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Abstract

Background. Diffuse Midline Glioma (DMG) with the H3K27M mutation is a lethal childhood brain cancer, with pa-
tients rarely surviving 2 years from diagnosis.

Methods. We conducted a multi-site Phase 1 trial of the imipridone ONC201 for children with H3K27M-mutant
glioma (NCT03416530). Patients enrolled on Arm D of the trial (n = 24) underwent serial lumbar puncture for cell-
free tumor DNA (cf-tDNA) analysis and patients on all arms at the University of Michigan underwent serial plasma
collection. We performed digital droplet polymerase chain reaction (ddPCR) analysis of cf-tDNA samples and com-
pared variant allele fraction (VAF) to radiographic change (maximal 2D tumor area on MRI).

Results. Change in H3.3K27M VAF over time (“VAF delta”) correlated with prolonged PFS in both CSF and plasma
samples. Nonrecurrent patients that had a decrease in CSF VAF displayed a longer progression free survival
(P =.0042). Decrease in plasma VAF displayed a similar trend (P = .085). VAF “spikes” (increase of at least 25%)
preceded tumor progression in 8/16 cases (50%) in plasma and 5/11 cases (45.4%) in CSF. In individual cases, early
reduction in H3K27M VAF predicted long-term clinical response (>1 year) to ONC201, and did not increase in cases
of later-defined pseudo-progression.

Conclusion. Our work demonstrates the feasibility and potential utility of serial cf-tDNA in both plasma and CSF of
DMG patients to supplement radiographic monitoring. Patterns of change in H3K27M VAF over time demonstrate
clinical utility in terms of predicting progression and sustained response and possible differentiation of pseudo-
progression and pseudo-response.
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Nonrecurrent patients with decreased CSF H3K27M cf-TDNA VAF had

prolonged PFS

“Spikes” in cf-tDNA VAF preceded progression in a majority of cases

Serial VAF sampling aids in differentiating pseudo-progression and bevacizumab

effect

Importance of the Study

To our knowledge, we report the first demonstrated
feasibility for serial CSF collection in a prospective
high-grade glioma clinical trial. Nonrecurrent patients
(those enrolled after initial radiation) with a decrease
in CSF H3.3K27M variant allele fraction (VAF) displayed
a doubling of time to progression. “Spikes” in cf-tDNA
VAF (increase of at least 25%) preceded progression

Diffuse Midline Gliomas (DMGs), including diffuse intrinsic
pontine glioma (DIPG), are a subset of brain tumors with
associated survival of less than 10% beyond 2 years of di-
agnosis."? As many as 80% of DIPGs harbor mutations in
histone H3, which leads to a lysine-to-methionine substitu-
tion (H3K27M) in H3.3A (H3F3A) and H3C2 (HIST1H3B).34
Given their location in midline structures, most commonly
the brainstem, thalamus or spinal cord, serial tumor bi-
opsy as a means to monitor tumor burden (eg, response
to anticancer agents) carries significant risk. Thus, tracking
disease burden for patients with DMGs is often restricted to
repeat MRI. Increases in tumor area on MRI can be attrib-
uted to either true tumor progression or radiation-related
swelling or necrosis (pseudo-progression).®

In order to better monitor treatment response on a clin-
ical and molecular level, liquid biopsy technologies have
emerged over the last decade to assess plasma and ce-
rebrospinal fluid (CSF) for extracted cell-free tumor DNA
(cf-tDNA).5" In a recent study with adult glioblastoma
(GBM) patients, patient-specific tumor variants were iso-
lated from circulating tumor DNA (ctDNA) in CSF using
next-generation sequencing (NGS) in approximately half
(42/85) of patients.® Detection of patient-specific variants
was shown to correlate with tumor burden and adverse
outcome.® Serial plasma collection in a cohort of pediatric
DMG patients revealed H3K27M ctDNA to correlate with
tumor response to radiation in 10 of 12 patients using dig-
ital droplet PCR (ddPCR)."° Izquierdo and colleagues used
ddPCR to measure ctDNA from point mutations, including
H3K27M, derived from isolated plasma and CSF samples."
The authors found higher detectable levels of ctDNA in
samples of cf-tDNA derived from CSF in comparison to
other modes of liquid biopsy and presented anecdotal
examples of correlation between levels of ctDNA in the
plasma and tumor outcomes.™ Finally, our group demon-
strated the ability of electronic (Nanopore) sequencing to

