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Abstract

Background. Diffuse midline glioma (DMG) is a devastating pediatric brain tumor unresponsive to hundreds of
clinical trials. Approximately 80% of DMGs harbor H3K27M oncohistones, which reprogram the epigenome to

increase the metabolic profile of the tumor cells.

Methods. We have previously shown preclinical efficacy of targeting both oxidative phosphorylation and glycol-
ysis through treatment with ONC201, which activates the mitochondrial protease ClpP, and paxalisib, which inhibits

PI3K/mTOR, respectively.

Results. ONC201 and paxalisib combination treatment aimed at inducing metabolic distress led to the design of
the first DM G-specific platform trial PNOC022 (NCT05009992).

Conclusions. Here, we expand on the PNOC022 rationale and discuss various considerations, including liquid
biome, microbiome, and genomic biomarkers, quality-of-life endpoints, and novel imaging modalities, such that

we offer direction on future clinical trials in DMG.

Keywords

Background

Diffuse midline glioma (DMG) is the most lethal childhood
cancer, with a median survival of only 10 months." There are
200-300 cases of DMG in the United States annually, each
arising in midline structures, such as the spinal cord, pons,
and thalamus.?3 Approximately 80% of DMGs harbor somatic
missense mutations, which substitute methionine for lysine
at position 27 of histone H3.1 or H3.3, known together as the
H3K27M mutations.*” These H3K27M mutations drive global
epigenetic aberrancies including genomic hypomethylation,
decreased H3K27 trimethylation (H3K27me3), and increased
H3K27 acetylation (H3K27ac).8'3

H3K27M-mutant DMGs depend on methionine metabolism,
with restriction of this amino acid increasing the survival of

in vivo models.™ To exploit tumor dependency on high met-
abolic activity, we performed a preclinical investigation of
the mitochondrial targeting drugs ONC201 and ONC206,
demonstrating that they decrease DMG cell viability in vitro
and increase survival of in vivo models.’ ClpP activation
is achieved by a number of drugs including ADEPs, D9, TR,
and ONC drugs. ClpP targeting was first achieved as an anti-
bacterial strategy using the natural products acyldepsipeptide
antibodies (ADEPs), which showed efficacy in ClpP activa-
tion.’® D9 is a small molecule that mimics the natural struc-
ture of ClpX, the ClpP chaperon.”” D9 has been used as a
potent ClpP agonist to better understand the function of this
mitochondrial protease.'”” TR compounds are a novel series of
imipridone that have shown stringent efficacy in ClpP targeting
with some reported to be an order of magnetite more effective
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than ONC compounds in inducing breast tumor cell kill."®
ONC201, the original imipridone drug, was reported to in-
duce TRAIL apoptotic pathway by inhibiting AkT and ERK
phosphorylation of Foxo3a. However, subsequent studies
showed ONC201 as CIpP agonist.’®2' Caseinolytic pep-
tidase proteolytic subunit (ClpP) protein localizes to the
inner mitochondrial membrane and hydrolyses excess or
misfolded proteins.?%?2 CIpP is a key regulator of the mi-
tochondrial stress response, and a target for disruption of
mitochondrial metabolic pathways in cancer. ONC201 ef-
ficacy has been studied in a number of cancers including
glioblastoma, hematological malignancies, and prostate
cancer.23-26 Indeed, initial studies in glioblastoma, showed
ONC201 efficacy in a patient with K3K27M mutation.?® To
validate this, we used preclinical models of DMG. Our in
vitro and in vivo studies showed that ONC201 and ONC206
allosterically bind to and increase the mitochondrial pro-
tease ClpP activity.?” Accordingly, treatment in DMG drives
mitochondrial degradation, in turn causing an integrated
stress response (ISR) and oxidative phosphorylation
(OXPHOS) impairment; interestingly, astrocytic lineage dif-
ferentiation of tumor cells is also observed."™ These effects
of ONC201 combined with epigenetic downregulation of
cell cycle-related pathways correlate with improved sur-
vival beyond what has been previously seen in this pa-
tient population. Specifically, Venneti et al. demonstrated
that ONC201 correlated with prolonged overall survival
of 21.7 months in patients with newly diagnosed DMG
treated after radiation but before disease progression and
9.3 months in patients with progressive disease.?® While
ONC206 may have similar properties, the drug remains
in early phase, dose escalation studies. This is in contrast
to the much larger experience with ONC201 and defined
recommended dosing. Thus, we aimed to build on these
promising findings with single-agent ONC201 through the
addition of novel agents on an ONC201 backbone therapy.

