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Diffuse intrinsic pontine glioma (DIPG) is the pediatric tumor with the worst
prognosis. BIOMEDE was a randomized phase 2 trial comparing the efficacy
® Check for updates interms of overall survival (OS) (primary endpoint) of epidermal growth
factor receptor (EGFR) inhibitor erlotinib, mTOR inhibitor everolimus

and multitargeted tyrosine kinase inhibitor dasatinib in combination with
radiotherapy in patients with a biopsy-proven DIPG. Tumors were assessed
centrally forimmunohistochemical biomarkers (EGFR overexpression or
PTEN loss) together with whole-exome and RNA sequencing. A cohort of

66 children with the same inclusion criteria and treated previously with
temozolomide-based regimen was used to compare outcome. Treatment
allocation was performed by randomization in 233 patients, designed
sothatadrug could not be allocated if the corresponding biomarker

was absent: 36 received erlotinib, 102 received dasatinib and 95 received
everolimus. The trial was ended for futility of the primary endpoint
following the recommendations of the independent data monitoring
committee: OS from biopsy was not different from the control cohort
(median OS =10.8 months (95% confidence interval (Cl): 9.5-13.0)) in any

of the three arms (median OS = 9.7 months (95% Cl: 7.8-14.6) for erlotinib;
9.9 months (95% Cl: 8.8-11.2) for dasatinib; and 11.9 months (95% ClI:
10.7-14.2) for everolimus). Everolimus showed significantly less ocular,
renal, skin and gastrointestinal side effects and treatment discontinuation
for toxicity (secondary endpoint). TP53 mutations, frequently linked to
multiple structural chromosomal aberrations, were the strongest predictor
for poor survival in multivariate analysis (hazard ratio =2.8 (95% Cl:1.9-4.2),
P<0.0001). Both mutations in and activation of the mTOR pathway were
associated with a better response to everolimus. Four long-term survivors
treated withan mTOR inhibitor were alive free of treatment over 6 years
from diagnosis. With comprehensive tumor profiling, BIOMEDE validated
prognostic biomarkers as well as informative theranostic biomarkers for
future trials. ClinicalTrials.gov: NCT02233049.
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DIPGsare currently incurable. Long diagnosed on clinical and radiologi-
cal characteristics only, this disease is now molecularly defined by the
loss of the trimethylation mark at lysine 27 of the histone H3 protein,
which leads to a specific reorganization of the epigenetic landscape
of the tumor cells’. This unique oncogenic mechanism is shared by
other diffuse gliomas located in the midline outside the pons” and
posterior fossa type A ependymoma®*. This alteration is caused by
the dysfunction of the PRC2 complex due to either a missense K27M
mutation of the histone H3-encoding genes’ or the overexpression of
EZHIP, both interfering with EZH2 enzyme activity®’. Consequently,
the World Health Organization (WHO) has defined a new entity named
diffuse midline glioma (DMG) H3K27-altered where DIPG refers to
tumors with pontine location. Deep location and invasion preclude
surgical excision. Radiotherapy is the mainstay of treatment since the
first description of its efficacy®. Radiotherapy does not cure patients
with DIPG, and families and caregivers request adjuvant therapies. No
effective chemotherapy has been identified despite the completion
of numerous single-arm phase 2 trials. The chemoresistance of these
neoplasms has prompted efforts to study the biology of these tumors
for specific targets.

In the past two decades, the reintroduction of stereotactic biop-
sies’and increased autopsy studies'*'? have helped identifiy actionable
targets, such as PDGFRA™ ™, EGFR'* and mTOR". Targeted therapies,
including dasatinib'®, were shown to outperform conventional chemo-
therapy in both preclinical models and clinical trials'***™",

Biopsy became useful again not only for diagnosis but also for
prognostication since outcomes were reported to be associated with
the type of histone H3 mutated®.

In 2014, we launched an international randomized trial for
biopsy-proven DIPG (presence of aloss of trimethylation at position
K27 of histone H3 being the main inclusion criterion) in children,
adolescents and young adults. This included biomarker-driven rand-
omization among three drugs previously tested in phase 1in patients
with DIPG targeting the most frequent druggable alterations known
at that time: EGFR tyrosine kinase inhibitor erlotinib, mTOR inhibi-
tor everolimus and multitarget receptor tyrosine kinase inhibitor
dasatinib. Several targets of dasatinib such as ABL, the SRC family
kinases and the receptor tyrosine kinases c-KIT, platelet-derived
growth factor receptor (PDGFR) aand B, discoidin domain receptor
1(DDR1), c-FMS and ephrin receptors are overexpressed in DIPG com-
pared to normal brainstem, and efficacy of dasatinib has been shown
invitro on DIPG cells™'®, These medicines were given concomitantly
with radiotherapy and as adjuvant therapy until progression. OS
was the primary outcome measure. All biopsies were studied with
whole-exome sequencing (WES) and RNA sequencing (RNA-seq) to
refine the molecular description of the different forms of the disease
and to explore prognostic and theranostic biomarkers (exploratory
objectives). Here we present the final results of this large trial and its
biological correlates.

Results
Population of the study and control cohort
Atotal of 326 patients were enrolled between 2 October 2014 and 6 May
2020 (Fig. 1). Thirty-four patients were treated with everolimus after
the trial steering committee’s recommendation to stop randomization.
Among the 292 patients enrolled before randomization closed,
43 were screen failures. Thirteen with non-brainstem DMG (NB-DMG)
H3K27-altered became eligible in the trial after the change of the
WHO classification. Of these 43, 33 did not meet eligibility criteria
(including 23 with a diagnosis centrally rejected), and 10 withdrew
consent. Three more patients were not randomized for other rea-
sons. The most frequent differential diagnoses were ganglioglioma,
pilocytic astrocytoma, pediatric high-grade glioma of the subclass
MYCN (pedHGG-MYCN), MYB-QKIangiocentric gliomaand NF1-related
glioma (Supplementary Table1).

In total, 233 patients were randomized in the three subtrials
(Table 1) until 20 September 2019 when the independent data moni-
toring committee recommended stopping randomization for futility
(Fig. 1). Ninety-five patients were randomized to receive everolimus,
102 toreceive dasatinib and 36 to receive erlotinib. Sex was balanced.
Median age was 8.1years (range, 1.8-30.3). Seventy-two percent were
treated in France. Other brainstem structures than pons were involved
in43%, and 3% had metastases at diagnosis.

The median interval between radiological diagnosis and treat-
ment initiation was 26.5 days (interquartile range (IQR), 21-32)
(Supplementary Table 2).

Sixty-six patients with biopsy-proven DIPG treated in Gustave
Roussy before the start of BIOMEDE>* were used as historical controls,
excludingthose who had received any BIOMEDE drugs. Most received
radiotherapy and temozolomide.

Trial design and endpoints

Patients with radiologically suspected DIPG first consented to biopsy.
After diagnosis confirmation (DMG H3K27-altered with an epicenter
in the pons) by central pathology reviewer, enrollmentin the treat-
ment randomization based on biomarkers was offered in case of age
over 6 months, absence of active intratumoral hemorrhage, ability
to undergo radiotherapy, Lansky Play Scale >50% and life expectancy
longer than 3 months. Metastatic disease was allowed.

The drugs tested were administered during and after normofrac-
tionated radiotherapy at 54 Gy. Three drugs were compared: everolimus
5mg m™per dose once daily, erlotinib 125 mg m™ per dose once daily
or dasatinib 85 mg m™ per dose twice daily. The trial was designed
to randomize these three drugs in patients with biopsy-proven DIPG
according to specific biomarkers (Extended Data Fig. 1). According to
the biomarker constellation present, three randomizations were pos-
sible: R1 (erlotinib versus dasatinib) in patients where tumor was EGFR
positive without PTEN loss; R2 (everolimus versus dasatinib) in patients
where tumor showed only PTEN loss without EGFR overexpression; and
R3 (erlotinib versus everolimus versus dasatinib) in patients with tumor
showing both EGFR overexpressionand PTEN loss (Extended DataFig. 1).
In total, eight patients were randomized in R1, 136 in R2 and 89 in R3
(Fig. 1and Extended Data Table 1). Patients with biomarker-negative
tumors received dasatinib without randomization and were excluded
from the final analysis. Patients without information on biomarkers
(biopsy not diagnostic but centrally reviewed radiologic features of
DIPG, necrotic tumor not amenable toimmunohistochemical analysis
or lack of material for biomarkers) were assigned in R3. This design
enabled pairwise drug efficacy comparisons by distributing R3 patients
accordingtoagiven pairwise comparison; these OS comparisons were
the primary objective. Considering the smallest pairwise comparison
(erlotinib versus everolimus), 79 events and 90 patients were required
toachieve 80% power to compare OS curves using atwo-sided log-rank
test (o =20%), if the hazard ratio of death was 0.62, equivalent to a10.6%
increase in the 2-year OS (5% versus 15.6%) assuming an exponential
survival distribution, proportional hazards and an expected accrual of
22.5patients per year (East software; Cytel). Considering the expected
biomarker distribution, we planned to recruit a total of 250 patients
in the entire randomized trial to ensure 90 patients in the smallest
pairwise comparison (erlotinib versus everolimus). Comparison with
historical controls was also part of this primary objective.

Secondary endpoints were 2-year OS, progression-free survival
(PFS) and safety profile. The biomarkers associated with disease out-
come, the association between biomarkers and drug efficacy and the
radiographic changes observed after radiotherapy were the planned
exploratory objectives.

Survival analysis
The trial did not show any significant OS difference (Fig. 2a-d and
Extended Data Table 2). With a median follow-up of 5.3 years, median
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Fig.1| CONSORT diagram of the 326 patients enrolled in the study. Thirty-four
patients were enrolled after the end of randomization (Amendment 7) and were,
therefore, notincluded in the analysis. Thirteen patients with NB-DMG were

randomized in the trial after Amendment 7, which authorized the enrollment of
DMG located outside the pons, and these patients were not considered for the
main analysis. Dasa, dasatinib; Erlo, erlotinib; Evero, everolimus; TT, treatment.

OS since the biopsy was 11.1 months (95% Cl: 9.7-11.7) in the trial com-
pared to 10.8 months in the control cohort (95% CI: 9.5-13.0). No dif-
ference was observed for any of the treatment arms compared to the
historical control, with median OS of 9.7 months (95% CI: 7.8-14.6),
9.9 months (95% ClI: 8.8-11.2) and 11.9 months (95% Cl:10.7-14.2) for
patients treated with erlotinib, dasatinib and everolimus, respectively
(Fig. 2e and Extended Data Table 2).

Because there was norecommendation for treatment at progres-
sion, some patients switched to the drug used in other arms, and some
patients received reirradiation at the time of progression, especially if
PFSwassuperior or equal to 6 months. We considered reirradiation as
a possible confounding factor for OS analysis. The reirradiation rate
was similar in the three treatment arms: 25% of patients underwent
reirradiation—30%in the everolimus arm, 22%in the dasatinibarmand
22%inthe erlotinib arm (Fisher’s exact test, P= 0.32).

To allow comparison of survival with studies not mandating the
biopsy as a diagnostic procedure, median OS after radiological diag-
nosis was measured:10.3 months (95% Cl: 8-14.8),10.5 months (95% CI:
9.5-11.5) and 12.1 months (95% Cl:10.9-14.6) for patients randomized
to erlotinib, dasatinib and everolimus, respectively.

PFS was not different in the three treatment arms (log-rank test,
P=0.89; Extended Data Fig. 2a).

The 2-year OS was similar in the three arms: 144 patients (62%)
survived lessthan1year; 70 (30%) survived between1year and 2 years;
and 19 (8%) survived more than 2 years (Extended Data Table 2).

Safety

Safety and outcome of the biopsy procedure. Neurosurgeons per-
forming the biopsies were either authorized based on their previous
track records for this procedure or trained in two dedicated sessions
(S.P.andK.A.). No biopsy-related deaths were reported. Median hospi-
tal stay for the biopsy was 2 days (range, 1-5). In the 157 biopsy proce-
duresthat wererandomly centrally reviewed, 38 patients experienced
neurological worsening, of which 27 occurred within 48 hours of the
biopsy and were, therefore, considered related to the procedure. Four-
teen severe (grade 3—4) complications were reported, regardless of
center biopsy volume.

