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DG2. Following biopsy (41%) or variable extent of resection (59%), 65 patients received
no adjuvant treatment. Radiologic progression or severe neurologic symptoms
prompted chemotherapy (n = 18) or radiotherapy (n = 17). Multiple lines of salvage
treatment were necessary for 19/35 patients. Five years event-free survival dropped
to 0.44, while 5 years overall survival was 0.90 (median observation time 8.3 years).
Extensive genetic profiling of 65/100 DG2 identified Histone3-K27M-mutation in 4,
IDH1-mutation in 11, BRAF-V600-mutation in 12, KIAA1549-BRAF-fusions in 6
patients, while the remaining 32 tumor tissues did not show alterations of these genes.
Progression to malignant glioma occurred in 12 cases of all genetically defined sub-
groups within a range of 0.5 to 10.8 years, except for tumors carrying KIAA1549-
BRAF-fusions. Histone3-K27M-mutant tumors proved uniformly fatal within 0.6 to
2.4 years. The current LGG treatment strategy seems appropriate for all DG2-entities,
with the exemption of Histone3-K27M-mutant tumors that require a HGG-related

treatment strategy. Our data confirm the importance to genetically define pediatric

KEYWORDS

1 | INTRODUCTION

Low-grade gliomas (LGG) are a heterogeneous group of slow-growing
glial or glioneuronal brain tumors usually assigned to WHO-grades | or
I1, which may arise in all regions of the CNS.? Circumscribed pilocytic
astrocytomas (PA; WHO-grade 1) represent the best characterized and
largest subgroup in children and adolescents with a share of 70% to
80% in most pediatric series.®™ According to the 2016 WHO-classifica-
tion of tumors of the central nervous system? diffuse gliomas of WHO-
grade Il (DG2) include diffuse astrocytomas WHO-grade Il (DA) and
WHO-grade Il (ODG). Mixed
(oligoastrocytoma WHO-grade Il [OA]) were considered to mostly rep-

oligodendrogliomas gliomas
resent either DA or ODG as defined by genetic features, in particular in
adult patients. Although the infiltrative histologic pattern is identical to
the adult counterpart, pediatric DG2 differ in terms of clinical behavior,
genetics and prognosis®® from their adult counterparts. Diffuse low-
grade gliomas in adults usually harbor IDH-gene mutations. While astro-
cytomas of adults are characterized by concomitant mutations of ATRX
and TP53, ODG are defined by codeletion of chromosome arms 1p/
19q with preserved ATRX-expression. Conversely, pediatric DG2 are
usually IDH1/2-wild-type.®®1° While no constant mutations of IDH1/2
or ATRX were found in DA, pediatric ODG typically lack 1p/19g-
codeletion.? Whole genome analyses documented that pediatric LGG
may harbor several different alterations of BRAF-, FGFR1-, MYB- or
MYBL1-genes which are usually mutually exclusive.”° Moreover, pedi-
atric DG2 comprise just 6% to 10% in LGG-cohorts (<18 years),*>1113
and even recent series of molecularly investigated tumors report only
up to 36 cases preventing general conclusions about the prognostic sig-
nificance of their molecular genetic profile.!%***” While long-term

overall survival (OS) is generally excellent in pediatric LGG, early series

low-grade diffuse gliomas for proper treatment decisions and risk assessment.

astrocytoma, child, diffuse glioma WHO-grade Il, genetics, Histone3 gene mutation

What's new?

Pediatric low-grade diffuse gliomas histologically resemble
their adult counterparts, but they differ greatly in terms of
genetics, clinical behavior, and prognosis. Here, the authors
investigated genetic mutations in 65 pediatric grade 2 dif-
fuse gliomas (DG2), looking for a correlation with long-term
outcome. All 4 tumors carrying the K27M mutation in the
Histone3 gene were fatal. Conversely, none of the 6 tumors
carrying a particular duplication of the BRAF gene, called the
KIAA1549-BRAF fusion, progressed to malignant glioma. The
authors characterized the tumor genetics with respect to
prognosis, age at onset, and response to treatment.

indicated shorter OS for diffuse astrocytoma as compared to PA,*%18
and even in the more recent reports of Stokland et al* and Ater et al*!
OS remained reduced for DG2. After chemotherapy DG2 had a worse
clinical course and shorter OS compared to PA in the multivariable anal-
ysis of the international SIOP-LGG 2004 trial, although progression-
free survival (PFS) was not impaired.'? This result implied an unfavor-
able response to salvage treatment for progressive tumors beyond
first-line therapy and raised the question whether pediatric DG2 may
consist of prognostically diverse subentities. The combined information
of pathological and genetic features improved risk assignment and
treatment stratification for adult LGG.2°22 This approach was
attempted for pediatric LGG as well, but the reported cohorts were

small, collected retrospectively or over extended periods of time and
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not treated within a comprehensive treatment strategy.l®1>17:2324

Thus, no general conclusion could be drawn so far.

Therefore, we investigated the natural history, response to treatment
and long-term outcome of 100 pediatric patients with centrally confirmed
DG2 who were included in the prospectively registered, population-based
German/Swiss cohort of the SIOP-LGG 2004 study. We focused on the

frequency of genetically defined DG2-entities and their prognostic impact.

2 | PATIENTS AND METHODS

2.1 | Eligibility

The prospective, multinational/multicenter SIOP-LGG 2004 study
registered patients with LGG of all CNS-sites from 2004 to 2012.
Inclusion criteria comprised age <18 years, histologic diagnosis of
LGG according to the effective WHO-classification (2000, 2007),
without prior nonsurgical therapy.'? Central review for radiology and
neuropathology was recommended; central neuropathological review
was mandatory for DG2 included in this series.