However, H3K27M-mutant DMGs are notable for en-
hanced glycolysis, potentially offering a compensatory
mechanism for tumor energetics following diminished
OXPHOS activity.?® This metabolic shift is likely mediated
by overactivity of the PI3K/mTOR pathway, which indirectly
drives glycolysis.?®%2 The PI3K/mTOR signaling pathway
controls multiple cellular processes including metabo-
lism, motility, proliferation, growth, and survival.3®3* For
example, the highly conserved AMPK protein, is a key en-
ergy sensor and homeostasis regulator such as glucose me-
tabolism.3® AMPK promotes glucose uptake by activating
PI3K emphasizing the role of PI3K/mTOR in cellular energy
metabolism.3¢ Furthermore, mTOR inhibition leads to sup-
pression of glutathione production in multiple pediatric
brain tumors.’” Because glutathione is critically important
to mitochondrial function, suppression of glutathione pro-
duction may increase the efficacy of mitochondrial targeting
drugs such as ONC201. The PIBK/mTOR pathway is also ac-
tivated as a response to ROS accumulation.® Therefore, we
combined ONC201 with GDC-0084 (paxalisib), a clinically
available blood-brain barrier (BBB) penetrative PI3K/mTOR
inhibitor with promise in atypical rhabdoid teratoid tumor,
glioblastoma, and pediatric high-grade glioma (pHGG).3%-42
This allowed us to investigate the dual inhibition of OXPHOS
and glycolysis. We showed that ONC201 plus paxalisib
synergizes in altering OXPHOS and glycolysis to induce

metabolic distress.*3This led to the design of the first DMG-
specific platform trial PNOC022 (NCT05009992).

Here, we report the PNOC022 rationale and design, re-
view the motivating liquid biome and microbiome work
leading to the clinical trial, explore genomic biomarkers
of response to the treatment, discuss quality-of-life
endpoints, consider the integration of novel imaging mo-
dalities to monitor and guide treatment across clinical
course, and offer direction for the next generation of clin-
ical trials in DMG.

Challenges in Clinical Trial Design for
DMGs

The rapid pace of recent discoveries in the field of DMG
has invigorated laboratory and translational research ef-
forts. However, the ultimate objective to develop a thera-
peutic trial that improves outcomes has yet to be fulfilled.

Unique to DMG, the scientific community is engaged in
an ongoing debate regarding the choice of endpoints that
will most effectively define success or futility of the hy-
pothesis being tested in clinical settings. Numerous chal-
lenges further complicate this endeavor, with the rarity of
the disease being a significant obstacle. The utilization of
imprecise model systems during preliminary laboratory-
based investigations and the prioritization of therapies
and relevant biomarkers to evaluate in homogeneous pa-
tient cohorts pose further difficulties. These considerations
must be balanced with the limited resources available for
conducting trials. While the ultimate goal is achieving a
cure, there are known confounding factors when studying
endpoints, including OS endpoints affected by multiple se-
quential therapies and incomplete knowledge of subtype-
specific natural history. More cost-effective, single-arm
phase 2 studies require consensus-validated endpoints that
use patient-level data from historically and contemporarily
treated populations, ensuring uniform characterization.
Alternatively, concurrently controlled randomized studies
can be employed. Unfortunately, the current “standard of
care” for DMG is far from curative, with any meaningful
responses primarily attributable to focal radiotherapy. The
acquisition of pharmacodynamic biomarkers introduces
more challenges, necessitating multiple tumor tissue sam-
ples or less invasive, nontumor liquid biopsies for longi-
tudinal assessments using validated assays. Given the
complexity and challenges posed by DMG, well-conducted
clinical research is crucial.

The Food and Drug Administration (FDA) considers
concurrently controlled randomized studies as the “gold
standard” for determining efficacy. Disease stakeholders
for DMG, including patients/families and researchers,
would prefer nonrandomized studies until a reasonable
standard of care is established. An alternative to con-
currently controlled trials is utilizing what the FDA calls
“external controls” While not always consisting of con-
temporaneously treated patients, external controls can
provide a control arm for confirming endpoints. Traditional
historical controls commonly used in phase 2 trials rely
on aggregated results and rarely include sufficient in-
dividual patient-level data. Thus, these options lack the
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comprehensiveness or contemporaneity required to serve
as adequate external controls. Recent guidance has been
published to identify patients who would be reliable for
this purpose, with comprehensive longitudinal clinical, bi-
ological, and treatment data at the patient-level providing
the minimum required information. The intent of such
controls is to assume the role of the concurrent treatment
control group, theoretically adhering to all eligibility re-
quirements and follow-up assessments as planned for the
intervention. The evident advantage would be a significant
reduction in the required sample size for determining trial
endpoints while minimizing children’s exposure to a con-
trol arm with an inadequate standard of care. Substantial
resources are necessary to develop the enriched cohorts
required for clinical trials and regulatory application of
external controls. However, the potential benefits include
addressing sample size and concurrent control issues and
overcoming specific clinical research challenges present in
DMG.