in many cases. In individual cases, patterns of change
in VAF over time demonstrate additional clinical utility
in terms of differentiating pseudo-progression and
bevacizumab (“pseudo-response”) effect. These find-
ings represent a new direction for understanding the
feasibility and utility of H3K27M cf-tDNA as a clinically
relevant prognostic marker.

detect a panel of recurrently mutated genes in DMG and
to show correlation with treatment response in individual
cases.®

Despite these meaningful advances in the diagnosis and
correlation with glioma tumor size on imaging, no studies
have demonstrated the ability of cf-tDNA to provide in-
formation to predict treatment response or progression, or
to address frequent issues with pseudo-progression and
or bevacizumab-induced “pseudo-response’ To our knowl-
edge, the feasibility and utility of prospective serial anal-
ysis of CSF for cf-tDNA monitoring in a glioma clinical trial
has not been employed.

To address this, we designed an arm (Arm D) on the
multi-site phase 1 trial with the imipridone ONC201
(NCT03416530) that employed serial CSF collection (base-
line, 2 and 6 months) for patients with H3K27M-mutant
DMG. ONC201 is a selective dopamine DRD2 antagonist,
which results in dual inactivation of Akt and ERK and TRAIL-
mediated apoptosis in cancer cells. ONC201 also directly
binds and activates the mitochondrial protease ClpP, re-
sulting in impaired respiratory function and mitochondrial
toxicity in leukemia'® and breast cancer’® cells. ONC201
demonstrates preclinical activity, brain penetration and
safety in the treatment of adult GBM.'*" While the recently
completed phase 2 trial of ONC201 in adult recurrent GBM
did not improve PFS,"” multiple patients with H3K27M mu-
tation demonstrated sustained response of multi-focal le-
sions.'”®This response prompted phase | trials of ONC201
in H3K27M-mutant pediatric and adult DMG. As this rep-
resented a promising trial in a molecularly homogenous
group, we employed a clinical trial design for correlate cell-
free sample collection in the pediatric phase I.

In the present study, we describe the feasibility of se-
rial CSF cf-tDNA monitoring as well as the clinical utility
of longitudinal cf-tDNA H3K27M monitoring. Our findings
indicate that patterns of change in serial CSF and plasma
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collection for cf-tDNA can predict progression, long-term
response, and have potential for clarifying “pseudo-
progression” and “pseudo-response” during treatment.

Materials and Methods
Patient Samples (CSF) and Tumor Measurements

Informed consent/assent was obtained and studies were
conducted according to the multi-institutional phase 1 clin-
ical trial of ONC201 (NCT03416530) in the United States.
The University of Michigan, UCSF Seattle Children’s
Hospital, and Miami Cancer Institute participated in Arm
D. The study protocol was IRB approved at all participating
centers.

Patients on arm D were eligible if they were diagnosed
with glioma that was positive for the H3 K27M mutation
(positive testing in CLIA laboratory), had completed at
least one line of prior therapy, and were willing to undergo
serial lumbar puncture to obtain cerebrospinal fluid (CSF)
at the time of MRI. Evidence of progression was not re-
quired so that ONC201 may be administered to patients in
the maintenance setting or to patients with recurrent dis-
ease. No more than two prior episodes of recurrence from
radiotherapy and/or chemotherapy were allowed. Use of
bevacizumab solely for treatment of radiation necrosis,
pseudo-progression, or treatment effect was not con-
sidered a recurrence. Local anesthesia for lumbar puncture
was also allowed. Spinal taps were not to be performed
if the treating clinician or proceduralist had concern for
signs of elevated intracranial pressure, including recent
worsening in headache or somnolence.

