk, A., Chan, N., Malhotra, J.,

Rodriguez-Rodriguez, L., Aisner, J., et al. (2017). First-in-human Clinical Trial of Oral ONC201 in
Patients with Refractory Solid Tumors. Clin Cancer Res.

Page 22 of 22