Within PNOC022, we aimed to tackle some of these chal-
lenges through specific strategies. First, we only advanced
combination therapies into the clinical setting after thor-
ough assessments in multiple model systems and labora-
tories, ensuring a higher confidence level in their potential
efficacy. Second, we molecularly characterize each patient’s
tumor to assess outcomes within a subtype-specific

Cohort 1

Newly Diagnosed DMG
Pre-Radiation (RT)

Cohort 2

Newly Diagnosed DMG
Post-Radiation

context. Additionally, we have incorporated the collec-
tion of CSF as a potential surrogate for on-treatment biop-
sies. Furthermore, our study integrates various correlative
studies, including microbiome investigations and applies
contemporary disease-specific, pediatric radiographic as-
sessment criteria through the use of Response Assessment
in Pediatric Neuro-Oncology (RAPNO) specific to DMG.

Despite these advancements, endpoints remain a con-
tinued challenge in DMG, even with the application of
RAPNO guidelines.

Disease Cohorts and Rationale

PNOC022 encompasses a multi-cohort, multi-arm
adaptive trial design. At the outset of trial development,
the goal was to create therapy options for patients at
all stages of the disease, from initial diagnosis to dis-
ease progression. Investigators wanted to (a) explore
the potential efficacy of the therapeutic approach at each
stage of the disease, (b) address questions of drug pen-
etration into the tumor with consideration of pre and
postradiation effects, and (c) investigate biomarkers
of response/resistance within the tumor tissue. To this
end, the trial includes 3 cohorts—newly diagnosed,

Cohort 3
Progressive DMG
Pre-reirradiation

(4-14 weeks post-RT)

Option to enroll in treat-biopsy-treat Cohorts 1(b), 2(b), or 3(b) for Phase 0/target validation if
patient has not yet undergone biopsy or in cases where repeat biopsy/surgery is indicated

SOC Radiation
with ONC201 or Paxalisib
(per Randomization Schema)

SOC Reirradiation
with ONC201 or Paxalisib
(per Randomization Schema)

Maintenance Therapy with Combination ONC201 and Paxalisib

All patients move on to Maintenance Phase once biopsy and SOC radiation or reirradiation are
I complete (target validation assessed by tumor location - thalamus, pons, spine) |

All patients undergo biologic correlates and SOC MRIs
CSF - baseline, post-RT, month 3, progression
ctDNA/cfDNA - baseline, post-RT, every 2 months with MRIs
Blood molecular markers - at time of biopsy/surgery, pre-RT, weekly during RT, every 2 months
with MRIs
Blood PK - at time of biopsy/surgery, every 2 months with MRIs
Germline and somatic alterations - baseline

MRIs - baseline, every 2 months

Figure 1.

Schematic of PNOC022. Each cohort (1, 2, 3) is represented at the top of the figure with each phase of treatment within the respective

cohort outlined as the figure moves from top to bottom. Description and frequency of collected biologic and imaging correlates on PNOC022 is de-
tailed at the bottom of the figure. CSF, cerebrospinal fluid; ctDNA, circulating tumor DNA; DMG, diffuse midline glioma; MRI, magnetic resonance
imaging; PK, pharmacokinetics; RT, radiation therapy. Created with Biorender.com.
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preradiation (cohort 1); newly diagnosed, postradiation
(cohort 2); and recurrent (cohort 3; Figure 1). Each co-
hort has presurgical and postsurgical arms to allow a
treat-biopsy-treat approach for patients who have not
yet undergone standard-of-care biopsy/resection and are
enrolled before surgery. Assignment into each combina-
tion arm is determined through a priori randomization at
study entry.