Two to 5 ml of CSF were collected for patients <5 years
of age and 5-10 ml were collected for patients >5 years of
age. CSF samples were centrifuged at 1500 rpm for 5 min
to remove cellular contents and/or debris and supernatant
was stored at —80 °C until ready for use, in 0.5 ml-" aliquots
were processed depending on initial volume of sample.

Patient Samples (Plasma)

For U of M patients on any arm of the trial (including non-
Arm D patients with nonbiopsied DIPG), informed con-
sent/assent was obtained on the IRB-Approved protocol
Sample Repository for Pediatric Hematology/Oncology
(HUMO00123426). Blood samples (6-8 ml) were collected
in vacutainer tubes at time of blood draws that were oth-
erwise a part of routine clinical care. The sample was sub-
jected to density gradient separation (Ficoll-Hypaque) via
centrifugation at 1500 rpm x 5 min and plasma was then
flash frozen at —80 °C until ready for use, in 1 ml aliquots.
These aliquots (1 ml) were processed for cf-tDNA isolation.

Magnetic Resonance Imaging (MRI) and Tumor
Measurements

Tumor measurements for patients on phase 1 ONC201
(NCT03416530) were provided by investigators using mod-
ified RANO Response Criteria. Bi-dimensionally, contrast-
enhancing, measurable lesions with clearly defined

margins by MRI scan, with a minimal diameter of 1 cm, and
visible on 2 axial slices which are at least 5 mm apart with
0 mm skip. If noncontrast enhancing disease is measur-
able, bi-dimensional T2/FLAIR imaging was used for meas-
urements. Cross-sectional area was determined using the
axial image featuring maximal tumor diameter and calcu-
lated as the product of this maximal diameter measure-
ment and the diameter perpendicular in the same plane.To
determine correlation with tDNA VAF values, MRI images
were selected from the imaging study closest to the time of
sample collection (plasma or CSF).

DNA Isolation

DNA was isolated from fluid samples using the QlAamp
Circulating Nucleic Acid kit (Qiagen, 55114) and from tissue
using the DNeasy Blood & Tissue kit (Qiagen, 69506). All
concentration measurements were performed using the
Qubit 3.0 Fluorometer (Invitrogen, Q33216) and Qubit
dsDNA HS Assay kit (Invitrogen, Q32851).

ddPCR Primer Design and Assay

Primers for the H3F3A K27M assay were designed using
Primer3Plus (https:/primer3plus.com/cgi-bin/dev/primer3plus.
cgi) and probes were designed by a Scientific Applications
Specialist at Integrated DNA Technologies (IDT). Locked nu-
cleic acid (LNA) bases were incorporated into the probe de-
sign to increase melting temperature without lengthening
probe sequence. Both primers and probes were synthesized
by IDT.

Forward primer: 5-GGTAAAGCACCCAGGAAG-3’

Reverse primer: 5-CAAGAGAGACTTTGTCCC-3"

WT probe with LNA: 5-HEX-TC+GC+A+A+GA+GT+GC-
IABkFQ-3, ‘4" denotes LNA bases, HEX:
hexachlorofluorescein, IABkFQ: lowa Black® FQ quencher

K27M probe with LNA:5-6-FAM-TC+GC+A+T+GA+GTGC-
IABkKFQ-3’, mutant base is bold, “+” denotes LNA bases,
6-FAM: 6-carboxyfluorescein, IABkFQ: lowa Black® FQ
quencher

Reaction mixtures were prepared using ddPCR Supermix
for Probes (no dUTP) (Bio-Rad, 1863024). The following
PCR protocol was used: 1 cycle at 95 °C for 10 min, 40
cycles at 94 °C for 30 s and 58 °C for 1 min, 1 cycle at 98 °C
for 10 min, and 1 cycle at 12 °C infinite, all at a ramp rate of
2 °C/s.