Whatever the depth of the tumor biopsy judged centrally on post-
operative computed tomography or magnetic resonance imaging
(MRI), the median variant allele frequency (VAF) of the H3K27M muta-
tion was approximately 40% (Extended Data Fig. 3a-d). Tumor muta-
tion burden was not associated with the VAF of the histone H3K27M
mutation (Extended Data Fig. 3e). Nucleic acid extraction yielded a
median of 9.8 ng of DNA and 2.9 ng of RNA of sufficient quality (that
is, RNA integrity number (RIN) > 5), enabling subsequent genomic
analysesin176 cases.

Treatment-related adverse events. Treatments were well toler-
ated. No patient died from study treatment-related complications.
Seventy-eight percent of patients experienced grade 3 or grade 4
adverse events during treatment. When considering adverse
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Table 1| Patient and disease characteristics, overall and by treatment group allocated by randomization (n=233)

Characteristics Erlotinib Everolimus Dasatinib Total
n=36 n=95 n=102 n=233
n % n % n % n %

Country

France 23 63.9 70 737 75 73.5 168 721

UK 7 19.4 15 15.8 14 13.7 36 15.5

The Netherlands 0 0 0 0 1 1.0 1 0.4

Spain 1 2.8 0 0 2 2.0 3 1.3

Denmark 1 2.8 4 4.2 7 6.9 12 5.2

Sweden 3 8.3 3 3.2 1 1.0 7 3.0

Australia 1 2.8 2 21 2 2.0 5) 2.2

New Zealand 0 0 1 11 0 0] 1 0.4
Age at study entry (years)

Median 95 7.8 81 81

Q1-Q3 5.4-11.9 5.8-97 5.4-12.5 57-11.4

Min-Max 2.6-20.9 1.9-25.9 1.8-30.3 1.8-30.3

<5years 6 16.7 15 15.8 21 20.6 42 18.0

5-10years 16 44.4 57 60.0 44 431 17 50.2

>10years 14 38.9 23 24.2 37 36.3 74 31.8
Sex

Male 19 52.8 43 453 52 51.0 14 48.9

Female 17 47.2 52 547 50 49.0 19 511
Histone mutation

Wild-type 6 16.7 " 1.6 5 4.9 22 9.4

H3.1K27M 3 8.3 10 10.5 16 16.0 29 12.5

H3.3K27M 18 50.0 56 58.9 67 657 1M 60.5

NA 9 25.0 18 19.0 14 13.7 | 176
PTEN status

PTEN loss 24 66.7 79 83.2 81 794 184 78.9

PTEN positive/no PTEN loss 4 11 0 0 4 3.9 8 3.4

PTEN unknown 8 22.2 16 16.8 17 16.7 | 176
EGFR status

Overexpression 31 86.1 24 25.3 30 29.4 85 36.5

EGFR negative 0 0 68 7.6 68 66.7 136 58.4

EGFR unknown 5 13.9 8 3.2 4 & 12 5.2
TP53 mutation

No 10 27.8 36 379 30 29.4 76 326

Yes 14 38.9 36 379 55 53.9 105 451

Unknown 12 333 23 24.2 17 16.7 52 22.3
Site of primary tumor (NA=1)

Only pontine 12 34.3 50 52.6 70 68.6 132 56.9

Brain stem but not only pontine 23 65.7 45 474 32 314 100 431
Metastases at study entry

No 33 917 93 979 99 971 225 96.6

Yes 8 8.3 2 21 8 2.9 8 34
Randomized subtrial

R1 4 11 4 3.9 8 34

R2 68 7.6 68 66.7 136 58.4

R3 32 88.9 27 284 30 294 89 38.2

NA, non available.
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events of any grade, eye (P < 0.0001), skin (P=0.004) and infec-
tious (P=0.042) adverse events were more frequent with erlotinib,
whereas metabolic adverse events were more frequent with everoli-
mus (P=0.0003) (Extended DataFig. 3f,g, Extended Data Table 3 and
Supplementary Table 3). Severe (grade 3 or higher) skin adverse events
were significantly more frequent with erlotinib (P < 0.0001), and severe
renal (P=0.0054) and gastrointestinal (P = 0.038) adverse events were
significantly more frequent with dasatinib. Irrespective of the imput-
ability to the treatment or the disease, neurological severe adverse
eventsreported did not differin their frequency among treatmentarms
(Fisher’s exact test, P= 0.65) (Supplementary Table 3); the three most
frequent were headaches, hydrocephalus and dizziness. Treatment was
stopped because of toxicity in 20%, 3% and 14% for erlotinib, everolimus
and dasatinib, respectively (Fisher’s exact test, P= 0.004). The toler-
ance of everolimus was better than reported in breast cancer trials”
and similar to arecent report in children with low-grade gliomas®.

Exploratory outcomes
Response to therapy. Clinicalimprovement any time during first-line
treatmentwas reported in 75% of the patients, whereas the clinical sta-
tus was stablein19% and deteriorated in 6%. Clinical response did not
differamongtreatment arms (Supplementary Table 4). Mean duration
of improvement was 3.4 months, with no difference between arms.
The OS of the patients with clinical improvement (11.2 months (95%
ClI:10.3-12.3)) did not differ from the one of the 44 patients remaining
clinically stable (9.2 months (95% CI: 6.4-10.9)) (log-rank test).

Radiologic improvement as reported by the treating physician
duringfirst-line treatment was observed in 121 patients (54%), whereas
the disease remained stable as best response in 70 patients (31%) or
progressed in 32 patients (14%) with no difference among treatment
arms (y*test, P=0.402).

Pseudoprogression wasreportedin110 of 233 patients (49%) with
nosignificant difference among arms (y* test, P= 0.870).

Planned prognostic factor analysis. TP53 mutation was the main
prognostic factor for OS and remained significantin multivariable anal-
ysis (hazard ratio = 2.84 (95% Cl:1.92-4.20), P< 0.0001) when adjusting
forimmunohistochemical biomarker status, treatment allocation, type
of histone H3 alteration and age (Supplementary Tables 5 and 6 and
Extended DataFig.4). We observed aborderline significant association
between histone mutation and OS in univariate analysis (P=0.064);
compared to H3 wild-type (H3-WT), the outcome was worse in patients
with H3.3K27M (hazard ratio =1.28 (95% CI: 0.81-2.03)) and better
in patients with H3.1K27M (hazard ratio = 0.81 (95% Cl: 0.46-1.42)).
TP53mutations were significantly more frequent in H3.3K27M thanin
H3.1K27M or H3-WT (67.9%, 24.1% and 28.6%, respectively; P< 0.0001;
Supplementary Table 6), and the prognostic value of histone mutation
disappeared when adjusting on covariables, in particular TP53 muta-
tion (P=0.49 in multivariable analysis) (Extended DataFig. 2c). Of note,

as previously published”*, age was significantly associated in univari-
ate analysis with OS (P=0.009), with, compared to patients 10 years
or older, a longer OS for the youngest (hazard ratio = 0.79 (95% CI:
0.53-1.16)) and ashorter OS for patients between 5 years and 10 years
ofage (hazardratio =1.34 (95% CI: 0.99-1.80)) (Extended DataFig. 2d).
However, H3.3K27M and TP53 mutations were much less frequent in
younger patients (Supplementary Table 7), and, when controlling for
biological features of the tumor, the effect of young age appeared
significantly reversed (hazard ratio =1.72 (95% CI: 1.04-2.86)).

Aplanned exploratory analysis assessed clinical and known prog-
nostic biomarkers associated with response to everolimus versus
dasatinib, the only comparison with sufficient patient numbers; treat-
ment effect appears relatively homogeneous across main subgroups
(Extended DataFig.4).

Overall portrait of recurrent single-nucleotide variants
Mutation rates varied among patients, independently of H3 mutational
status or OS (Fig. 3a). The number and type of non-synonymous cod-
ing variants were consistent with previous reports, with a median of
17.5 mutations per exome?>*°, Missense variants accounted for most
single-nucleotide variants (SNVs) (Fig. 3a).

Wefound predicted pathogenic germline variants in 103 patients.
Asrecently published®, we found recurrent alterations in PTCHI (n=3)
andinhomologous recombination genes—thatis, PALPB2(n=1), BRCA2
(n=2),BRCAI(n=1)and CHEK2 (n=1).Recurrent pathogenic germline
mutations not previously reported were detected in calcium channel
genes for 15.7% of patients: RYR2 (n=8), RYRI (n=5), RYR3 (n=4),
CACNAIG(n=4),CFTR(n=4)andITPR3(n=>5) (Extended DataFig. 5a).

Analysis of this large cohort refined the frequency of SNVs in DIPG
(Fig.3a).Intotal, 133 tumors (77%) harbored H3.3-K27M, including 89
with TP53 mutations. Twenty-nine patients (17%) had H3.1-K27M (27
H3C2-mutated and two H3C3-mutated), of whom 19 carried ACVRI
mutations and seven carried TP53 mutations. Ten tumors (6%) were
H3-WT after sequencing (Supplementary Table 8).

The five most frequently mutated genes, in addition to H3 genes—
TP53(57%), ACVRI (17%), ATRX (13%), PPM1D (11%) and ASXLI (9%)—
showed an average VAF higher than 35%, without being associated with
frequent chromosomal gain, suggesting early events during oncogen-
esis (Fig. 3band Extended Data Fig. 5b). A similar observation was made
for CDKN2C,ZEB2, PTPN11, PTEN, F8 and ATM although in few patients
(<6) only. By contrast, high PDGFRA mutation VAF was associated with
gain/amplification in three of six patients, as previously reported™.

SNVs were evenly distributed across OS groups, except for a
significant enrichment of H3.3-K27M and TP53 mutations and, to a
lesser extent, MYC gain in patients with an OS less than1year (n =107,
‘short survivor’ subgroup) (Fig. 3c). NFI alterations were restricted to
thisgroup.

PIK3CA (18%) and PIK3R1 (9%) were the most frequent secondary
events, with lower VAFs (Fig. 3b). PIK3R1 alterations were found inboth

Fig. 2| Main outcome measures of the trial. The main outcome measures of

the trial were based on pairwise comparisons of OS between treatment groups
allocated by randomization. For these comparisons, all randomized patients
were included, including those who did not start the treatment allocated

by randomization (intention-to-treat analysis). OS was estimated using the
Kaplan-Meier method, from the date of randomization to the date of death from
any cause. a, OS curves: erlotinib versus dasatinib. This comparisonincludes

70 patients from the R1subtrial and a subset of patients from the R3 subtrial.
Median OS was 9.0 months (95% ClI: 7.4-14.4) for erlotinib and 8.5 months (95%
CI:5.7-10.7) for dasatinib. The hazard ratio (HR) stratified by PTEN status was

HR criotinib/dasatinivy = 0-87 (95% Cl: 0.52-1.46), P= 0.59. b, OS curves: everolimus
versus erlotinib. This comparisonincludes 59 patients from the R3 subtrial.
Median OS was 10.2 months (95% Cl: 7.3-14.8) for erlotinib and 10.5 months (95%
Cl:7.6-12.3) for everolimus. The HR stratified by EGFR status and PTEN status
Was HR criotinib/everolimus) = 0-94 (95% Cl: 0.54-1.65), P= 0.84. ¢, OS curves: everolimus

versus dasatinib. This comparison includes 193 patients from the R2 subtrial and
asubset of patients from the R3 subtrial. Median OS was 11.3 months (95% CI:
10.3-13.4) for everolimus and 9.4 months (95% CI: 8.2-10.8) for dasatinib. The HR
stratified by EGFR status was HR yerolimus/dasatiniby = 0-89 (95% Cl: 0.66-1.19), P= 0.42.
d, PFSin patients treated with everolimus or dasatinib. This comparisonincludes
193 patients from the R2 subtrial and a subset of patients from the R3 subtrial.
Median PFS was 6.4 and 7.1 months, respectively. No significant difference was
observed. e, OS since the biopsy in the three treatment arms compared to the
historical control. With a median follow-up of 5.3 years, the median OS from the
time of biopsy was 11.1 months (95% CI: 9.7-11.7) in the trial cohort compared to
10.8 months (95% CI: 9.5-13.0) in the historical control cohort. No significant
difference was observed between any of the treatment arms and the historical
control, with median OS of 9.7 months (95% CI: 7.8-14.6), 9.9 months (95% CI:
8.8-11.2) and 11.9 months (95% CI: 10.7-14.2) for patients treated with erlotinib,
dasatinib and everolimus, respectively.
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H3.3-K27M and H3.1-K27M cases, with significant co-occurrence with
ACVR1 alteration (Extended Data Fig. 5c). PIK3CA alterations occurred
acrossall OS groups, as previously described*?, with mutual exclusivity
(P<0.01) with H3.3-K27M. H3.1-K27M was more frequent in younger
patients, whereas TP53 mutation and MYCgain were enriched inolder

patients (Extended Data Fig. 5d,e).