The presurgical target validation arms require dosing at
a specific time point before surgery. This design facilitates
the investigation of the pharmacokinetics of drug penetra-
tion into the tumor and the pharmacodynamic effects of
the drug on tissue. Further in the target validation arms
and as means to assess differential drug penetration, we
aim to enroll at least five patients each with disease at the
following anatomic locations—thalamic, pons, and spine.
Within cohorts 1 and 3, investigated drugs are also given
concomitantly with upfront or reirradiation. This design al-
lows both safety and efficacy assessment of combination
therapy with radiation. After radiation for cohorts 1 and 3
and at the time of study entry for cohort 2, patients begin
maintenance therapy with combination therapy. This de-
sign allows both safety and efficacy assessment of combi-
nation therapy with radiation and exploration of the added
impact of combinatorial strategies. The current target val-
idation design investigates posttreatment tumor tissue
after ONC201 is given on day -1 or days -2 and -1 and
paxalisib on day —1. For cohorts 1 and 3 patients are then
randomized to receive either ONC201 or paxalisib with ra-
diation therapy. Within the maintenance phase for cohort
1 and 3 as well as at study entry for cohort 2, all patients
receive the combination therapy of ONC201 and paxalisib.
An adaptive trial design allows the incorporation of new
combination strategies throughout the life of the trial.
By offering a flexible and multi-arm/multi-cohort design,
PNOCO022 aims to comprehensively address toxicity, effi-
cacy, and biomarker identification for patients with DMG,
regardless of disease stage, and across a wide-ranging
combination of therapies.

Statistical Design (Platform Design and
Endpoints)

The trial contains 3 cohorts based on the stage of the dis-
ease and 2-3 phases within each cohort: target validation,
upfront or reirradiation, and maintenance. Within each dis-
ease phase cohort, patients are randomized to one of the
study arms or assigned a study arm in the setting of prior
exposure to treatment on an alternate arm. The adaptive
platform design allows new treatment combination arms
to be added and available for additional randomization op-
tions during the trial and also provides a mechanism that
patients can switch to new cohorts and arms as their dis-
ease progresses.

The trial uses the novel Bayesian drug combination
platform trial design with adaptive shrinkage (ComPAS)
for all cohorts.** ComPAS allows for dropping ineffective
drug combinations and adding new combinations to the
ongoing clinical pipeline adaptively based on the accumu-
lating trial data. The treatment maintenance combinations

are initially formed with ONC201 and paxalisib, with
ONC201 as the backbone therapy and paxalisib as the
novel agent. For the target validation and radiation phases,
assigned patients will receive only single agent, mono-
therapy according to the study arm to which they were ran-
domized at the study entry. The novel agents and ONC201
combinations will then be given during the maintenance
phase. Each combination will undergo 2 interim analyses,
at which point, a decision will be made to stop the arm early
for futility, graduate the arm for superiority, or continue the
arm to the next interim or final stage. Patients will also be
stratified within each arm according to known molecular
and clinical prognostic markers of H3 status, TP53 wild-
type versus mutant, and age at diagnosis. The ComPAS de-
sign decisions for interim and final analyses will be made
in comparison to the appropriate historical control using a
Bayesian hierarchical model. The advantage of this model
is the ability to borrow information across arms. There are
2 settings where borrowing may be advantageous: first, if
efficacy (either highly efficacious or not-efficacious) is sim-
ilar at the interim analysis in the same 2 arms in Cohorts
1 and 2; second, if efficacy is identical for 2 arms that only
differ by the number of days the drug was given before the
target validation phase (ie, 1 or 2 days).

For cohorts 1 and 2, the primary objective is to assess
the efficacy of the combination therapies based on me-
dian progression-free survival at 6 months (PFS6). PFS6 is
defined as the percentage of patients alive and free from
progression at 6 months (26 weeks). The historical control
PFS6 rate is 39% based on an ONC201 monotherapy trial
(NCT03416530).%°* The maximum sample size is 33, and
the interim analyses will occur when 11 and 22 patients
have been enrolled. For cohort 3, the primary objective is
to assess the efficacy of the combination therapies based
on median overall survival at 7 months (OS7) based on
patient-level data from published data.*¢-®' OS7 is de-
fined as the percentage of patients alive at 7 months (30
weeks). The historical control OS7 rate is 50% based on
published literature. The maximum sample is 42; the in-
terim analyses will occur when 14 and 28 patients have
been enrolled.