Informed consent was obtained from patients, parents and/or
guardians. The Institutional Review Board approved SIOP-LGG 2004
study observed the Declaration of Helsinki in its revised version (Edin-
burgh, Scotland, 2000), the WHO and European Community rules of
“Good Clinical Practice” (effective January 17, 1997). The SIOP-LGG
2004 study was registered at ClinicalTrials.gov PRS NCT00276640,
EudraCT number 2005-005377-29.

2.2 | Treatment strategy
All patients with DG2 followed the study strategy: at diagnosis, best safe
resection of the primary tumor was recommended. Patients with com-
plete resection were to be observed, as well as patients following incom-
plete resection, biopsy or radiological diagnosis if no threatening
neurological symptoms were present. Severe initial symptoms or clinical/
radiological progression during observation were an indication for the
start of nonsurgical/adjuvant treatment, if resection remained infeasible.
Children <8 years and all children with neurofibromatosis (NF1) were
allowed to receive primary chemotherapy. Older children 28 years with-
out NF1 were allowed to receive either primary RT or chemotherapy.

Chemotherapy was scheduled for 18 months with a 24-week
induction (7 courses at 3-4 weeks intervals) and 60 weeks consolida-
tion (10 courses every 6 weeks). Details for standard (vincristine/car-
boplatin) and intensified (additional etoposide) induction and
consolidation were reported by Gnekow et al.}? Focal radiotherapy
(RT) was scheduled with a total dose of 54 Gy (1.8 Gy/fraction).
Brachytherapy with 125-lodine-seeds was applied for suitable
tumors.2> Treatment for progression after primary RT or chemother-
apy was not standardized, but included all modalities after discussion
in local and reference tumor boards.

For radiological response assessment, contrast-enhanced MRI

was performed at defined intervals at week 24, 54 and 85 after the
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start of nonsurgical therapy. Complete, partial and objective responses
(regression) as well as stable disease (SD) were considered positive

responses.19'26

2.3 | Materials and neuropathological evaluation
Formalin-fixed paraffin-embedded (FFPE) tissue specimens of DG2
were retrieved from the archive of the German DGNN Brain Tumor
Reference Center, Bonn, Germany.

All DG2-tumors were re-reviewed by two neuropathologists (M.
G., T. P.) and classified according to the WHO-classification of tumors
of the CNS? using standard histological and immunohistochemical
methods. Nondiffuse low-grade astrocytic tumors such as PA and
glioneuronal tumors were not included in our study.

Immunohistochemical analysis (IHC) was performed on a Ventana
Benchmark XT Immunostainer (Roche Ventana, Darmstadt, Germany)
with antibodies against glial fibrillary acidic protein (GFAP; Dako, Glo-
strup, Denmark), synaptophysin, chromogranin, neurofilament protein,
CD34 (all from Dako), microtubule-associated protein2 (Map2; Sigma,
St. Louis, MO), p53-protein (DO-7, Dako), Olig-2 (R&D Systems,
Abingdon, United Kingdom), alpha-thalassemia/mental retardation
syndrome X-linked-protein (ATRX; Sigma), Kié7 (MIB-1; Dako),
mutant BRAF-V600E (clone VE1, Roche), IDH-R132H (clone HO9,
Dianova) and H3-K27M (rabbit polyclonal, Millipore).

2.3.1 | DNA- and RNA-extraction

Hematoxylin-eosin  (H&E) stained sections of each case were
reviewed before selection for DNA-extraction. All samples selected
contained at least 80% of vital tumor. DNA from FFPE- tumor-sec-
tions was purified using the QlAamp DNA Mini Tissue Kit (Qiagen
GmbH, Dusseldorf, Germany) according to the manufacturer's instruc-
tions after proteinase-K digestion. Total RNA was isolated from 5 pm-
thick FFPE-tissues with RNeasy FFPE-kit (Qiagen). DNA-quantity and
DNA-quality were determined by Qubit (Thermo Fisher) fluorometric
measurement. RNA-quantity and RNA-quality were determined using

NanoDrop 2000 instrument (Thermo Fisher).

2.3.2 | Pyrosequencing analysis of mutational
hotspots of IDH1, IDH2, H3F3A, TERT and FGFR1

For pyrosequencing analysis, single-stranded DNA-templates
were immobilized on streptavidin-coated Sepharose high perfor-
mance beads (GE Healthcare, Uppsala, Sweden) using the PSQ
Vacuum Prep Tool and Vacuum Prep Worktable (Biotage, Upp-
sala, Sweden), then incubated at 80°C for 2 minutes and allowed
to anneal to 0.4 mM sequencing primer at room temperature.
Pyrosequencing was performed using PyroGold Reagents
(Biotage) on the Pyromark Q24 instrument (Biotage), according

to manufacturer's instructions.
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233 | MLPAandFISH