First, using unbiased pathway analysis for genes mutated inmore
than three patients (n =92), we found significant enrichment of pro-
cesses related to tube morphogenesis (adjusted P=8.158 x 10™°) and
cell adhesion (adjusted P=9.06 x 107). Next, analysis of frequently
altered DMG pathways and functions (Extended Data Fig. 5f) showed
that 170 of 172 tumors (98.8%) harbored mutations or copy number
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variations (CNVs) in at least one of the following seven of them: RTK/
MAPK, PI3K/MTOR, TGFB signaling, genome integrity, chromatin
regulators, protein homeostasis and transcription factors.
Single-base substitution (SBS) signatures analysis revealed SBS1
(deamination of 5-methylcytosine), SBS6 and SBS15 (defective DNA
mismatch repair) and SBS87 (thiopurine chemotherapy exposure)
as the most prevalent (Extended Data Fig. 5g,h). This profile differed
from previous reports based on smaller selected subsets of tumors®*,

DIPG somatic copy number alteration landscape is associated
with TP53 mutation

When analyzing genome-wide copy number alterations (CNAs), we
observed marked and previously unreported heterogeneity among
patients with DIPG. This included frequent whole chromosome arm
losses (chrl4 and chrl6) associated with complex genomic rear-
rangements across the genome or whole chromosome arm gains
(chrlq and chr2) usually associated with fewer structural alterations
(Supplementary Fig. 1). Ranking samples by the number of CNV
segments emphasizes that widespread complex rearrangements
are more common in tumors harboring TP53 mutations (Fig. 3d,
Extended Data Fig. 6b and Supplementary Fig. 1).

Copy number signature analysis highlighted a strong enrichment
of CN9 in TP53-mutated tumors (Extended Data Fig. 6b,c). CN9 has
been linked in pan-cancer analyses to poor survival and to TP53 muta-
tions®. CN12 and CN13 were also enriched in TP53-mutant tumors
but occurred in few patients (n=21and n =15, respectively) and were
positively associated with MYC gain (Extended Data Fig. 6d). CN9 and
CN12 show prominent focal loss-of-heterozygosity (LOH) patterns
suggestive of structural chromosome instability (CIN)*, whereas CN13
arises from cancers with LOH affecting over 70% of the genome, with
whole-arm-scale or whole-chromosome-scale LOH events. CN9 corre-
lates positively with chromothripsis state score, whereas the ‘diploid’
signatures CN1and CN19 were negatively correlated with TP53 muta-
tions and positively with chrlq gain (Extended Data Fig. 6¢,d).

TP53 pathway alteration is not limited to dominant-negative
missense mutations

Most somatic 7P53 mutations affected the DNA-binding domain,
mainly hotspot missense mutations, usually associated with a
dominant-negative effect®® (Extended Data Fig. 6¢). Overall, 37% of
patients harbored LOH associated with a point mutation or indel

and 5.8% with compound heterozygous mutations, and 2.3% car-
ried subclonal compound heterozygous mutations. Eleven patients
had a truncating exon-6 mutation in PPM1D, known to mimic TP53
deficiency in the DNA damage response® (Supplementary Fig.1and
Extended Data Fig. 6f,g). Twenty-five patients exhibited copy num-
ber loss of TP53BP1, a DNA double-strand break sensor involved in
non-homologous end joining (NHEJ) DNA repair®®*, This loss, affecting
alarge portion of the chrl5 arm (median 60%), was associated with
significantly reduced expression of this gene (P < 0.05) and may impair
TP53 function. The number of segments detected increases gradually
with TP53 dysfunction. Tumors with TP53 alterations had asignificantly
higher proportion of genome altered than TP53%" tumors. TP53%T and
TP53%T tumors had amedian proportion of genome altered of 26% and
13%, respectively (Fig. 3e). Finally, H3.3-K27M/TP53-mutant tumors
displayed increased segment numbers and oscillations, consistent
with chromothripsis (Fig. 3d and Extended Data Fig. 6f,g).

TP53 mutations were early events in DIPG with high VAF (median
0.75 (75% CI: 0.56-0.87); Fig. 3b) and were associated with MYC gain
(31.3% versus 9.5%, x* test, P= 6.88 x 10~*) but were rare in tumors with
chrlqgainor concomitant chrlqgand chr2 gains (y*test, P=2.83 x 102
and P=2.79 x107", respectively) (Fig. 3f).

TP53-mutant tumors more frequently harbored PTEN, SOX10
and F8 mutations, whereas ATM mutations predominated in TP53""
(Extended DataFig. 6j).

TP53 mutations were associated with poor OS and
characteristics of aggressiveness at transcriptional level
Median OS of patients with TP53-mutated tumors was 8 months com-
pared to 15 months in patients with TP53-wild-type tumors (Fig. 3g).
RNA-seq revealed marked upregulation of genes involved
in cell cycle regulation (Benjamini-Hochberg false discovery rate
(FDR) P=2.43 x10™™), chromosome segregation (Benjamini-Hoch-
berg FDR P=4.47 x107%) and DNA repair (Benjamini-Hochberg
FDR P=3.14 x107%) in TP53YVT tumors, alongside downregulation
of genes involved in neuron ensheathment (Benjamini-Hochberg
FDR P=6.06 x10™*) and glial cell development (Benjamini-Hochberg
FDR P=1.1x107) (Extended Data Fig. 6k). Additionally, oligodendro-
cyte markers and ectoderm development genes were repressed in
TP53-mutant tumors. Transcriptional profiling revealed a shift toward
amoreimmunosuppressive phenotype in TP53-mutant tumors. Nota-
bly, KLRC1, the most upregulated gene, encodes the natural killer cell

Fig. 3| DIPG mutational landscape. a, Oncoplot depicting the most frequent
somatically mutated genes in DIPG (n =172), sorted in decreasing order of
mutation frequency and stratified by OS—that s, less than 1 year (short), between
lyearand 2 years (intermediate) and more than 2 years (long). Twenty-two
genes mutated in at least 3% of patients are shown, with mutation frequencies
displayed as a bar plot on the right. Only somatic SNVs supported by more than
five reads associated and with a VAF higher than 5% are shown. A stacked bar
plot representing the number and types of variants per sample is displayed
ontheright. Germline variants supported by more than five reads and witha
VAF exceeding 40% are indicated by small squares. Clinicopathological (EGFR
overexpression by immunohistochemistry) and molecular annotations are
displayed as bars at the top, according to the color code provided below the
Oncoplot. Indels were overall rare although enriched in some genes compared
to other tumor types, such as FBXO41 and PIK3R1. Some genes showed frequent
stop-gain mutations (ASXLIand PPMID) or frameshift variants (KAZN). At

the bottom, a bar plot shows, for each patient, the proportion of the 15 most
prevalent COSMIC SNV signatures in the cohort after removal of ‘artifactual’
signatures. Patients in the ‘short survivor’ group exhibited mutational signature
profiles associated with SBS14 (concurrent polymerase epsilon mutation

and defective DNA mismatch repair), SBS18 (reactive oxygen species), SBS30
(defective base excision repair) and SBS44 (defective DNA mismatch repair)
and with signatures of unknown etiology (SBS33, SBS34 and SBS39). Only SBS19
(unknown etiology) was enriched in the ‘long survivor’ group. b, Distribution of
VAFs for the more frequently mutated genes. The number of patients harboring

analterationisindicated on the left; each dot represents one SNV. Whiskers
indicate the minimum and maximum values within 1.5x IQR. Whiskers represent
the minimum and maximum values within 1.5x IQR. Q1, Q2 and Q3 correspond

to the 25th, 50th (median) and 75th percentiles, respectively. ¢, Distribution

of H3-K27M, TP53 and PIK3CA alterations, MYC gain and EGFR overexpression
across survival subgroups is shown. Two-sided Fisher’s exact test, ***P < 0.0001,
“*p < 0,001,**P<0.01,*P<0.1; thatis, P= 0.01for H3-K27M, P=1.6 x 107 for
TP53,P=0.08 for PIK3CA and P= 0.001for MYC gain.d,e, Box plots showing

the distribution of the percentage of altered genome number of segments

and detected by CNV analysis of WES data according to TP53 mutational

status. (TPS3"", n=73, TP5S3Y'T, n = 99). The value (number of segments +1) is
plotted on alog,, scale. Wilcoxon test, *P < 0.05, **P < 0.01, **P < 0.001and
4P < 0,00001,and P=1.013 x 1075 (d) and P=1.9 x 10° (e). Whiskers represent
the minimum and maximum values within 1.5x IQR. Q1, Q2 and Q3 correspond

to the 25th, 50th (median) and 75th percentiles, respectively. f, Distribution of
clinicopathological and molecular features showninain 7P53-mutated and TP53-
wild-type subgroups. Two-sided Fisher’s exact test, ****P < 0.0001, ***P < 0.001,
**P<0.01and *P<0.1; thatis, P=2.6 x 10~ for H3 status, P= 9.3 x 10~ for PPM1D
mutation, P=1.7 x 107 for ACVRI mutation, P= 6.9 x 10~* for MYCgain, P=0.01for
PIK3CA mutation, P=1.6 x 107 for survival, P= 2.8 x 10 ?for chrlq gain, P= 0.07
for chr2gainand P=2.7 x10™ for chrlqand chr2 gain. g, OS from the date of
randomization in patients with TP53% T and TP53"" DIPG (P=1.25 %1078, two-
sided log-rank test).
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Fig. 4| Molecular portrait of long-termsurvivors. a, Pathways showing
significant modulation of GSVA scores between long and short survivor groups.
b, Cell type composition of DIPG tumors inferred from deconvolution of bulk
RNA-seq data (upper panel). The proportion of each cell type is indicated by a
color code. OS (in months) is shown as a dot plot in the lower panel. ¢, Violin plot

showing tumor cell type compositionin short and long OS subgroups. Two-sided
t-test, Holm-Bonferroni-adjusted Pvalues: *P < 0.05,**P < 0.01; P= 0.024 for
OPC; P=0.29 for TAM2 and P=0.008 for Prol. DC, dendritic cell; NK, natural
killer; OPC, oligodendrocyte progenitor cell; Prol, proliferative TAM; TAM1,
monocyte-derived TAM; TAM2, microglia-derived TAM.

inhibitory receptor NKG2A, akey natural killer cellimmune checkpoint,
inhibiting the killing ability of CD8" T cells. NKG2A specifically binds
the non-classical human leukocyte antigen (HLA) class I molecule
HLA-E, thereby transmitting inhibitory signals that impair natural
killer cell function*’.

We observed marked downregulation of the long non-coding
RNA GATA2-AS1 in TP5S3YT tumors (fold change = 0.46, adjusted
P=2.08 x107), an MYC target, that represses GATA2 expression and
limits tumor aggressiveness* **. By contrast, TP53-mutant tumors
showed upregulation of the MET protooncogene, which promotes the
proliferation, invasion and poor prognosis** in glioblastoma (GBM)
and is amplified in a subset of DIPG".