DNA Preamplification

An initial preamplification reaction was run prior to ddPCR
using the same primers described above and the Q5 High-
Fidelity 2X Master Mix (New England BioLabs, M0492S).
The following PCR protocol was used: 1 cycle at 98 °C for
30s, 12 cycles at 98 °C for 10 s, 58 °C for 30 s, and 72 °C for
30s, 1cycle at 72 °C for 2 min, and 1 cycle at 12 °C infinite.

ddPCR Analysis

The Bio-Rad QX200 AutoDG system was used for all
ddPCR work. QuantaSoft Analysis Pro (Bio-Rad) was used
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for initial analysis of results. We applied recommended
threshold for “positive samples (per Bio-Rad QX200-Auto
DG User Manuel). Briefly, Poisson statistics demonstrates
that 3 copies for every measurement are needed in order
to detect 1:10 000 mutant events at a 95% confidence level
in 10 000 positive droplets, which is the average number of
droplets per analysis. We used the threshold of 3 positive
mutant droplets (including “double positive” droplets for
mutant and wildtype H3.3A). Two or fewer positive drop-
lets were considered negative.

Statistical Analyses

Graphs were plotted and statistical analyses were per-
formed using GraphPad Prism software (version 7.00/8.00,
GraphPad, La Jolla, CA) and Microsoft Excel. Unpaired,
two-sided t-tests (Mann-Whitney) were performed.
Correlation analyses were performed using the Pearson r
value. Survival analyses in nonrecurrent patients were per-
formed using Kaplan-Meier analyses with the Log-Rank
test, with at least 2 plasma or CSF samples. Data were con-
sidered significant if P values were below 0.05 (95% confi-
dence intervals). We set a 25% increase over the baseline
level for each patient/sample type to call a spike in cf-tDNA

levels based on typical tumor monitoring value for pro-
gressive disease of 25%, as well as this being over the
average standard deviation for both plasma and CSF trip-
licate values.

I
Results

Patients enrolled on Arm D of the ONC201 trial
(NCT03416530, n = 24) underwent serial lumbar puncture
(LP) for cell-free tumor DNA (cf-tDNA) analysis and pa-
tients on all arms at the University of Michigan, including
4 non-Arm D patients, underwent serial plasma collection.
Patient disease status and further information are out-
lined inTable S1. Results in graphical form are in Figure 1
and in numerical form in Table S2, including raw values
and percentage change from baseline. Demographic data
for all patients (n = 28) is displayed in Table S3. We ex-
tracted cf-tDNA from 62 plasma samples (186 replicates)
and 29 CSF samples (87 replicates) from 17 patients with
sequencing-confirmed H3F3A (H3.3) K27M mutation and
samples collected at multiple time points [we excluded
patients with HIST1H3B (H3.1) K27M mutation or those
with CSF sampling from only 0 or 1 time points due to
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Landscape of patient samples and H3K27M variant allele fraction (VAF) by time point.
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early progression or logistical/safety constraints (Fig. S1).
Collection of CSF proved feasible and safe, with no com-
plications related to LP reported. At a total of 6 (out of 35,
17%) LPs, the patient exhibited concern for increased in-
tracranial pressure (worsening headache or neurologic
symptom/neurologic exam in the week prior to procedure)
and was waived from LP.

We performed ddPCR analysis for H3.3 K27M of cf-tDNA
extracted according to previous methods Fig. S110. We
performed technical replicates (n = 3) for each sample
and reported the average value (average standard devia-
tion was 0.032% for plasma and 0.327% for CSF). Six data
points were found below our standard deviation threshold
(<0.03%), and were included, but changes underneath this
level were not considered significant. We were able to de-
tect H3K27M cf-tDNA in 53/62 plasma samples (sensitivity
of 85.4%) and 28/29 CSF samples (sensitivity of 96.5%;
Figure 1). We detected no H3K27M-positive droplets in
nontemplate control wells (n=70).