MLPA-analyses for the determination of chromosome 1p/19q copy-
number status, the SALSA MLPA P088 Oligodendroglioma 1p-19q pro-
bemix (MRC Holland, Amsterdam, The Netherlands) assay was used in
accordance with manufacturer's instruction. For the detection of
rearrangements/copy number alterations of BRAF, MYB, MYBL1, FGRFR1
and CDKN2A, the SALSA MLPA P370 probemix (MRC Holland) was
used. Briefly, 100 ng of tumor-DNA was heat-denatured for 5 minutes
and cooled down to 25°C. Hybridization of the sample to probemix was
performed for 16 hours at 60°C. After ligation, polymerase chain reac-
tion (PCR) was carried out in a total volume of 50 L containing 10 pL of
the ligation mix in a thermocycler (Biometra, Gottingen, Germany). A LIZ-
labeled internal size standard was added to the tumor samples. Frag-
ments were separated and quantified on an ABI3730 capillary sequencer
after denaturation (Applied Bioscience, Darmstadt, Germany) and after-
ward analyzed with the GeneMapper software (Applied Bioscience).
After normalization of the assay against normal cerebellar tissue (FFPE-
material), a difference of minus threefold standard deviation from the
mean was considered as significant loss. MYB-FISH analysis was per-

formed with commercial probes (Cytocell) as published previously.?3

2.34 | RNA-analysis for KIAA1549-BRAF and
other recurrent fusions by Nanostring assay

The information of probes for detection of fusion genes is given in
Table S1. A total of 100 ng RNA was added to the nCounter Elements
TagSet in hybridization buffer and incubated at 67°C for 20 hours. Sam-
ples were then processed on the nCounter Preparation Station and car-
tridges were scanned on the nCounter Digital Analyzer. Raw
NanoString counts were subjected to normalization using counts
obtained for positive control probe sets. The normalized data was then
subjected to background noise subtraction. A statistical outlier detection

method was used to detect the presence of fusion/duplication events.

2.3.5 | Molecular inversion probe assay

To identify copy-number gains and losses, we used a molecular inversion
probe (MIP) array including approximately 330 000 inversion probes
(Thermo Fisher, Santa Clara, CA). The MIP assay was performed according
to the protocols of the manufacturer. The raw MIP data file was analyzed
using the Nexus Copy Number 8.0 Discovery Edition software (Bio-
Discovery, El Segundo, CA). SNPFASST2 segmentation algorithm was
used to make copy-number and loss of heterozygosity (LOH) calls.

2.3.6 | Epigenetic classification

A total of 250 ng of tumor-derived DNA was bisulfite-converted and
hybridized to lllumina Epic methylation bead chips. Epigenetic classifi-

cation was performed as published by Capper et al.?”

24 | Statistics

Median and range are given for continuous variables; absolute and rel-
ative frequencies for categorical variables. Comparisons of two
unpaired samples regarding a categorical/continuous variable were
performed using Fisher's exact test/Mann-Whitney U test.

Survival curves were estimated by the Kaplan-Meier method and
compared between independent groups using log-rank test. OS was
calculated from date of diagnosis until death (of any cause), but from
start of therapy in the chemotherapy and RT subgroups. Event-free
survival (EFS) was calculated from date of diagnosis until event,
defined as relapse after complete resection, clinical or radiological
progression, start of nonsurgical therapy or death. OS and EFS were
calculated from the date of surgery to evaluate the variable resection.
PFS was calculated from start of nonsurgical therapy until event,
defined as relapse after complete remission, clinical or radiological
progression or death.

Multivariable Cox regression with forward stepwise selection
(inclusion criterion: score test P < .05; exclusion criterion: likelihood
ratio test P > .10) was used to analyze the prognostic values of molec-
ular biomarkers and clinical features on OS and EFS. Variables
included age at diagnosis (21 to <8 years, 28 years or 21 to <5 years,
>5 to <11 years, 211 to <16 years, >16 years), sex, NF1-status, locali-
zation, tumor diameter and contrast enhancement on diagnostic MRI,
extent of resection, histology, genetic subgroup (IDH1-mutant,
KIAA1549-BRAF-fused, BRAF-V600E-mutant, wild-type for these
genes). Patients aged <1 year at diagnosis (n = 2) or with Histone3-
K27M-mutation (n = 4) were excluded from multivariable analysis.
Extent of resection was included as time-dependent variable for OS
and EFS coming into effect at the date of surgery. Results are
reported as hazard ratios (HR) with 95% confidence interval (Cl) and
P-value of likelihood-ratio test for selected variables.

Analyses were exploratory, and P values were considered as
descriptive measures to detect and study meaningful effects. In partic-

ular, no significance level was fixed.

3 | RESULTS

Diffuse glioma grade 2 (DG2) was diagnosed in 114 patients (8.6%)
among 1320 histologically verified LGG from the German/Swiss
SIOP-LGG 2004 cohort (n = 1645). Fourteen patients without central
neuropathological review of tumor tissue were excluded (Figure 1).
Data for the remaining 100 patients are summarized in Table 1.
Median age at diagnosis was 9.5 years; NF1 was diagnosed clinically
in four patients.

The majority of tumors were localized in the cerebral hemispheres
(42%); thalamic localization was predominant for tumors in the sup-
ratentorial midline (21/27). DG2 occurred at similar frequencies in the
caudal brainstem, cerebellum and spinal cord. No tumor was disseminated
at diagnosis, but progression with dissemination occurred in two patients.