Description of the four very-long-term survivors still alive

6 years from diagnosis

Four patients were alive at last follow-up, 6 years or more after diag-
nosis, without meaningful sequelae. Three showed residual MRI
abnormalities at the last evaluation, whereas one achieved complete
remission with clearance of all TP53-mutant fluid-attenuated inversion
recovery (FLAIR) hypersignals (Extended DataFig. 7a). All patients had
been off treatment for at least 1 year and were treated with an mTOR
inhibitor: two received everolimus and two received sirolimus due to
toxicity or initial progression. No shared alterations except H3-K27M
were found. One patient harbored a clonal /IDH1 R132C mutation. Two
additional patientsinthetrial cohort (1.16%) with both /[DHI R132C and
H3.3 K27M mutations survived more than 2 years: one not randomized
and treated with everolimus was alive at the last follow-up, and one
treated with dasatinib died after 2.19 years.

Gene expression profile of 13 long-term survivors

We compared transcriptional profiles of 13 long-term survivors with
those of 82 short-term survivors. RNA-seq revealed significant down-
regulation of genesinvolvedin cell cycle regulation and chromosome
segregationin long-termsurvivors, along with upregulation of genes
involvedin mitochondrial electron transport and oxidative phospho-
rylation (Supplementary Fig. 2 and Extended Data Fig. 7b,c).

The top 10 most downregulated genes in long-term survivors
were CENPE, E2F7, GPR139, ILSRA, NTS, NLRPI11, POLQ, SLC7A3,
CLS2A3PI1 and UPS32P2. E2F7 promotes tumorigenesis via EZH2
activating the PTEN/AKT/mTOR pathway**¢. In DMG, E2F7 and
EZH2 expression were positively correlated and elevated in short-
survival patients (Extended Data Fig. 7d), and several E2F7 targets
(n =24, adjusted P<0.01) were reduced in long-term survivors
(Supplementary Fig. 2a). By contrast, the most upregulated genes in
long-term survivors were BCYRNI, CARD11, CHRMS, HYAL1, IFI271 2,
ITPK1, MRO, PDXK and TNFSFI12.

We next analyzed signaling pathways by computing individual
gene set variation analysis (GSVA) scores for Hallmark gene sets from
the Molecular Signatures Database (MSigDB) and identified those
significantly modulated between patients with long versus short OS,
selecting one representative pathway per biological process (Fig. 4a).
Long-term survivors showed inhibition of pathways related to DNA
repair, G2/M checkpoints, MYC targets, Notch signaling, oxidative
stress-induced senescence and TP53 signaling. Genes involved in
PI3K/AKT/MTOR signaling were also significantly downregulated
in patients with long OS. SNVs in this pathway were present across
all survival subgroups. However, long-term survivors harbored no
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alteration in PI3KCA or NF1, showing only in-frame deletion of PIK3RI
(Extended DataFig.4a). None of the long-term survivors with RNA-seq
data showed activation of the MAPK pathway nor a BRAF V60OE or
FGFRI mutation.

Patients with DIPG surviving longer have a distinct tumor
immune microenvironment

Several differentially expressed genes according to survival supported
differencesin the tumor microenvironment (TME). TNFSF12, secreted
by microglia-derived tumor-associated macrophages (TAMs), was sig-
nificantly upregulated inlong-term survivors (Supplementary Fig. 2a
and Extended Data Fig. 7c)*’; the TNFSF12-TNFRSF12A axis has been
implicated in glioma progression and microglial activation in adult
GBM. As previously reported, DMGs show myeloid infiltration*®. Decon-
volution of bulk RNA-seq data revealed mixed TAM ontogeny in DIPG
with enrichment of microglial TAMs (Mg-TAMs) in long-termsurvivors,
whereas monocyte-derived TAMs (Mo-TAMs), proliferative TAMs and
oligodendrocyte progenitor cells were enriched in short-term sur-
vivors; overall myeloid infiltration was not associated with survival
(Fig. 4b,c). Expression of the immunosuppressive cytokines KLF2
and TGFBI tended to be reduced in long-term survivors (fold change
adjusted P=0.04 and fold change adjusted P = 0.01, respectively).
Patients with a prolonged survival also showed higher proportions of
cellswitha ‘myeloid cell proliferation’ signature from Andrade et al.** as
well as elevated resting CD4/CD8 T celland CD4 naive central memory
resting T cell signatures (Fig. 4¢). Finally, HOXA7 was strongly down-
regulated in long-term survivors; its overexpression correlates with
TAMinfiltrationin The Cancer Genome Atlas (TCGA) and in esophageal
squamous cell carcinoma (ESCC) samples®.

Correlation between response to the treatments and clinical
characteristics or biomarkers

The protocolincluded an exploratory analysis for efficacy biomarkers
for each of the three drugs. This analysis was restricted to patients
randomized to everolimus or dasatinib, as too few patients received
erlotinib. The prespecified biomarkers did not influence the response to
everolimus and dasatinib (Extended DataFig. 4b,c). Inaddition to GSEA
Hallmark PI3K/AKT/MTOR signaling, we considered alterationsina
curated list of PI3K/AKT/MTOR pathway genes (Supplementary Table 9)
and chrlqgain. Forest plots (Fig. 5a,b) showed association between bio-
markers and treatment response (significance threshold P < 0.1). Chrlq
gain was associated with improved PFS (P=0.05) and OS (P=0.035)
with everolimus (Extended Data Fig. 4d-g). Similarly, mutations in
PI3K/AKT/MTOR pathway correlated with better PFS (P=0.02) and OS
(P=0.08) in everolimus-treated patients (Fig. 5c-f). Overexpression
of the PI3K/AKT/MTOR signature showed a trend toward improved
response to everolimus (interaction P= 0.1085). PIK3CA alterations

were enriched in patients with high GSVA score for mTOR pathway
expression (Fig. 5g and Extended Data Fig. 4g).

For external validation, we analyzed anindependent cohort of 19
patients with biologically documented DIPG treated with an MTOR
inhibitor either before BIOMEDE initiation or after the completion of
randomization. Patients with overexpression of the PI3K/AKT/MTOR
signature had abetter OS and PFS (Extended Data Fig. 4h,i).

Discussion

To our knowledge, this study represents the largest randomized,
biology-driven phase 2 trial conducted in patients with DIPG. A
radiotherapy-only control arm was deemed unethical; as parent asso-
ciations considered the poor outcome with radiotherapy alone, they
supported adjuvant treatment for all patients, consistent with registry
data suggesting improved outcomes with any adjuvant therapy?.

The large cohort enabled exploration of disease heterogeneity
within a single trial. Although this trial was negative for the primary
endpoint of OS, it prospectively validated prognostic molecular bio-
markers previously identified only retrospectively in single-center
studiesinahomogeneously treated population: H3.1-K27M as a favora-
ble biomarker for survival and TP53 mutations as a strong adverse
prognostic biomarker??**, TPS3mutations define a higher-risk, radi-
oresistant and more aggressive subgroup that should be considered
for stratification in future trial designs.

No significant survival differences were observed among treat-
ment arms, although median OS was slightly longer with everoli-
mus compared to dasatinib, with median OS of 11.3 months (95% CI:
10.3-13.4) versus 9.4 months (95% CI: 8.2-10.8), respectively. OS with
everolimus plus radiotherapy compared favorably to radiotherapy-
only trials® and was slightly above the published registry data when
taking the same starting point—that is, at radiological diagnosis?®.
Notably, four very-long-term survivors were observed, all treated
with mTOR inhibitors. Everolimus was associated with fewer skin,
ocularandinfectious toxicities and fewer treatment discontinuations.
Patients harboring PIK3/AKT/MTOR pathway mutations, an mTOR
activation gene expression signature or 1q gain derived greater bene-
fit from everolimus than from dasatinib, with median OS of 14 months
versus 9 months, respectively. These findings identify a clinically
important theranostic biomarker for future trials, consistent with
breast cancer trials®”. The role of the PI3K/AKT/MTOR pathway in
DIPG was described in previous studies, including CRISPR-Cas9
loss-of-function screen, preclinical studies®>** ™, and combination
strategies may be clinically feasible given the favorable toxicity pro-
file of everolimus. Collectively, these data support the selection of
everolimus as the standard arm for a next iteration of the BIOMEDE
adaptive trial. The adaptative design enabled identification of this
winner arm for comparison with emerging agents, and promising

Fig. 5| Response to therapy according to PI3K/AKT/MTOR alterations.

a, Forest plot comparing the differential effects of everolimus and dasatinib on
0OS according to the presence or absence of relevant biomarkers among the 147
patients with biological evaluation allocated to the everolimus versus dasatinib
comparison (n = 67 versus n =80, respectively). Chrom_1q_2gainindicates
concomitant gains of chromosome 1q and 2 together. HPI3K refers to the level
of expression of the PI3K/AKT/MTOR pathway. AKTmTOR denotes the presence
or absence of mutations in the PI3K/AKT/MTOR pathway. Interaction Pvalues
were considered significant when lower than 0.1. The diamond represents the
overall treatment effect and its width the 95% CI. Each horizontal line represents
the hazard ratio (square) and its 95% Cl of treatment effect for each modality of
acovariate. An arrow indicates that the upper limit of the 95% Cl is outside the
margins. The vertical line represents the null hypothesis of no treatment effect
(hazard ratio =1). NS, no significant modulation of the level of expression of
genes belonging to PI3K/AKT/MTOR. b, Forest plot comparing the differential
effects of everolimus and dasatinib on PFS according to the presence or absence
of relevant biomarkers. To confirm the impact of theranostic biomarkers on

the response to everolimus, we compiled anindependent cohort of 31 patients
with DIPG with available sequencing data who were treated at Gustave Roussy
with sirolimus or everolimus either before trial initiation or after randomization
was stopped. The diamond represents the overall treatment effect and its width
the 95% CI. Each horizontal line represents the hazard ratio (square) and its 95%
Cloftreatment effect for each modality of a covariate. An arrow indicates that
the upper limit of the 95% Cl is outside the margins. The vertical line represents
the null hypothesis of no treatment effect (hazard ratio =1). ¢, OS in patients
without PI3K/AKT/MTOR alterations, stratified by randomized treatment.d, OS
in patients with PI3K/AKT/MTOR alterations, stratified by randomized treatment
(two-sided interaction test). e, PFS in patients without PI3K/AKT/MTOR
alterations, stratified by randomized treatment. f, PFS in patients with PI3K/AKT/
MTOR alterations, stratified by randomized treatment (two-sided interaction
test). g, Oncoplot showing SNV alterations in genes involved in PI3K/AKT/MTOR
pathway in DMG, ranked from left to right according to decreasing GSVA pathway
scores. SNV alterations from patients without available RNA-seq data are shown
ontheright. Evts, events; HR, hazard ratio; Pts, patients.
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preliminary results with ONC201led to the initiation of arandomized
phase 3 trial comparing everolimus to ONC201.

Therapies have recently emerged, including chimeric antigen
receptor (CAR) T cells targeting B7-H3 or GD2 and ONC201 (ref. 56).
Combiningeverolimus with CART cells may enhance T cell responses
by limiting exhaustion driven by mTOR-dependent metabolic activa-
tion”’. Although preclinical studies suggest combiningmTOR inhibition
with ONC201 (refs.32,55), ONC201induces cytochrome P450 3A4 and
may increase the clearance of CYP3A4 substrates such as everolimus
inhumans.

Comprehensive molecular profiling enabled refined identifica-
tion of outcome-associated tumor subtypes. Tumors with the poorest
prognosis harbored 7P53 mutations and were less likely to show com-
mon numerical chromosomal gains (1q and whole chromosome 2),
instead exhibiting numerous structural alterations. Thisis consistent
with a previous report linking complex structural variant signatures
in high-grade gliomas to shorter survival®®, Gene expression analyses
revealed a more immunosuppressive phenotype in these tumors.
Although dominant-negative TP53 mutations with LOH were the
most frequent cause of p53 dysfunction, other recurrent alterations
likely contributed, including mutually exclusive truncating PPM1D
mutations®*° (11%) or TP53BP1 loss (14.5%), which may contribute to
genome instability®.