Correlative Studies of PNOC022
Cell-Free Tumor DNA (cf-tDNA)

Over the past decade, liquid biopsy technologies have
emerged to monitor the treatment response of various
solid tumors on a clinical and molecular level. These tech-
nologies involve assessing plasma and cerebrospinal fluid
(CSF) for extracted cell-free tumor DNA (cf-tDNA). Recent
studies have shown that these liquid biopsy techniques
can effectively detect patient-specific tumor variants in
both DMG and nonDMG tumors and even correlate or
predict tumor growth and response to treatment.5?-%6 We
and others have shown the utility of digital droplet PCR
(ddPCR) to measure circulating tumor DNA (ctDNA) in
H3K27M DMGs.53/57-61

Probing for H3F3A (H3.3) K27M mutations, studies
showed higher detectable levels of ctDNA in samples of
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cf-tDNA derived from CSF compared to serum or plasma,
as further described below?®3%7-60 However, the clinical
utility of probing H3.3K27M cf-tDNA for therapeutic moni-
toring of response and resistance in ongoing and pro-
spective trials was unclear. Early clues of the feasibility of
clinical assessment of longitudinal ctDNA in DMGs came
from a pilot precision trial utilizing upfront biopsies for de-
signing a biopsy-informed therapy (NCT02274987).62 This
trial reported the detection and monitoring of H3F3A and
HIST1H3B (H3.1) wild-type (WT) and mutant alleles and as-
sessment of mutation allele frequency (MAF) in 11/13 (85%)
of subjects at diagnosis, (6/6; 100%) at postradiation, (7/7;
100%) at treatment, (5/7; 71%) at progression, and (5/5;
100%) at the end of the study. However, the MAF positive
detection rate remained very low, hindering further clinical
interpretations.

While monitoring MAF is a powerful approach for
detecting clinically relevant histone and driver mutations
in the pHGG liquid biome, this approach is suitable only for
monitoring a limited number of small nucleotide variants
(SNVs). It is, therefore, insufficient to detect larger-scale
genomic alterations. Capturing intra-tumoral mutational
heterogeneity requires comprehensive mutation profiling
in ctDNA, including detection of insertions/deletions as
well as focal and broad copy number variations (CNVs).
To address this unmet need, a targeted, hybrid capture-
based next-generation sequencing platform covering a
panel of 523 cancer-associated genes (TSO500ctDNA™),
encompassing all major prognostic and driver mutations
associated with pHGG, was employed.263 This approach
successfully detected tumor-associated gene CNVs in DMG
patient CSF, providing an opportunity for longitudinal gene
CNV monitoring to understand the genomic drivers of
pHGG evolution and disease progression.'

To further establish the clinical utility of ctDNA profiling,
investigators in the ONCO014 phase 1 trial of ONC201 in
children and young adults (NCT03416530) conducted an
arm with 24 patients with H3K27M-mutant DMG enrolled
after radiation to undergo serial CSF collection.*® Patients
underwent serial lumbar puncture (LP) for cf-tDNA anal-
ysis at 0, 2, and 6 months on therapy, while patients en-
rolled at the University of Michigan underwent monthly
serial plasma collection. ddPCR analysis of cf-tDNA sam-
ples was performed, and variant allele fraction (VAF) was
compared to radiographic measured by maximal 2D tumor
area on magnetic resonance imaging (MRI). Patients were
screened before LP to confirm clinical safety, with partic-
ular concern given to signs of increased intracranial pres-
sure or rapidly changing neurologic exams. No adverse
outcomes related to the procedure were observed.

Importantly, change in H3.3K27M VAF over time (“VAF
delta”) correlated with prolonged PFS in both CSF and
plasma samples, predicting progression and sustained re-
sponse and possible differentiation of pseudo-progression
and pseudo-response® Indeed, VAF “spikes” (an increase
of at least 25%) preceded tumor progression in many
cases.®

These results confirmed the feasibility and utility of se-
rial cf-tDNA in both plasma and CSF of DMG patients to
supplement radiographic monitoring. CSF allows for as-
sessing other tumor biomarkers that may be enriched in
spinal fluid, such as cell-free DNA methylation sequencing,

exosomal RNA, and mitochondrial DNA (mtDNA).
However, CSF collection carries more procedural risk than
a blood draw, thus encouraging further research to opti-
mize plasma diagnostics for DMG to complement or po-
tentially replace CSF diagnostics. Multiple academic
institutions and biotechnology companies are optimizing
these methods and transitioning these tests to a CLIA-
certified setting will allow for improved decision-making in
the clinical management of DMG patients and potentially
broader glioma patient populations.