The diagnostic MRI showed a largest tumor diameter of 0.8 to

10.7 cm (median 3.3 cm) in 80 patients, while irregular shape
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FIGURE 1 Diffuse glioma
Grade 2—cohort. Patient numbers
and distribution among strategic

SIOP-LGG 2004 German/Swiss cohort

« No histological diagnosis: n = 325
« No diffuse glioma: n = 1206
« No central review (localDG2): n = 14|

v

n=1645

subgroups. *Sixteen patients had
radiological progression after initial
incomplete resection/biopsy or no
intervention, but did not receive
nonsurgical treatment: 10 had
salvage surgery and six were
observed without surgical
intervention

| Complete resection

@=29

No symptoms/
No progression

I Observation

Follow-up:

* Salvage surgery:
n=19

* Malignant
transformation n = 6

Last status:

* Alive n =57

* Deceased n =4
* Nodatan=4

precluded measurements in 20 patients. Margins were not sharply
delineated in 38/81, moderately sharp in 26/81 and sharp in 17/81
tumors (no information 19/100). Mostly inhomogeneous contrast-
enhancement of light, moderate or high intensity according to stan-
dards of the German pediatric brain-tumor-network radiologic refer-

ence-center?%28

was detectable in 33/92 patients, it was absent in
59/92 (no information 8/100). Cysts were described in 18/81 and
perifocal edema in 16/83 cases (no information 19/100 and 17/100
cases, respectively). Radiologic review of diagnostic MRI was available
for 76/100 patients and for 92/100 during follow-up.

At the time of diagnosis 92 patients were symptomatic with
increased intracranial pressure (33/92), seizures (34/92), cranial-nerve
palsies (5/92), long-tract paresis (11/92), pain/paresthesia (4/92),
ataxia (3/92) or visual impairment (2/92). Furthermore, DG2 was an
incidental finding in eight patients.

Although the majority of patients had an initial tumor volume
reduction, 41 had primary biopsy only; 36 patients underwent several
subsequent resections and biopsies. There were no surgery-associ-
ated deaths.

During the study period (median follow-up 8.3 years) 65 patients
did not receive adjuvant treatment, while 18 received primary chemo-
therapy (13 standard vincristine/carboplatin, 3 intensified induction, 2
temozolomide) and 17 primary RT (Figure 1). Multiple lines of salvage
treatment were necessary for 19/35 patients. In summary, 26 patients
received RT as primary or salvage treatment (photons n = 18, protons
n = 3, 125-iodine-seed n = 5). There was one chemotherapy-associ-
ated toxic death; 13 patients died.

diffuse glioma
WHO gradell

n=24

@ @ @ Nonsurgical therapy
1 | ?4 @

n=100

W
Incomplete resection/biopsy |

@=50

Progression/
severe symtoms

Chemotherapy | [ Radiotherapy |

Follow-up: Follow-up:

* Salvage surgery: * Salvage surgery:
n=14 n=>5

* Malignant * Malignant
transformation n = 3 transformation n = 3

Last status: Last status:

* Aliven=13 * Aliven=13

* Deceasedn=5 * Deceased n =4
* Nodatan=0 * Nodatan=0

Initial neuropathological diagnosis for the DG2 (n = 100)
according to the WHO 2007-classification was diffuse astrocytoma
(DA) in 89% of cases (Figure S1), oligoastrocytoma (OA) in 7% and
oligodendroglioma (OGD) in 4%. Molecular/genetic assessment could
be performed in 65/100 (57/89 DA, 5/7 OA, 3/4 ODG), while no fur-
ther/insufficient amounts of FFPE-material was available for this pur-
pose in 35 cases (Figure 2); these patients were excluded from further
inter-group comparisons. IDH-mutations were found in 11, BRAF-V600-
mutations in 12, KIAA1549-BRAF-fusions in 6 and Histone3-K27M-
mutations in 4 DG2. These alterations were mutually exclusive. One
IDH1-mutated tumor showed the genetic features of an adult-type
oligodendroglioma with 1p/19g-codeletion and retained ATRX-protein.
Thirty-two tumors were negative for these investigated genetic alter-
ations. Extended analyses could be performed in 20/32 cases wild-type
for these genes and where sufficient tumor material was available, but
revealed no additional genetic alteration. In particular, methylation-
based classification did not result in a confident score for any of the
defined methylation tumor subgroups according to Capper et al.?”
MYB-FISH, molecular inversion probe (MIP) and Nanostring assays for
rare fusions were negative. The association between genetic parame-
ters and clinical features are depicted in Table 2.

Median follow-up for the 65 patients with genetically classified
tumors was 8.5 years. Median age at diagnosis was 9.6 years and
highest for patients with IDH1-mutated tumors (13.2 years).

The four histological DG2 with Histone3-K27M-mutation (6%) were
localized in the midline (thalamus, 2 cases; caudal brainstem, 2 cases),

with a median tumor diameter of 3.6 cm. After initial biopsy, adjuvant
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TABLE 1 Epidemiologic data, DG2-cohort

Gender
Female
Male
Neurofibromatosis NF |
Median age at diagnosis (years; range)
Age group
<1 year
>1 to <5 years
>5 to <11 years
>11 to <16 years
>16 years
Age group
<1 year
>1 to <8 years
>8 years
Dissemination
Primary
Secondary
Tumor localization
Cerebral hemispheres®
Supratentorial midline
Mono-/bi-thalamic
Visual pathways
Cerebellum
Caudal brainstem
Spinal cord
Tumor diameter at initial MRI® (cm; median, range)
No data
Extent of resection
Complete
Subtotal
Partial
Biopsy (stereotactic/endoscopic)

Patients with re-interventions (median number of
surgeries; range)

Histology
Diffuse astrocytoma
Oligoastrocytoma
Oligodendroglioma

Malignant transformation (AA 1lI/GBM IV/
radiologic)

Median observation time (years; range)
No data
Last patient status
Alive
Complete remission

Stable disease

All (n = 100)*

46
54

4
9.5(0.8-17.8)