Patients surviving more than 2 years were more likely to har-
bor tumors with an activated immune microenvironment, charac-
terized by enrichment of Mg-TAM secreting TNFSF12/TWEAK and
lower expression ofimmunosuppressive cytokines (TGFf3 and KLF12),
compared to short-term survivors whose tumors more frequently
harbored TP53 mutations and overexpressed natural killer cell inhibi-
tory markers such as KLRC1and TGFf. The TME of DIPG and DMG has
been largely described as immunosuppressive, including reduced
TNF signaling, suggesting that myeloid infiltration—typically com-
posed of unpolarized TAMs with limited cytokine secretion—may be
predominantly protumoral*®®"®*, A recent study from the Toronto
group reported substantial intertumoral TME heterogeneity, with
9% of DMGs displaying higher inflammation scores®*, although no
correlation with survival was observed. This discrepancy may reflect
the inclusion of patients with both supratentorial DMGs and DIPGs
withlikely distinct microenvironments®. Consistently, that later study
alsoreported lower inflammatory scoresin DMGs with missense TP53
mutations, inline with our observation of amore immunosuppressive
TME in TP53-mutant tumors. Collectively, these findings suggest
that shifting TME toward a proinflammatory state could confer a
survival advantage®.

Long-term survivors exhibited ametabolic shift toward oxidative
phosphorylation compared to short-term survivors, supporting a
reversed Warburg effect that may limit tumor growth. The relevance
ofthismetabolic switchis further highlighted by an unexpected muta-
tional combination observed in some long-term survivors. Specifically,
the presence of an/DHIR132C mutation was associated with prolonged
survival in two patients, suggesting potential interference between
IDH1-driven and H3K27M-driven oncogenic pathways in DIPG. The
oncometabolite D-2HG produced by mutant /DHI increases H3K27me3
by inhibiting H3K27 demethylases and is toxic to H3.3K27M cells®°.
Thus, H3K27M and IDH mutations hijack conserved metabolic path-
ways in opposing ways to sustain their epigenetic state. The coexist-
ence of these alterations in several patients challenges the proposed
mutual exclusivity and synthetic lethality of H3K27M and IDH muta-
tions®. Although oncogenic interference has also been reported for
MAPK-activating FGFRI and BRAF V600E mutations in DMG, particu-
larly outside the brainstem and associated with better survival®, such
combinations were not encountered in this cohort.

Finally, we show that up to 10% of patients with radiologically
diagnosed DIPG represent alternative entities, supporting trials only
in biologically confirmed diffuse brainstem gliomas®®.

One limitation of the study is that it was designed more than
10 years ago, when knowledge of DIPG biology was still scarce. Never-
theless, the PIK3/AKT/MTOR pathway remains one of the major thera-
peutictargetsin this disease, as shownin our study. Another limitation
istheuse of first-generationinhibitors, which have beensinceimproved
in some instances. However, this trial was able to demonstrate a sur-
vivaladvantage inaselected population—namely, patients with MTOR
alterations or activation treated with everolimus.

In conclusion, this large randomized study identified asubgroup
of patients with a very-poor-prognosis DIPG linked to TP53 altera-
tions and defined predictors for sensitivity to everolimus, informing
future trials using PI3K/AKT/MTOR pathway inhibitors. Notably, we
report, inthis prospective trial, long-term survivors with biologically
proven DIPG. We also identified specific gene expression signature and
immune-proficient myeloid microenvironment in patients surviving
more than 2 years, supporting further development ofimmunothera-
pies targeting these immune effectors.

Online content
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Methods

Patient cohort description

Human clinical samples and data were collected after writteninformed
consent was obtained in accordance with the Declaration of Helsinki
and approval from the relevant national and institutional review
boards. Patients with brainstem tumors were enrolled in the BIOMEDE
trial (NCT02233049) based on classical clinico-radiological character-
istics: intrinsic brainstem tumors involving at least 50% of the pons
and ashortclinical history, defined as less than 3 months between first
symptoms and diagnosis®. Initial informed consent was obtained to
perform a stereotactic biopsy to ascertain the histological diagno-
sis and to conduct WES and RNA-seq of the tumor as well as WES of
the matched blood samples. The diagnosis was confirmed by central
pathology review led by P.V. When the diagnosis of a diffuse brainstem
gliomawithloss of H3K27me3, with or without an H3K27M mutation®,
was confirmed, asecond informed consent was obtained for entry into
therandomized phase 2 trial. Only patients with a confirmed histologi-
cal diagnosis of DIPG were enrolled. Treatments were administered in
combination with radiotherapy andin the adjuvant setting until disease
progression or the occurrence of major toxicity. Thelist of centers that
recruited patients in the study, as well as the number of patients per
center, is provided in Supplementary Table 10.

Eligibility/non-eligibility criteria
Eligibility criteria for the BIOMEDE study (prescreening for the
randomized subtrials).

« Diagnosis of DIPG (based on clinico-radiological criteria or
histological confirmation if a biopsy was performed prior to
study entry)

- Patients with NB-DMG, H3K27M-mutant, are eligible for the trial
after biopsy or surgery. As biopsy or surgery is considered as
standard practice for these tumor locations, specific informed
consent for the biopsy is not required. Patient will provide
informed consent after diagnosis to allow central pathology
review and subsequent biomarker assessment.

» DIPG or NB-DMG at diagnosis: no prior chemotherapy for the
present cancer and no prior cerebral radiotherapy

« Note: Metastatic disease is allowed. Patients with metastatic dis-
ease are eligible for the study (including the randomized trial) if
adiagnosis of DIPG/NB-DMG is confirmed. In this case, radio-
therapy must start within 3 weeks after biopsy, and targeted
treatment will begin at the end of the radiotherapy.

« Age>6 months and <30 years. For children younger than 3 years,
inclusion in the study and medical decisions should be dis-
cussed with the coordinating investigator.

« Eligible for biopsy or biopsy already performed for diag-
nostic purposes with tissue material available for biomarker
assessment

- Eligible for cerebral radiotherapy

- Patient covered by health insurance, if required by national
regulations

« Written informed consent provided by the patient and/or par-
ents/legal representative for biomarker assessment and study
registration

Non-eligibility criteria for the study.

+ Spontaneous massive intratumor hemorrhage. Patients with
postoperative bleeding may be eligible provided the hemor-
rhage is controlled. The same applies to other postoperative
complications (for example, infection, cerebrospinal fluid leak-
age, incomplete wound closure and subdural collection).

« Any concomitant anticancer treatment not foreseen by
this protocol

» Any other cancer within the past 5 years

+ Uncontrolled intercurrent illness or active infection

» Any other comorbid condition that, in the investigator’s opin-
ion, would interfere with study participation

« Inability to comply with medical follow-up due to geographic,
social or psychological reasons

- Failure to meet any of the eligibility criteria listed above

« Previousirradiation of the brainstem for another neoplasm

« Known congenital galactose intolerance, Lapp lactase deficiency
or glucose-galactose malabsorption

« Lackof healthinsurance coverage accepted in the treating coun-
try, if required by national regulations

» Pregnant or breastfeeding women

« Note: Patients with known hypersensitivity to one of the study
drugs or its excipients may still participate in the study and
receive one of the other study drug(s).

Common eligibility criteria for the BIOMEDE randomized subtrials.

« Fulfilment of the study eligibility criteria (see above)

« Confirmed histological diagnosis of DIPG (WHO gradell, lll and
IV) or NB-DMG confirmed by central pathology review (includ-
ing the assessment of H3K27me3 loss’ by immunohistochem-
istry and/or the presence of amutation in histone H3 variant
genes). Patients lacking classical clinico-radiological diagnostic
criteria but fulfilling the histological and biological criteria for
DIPG are eligible for the trial. Pilocytic astrocytomas and gangli-
ogliomas are not eligible. Patients with suspected DIPG without
histological confirmation may be randomized if, and only if,
imaging findings are typical of DIPG and the clinical history is
short. Such cases must be centrally reviewed and approved.

For NB-DMG cases, confirmation of the diagnosis of NB-DMG,
H3K27M-mutant, by central pathology review is required prior
to randomization.

« Life expectancy >12 weeks after initiation of study treatment

« Karnofsky performance status scale or Lansky Play Scale >50%.
Performance status should not take neurological deficits per se
into account. Note: Children and young adults with poorer
performance status due to glioma-related motor paresis may be
included.

« Absolute neutrophil count >1.5 x 10? per liter; platelets
>100 x 10° per liter

« Total bilirubin <1.5x upper limit of normal (ULN); aspartate
aminotransferase (AST) and alanine aminotransferase (ALT)
<2.5xULN

» Serum creatinine <1.5x ULN for age. If serum creatinine is >1.5x
ULN, creatinine clearance must be >70 mlmin”1.73 m™
(measured by EDTA radioisotope glomerular filtration rate or
24-hour urine collection).

« Normal coagulation tests within the local reference ranges

» Noongoing organ toxicity higher than grade 2 according to
Common Terminology Criteria for Adverse Events version
4.0, particularly cardiovascular, pulmonary or renal disease
(including, but not limited to, congenital long QT syndrome,
nephrotic syndrome, glomerulopathy, uncontrolled high blood
pressure despite adequate treatment, interstitial lung disease
and pulmonary arterial hypertension). In cases of known or
possible cardiac disease, a cardiological advice is required prior
toinclusion in the randomized trial, as a preexisting cardiopathy
represents a contraindication to dasatinib.

» Use of effective and appropriate contraception for patients
(male and female) of reproductive potential throughout study
participation and for 6 months after the end of treatment. Effec-
tive contraception is defined in Clinical Trial Facilitation Group
guidelines ‘Recommendations related to contraception and
pregnancy testing in clinical trials’ (Appendix 7).
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» Negative pregnancy test (serum BHCG or urinary test) per-
formed within the week prior to inclusion in sexually actives
females of reproductive potential

« Written informed consent provided by the patient and/or par-
ents/legal representative for treatment and randomization

Eligibility criteria for the subtrials. Eligibility criteria for the different
subtrials were primarly based on biomarker assessment, as detailed
below. In addition, contraindications to specific drugs were taken
intoaccount.

Study procedures (treatment allocation, statistical plan and
sample size calculation)

The protocol was approved by the ethics commitee, Comité de pro-
tection des personnes d’lle-de-France VIl du Kremlin-Bicétre (in June
2014), by the Agence nationale de sécurité des medicaments (EudraCT
2014-001929-32) and by the institutional review board of Gustave
Roussy (CSET2014/2126).

Treatment allocation. The objective of the randomization process
was to ensure that no child would be randomized to receive a drug for
whichthe corresponding biomarker was negative in the tumor. Treat-
ment allocation was based mainly on two biomarkers: EGFR expres-
sion (assessed in 95% of cases and overexpressed in 38.5%) and PTEN
expression (assessed in 82.4% of cases, with PTEN loss observed in
96%), as no single biomarker could be identified for dasatinib (Fig. 1b).
Indeed, many of the 60 known targets of dasatinib are expressed in
DIPG'. For seven patients, the biomarkers were not fully informa-
tive, and these patients were randomized across the three treatment
arms (R3). Patients randomized into the three subtrials are described
in Extended Data Table 2. The populations used for the pairwise
(two-by-two) drug comparisons subsequently were then constructed
asshowninFig. 1.

Randomization was performed centrally by the Gustave Roussy
Biostatistics Unit, using online centralized randomization software
(TENALEA version 2.2; Netherlands Cancer Institute), ensuring conceal-
ment of treatment allocation. For each subtrial, balanced randomiza-
tion among treatment groups was carried out using a minimization
algorithm and an online randomization software that accounted for
biomarker status (EGFR overexpression versus EGFR unknown; PTEN
loss versus PTEN unknown) and country, with a random parameter
setat0.8.

Statistical plan and sample size calculation. The treatment alloca-
tion rule was based on EGFR overexpression and loss of PTEN expres-
sion as determined by immunohistochemistry.

Atthetrial design stage, it was anticipated that:

« Biomarker results would be uninformative in 15% of cases
« Among tumors with informative material (85% of cases),

*  90% would exhibit PTEN loss;
*  50%would show EGFR overexpression;
* Thetwo biomarkers would be independent.