Microbiome

The gut microbiome is vital in various diseases, including
central nervous system diseases and cancer.55-% For adult
HGG, there is emerging evidence that the gut microbiome
plays a role in pathogenesis.?® Metabolites, such as tryp-
tophan, are strongly influenced by the gut microbiome
and can modify glioma’s microenvironment by directly
affecting T cells, dendritic cells, tumor-associated macro-
phages, and antigen-presenting cells.”® Recent data on
pediatric DMGs and the microbiome revealed a potential
role of the microbiome on PFS and OS. Specifically, the
Firmicutes/Bacteroidetes ratio, which serves as a param-
eter of normal intestinal homeostasis, was observed to
be unfavorable at diagnosis, and some components, such
as Flavobacteriaceae and Bacillales, were associated with
a higher risk of disease progression and death.”' To better
understand and elucidate the underlying mechanisms of
these observations, it is vital to gain insight into the micro-
bial composition of trial patients with DMG, as is currently
being performed in the PNOC22 clinical trials.

Predictive Genomic Biomarkers of ONC201 in
DMG

DMGs harbor complex genomes with frequent somatic
inactivation of TP53, chromosomal instability (eg, loss
of 10qg), and high-level amplification of oncogenes (eg,
PDGFRA, MET, EGFR).”>We and others have demonstrated
that ONC201 binds and activates ClpP, that CLPP deple-
tion abrogates ONC201 sensitivity, and that CLPP expres-
sion levels predict ONC201 sensitivity in DMG and other
cancer types.'®?24373 CLPP is located on 19p13.3, a region
also susceptible to TP53-associated genomic instability in
DMGs and thus potentially predictive of ONC201 sensi-
tivity. Notably, protein-coding genes are dosage sensitive
in cancer, and CLPP CNVs also explain CLPP expression
differences between cancer cell lines (https://depmap.org/
portal/gene/CLPP). Joint DMG whole genome and RNA
sequencing in PNOC022 will inform whether high CLPP
copy number and expression levels predict ONC201 sensi-
tivity in DMG patients.

Studies in glioblastoma (GBM) and breast cancer pro-
vided evidence that ONC201 and ONC206 drive rapid de-
pletion of mtDNA copy number, an effect not seen with
other metabolic drugs such as metformin.’*’5 Large-scale
analysis of whole cancer genomes revealed an order of
magnitude difference in mtDNA copy number between
GBMs (~70 to 800 copies per cell).”® So far, however, little is
known to what extent mtDNA copy number varies between
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H3K27M-mutant and H3WT DMGs and whether it will
modulate ONC201 sensitivity. We will address this ques-
tion in PNOC022 based on the quantification of mtDNA
copy number levels from DMG whole genomes using pipe-
lines developed within the Pan-Cancer Analysis of Whole
Genomes Consortium.”®

Oncogenic signaling pathways have also been nominated
to confer resistance to ONC201. In 2021, He et al. observed
that high expression levels of EGFR, the constitutively ac-
tive form of EGFR (EGFRvIII), and EGFR staining in GBM are
determinants of poor preclinical and clinical response to
ONC201.”7 A recent independent effort to identify combina-
torial biomarkers using transcriptomics and proteomics in a
large panel of cancer cell lines has also highlighted CIpP and
EGFR as predictors of ONC201 and ONC206 sensitivity.”®
A similar ONC201 resistance mechanism is also studied in
H3K27M-mutant DMGs that harbor oncogenic EGFR muta-
tions, high-level EGFR amplifications, or high EGFR expres-
sion levels and will be addressed based on RNA- and whole
genome sequencing in PNOC022.7°

H3K27M-mutant DMGs are likely stalled in a cellular state
between neural stem cells and oligodendrocyte precursor
cells (OPC) with a subpopulation of DMGs being defined
by high levels of EGFR expression.®®%8 This subpopulation
resembles a developmental EGFR-high intermediate pro-
genitor cell state termed Pre-OPC8-8% and we observed
that ONC201 drives the differentiation of OPC-like DMG
cells toward other cell states which raises the possi-
bility of a nongenetic and cell-intrinsic ONC201-resistant
subpopulation of Pre-OPC-like DMG cells, thus necessitating
combination therapies such as ONC201 and paxalisib."™