24
34
32

40
58

42

27

15/6

1

10

11

10
3.3(0.8-10.7)
20

26

10

23

41 (29/2)
36(1; 1-3)

89 (4 NF1)

4
12 (4/5/3)

8.3(0.04-25.4)
20

33
47

Chemotherapy (n = 18)°

10 (56%)

8 (44%)

2 (11%)

4.2 (1.2-16.0)

0

9 (50%)
6 (33%)
2 (11%)
1€ (6%)

0
13 (72%)
5(28%)

0
1(6%)

4 (22%)

6 (33%)

2/3

0

0

5(28%)
3(17%)

4.9 (1.9-10.7)
2 (11%)

1(6%)

0

3(17%)

14 (77%) (10/0)
10(2; 1-3)

15 (83%)

2 (11%)

1(6%)

3(17%) (1/2/0)

8.0 (0.04-14.9)
2 (11%)

1(5.5%)
11 (61%)

Radiotherapy (n = 17)°

9 (53%)

8 (47%)

0

10.9 (1.4-16.3)

0

2 (12%)
7 (41%)
7 (41%)
1€ (6%)

0
5(29%)
12 (71%)

0
1(6%)

3(18%)

7 (41%)

1/1

1

1(5.5%)
3(18%)
3(18%)
3.4(0.8-5.7)
3(18%)

0

1(6%)

4 (23%)

12 (71%) (10/0)
7(1;1-3)

16 (94%)
1(6%)

0

3(18%) (0/0/3)

9.0 (0.6-25.4)
3(18%)

4 (23.5%)
9 (53%)



FALKENSTEIN ET AL.

f\.‘;‘uwcc 2165

jonal Journal of Cancer

TABLE 1 (Continued)
All (n = 100)? Chemotherapy (n = 18)° Radiotherapy (n = 17)°
Progression 3 1(5.5%) 0
Dead 13 5(28%) 4(23.5%)
Not known/no data 4 0 0

Median age at start of therapy (years; range) -

®No percentages given, since cohort size is n = 100.
bPercentages relate to treatment group.

“Included if diagnosis <18 years of age/start of treatment at 18 years of age.

4Including one tumor of the lateral ventricle.
*Measurement of tumor diameters in the three standard planes.

4.3 (1.4-18.2° 13.0 (4.9-17.8)

Three radiologic diagnosis of high-grade glioma (1 gliomatosis cerebri/1 diffuse intrinsic pontine glioma/1 new focal contrast enhancement).
Abbreviations: AA lll, (anaplastic) astrocytoma WHO-grade lll; GBM 1V, glioblastoma multiforme WHO-grade IV.

FIGURE 2 Molecular analysis—
work-flow. FFPE tissue for further
genetic classification was available
from 65 of the 100 cases of the
cohort. All 65 were characterized by

Histological re-evaluation &
determination of size of specimen

immunohistochemistry with
antibodies against mutant IDH-
R132H, H3-K27M proteins and

n=100
I ]
Material available for molecular ; .
4 2 No or too few material available,
pathology & sufficient size no genetic classification possible
n =65 n=35

ATRX. In parallel, DNA and RNA

was extracted and further
characterized by MLPA,
pyrosequenzing and search for
KIAA1549-BRAF fusion transcripts.
Of these 65 cases, 32 were wild-
type for IDH1, IDH2, histone genes
and BRAF. In 20 of these 32 cases
enough material was available for
genome wide copy number analysis,
epigenetic profiling and RNA
Nanostring fusion assays

treatment was started in three patients (two chemotherapy, one RT)
due to severe neurologic symptoms (n = 2) or tumor progression (n = 1)
2 weeks to 4.4 months after initial diagnosis. One patient was initially
observed, re-operated upon progression after 6 months; the tumor
showed anaplasia in this sample. All four patients progressed and died
despite salvage treatments after 0.6 to 2.4 years (median 1.6 years).

All IDH1-mutated tumors (17%) arose in the cerebral hemi-
spheres; median tumor diameter was 4.9 cm. After partial resection or
biopsy, five tumors progressed after 3.2 months to 9.7 years. In two
tumors pathological examination showed progression to anaplastic
astrocytoma in the second resection 0.9 and 1.9 years after initial
diagnosis. After high-grade glioma (HGG) treatment, one patient was
alive (follow-up 5.0 years), the other died. One patient was irradiated
following further progression, one had multiple surgeries and the fifth

received a sequence of standard chemotherapy-resection-salvage

DNA extraction

& quantification
n =65

RNA extraction

& quantification
n==65

MLPA for BRAF,
MYB/L, FGRFR alteration,
chrom. 1p/19q codeletion

(20 ng; n =61)

RNA transcript analysis
KIAA1549/BRAF fusions
(n'=55)

Pyrosequenc. for IDH1/2,
BRAFV600E, FGFR1,
H3F3A, HIST1H3B/C, TERT
(20 ng; n = 56)

RNA (>100 ng) analysis
for rare fusions
(Nanostring; n = 20)

Mol. invers. probe profile,
850k methylation assay
(DNA >250 ng; n = 19)

chemotherapy. At 6.2 years median follow-up 10 patients were alive
without (n = 3) or with stable (n = 7) disease.

The tumors with BRAF-V600-mutation (18%) were localized in the
supratentorial midline (6/12), cerebral hemispheres (5/12) and cere-
bellum (1/12). Five patients progressed 1 month to 7.7 years after
diagnosis. After initial resection in one patient and second resection in
another, both achieved complete remission. One patient was irradi-
ated and one received primary and salvage chemotherapy followed by
second surgery with progression to anaplastic astrocytoma. This
patient died. At 7.5 years median follow-up 10 patients were alive
without (n = 6), with stable (n = 3) or progressive (n = 1) tumor.