We first assessed the relationship between tumor size
by MRI and plasma (n = 47) or CSF (n = 26) H3K27M VAF
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(% positive H3K27M droplets/total droplets with H3K27
DNA detected). There was no direct correlation between
tumor size by MRI (percentage of initial size) and either
plasma or CSF VAF (Figure 2A and B), or VAF and tumor lo-
cation (Figure 2C and D.) Additionally, there was no corre-
lation between VAF and tumor size (Fig. S2a-b) or between
CSF or plasma cf-tDNA concentration and H3.3 K27M VAF
percentage (Fig. S3a-b.)

We then assessed the relationship between change in
cf-tDNA VAF while on ONC201 therapy and progression
free survival (PFS). “VAF delta’ defined as the H3K27M VAF
at baseline minus the last serial VAF assessed in plasma or
CSF (within sample type), correlated with prolonged PFS
(Figure 3A and B). Of note, the correlation slope in plasma
was driven most heavily by one outlier sample from
UMICHO4 which showed a reduction in plasma H3.3 K27M
VAF of 6.72 %, thus potentially reducing the strength of this
correlation in our dataset. Nonrecurrent patients (patients
who enrolled after initial radiation but before progression,
n = 13) that showed a decrease in CSF tDNA over time
displayed a longer PFS (559 days vs. 248 days, P =.0042,
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Figure 3C). Decrease in plasma VAF displayed a similar, al-
beit nonsignificant, trend (P= .06, Figure 3D).

Some patients demonstrated a “spike” from baseline in
cf-tDNA VAF (defined as an increase of at least 25%) that
preceded tumor progression. False positive peaks (no pro-
gression for 6 months after peak) were only seen in one
plasma case. Plasma VAF spikes preceded progression in
8/16 cases (50%) (Figure 4A and B) and cooccurred with
progression in 3/16 (18.75%) patients. CSF VAF spikes pre-
ceded progression in 5/11 cases (45.4%). As an example, a
10-year-old female with pontine DMG enrolled after initial
radiation and demonstrated an initial reduction in tumor
area (T1+ contrast area) at day 70 that was felt to repre-
sent response to radiation; followed by clinical and radi-
ographic progression at day 111. For this patient, H3K27M
VAF “spike” preceded progression in CSF but correlated
with progression in plasma (Figure 4C).

VAF change over time showed distinct patterns from
tumor area changes (MRI) and in some cases offered po-
tential clinical utility of distinguishing pseudo-progression
and pseudo-response. Regarding pseudo-progression, a
6-year-old female with thalamic DMG treated with ONC201
following initial radiation demonstrated an initial increase

in tumor area on MRI of nearly 25%, followed by a near
complete response (85% regression by RANO) that has
continues after 32 months of treatment (Figure 5A).
Importantly, her plasma VAF showed a brisk reduction in
plasma cf-tDNA VAF during the tumor imaging pseudo-
progression, which more accurately reflected treatment
response. Regarding pseudo-response, a 14-year-old male
with spinal cord DMG received concurrent bevacizumab
with ONC201, which resulted in a decrease in spinal tumor
area on T1 postcontrast, as expected with bevacizumab.
However, the patient showed continued increase in plasma
VAF, which accurately predicted radiologic progression 8
weeks later (Figure 5B). We found no correlation between
tumor size and VAF (Figure S2a-b) or overall cell-free DNA
concentration and VAF (Figure S3a-b.)

Discussion

Our work demonstrates the feasibility and clinical utility of
serial cf-tDNA in both plasma and CSF of DMG patients to
supplement radiographic monitoring. Patterns of change
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sample type. (C) Increase in VAF predicts progression in CSF and correlates with progression in a 10-year-old female with DIPG treated with
ONC201.
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Fig. 5 (A) Pseudo-progression on tumor area by MRI (red dotted box) is not reflected in cf-tDNA H3K27M VAF reduction in a 6-year-old DMG
patient with long-term response to ONC201. (B) A 13-year-old male with spinal H3K27M-mutant glioma demonstrates plasma VAF increase prior
to radiologic progression. The drop in tumor area (gray plot) occurred during administration of bevacizumab, which caused reduction in tumor
edema/area and contrast enhancement.