Consequently, the expected distribution of patients across the differ-
ent subtrials was as follows:
 Rltrial, erlotinib versus dasatinib: 4.25%
» R2trial, everolimus versus dasatinib: 38.25%
» R3trial, erlotinib versus everolimus versus dasatinib:
38.25% +15% = 63.25%
« Dasatinib cohort (not randomized): 4.25%
Because each patient in the R3 subtrial contributes to two of
the three pairwise comparisons, the expected distribution of
patients per randomized pairwise comparison was:
 ‘Erlotinib versus Dasatinib’ comparison: 100% of R1+2/3 of
R3=40%

« ‘Everolimus versus Dasatinib’ comparison: 100% of R2 +2/3 of
R3=74%
« ‘Erlotinib versus Everolimus’ comparison: 2/3 of R3=36%

Consequently, the smallest pairwise comparison was the ‘Erlotinib
versus Everolimus’ comparison, representing 36% of the randomized
trial population, corresponding to approximately 90 patients if 250
patients were recruited into the randomized subtrials.

The expected distribution across the different subtrials and the
three pairwise comparisonsis shownin Fig. 1.

Survival analysis

The median follow-up was estimated with the reverse Kaplan—-Meier
method according to Schemper’s method. OS (primary endpoint of
the BIOMEDE trial), defined as the time from the date of randomiza-
tion (for randomized group comparisons) to death from any cause,
or to the date of last follow-up for alive patients, was estimated by
the Kaplan—Meier method. For each of the three pairwise compari-
sons within the randomized trial, the relative treatment effect was
estimated using the hazard ratio for death and its 95% CI, derived
from a Cox proportional hazards model. The proportional hazards
assumption underlying the hazard ratio estimate in Cox models was
not formally tested because of the relatively small sample size and
the observed survival curves (which crossed in the absence of clear
treatment differences). The primary analysis was stratified by bio-
marker status (EGFR expressionand PTEN loss). For the comparison of
everolimus versus dasatinib, heterogeneity of treatment effects on OS
and PFSwas explored according to age group (<5 years, 5-10 years and
>10 years), sex, EGFR overexpression (yes versusno versus unknown),
PTEN loss (yes versus unknown) and histone status assessed by immu-
nohistochemistry (wild-type versus H3.1-K27M versus H3.3-K27M).
These subgroup effects were evaluated graphically using forest plots
and formally tested using interaction tests. For the other compari-
sons, heterogeneity analyses could not be performed because of
limited sample size. In the absence of a concurrent control group in
therandomized trials, OS curves of each treatment group, irrespective
of biomarker profile, were also compared with those of a historical
control cohort. This historical control group comprised 66 patients
with biopsy-proven DIPG treated who had received chemotherapy
beforeinitiation of the BIOMEDE trial, after exclusion of patients who
had received any of the drugs included in the BIOMEDE protocol®.
Comparisons between eachtreatment group and this synthetic control
armwere performed using aone-sample log-rank test with a one-sided
alevel of 0.05 (ref. 71).

For prognostic factors analyses, OS from the date of randomi-
zation was compared using the log-rank test. Associations between
prognostic classification schemes and OS were quantified using
hazard ratios and 95% Cls estimated with Cox proportional hazards
regression models. These models were adjusted for EGFR status
(overexpression, negative and unknown), PTEN status (PTEN loss and
unknown) and treatment group (dasatinib, erlotinib and everolimus),
as these biomarkers were used for stratification in the BIOMEDE trial.
Model goodness of fitand discriminant performance of the different
prognostic classification schemes were assessed using (1) the Akaike
information criterion (AIC) as the different prognostic classification
schemes are not nested (lower AICindicating better fit) and (2) Uno’s
concordance statistic (c-index; close to1indicating better discrimi-
native ability), respectively. The standard error of Uno’s c-index was
estimated using 5,000 perturbation samples. The data cutoff date
was 1January 2019. All survival analyses were performed using SAS
software version 9.4.

Protocol deviations
Datawere monitored according to the monitoring plan. Protocol devia-
tions were reported to the independent data monitoring committee to
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ensure that these deviations had noimpact on the safety of the patients
or on the outcome of the study. Corrective measure are identified in
the protocol amendment recapitulated in the last protocol version.

Response assessment

Clinical improvement was defined in the clinical report form by the
treating physician’s assessment based on the clinical signs present at
diagnosis. A semiquantitative classificationinto three categories was
applied: improved, stable or worsened. Radiological improvement
was defined by the local radiologist’s assessment based on Response
Assessment in Neuro-Oncology (RANO) criteria. A semiquantitative
classification into three categories was applied: improved, stable
or worsened.

In cases of uncertainty regarding possible pseudoprogression,
imaging was reviewed centrally prior to treatment decision-making.
Pseudoprogression was considered when MRI changes occurred
within the radiation field, typically presenting as new ring contrast
enhancement, during the first 6 months after radiotherapy. The
main characteristics supporting this diagnosis were increased per-
fusion early after radiotherapy’>”® without increased infiltration
outside theinitial fields involved’. Confirmatory MRl demonstrat-
ing adecreaseinenhancement on follow-up imaging was required.
All doubtful cases were reviewed centrally in real time, blinded to
treatment allocation. When true progression was identified on
subsequent MRI, the date of progression was backdated to the date
of the previous MRI.

Immunohistochemistry and fluorescence in situ

hybridization analysis

All patients with an initial local diagnosis of DIPG were centrally
reviewed according to the WHO 2007 classification by a BIOMEDE
reference neuropathologist (P.V.) prior to enrollment. Four-micrometer
sections were stained using an automated Discovery XT or Bench-
mark XT system (Ventana Medical Systems). The following primary
antibodies were used: Ki67 (1:200, clone MIB-1, lot no. 41727891, cat.
no. M7240; Dako), TP53 (1:5,000, clone DO-1, lot no. E3025, cat. no.
SC6126X; CliniSciences), EGFR (1:200, clone EGFR 113, lot no. 6106573,
cat.no.NCL-L-EGFR; Leica), PTEN (1:300, clone 6H2-1; Dako), H3K27M
(1:5,000, clone EPR18340; Abcam), H3K27me3 (1:2,500, polyclonal,
lot no. AO824D, cat. no. C15410195; Diagenode), phospho-S6 (1:400,
polyclonal, lot no. 25, cat. no. 22115; Ozyme), phospho-AKT (1:100, poly-
clonal, lotno. 736E11, cat. no. 3787; Cell Signaling Technology), EZHIP
(1:50, polyclonal, lot no. 61184, cat. no. HPAO04003-3; Sigma-Aldrich),
ATRX (1:100, clone BSB-108, lot no. 3298 TNF13, cat. no. B5B3297; Diag-
omics), GFAP (1:200, clone 6F2, lot no. 473002M, cat. no. MA1-35377;
Dako) and OLIG2 (1:500, clone OLIG2, lot no. 000047004, cat. no. HPA
003254; Sigma-Aldrich). Accumulation of TP53, EGFR Hirsch score
and loss of PTEN were assessed as previously described™”. In brief, a
Hirschindex equal to or above 150 was considered indicative of positive
overexpression,and PTEN loss in tumor cells was considered only if the
internal control (vessels) was positive. External positive and negative
controls were included for all antibodies.

Fluorescenceinsitu hybridization (FISH) analysis was performed
oninterphase nucleifollowing standard procedures and the manufac-
turer’s instructions. PDGFRA gene copy number was assessed using
the centromeric and locus-specific probe PDGFRA/CEN4p (Abnova).

Signals were scored in at least 100 non-overlapping, intact inter-
phase nuclei per case. Gene copy number per nucleus was recorded
as follows: one copy, two copies, copy number gain (three copies) and
amplification (four or more copies or innumerable clusters). Copy
gain or amplification was considered significant if detected in more
than10% of nuclei. Results were recorded usinga DM600 fluorescence
microscope (Leica Biosystems) equipped with appropriate filters,
a CCD camera and digital imaging software from Leica (CytoVision,
version7.4).

Tumor DNA preparation

Tumor DNA was extracted from frozen material using AllPrep DNA/
RNA, and blood DNA was extracted using PAXgene Blood DNA kits,
according to the manufacturer’s instructions (Qiagen). Purified DNA
was quantified using the Qubit Broad Range double-stranded DNA
assay (Life Technologies).

WES

Library preparation, exome capture and sequencing were performed
by IntegraGen SA. Inbrief, libraries were prepared from150 ng of frag-
mented genomic DNA using the NEBNext Ultra DNA Library Prep Kit
for lllumina (New England Biolabs). Exome sequences were captured
using the SureSelect Human Clinical Research Exome V1 & V2 kits
(Agilent Technologies) followed by paired-end 75-bp massively parallel
sequencing on an [llumina NextSeq 500, achieving a mean coverage
of 60x in the blood and 110x in tumor samples. For English patients,
sequencing was performed at the Genomics Facility of the Institute of
Cancer Research onaNextSeq 500 using SureSelect Human Exome V5
(Agilent Technologies) with a mean coverage of 78x in the blood and
239xinthe tumor samples.

After base calling using Real-Time Analysis (RTA2) software,
sequence quality was assessed with FastQC (version 11.0.3) and FastQ
Screen. Reads were mapped to the human genome build (GRCh37)
using the BWA-MEM tool. Filtering and recalibration were conducted
with Picard tools following GATK version 3.6 best practices. FASTQ files
were also analyzed with the pipeline nf-core/sarek version3.4.0 (https://
doi.org/10.1093/nargab/Iqae031), and reads were mapped to human
genome build GRCh38 using the BWA-MEM tool, followed by GATK4
best practice markduplicate and recalibration. Raw data were depos-
ited inthe European Genome-phenome Archive (EGAS50000001164).

Somatic variant calling and mutational signature
Somatic mutations, including SBSs and indels, were detected by
Mutect2. Variants were annotated by Variant Effected Predictor (ver-
sion105) using dbSNP version153 and subsequently converted to MAF
files for analysis by Maftools”’. Somatic variations were selected if they
passed all quality controlfilters, had asequencing depth inboth normal
and tumor samples above 10, had a VAF >5% with a minimum of five
supportingreadsintumor and had a VAF <3% with a maximum of three
supporting reads in the matching normal samples. Intronic, untrans-
lated regions (UTRs) and synonymous variations were excluded as well
asSNVswith afrequency higher than1%in healthy donorsaccording to
the 1000 Genomes Project (1000G_phase3) and gNOMAD 2.1.
Mutational signature analysis was performed with the Sigminer
package (version 2.3.1) following standard pipeline. Mutational simi-
larity with COSMIC version 3 (ref. 78) was estimated using the sig.fit
function in the Sigminer package, and signatures likely representing
sequencing artifact were filtered out. Somatic interaction analyses,
including mutual exclusivity or co-occurrence, were performed using
pairwise Fisher’s exact tests.

SNV germline analysis

Germline variant calling was performed with Strelka and annotated
with VEP (version114.0) and annotation: 1000 Genomes, GRCh38.p14,
ClinVar 202409, COSMIC 100, dbSNP 156, GENCODE 48, gnomADe
version 4.1, gnomADg version 4.1, PolyPhen 2.2.3 and SIFT 6.2.1. Raw
germline variants were initially filtered to remove variants with a VAF
below40% and synonymous changes. Recurrent germline variants were
selected if their population frequency was below1/1,000ingNOMAD,
predicted pathogenic by at least fourindependent tools and observed
inatleast three distinct patients.

Copy number analysis
CNVs were investigated using CNVkit in the nf-core/sarek pipeline.
Clustering and visualization were performed with R packages tidyverse
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and ComplexHeatmap. Gains and losses were defined as log, ratio
above 0.2 or below —0.2, respectively.

Samples withlog2 ratio above 0.20 for at least 60% of the 1q chro-
mosome arm or the entire chromosome 2 were labeled as ‘chrs 1q
gain’and ‘chrs2 gain’, respectively, for subsequent analyses. Genomic
amplification was defined as regions associated with alog, ratio >1.5.

Copy number signatures are defined using a 48-category context
classification scheme, incorporating LOH status, total copy number
state and segment length. Signatures were compared to the 25 refer-
ence COSMIC v3.2 CNsignatures with R package Sigminer v2.3.1(func-
tion sig.fit with sig_ db=CN_TCGA).