Patients with tumors showing KIAA1549-BRAF-fusions (9%) had a
median age at diagnosis of 4.8 years. The tumors occurred in the cere-
bellum (3/6), cerebral hemispheres (2/6) and caudal brainstem (1/6).
Progression was observed in three patients following 7 months to
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TABLE 2  Epidemiologic data, molecular group

IDH- BRAF- Wild-
Molecular-genetic Histone3- mutant V600E KIAA1549-BRAF- type
group (n = 65) K27M (n=4)* (n=11) (n=12) fusion (n = 6) (n=32)

Gender

Female 27 (42%) 2 (50%) 7 (64%) 3(25%) 3 (50%) 12 (37.5%)

Male 38 (58%) 2 (50%) 4 (36%) 9 (75%) 3 (50%) 20 (62.5%)
Neurofibromatosis NF | 1(1.5%) 0 0 0 0 1(3.1%)
Median age at diagnosis (years; range) 9.6 (0.8-17.8) 8.0(1.5-13.4) 13.2 (9.8- 11.3(0.9- 4.8(2.8-17.8) 6.8 (0.8-

17.5) 13.2) 15.6)

Age group

<1 year 2 (3%) 0 1(8.3%) 1(3.1%)

>1 to <5 years 17 (26%) 1(25%) 2(16.7%) 3 (50%) 11 (34.4%)

25 to <11 years 20 (31%) 2 (50%) 1(9%) 2(16.7%) 2 (33.3%) 13 (40.6%)

211 to <16 years 20 (31%) 1(25%) 6 (55%) 6 (50%) 0 7 (21.9%)

>16 years 6 (9%) 0 4 (36%) 1(8.3%) 1(16.7%) 0
Age group

<1 year 2 (3%) 0 0 1(8%) 0 1(3%)

>1 to <8 years 26 (40%) 2 (50%) 0 2(17%) 5(83%) 17 (53%)

=8 years 37 (57%) 2 (50%) 11 (100%) 9 (75%) 1(17%) 14 (44%)
Dissemination

Primary 0 0 0 0 0 0

Secondary 2(3.1%) 1(25%) 0 0 0 1(3.1%)
Localization

Cerebral hemispheres® 32 (49%) 0 11 (100%) 5(41.7%) 2 (33.3%) 14 (43.7%)

Supratentorial midline 11 (17%) 2 (50%) 0 6 (50%) 0 3(9.4%)

Mono-/bi-thalamic 7/2 1/1 0 3/1 0 3/0
Visual pathways 0 0 0 0 0

Cerebellum 9 (14%) 0 1(8.3%) 3 (50%) 5(15.6%)

Caudal brainstem 6 (9%) 2 (50%) 0 0 1(16.7%) 3(9.4%)

Spinal cord 7 (11%) - 0 0 0 7 (21.9%)
Tumor diameter at initial MRI® 3.3(1-10.7) 3.6 (1.9-7.0) 49 (2.0-6.7) 2.2(1.5-3.8) 1.5 (1.4-4.0) 3.8(1.3-

(cm; median, range) 10.7)

No data 11 (17%) 0 4 (36%) 3(25%) 2 (33.3%) 2 (6.2%)
Extent of resection

Complete 25 (%) (0] 2 (%) 6 (50%) 5(83.3%) 12 (37.5%)

Subtotal 5 (%) 0] 1 (%) 0 0 4(12.5%)

Partial 21 (%) 0 5 (%) 4 (33.3%) 1(16.7%) 11 (34.4%)

Biopsy 14 (%) 4 (100%) 3 (%) 2(16.7%) 0 5(15.6%)
Patients with re-resection (median 24 (1;1-2) 1(1;-) 6(2;1-2) 2(1;-) 1(2;-) 14 (1; 1-2)

number; range)
Histology

Diffuse astrocytoma 57 (87.7%) 4 (100%) 10 (91%) 9 (75%) 6 (100%) 28 (87.5%)

Oligoastrocytoma 5(7.7%) 0 1(9%) 1(8.3%) 0 3(9.4%)

Oligodendroglioma 3 (4.6%) 0 0 2(16.7%) 0 1(3.1%)
MIB1-labeling-index

<1% 8 (12%) 1(25%) 0 2(16.7%) 2 (33.3%) 3(9.4%)

1to <5% 53 (82%) 3 (75%) 10 (91%) 10 (83.3%) 4 (66.6%) 26 (81.2%)

>5% 4 (6%) 0 1(9%) 0 0 3(9.4%)



FALKENSTEIN ET AL.