Quality of Life and Patient-Reported
Outcomes

Along with toxicity, efficacy, and biomarker assessments,
PNOC022 aims to collect details on patient experience
throughout participation in the trial. Patient-reported out-
comes (PROs) are reports of the status of a patient’s health
condition that come directly from the patient and/or proxy
(in patients less than 18 years of age) without interpre-
tation of the response by a clinician.® PROs are increas-
ingly acknowledged as an essential source of information
about patient and/or proxy experience during cancer treat-
ment. These assessments allow patients/proxies to report
on side effects and overall quality-of-life during and after
treatment; as such, they are being utilized as direct meas-
ures of outcomes in clinical trials.®”-® PROs may provide
insight into how patients/proxies perceive the care they
have received, and can be administered longitudinally
throughout the clinical course. Consensus as to which
measures to include within clinical trials is beginning to
come into focus for various patient populations. For ex-
ample, a recent publication from the National Clinical
Trials Network (NCTN) Adolescent and Young Adult (AYA)
PRO Task Force put forth a recommended core battery of
PRO measures to include in clinical trials targeting the AYA
population. This battery has inherent flexibility, allowing
the PROs to shift based on the trial population and specific
study objectives. There are few prospective measures of

patient/proxy perception of and satisfaction with partici-
pation in a clinical trial, with almost no prospective data
within the pediatric cancer patient population.®3-% Within
PNOCO022, we hypothesized that there will be at least some
perceived benefit from participation in PNOC022 and that
the perceived benefit, or lack thereof, of study participa-
tion will be variable over time, depending on the inten-
sity of the phase of therapy at the time of questionnaire
administration.

To understand how the patient and/or proxy perceives trial
participation, we created a four-question PRO (“DMG-ACT
PRO").The DMG-ACT PRO is administered at postresection/
biopsy; end of radiation; beginning of cycles 3, 6, 12, 18, and
24; and end of treatment. The questions offer insight into
the overall satisfaction of study participation, the likelihood
of recommending DMG-ACT or a similar study to a future
patient, and the retrospective likelihood of participating
again in this study. The final question centers around why
the patient/proxy answered as they did about the retrospec-
tive likelihood of participating in the study with 4 prewritten
choices and an option for free text response.

Consideration of Novel Imaging
Assessment Integration

Standard contrast-enhanced MRI is the primary clinical
imaging modality to determine treatment response.%
However, the conventional MRI technique has its limi-
tations. For example, differentiation between pseudo-
progression or tumor progression/recurrence can be
difficult. In DMGs, pseudo-progression is commonly seen
and has been described in up to 50% of patients.®”%8 This
can cause a clinical dilemma with the risk of early termi-
nation of treatment in a clinical trial. Therefore, further op-
timization of imaging techniques is needed and advanced
MRI techniques and positron emission tomography (PET)
may be helpful.

Advanced MRI Techniques

Advanced MRI methods that are now available within
standard MR sequencing options, including MR perfusion
(MRP) and MR spectroscopy (MRS), have emerged. MRP is
used for imaging the vascularity of the brain and the tumor,
with different parameters such as arterial-spin labeling (ASL)
and cerebral blood flow (CBF). In DMG, the prognostic value
of MRP has been demonstrated.®® For instance, increased
ASL-CBF can be observed in pseudo-progression compared
to actual progression.’” Further, a difference in perfusion
values between tumors with H3.1K27M and H3.3K27M mu-
tations was found in pediatric DMGs, suggesting that this
imaging modality may offer prognostic and therapeutic in-
sights.” MRS measures biochemical changes in the brain,
and the most commonly used technique is proton (1H;
hydrogen) spectroscopy. Cellular metabolites are meas-
ured, such as choline (Cho), creatine, lactate, lipids, and
myoinositol. The biochemical profiles vary by brain regions
and with brain maturation. Proton MRS can help differen-
tiate types of brain tumors, especially those found in the



Mueller et al.: Rational combination platform trial design

infratentorial compartment, by looking at ratios of N-acetyl
aspartate (NAA), creatine, Cho, and lactate.?®

In one prospective study of 36 patients with pontine
DMGs after radiation therapy, it was found that patients
with higher Cho: NAA values were at greater mortality risk.
Additionally, an increase in Cho: NAA inversely correlated
with survival throughout the disease course.’”' Further ef-
forts are needed to determine what metabolic measures
on 1H-MRS at diagnosis are the best survival or treatment
response predictors.'® Indeed, although the diagnostic
value of MRS in differentiating between tumor recurrence
or radiation necrosis has been shown in a systematic re-
view of 28 studies covering adult brain tumors, similar
work is currently absent for DMGs.%?

PET/'8F-FDG

PET visualizes metabolic features, which can assist in de-
termining the most active tumor location, thereby guiding
a biopsy’s target tissue and discriminating between
pseudo-progression and tumor progression. Ideally, PET
and MRI scans are performed in a single session on a hy-
brid PET/MRI system in pediatric patients, minimizing the
diagnostic burden for the patient.