Chromothripsis scores (CSs) were computed as previously
described”, based on the presence of tens to hundreds of locally clus-
tered segmental losses interspersed with regions of stable copy num-
ber: CS =Y -, N°OsCN, where Nis square number of patterns 2-1-2" CNA.

The chromothripsis state score was as previously published®.

The chromothripsis state score was computed according to Korbel
and Campbell”®, with 3 ChrN20sCN

where N>0OsCN is the number of oscillating copy number pattern
2-1-2"for each chromosome.

Transcriptomic analysis

Poly(A)-containing mRNA molecules were purified from100 ng of total
RNA using poly(T) oligo-attached magnetic beads (NEBNext Poly(A)
mRNA Magnetic Isolation Kit; New England Biolabs). Libraries were
prepared using the NEBNext Ultra Il Directional RNA Library Prep
Kit (New England Biolabs) and sequenced on an Illumina NovaSeq to
generate 100-bp paired-end reads.

Raw datawere processed using the nf-core/RNAseq pipeline (ver-
sion 3.10), with STAR for mapping step and Salmon for quantification
against the GRCh38 genome with GENCODE version 32 annotation.

Pathway activity was assessed using the R GSVA package (version
1.50.00) with log-transformed transcripts per million (TPM) gene
expression values. Deconvolution of bulk RNA-seq was performed
using CIBERSORTx with default parameters. Human brain atlas and
immune landscape data® were integrated using Harmony, and the
10,000 most variable genes were selected for signature definition.

Statistical analysis methodology for the biomarker studies
Biomarker studies were prespecified in the protocol as exploratory
endpoints. These included previously reported prognostic biomark-
ers (for example, age, TP53 mutation and histone H3 mutation type:
H3.3 versus H3.1 versus WT/EZHIP positive) and the identification
of biomarkers associated with survival. Biomarkers associated with
response to specific treatment arm were also evaluated.

All analyses were performed in R (version 4.3.3) using the
ggpubr package.

Continuous variables (absolute values and changes frombaseline)
were summarized with box plots: center line, median; box limits, upper
and lower quartiles; whiskers, 1.5x IQR; and points, outliers.

Changes from baseline for continuous variables (for example,
COSMIC signatures and cell proportions in bulk RNA-seq deconvo-
lution) were analyzed using paired two-sample ¢-tests. Differences
between clinical and pathological categories were assessed using
Fisher’s exact test, and differences in the number of genomic segments
detected by CNA analysis were evaluated by Wilcoxon test.

Todescribe the genomic profile, patients were categorized a priori
into threeage groups: younger than 5 years, strictly between 5 yearsand
10 years and older than 10 years. For survival analyses, patients were
categorized post hocinto three groups: OS less than1year, OS between
lyearand2 yearsand OS more than2 years. Comparisons between the
extreme survival groups were performed to identify gene alterations
and gene expression signatures associated with survival.

Specific statistical procedures for each analysis are detailed in the
figure legends. Sex was included in all clinical multivariate analyses.

Specifically, we assessed whether sex was associated with theranostic
biomarkers. As nosignificant association was identified, these results
were notincludedin this paper. However, sex information will be pro-
vided when individual-level data are shared. We did not disaggregate
thebiological data by sex, as doing so would have substantially reduced
the statistical power of the analyses. Moreover, to our knowledge, there
iscurrently noevidenceintheliterature suggesting that sex influences
tumor biology or patient outcomes in this context.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The analyses reported in this paper are based on a data cutoff of
2022, except for long-term survivor data, which were updated in
September 2025. Genomic data are available through the European
Genome-phenome Archive (EGAS50000001164). The list of vari-
ables in the trial database can be obtained upon reasonable request.
Clinical data (sex, age, OS and PFS) will be available upon reasonable
request through the signature of a data transfer agreement because
these dataare sensitive and belongto the sponsor of the study. Radio-
logic data, including diagnosis and follow-up imaging, are currently
being uploaded and stored to an imaging repository at the Centre
pour I'Acquisition etle Traitement des Images (CATI) (Neurospindata
center inthe CEA Paris-Saclay). The clinical and radiological data will be
accessible upon reasonable request from the corresponding authors
provided that the proposed study is not in competition with the cur-
rent project of the consortium. A short turnover of 2 weeks to obtain
the answer to the request is anticipated. Source data are provided
with this paper.
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Extended DataFig. 1| Description of the 3 subtrials and the construction
of the pairwise comparisons. Patients with EGFR-immunopositive tumors
without PTEN loss of expression were randomized in R1to receive either
erlotinib or dasatinib. Patients with tumors showing PTEN loss only, without
EGFR immunopositivity, were randomized in R2 to receive either everolimus
or dasatinib. Patients with tumors exhibiting both EGFRimmunopositivity
and PTEN loss were randomized in R3 to receive one of the three drugs tested
inthe trial. Patients with an uninformative result for EGFR and/or PTEN were
alsorandomized in R3 to receive one of the three drugs. Patients with tumors
showing neither EGFRimmunopositivity nor PTEN loss of expression were not
randomized and received dasatinib. To maximize the number of patientsin

Dasa

each comparison, pairwise comparisons were constructed by combining the
subtrials. All patients enrolled in the R1subtrial were included the erlotinib
versus dasatinib comparison, together with patients from the R3 subtrial who
were allocated to erlotinib or dasatinib. Similarly, all patients enrolled in the R2
subtrial were included in the everolimus versus dasatinib comparison, together
with patients from the R3 subtrial, who were allocated to everolimus or dasatinib.
Finally, patients enrolled in the R3 subtrial who were allocated to erlotinib or
everolimus were included in the erlotinib versus everolimus comparison. Among
the 95 patientsinitially randomized to receive everolimus, 92 ultimately patients
received the drug, while 35 of the 36 patients randomized to erlotinib received
this treatment.
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Extended DataFig. 2 | Progression-Free Survival of the trial cohort according
to treatment arm and overall survival according to predefined risk factors.
a.Progression-Free Survival of the trial cohort according to the treatment

arm (two-sided log-rank pvalue = 0.89). b. Overall Survival of the trial cohort

accordingto the type of histone H3K27 alteration type (H3.3K27M, H3.1K27M
and EZHIP over expression)(two-sided log-rank p-value = 0.064). c. Overall
Survival of the trial cohort according to the age at diagnosis (two-sided log-rank

p-value=0.093).
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Extended Data Fig. 3 | Impact of biopsy location on tumor burden.
a-c. Representative MRIimages of biopsies performed inside (a), at the edge (b)
and outside (c) the tumor, asindicated by orange arrows. d. Influence of biopsy
site on tumor content estimated using the variant allele frequency (VAF) of the
heterozygous H3K27M driver mutation in patients harboring H3F3A or HISTIH3B
alterations, in the absence of copy number changes at the mutated histone locus
(n=39). Whiskers represent the minimum and maximum values within 1.5 x the
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interquartile range (IQR). Q1, Q2, and Q3 correspond to the 25th, 50th (median),
and 75th percentiles, respectively. e. The Variant Allele Frequency of the H3K27M
mutationis, on average, higher in ‘inside tumor’ biopsies, however, differences
indistribution were not statistically significant (Kruskal-Wallis, p = 0.42).
Relationship between sample tumor content and mutation load. f. Radar plot
for all grade adverse events (AE) by system organ class (SOC). g. Radar plot for all
severe adverse events (AE, grade > or =3) by SOC.
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Extended Data Fig. 4 | Impact onsurvival of prespecified biomarkers, 1q
chromosomal gain and PI3K/AKT/MTOR mutations. a-b. Forest plot for OS
(a) and PFS (b) were computed for the largest pairwise comparison between
everolimus and dasatinib, considering the following a prioririsk factors : age,

type of histone H3 mutation’*, biomarkers used for randomization, and gender.

The diamond represents the overall treatment effect and its width the 95%
confidence interval. Each horizontal line represents the hazard ratio (square)
and its 95% confidence interval (CI) of treatment effect for each modality of a
covariate. An arrow indicates that the upper limit of the 95% Clis outside the
margins. The vertical line represents the null hypothesis of no treatment
effect (hazard ratio =1). c-d. Overall survival in patients with (c) or without (d)
1q gains, compared according to treatment with everolimus vs. dasatinib.

e-f. Progression free survival in patients with (e) or without (f) 1q gains, compared
according to treatment with everolimus vs. dasatinib treatment. g. Oncoplot
presenting SNV alteration of genes involved in PI3K/AKT/MTOR pathway in DIPG
ranked from the left to the right to a decreasing GSVA score of the pathway. On
the right the SNV alteration of the patients without available RNAseq data are
shown. h-i. To confirm the impact of theranostic biomarkers on the response to
everolimus, we compiled anindependent cohort of 19 patients with DIPG with
available sequencing data, who were treated at Gustave Roussy with sirolimus
or everolimus either before trial initiation or after randomization was stopped.
Progression-free survival (H) and overall survival (I) were better in the patients
with overexpression of the mTOR pathway.
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Extended Data Fig. 5| Somatic/germline mutations and copy number
variations classified according to survival classes or age at diagnosis.

a- Oncoplot depicting the most frequently germline mutated genes in DIPG
(n=172), sorted in decreasing order of mutation frequency and stratified
according to overall survival: below one year (short), between 1and 2 year
(intermediate) and above than 2 years (long). Forty-two mutated genesin at
least 4 patients are shown, with mutation frequencies displayed as barplot on
theright. Only germline SNVs predicted to be pathogenic, with more than 5
supporting reads and a VAF above 40% are displayed. A stacked barplot showing
the number and types of variants per sample is shown on the right. b- CNVs

of the mutated genes with the highest median VAF in Fig. 3b, shown on alog
scale. Vertical lines indicate a 0.2 threshold. c-Mutual exclusivity analysis :
two-sided pairwise Fisher’s exact tests were performed for each of the 40 most
frequently altered genes in DIPG. Logl0-transformed pvalue are displayed using
ablue-to-brown color scale, indicating co-occurrence and mutual exclusivity,
respectively. * adjusted p < 0.01. adjusted p < 0.05. d- Oncoplot depicting the
most frequently mutated genesin DIPG, sorted in decreasing order of mutation

frequency and stratified according to age at diagnosis, presented similarly to

Fig. 3a. e-Distributions of H3-K27, TP53, PIK3CA mutations, MYC gain and EGFR
overexpression according to age at diagnosis are shown. Two-sided Fisher’s
exacttest,**p <0.001, *p<0.05; that is p = 0.02 for H3 status, p = 0.003 for
TP53mutation and p =0.07 for MYC gain. f- Oncoprint showing an integrated
annotation of somatic mutations and DNA copy number changes affecting
selected pathways. Copy number gains and losses are indicated by small red and
blue rectangles, respectively. When both gains and losses of agiven gene are
observedinthe cohort, the rectangle is shown in black. On the right, bar-plots
indicate the percentage of patients harboring SNVs or copy-number alterations
at gene- or pathway-level. Genes located on chromosome 1q and chromosome