i?;‘uwcc 2167

jonal Journal of Cancer

TABLE 2 (Continued)
IDH- BRAF- Wild-
Molecular-genetic Histone3- mutant V600E KIAA1549-BRAF- type
group (n = 65) K27M (n=4)* (n=11) (n=12) fusion (n = 6) (n=32)
p53-accumulation
Positive 15 (23%) 1(25%) 8 (73%) 2(16.7%) 0 4(12.5%)
No data 8 (12%) 0 0 2(16.7%) 1(16.7%) 5(15.6%)
Malignant transformation (MT)? 8 (12%) 1(25%) 2 (18%) 1(8.3%) 0 4°(12.5%)
Median interval to MT (diagnosis-MT; 1.6 (0.5-10.8) 0.5 14(09-19) 1.2 — 5.5(1.1-
years, range) 10.8)
Median interval to first event® 0.8 (0.04-11.2) 0.15(0.04-04) 1.3(0.3-9.7) 1.3(0.08-7.7) 1.0(0.6-3.9) 0.8 (0.04-
(diagnosis to event; years, range) 11.2)
Adjuvant treatment
No adjuvant therapies 49 (75.4%) 1(25%) 9 (82%) 10 (83.3%) 6 (100%) 23 (71.9%)
Primary chemotherapy 10 (15.4%) 2 (50%) 1(9%) 1(8.3%) 0 6(18.9%)
Primary radiotherapy 6(9.2%) 1(25%) 1(9%) 1(8.3%) 0 3(9.4%)
Last patient status
Alive
Complete remission 28 0 3 6 5 14
Stable disease 23 0 7 3 1 12
Progression 3 0 0 1 0 2
Dead 9 (14.1%) 4 (100%) 1(10%) 1(8.3%) 0 3(9.4%)
Not known/no data 2 0 0 1 0 1
Median observation time (years; 8.5(0.04-14.9) 1.6 (0.6-2.4) 6.2 (1.6- 7.5(2.1-13.2) 10(1.8-13.4) 8.6 (0.04-
range) 10.5) 14.9)

2Only midline tumors were analyzed for Histone gene mutations.
bIncluding one tumor of the lateral ventricle (wild-type).

“Measurement of tumor diameters in the three standard planes.

dFurther treatment followed high-grade glioma protocols.

®Including one patient with the radiologic diagnosis of gliomatosis cerebri.

fEvent according to protocol definition: relapse after complete remission, clinical or radiological progression, start of nonsurgical therapy or death of any cause.

3.9 years after initial diagnosis. First and second resections were com-
plete in two patients and regrowth stabilized spontaneously in one
patient. No patient received adjuvant treatment. At 10.0 years median
follow-up all patients are alive without (n = 5) or with stable (n = 1)
disease.

The remaining tumors without evidence of these major genetic
alterations (49%) occurred along the CNS, affecting also the spinal
cord. Half of them were completely/subtotally resected. For 23
patients a “wait and see” approach was used after initial surgery
(n = 15) or after multiple resections (n = 8), revealing progression to
anaplastic astrocytoma in one patient who later died. One patient
with a stable spinal primary developed chondrosarcoma of the skull-
base. Six patients started chemotherapy and three received RT; treat-
ment started at diagnosis (5/9) or following tumor progression (4/9).
Subsequent salvage treatments were applied in 6/9 patients including
second or multiple resections. One treatment-associated death
occurred 2 weeks after initial diagnosis and 4 days after the start of
chemotherapy from infection-triggered multi-organ failure. Progres-
sion to glioblastoma multiforme was diagnosed in 1/9 patient. One other

patient had the radiologic diagnosis of gliomatosis cerebri after RT and

salvage-chemotherapy. At 8.6 years follow-up 29 patients are alive with-
out (n = 14), with stable (n = 12) or progressive (n = 2) tumor.

In summary, malignant transformation was documented histologi-
cally in nine patients with DG Il (anaplastic astrocytoma WHO-grade I,
n = 4; glioblastoma multiforme WHO-grade IV, n = 5), while three cases
fulfilled radiologic criteria of malignancy (1 DIPG, 1 gliomatosis cerebri, 1
rapid progression with sudden, increasing contrast enhancement).

Survival data including the results of univariable analyses are
detailed in Table 3 and illustrated in Figure 3A-D.

OS for the entire cohort of 100 patients was 0.90 (+0.03) at
5 years and 0.85 (+0.04) at 10 years. It was shorter for midline tumors,
for tumors following biopsy only, and for those with a larger initial
diameter. Five-years OS was 0.72 (+0.11) for the chemotherapy and
0.82 (+0.09) for the RT group.

OS for the 65 patients with genetically classified tumors was 0.88
(£0.04) at 5 years and 0.83 (+0.06) at 10 years. While 5-years OS was
zero for the Histon3-K27M-mutated patients, it was 0.92-1.00 for the
other four genetically defined subtypes.

Five-years EFS for the entire cohort was 0.44 (+0.05). It was lon-
ger for tumors of the cerebral hemispheres and cerebellum, after
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TABLE 3

All DG2
Gender
Female
Male
Age at diagnosis
<1 year
21 to <5 years
25 to <11 years
211 to <16 years
216 years
Age at diagnosis®
<1 year
21 to <8 years
28 years
Localization
Cerebral hemispheres®
Supratentorial midline
Cerebellum
Caudal brainstem
Spinal cord
Extent of resection
Complete
Subtotal
Partial
Biopsy
Histology
Diffuse astrocytoma
Oligoastrocytoma
Oligodendroglioma
Tumor diameter at diagnosis®
<3 cm
>3 cm
Contrast enhancement®
No enhancement

Enhancement present

Molecular subgroups
Histone3-K27M-mutation
IDH1-mutation
BRAF-V600E-mutation
KIAA1549-BRAF-fusion
Wild-type

All molecularly subtyped

Treatment groups
Chemotherapy

Histone3-mutated
excluded

FALKENSTEIN ET AL.