8F-fluorodeoxyglucose ('®F-FDG) was one of the first
radiotracers used for PET imaging. Unfortunately, however,
the normal brain has a physiologic intense "®F-FDG uptake,
which limits the sensitivity for detecting brain lesions. This
contributes to limited '8F-FDG activity in DMG and, subse-
quently, contradictory results regarding the correlation be-
tween PET parameters and survival in this disease.%

In recent years, radiolabeled amino acids such as "C-methyl-
L-methionine ("C-MET), "®Ffluoroethyl-L-tyrosine ('®F-FET),
and '8Ffluoro-L-dihydroxyphenylalanine ('®F-DOPA) have
been widely introduced for brain tumor imaging and are some
of the most commonly applied radiotracers.'® Importantly,
these tracers have a minimal uptake in normal brain compared
to "8F-FDG, each capable of crossing the BBB.Their uptake de-
pends on the expression of the amino acid transporter, L-type
amino acid transporter 1.%°

"C-MET is the oldest amino acid tracer used in brain
tumor imaging. Few studies have been performed in DMG
patients but have shown that "C-MET-PET can visualize
the tumors in most cases.’94'% Although "C-MET-PET
has proven its clinical value, "®F-FET-PET has logistic ad-
vantages over "C-MET-PET because of its longer half-life,
allowing for dynamic scanning with the evaluation of time-
activity-curves (TACs) and independence from a cyclotron.

8F-DOPA has been studied in children with DMGs, with
8F-DOPA-PET capable of differentiating between H3K27M-
mutant and H3WT DMGs and predicting outcomes.'06107 A
recent retrospective study in 15 pediatric brain tumor pa-
tients, of which 5 had confirmed H3K27-altered DMG and
2 had a clinical/radiologic diagnosis of pontine DMG, ana-
lyzed the added value of dynamic '8F-DOPA-PET and com-
puted tomography parameters.'® |n this study, the TAC
dynamic PET parameter identified patients at higher risk of
disease progression and death.

In adults with gliomas, '8F-FET-PET is widely used, and
evidence-based guidelines are described by the EANM/
EANO/RANO working group.’® In 2015, Dunkl et al. de-
scribed the first cohort of pediatric patients with brain

tumors who received dynamic "8F-FET-PET for further di-
agnostic scanning because of complex initial imaging
findings on MRL™° They found that this approach may be
helpful for the identification of newly diagnosed brain le-
sions suggestive of glioma and in the diagnosis of tumor
progression or recurrence.

A case report from an adult with an H3K27M-mutant
DMG showed high "8F-FET uptake and a short time to
peak.™ Specific to the pediatric population, the diagnostic
accuracy and clinical impact of "8F-FET have been reported
in a prospective study with 169 scans in 97 children and
adolescents comprising a variety of high- and low-grade tu-
mors, including six children with H3K27M-mutant DMG.™2
Indeed, "8F-FET-PET showed significantly higher accuracy
for detecting tumors in both untreated and treated lesions
than MRI and altered the treatment plan in 33% of patients
with a clinical indication for additional imaging.

Advanced MRI and PET imaging can offer additional
value in managing DMG, including use at diagnosis to
define the best target for biopsy and assistance in radi-
ation planning. During treatment, it may correlate with
survival or treatment response and discriminate between
treatment-related effects versus tumor progression.
However, a larger, homogenous cohort of DMG patients
needs to be studied with sequential scan time points to
prove further the additional value of metabolic imaging
approaches, such as '8F-FET-PET, and determine how
these can be integrated into clinical care. By incorporating
'8F-FET-PET imaging into PNOC022, we will be able to ad-
dress some of these questions and also assess utility
within a clinical trial setting for children with DMGs.

Conclusions

DMG remains a deadly disease that deserves thoughtful,
multidisciplinary, and multifaceted clinical trial design in
the quest to find a cure. PNOC022 provides an adaptive
platform that allows near real-time incorporation of new
treatment arms based on an evolving understanding of po-
tential disease vulnerabilities. The trial also incorporates
collection of novel pharmacokinetic, molecular, genomic,
and imaging biomarkers that will inform on tumors’ mech-
anisms of response and resistance. Each piece of the trial
has been developed with expertise from basic scientists
to clinical researchers to pharmacologists to imaging spe-
cialists. Further, the PNOC mission includes trial access for
as many children and young adults as feasible, regardless
of geographic location. To that end, PNOCO022 is currently
open at 31 sites across 5 countries, including several sites
in Australia/New Zealand and Israel. Through the design
and collaboration of PNOC022, we will greatly augment our
understanding of DMG with the ultimate goal of advancing
more effective therapy combinations in rapid pace.
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