2 are marked with an asterisk, as these regions are frequently affected by CNAs.
g- Comprehensive overview of COSMIC Single Base Substitution (SBS) signatures
across the entire cohort, ordered by columns asin Fig. 3a. Signatures are ranked
by decreasing recurrence in patients. h- Barplot showing, for each patient, the
percentage of mutations belonging to each of the 15 more recurrent COSMIC SBS
signatures in the entire cohort, ordered as in the oncoplot of Fig. 3a.
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Extended Data Fig. 6 | Impact of TP53 alterations on gene expression

and copy number variations. a-Violin plot showing SBS signatures significantly
enriched in short- versuslong-survival classes (two-sided t-test; *p < 0.05,
**p<0.01,**p<0.001) (L). SBS14 p=0.008, SBS18 p = 0.019, SBS19 p = 0.040,
SBS30 p=0.023,SBS33 p=0.038,SBS34 p=0.008, SBS39 p=0.0002, SBS44
p=0.012.b-Heatmap of copy number genomic alterations (CNAs) in patients
with DIPG profiled by WES. Red indicates gain and blue indicates losses,
reflecting the log2 ratio of tumor vs. blood copy number values). Chromosomes
are displayed as columns and samples as rows, stratified by TPS3"'T and
TP53"Ttumor subgroups. Clinicopathological (EGFR overexpression by
immunohistochemistry) and molecular annotations are shown as bars on the
left. Coding SNVs with a VAF = or > to 5%, a minimum of 5 supporting reads and
afrequency below 1% in the 1000 Genome database, as well as TP53BP1 loss, are
indicated. Histograms on the right show the VAF of H3-K27M, TP53 mutations,
the percentage of the genome affected by CNA, and the number of segments
detected by CN analysis. A barplot displays, for each patient, the percentage

of CNAs attributable to the 6 more recurrent COSMIC CNA signatures in the
cohort. c-Violin plots comparing the percentage of CNAs attribuable to the 6
most prevalent COSMIC CN signatures in TP53-mutated and -wild-type tumors
(two-sided t-test, **p < 0.01, *** p < 0.001, *** p <0.0001). COSMIC copy-number
signatures include CN1Diploidy (p = 0.0003), CN5 Chromothripsis, CN9 Focal
LOH - diploid and chromosomal instability (p = 2.1E-05), CN12 Focal LOH -
chromosomalinstability and 1X whole genome duplication (p =0.0002),

CN13 chromosomal LOH (p =0.005); CN19 unknown aetiology (p = 7.2E-10).

d- Associations between genome alteration signature exposures (or differences
inexposure), and molecular features. Pearson correlation was used for exposure
levels, and Kruskal-Wallis tests for differences in mean exposure, with false-
discovery rate (FDR) P <0.05 color-coded. Only molecular features significantly
associated with CN signatures are shown, namely TP53 mutation, chromosome

1q gain without chromosome 2 gain, the chromothripsis state. e- Lollipop plot of
TP53alterations across the cohort, showing the distribution of variants along the
amino acid sequence: missense (green, n=88), truncating (black, n=7), inframe
(brown, n=6), other variants (pink, n =12). f- Box plots showing the distribution
of the number of CNA segments detected by WES data according to the TP53
dysfunction status. The value ‘number of segments +1’is plotted on aloglO scale.
Two-sided Wilcoxon test, *for p <0.05, that is p = 0.016. g- Box plots showing

the percentage of altered genome detected by WES data according to the TP53
dysfunction status. The value ‘number of segments +1is plotted on alog10
scale. Two-sided Wilcoxon test, *, ***,****for p = 0.015, p=0.002 and p = 3.9E-07
respectively. h-Box plot showing the distribution of the number of segments
per chromosome associated with gains or losses according to TP53 mutational
status. The value ‘number of segments +1'is plotted on alog10 scale. Wilcoxon
test, *, **, *** ****for p<0.05,0.01,0.001 and 0.00001 respectively. i- Dot blot
showing chromothripsis scores per chromosome, calculated as the number

of oscillations per Mb. j- Violin plots of the mutated genes whose VAF differ
significantly between TP53"'" and TP53"" tumors. Only genes with a median VAF
difference above 10 % between subgroups and mutated in at least 3 patients in
one subgroup (VAF >5%) are shown. Median VAF per gene is indicated; dots are
colored red when VAF is higher in TP53YT tumors and gray otherwise. k- Volcano
plot of differential gene expression comparing TP53"Y" versus TPS3"" tumors,
displaying -log10 adjusted pvalue on y-axis and log2 fold change on the x-axis
from DEseq2 analysis. Differentially Expressed genes in TPS3"'" (n = 74) versus
TP53"" (n=64) with adjusted pvalue < 0.001 are color-coded inred or green. The
10 most upregulated and downregulated genes are labeled. I- GSEA plots showing
enrichment of GOBP ectoderm development, GOBP DNA replication initiation,
Lein oligodendrocyte markers, GOBP long chain fatty acid biosynthetic process,
and Lee early Tlymphocyte up pathways in TP53"Y" versus TP53"" tumors.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Description of the long term survivors. a- Circos plot
showing genome alterations in the 3 surviving patients on the left. The outer
track colorindicates SNVs, and the inner track show histograms of log2ratio
values, reflecting gain (red) or loss (bleu) of genetic material associated with an
absolute log2ratio > 0.20. Representative MRI sequences at diagnosis and follow-
up of the four very long-term survivors on the right. BIOMEDE 143 : axial T2 FLAIR
sequence at diagnosis and axial T2 sequence at follow-up showing complete
disappearance of the tumor-related hypersignal and a decrease in brainstem
size. The two T2 punctiform hypersignals correspond to the scar of the biopsy.
BIOMEDE 217: sagital T2 sequence at diagnosis and sagittal T2 FLAIR sequence

at last follow-up showing persistance of the hypersignal related to tumor
infiltration although slightly decreased. BIOMEDE 029: axial T2 FLAIR sequence
atdiagnosis and axial T2 sequence at last follow-up showing a decrease in size

ofthe brainstem and a partial reduction of the T2 hypersignal corresponding

to the tumorinfiltration. BIOMEDE 119: Sagittal T2 FLAIR sequence at diagnosis
and at last follow-up showing the morphological changesin the tumor with the
appearance of calcifications. Despite a slight increase in size, the neurological
condition of the patients dis not deteriorate. b. Gene ontology tree derived from
enrichment analysis on upregulated genes between long and short survivors.
c.Box plot showing RNAseq expression levels (tpm) of the most strongly
modulated genes in patients with along (n =13) versus short (n = 82) overall
survival (adj p-value < 5.2E-09). Whiskers represent the minimum and maximum
values within 1.5 x the interquartile range (IQR). Q1, Q2, and Q3 correspond to the
25th, 50th (median), and 75th percentiles, respectively. d. Expression level
(tpm) of E2F7 and EZH2in patients with DIPG with distinct overall survival
(Spearman correlation).
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Extended Data Table 1| Table of subtrial allocation according to biomarker profiles among the 233 patients meeting the
general eligibility criteria

Biomarker status EGFR overexpression | EGFR negative EGFR unknown Total
2 R2 R3 N=184
N=63 N=116 N=5
PTEN |
o8 22Erlo/20Ev/21D| 5S8Ev/58D 2Erlo/1Ev/2D
PTEN positive R1 No Randomisation R1 N=
(no PTEN loss) N=3 N=0
no PTENI0SS) | 4 Erlo/0Ev/4D
R3 R2 R3 N=41
N=14 N=20 N=7

PTEN unk
ENuUnknown' | o 46 74 Ev/5 B 10Ev/10D | 3Erlo/2Ev/2D

| Total N=85 N=136 N=12 N=233
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Extended Data Table 2 | Table of subtrial allocation according to biomarker profiles among the 233 patients meeting the
general eligibility criteria

[ Estimates by treatment group P
OS from randomisation Erlotinib Everolimus Dasatinib
(all randomized patients) N=36 N=95 N=102
Median OS time (95%C1) 9.0 (7.4-14.4) 11.3 (10.3-13.4) 9.4 (8.2-10.8)
2-year overall survival (SE) 8.7% (4.8%) 6.4% (2.5%) 10.0% (3.0%)
OS from randomisation Erlotinib Dasatinib
Erlotinib versus dasatinib N=36 N=34
Median OS time (95%C1) 9.0 mo (7.4-14.4) 8.5 mo (5.7-10.7)
2-year overall survival (SE) 8.7% (4.8%) | 6.1% (4.2%)
‘Unstratified HReei s dasa (95%CI) 0.69 (0.42-1.13) 1 (ref) 0.14
‘Stratified HRero s dssa | (95%CI) 0.87 (0.52-1.46) 1 (ref) 0.59
OS from randomisation Everolimus Dasatinib
Everolimus versus dasatinib N=95 N=98
Median OS time (95%Cl) 11.3 mo (10.3-13.4) | 9.4 mo (8.2-10.8)
2-year overall survival (SE) 6.4% (2.5%) I 10.4% (3.2%)
‘Unstratified HReverovs dsss (95%Cl) 0.86 (0.64-1.14) 1 (ref) 0.29
Stratified HRevero vs dass” (95%CI) 0.89 (0.66-1.19) 1 (ref) 0.42
OS from randomisation Erlotinib Everolimus
Erlotinib versus everolimus N=32 N=27
Median OS time (95%Cl) 10.2 mo (7.3-14.8) 10.5 mo (7.3-11.8)
2-year overall survival (SE) 9.8% (5.4%) 3.9% (3.8%) I
'Unstratified HReriovs evero (95%C1) 0.79 (0.46-1.34) 1 (ref) 0.39
Stratified HRero vs cvero ' (95%CI) 0.94 (0.54-1.65) 1 (ref) 0.84
OS from date of biopsy among Erlotinib Everolimus Dasatinib
patients who started study N=35* N=92* N=102
treatment®
'Median OS time (95%Cl) 9.7mo (7.8-14.6)  |11.9mo (10.7-14.2) |9.9mo (8.8-11.2)
' 2-year overall survival (SE) 8.9% (4.9%) 7.7% (2.8%) 11.0% (3.1%)
| P-value of the comparison to 0.75 0.95 0.22
historical data
0S from radiological diagnosis Erlotinib Everolimus Dasatinib
among patients who started N=35* N=92* N=102
study treatment*
'Median OS time (95%C1) ~10.3(8.0-14.8) | 12.1mo (10.9-14.6) | 10.5mo (9.5-11.5)
' 2-year overall survival (SE) 9.1% (5%) 10.0% (3.1%) 11.0% (3.1%)
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Extended Data Table 3 | Table of subtrial allocation according to biomarker profiles among the 233 patients meeting the

general eligibility criteria

System Organ Class / Erlotinib Everolimus Dasatinib Comparison
Preferred Term (N=35) (N=91) (N=101) between the 3 arms
Gr>=1 Gr>=3 Gr>=1 Gr>=3 Gr>=1 Gr>=3 Gr>=1 Gr>=3
N % N % N % N ¥ N % N % p-value p-value
Any type 35 100 29 83 91 100 69 76 100 99 80 79 1.00 0.67
Blood and lymphatic system 30 8 9 26 83 91 28 31 87 86 34 34 0.5 0.68
disorders
Cardiac disorders 3 9 0 0 4 4 0 0 2 2 o0 o 0.18 NA
Ear and labyrinth disorders 3 9 0 0 10 11 0 O0 15 15 0 O 0.55 NA
Endocrine disorders 2 6 0 0 9 10 0 0 10 10 O O 0.73 NA
Eye disorders 28 80 2 6 32 35 1 1 39 39 1 1 <0.0001 022
Gastrointestinal disorders 35 # 8 23 8 95 17 19 98 97 35 35 033 0.038
General disorders and 3 97 7 20 8 93 11 12 97 9 23 23 0.70 0.15
administration site conditions
Hepatobiliary disorders 14 40 3 9 31 34 4 4 30 30 1 1 0.52 0.069
Immune system disorders o o o0 0 1 1 1 1 1 1 O0 O 1.0 0.56
Infections and infestations 29 83 6 17 54 59 18 20 68 67 22 22 0.042 0.83
Injury, poisoning and procedural o o o 0 2 2 1 1 3 3 1 1 0.85 1.0
complications
Investigations / Metabolism and 26 74 3 9 8 93 14 15 72 71 11 11 0.0003 0.49
nutrition disorders
Musculoskeletal and connective 11 31 0 0 22 24 4 4 29 29 6 6 0.65 0.46
tissue disorders
Nervous system disorders 31 89 13 37 82 90 27 30 87 8 35 35 0.69 0.65
Psychiatric disorders 4 11 1 3 15 16 0 O 22 22 2 2 0.34 0.38
Renal and urinary disorders 12 34 0 O 16 18 0 O 26 26 8 8 0.12 0.0054
Reproductive system and breast o o0 0 0 3 3 0 0 4 4 1 1 0.77 1.0
disorders
Respiratory, thoracic and 16 46 3 9 37 41 11 12 52 51 8 8 0.32 0.60
mediastinal disorders
Skin and subcutaneous tissue 3 97 10 29 66 73 0 O 85 8 4 4 0.004 <0.0001
disorders
Vascular disorders 14 40 1 3 32 35 5 5 33 33 4 4 0.73 0.91
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