in VAF over time demonstrate clinical utility in terms of  pseudo-response. In our cohort, CSF cf-tDNA displayed
correlating with sustained response, predicting progres- a greater sensitivity for H3K27M detection than plasma
sion, and possibly identifying pseudo-progression and  (96.5% vs. 85.4%). We found higher H3K27M VAF values in
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cf-tDNA derived from CSF compared to plasma, consistent
with previous work.%'5-17 Most importantly, our data show
that CSF H3K27M “responses” (reduction in VAF over time)
is a stronger biomarker of clinical response (prolonged
PFS). Interestingly, individual VAF values did not corre-
late with tumor area in either CSF or plasma. This is per-
haps best explained by the individual time points when
VAF diverged from tumor area on MRI in a way that added
potential clinical utility (eg pseudo-progression, pseudo-
response, prediction of tumor progression). Based on
the enrichment of CSF with glioma tumor DNA, CSF may
allow for the assessment of other tumor biomarkers that
may be enriched in spinal fluid, such as cell-free methyl-
ation sequencing,?® exosomal RNA,?" and mitochondrial
DNA.2 Qverall these benefits favor the serial monitoring
of CSF over plasma for glioma monitoring. However, CSF
collection is more logistically complex and carries more
procedural risk than a blood draw, thus encouraging fur-
ther research to optimize plasma diagnostics for glioma to
complement or potentially replace CSF diagnostics.

Our analyses of VAF patterns over time support that
“spikes” in cf-tDNA VAF can support the diagnosis of clin-
ical or radiographic disease progression. Importantly, VAF
spikes in plasma and CSF occurred, on average, 1-3 months
before radiographic progression in our cohort. Future use
of cf-tDNA monitoring in patients with DMG may allow
clinicians to respond to spikes in VAF by performing closer
interval follow-up or to adjust treatment sooner. As the
spike was a median of ~3 months and ~2 months (CSF)
prior to progression, a 1-2 month frequency of collection
should be adequate for predicting progression. Future use
of Ommaya collection of CSF could improve safety/feasi-
bility of frequent CSF collection.

In addition to providing a minimally invasive method
for molecular profiling and longitudinal monitoring of
tumor progression, serial monitoring of cf-tDNA derived
from plasma or CSF may be useful in clarifying pseudo-
progression and bevacizumab (“pseudo-response”) effect.
Inindividual cases, patterns of change in VAF over time dem-
onstrated that cf-tDNA more tightly correlated with the sub-
sequent treatment course than fluctuations on MRI found
later to represent radiation or bevacizumab effect. Our co-
hort was too heterogeneous to provide statistical analysis
to these clinical situations that frequently complicate tumor
imaging interpretation. Future studies may employ liquid
cf-tDNA monitoring for selected cohorts of patients on
bevacizumab or postirradiation to help clarify the full utility.

Finally, our cohort offers further evidence of the poten-
tial efficacy of ONC201 in H3K27M-mutant DMG. While our
arm of the trial was primarily designed to study the utility
of correlate CSF monitoring, the individual long-term re-
sponses seen in some patients (Figure 5A) are compelling,
and the median PFS seen in patients with CSF or plasma
tDNA reduction (559 and 327 days, respectively) compare
very favorably to historic survival in H3K27M patients.?
Current work is underway to determine the patient popula-
tions most likely to respond to this therapy and the mech-
anism of response in H3K27M-mutant cells.

In summary, our work demonstrates the feasibility and
potential utility of serial cf-tDNA in both plasma and CSF
of DMG patients to supplement radiographic monitoring.
Optimization of the above methods and transition of these

tests to a CLIA-certified setting will allow for improved de-
cision making in clinical management of DMG patients,
and potentially broader glioma patient populations.

Supplementary Material

Supplementary material is available at Neuro-Oncology
online.
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