18
16

100

46
54

24
34
32

40
58

42
27
10
11
10

26
10
23
41

89

39
41

59
33

11
12

32
65

Overall survival

Univariable analysis of overall, event-free and progression-free survival

Event-free survival

5 years %, (+SE) 10 years %, (+SE) P? 5 years %, (+SE) 10 years %, (+SE) P?
89.6 (£3.1) 84.6 (+4.1) - 43.9 (¥5.1) 34.7 (£6.1) —
.956 139
88.9 (+4.7) 85.2 (+5.8) 35.2 (+7.3) 35.2 (+7.3)
90.3 (+4.1) 84.0 (£5.9) 51.7 (+7.0) 37.5 (+8.2)
.986 .924
0 events 0 events 2 events 2 events
87.5(+6.8) 87.5 (+6.8) 45.5(+10.2) 39.8 (£10.4)
85.0 (+6.2) 85.0 (+6.2) 40.6 (£8.5) 40.6 (+8.5)
93.8 (+4.3) 81.5(+9.3) 49.3 (£9.5) 16.2 (+12.9)
100 50.0 (£35.4) 29.2 (x22.6) 29.2 (£22.6)
.635 .848
0 events 0 events 2 events 2 events
87.4 (£5.3) 87.4 (£5.3) 44.6 (+7.9) 41.4 (x8.0)
90.8 (+3.9) 78.7 (+7.7) 44.3 (£7.0) 24.0 (x11.1)
.042 .001
97.4 (£2.6) 91.3 (x6.4) 56.1(+8.2) 29.9 (£13.8)
77.8 (£8.0) 77.8 (£8.0) 36.7 (£9.3) 31.4(£9.4)
100 100 54.9 (¥17.2) 54.9 (¥17.2)
81.8 (£11.6) 60.6 (+15.7) 9.1(+8.7) 9.1(+8.7)
90.0 (+9.5) 90.0 (+9.5) 40.0 (£15.5) 40.0 (£15.5)
.008 <.001
90.9 (+8.7) 90.9 (x8.7) 75.4 (+9.8) 67.0 (x11.7)
100 100 76.2 (x14.8) 76.2 (£14.8)
92.9 (£6.9) 92.9 (x6.9) 55.9 (#10.5) 39.1(£12.6)
75.0 (£6.8) 72.5(+7.1) 18.9 (£6.4) 0.0
437 201
88.3 (£3.5) 82.8 (+4.5) 46.2 (£5.5) 38.0 (+6.5)
100 (0 events) 100 (0 events) 14.3 (£13.2) (6 events) 14.3 (£13.2) (6 events)
100 (0 events) 100 (0 events) 50.0 (+25.0) (2 events) 0.0 (4 events)
.048 013
97.2(£2.7) 90.3 (£7.2) 53.0 (+8.4) 42.5 (+9.6)
80.5 (+6.2) 76.5 (+7.1) 28.9 (+7.1) 25.3 (+7.1)
91.3(#3.7) 85.7 (£5.3) .639 46.8 (+6.8) 41.3 (x7.0) 011
87.1(+6.0) 81.6 (+7.7) 31.0(+8.3) 20.7 (£10.1)
5-years 10-years 3-years 5-years
<.001 <.001
0.0 0.0 0.0 0.0
100 75.0 (£21.7) 63.6 (+14.5) 50.9 (£16.3)
91.7 (+8.0) 91.7 (+8.0) 75.0 (x12.5) 75.0 (£#12.5)
100 100 66.7 (£19.2) 444 (+x22.2)
93.5 (+4.4) 87.7 (£7.0) 55.9 (+8.8) 48.5 (+9.1)
88.8 (+4.0) 82.9 (5.5) — 58.2 (£6.2) 50.5 (+6.4) —
Overall survival Progression-free survival
5 years 10 years 5 years 10 years
72.2 (10.6) 72.2 (£10.6) - 33.3(x11.1) 14.8 (+8.9) -
81.3 (£9.8) 81.3 (£9.8) - 37.5(x12.1) 16.7 (¥9.9) -
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TABLE 3 (Continued)
Overall survival Progression-free survival
5 years 10 years 5 years 10 years
Radiotherapy 17 82.4 (+9.2) 76.0 (+10.5) — 69.5 (£11.5) 69.5 (+11.5) —
Histone3-mutated 16 87.5 (+8.3) 80.8 (+10.0) - 73.9 (£11.3) 73.9 (+11.3) -
excluded
3P-value log-rank-test.
PInfants (age at diagnosis <1 years) excluded from analysis due to small group size.
Including 1 tumor of the lateral ventricle (wild-type).
4n = 20 no data.
°n = 8 no data.
FIGURE 3 Overall, event-free (A) (B)
ion-fi ival. A,
and progression re.e surviva oS 1004 1004
and EFS for the entire group. B, OS
and PFS for the chemotherapy and 80 80
radiotherapy groups. C, OS for < L ——
molecular genetic subgroup. D, EFS (LJL') 60+ clf 60
for molecular genetic subgroup % 40- % 404
@] @]
20 20
0 0
T T T T T T T T T T T T
0 2 4 6 8 10 0o 2 4 6 8 10
Years since diagnosis Years since start of therapy
Numbers at risk Numbers at risk
0OS100 92 81 71 55 28 0S,CT18 16 13 13 9 7
EFS100 53 41 31 21 9 PFS,CT 18 8 6 5 2 1
OS,RT17 16 14 13 11 5
(C) (D)
100 1004
_ — S
S 80 L 5 80-
© S
= 604 5 60
g )
—h
2 404 8 40+
s T
2 204 s 20
© Lﬁ P <.001
04 P <.001 04 <.
T T T T T T T T T T T T
0 2 4 6 8 10 0 2 4 6 8 10
Years since diagnosis Years since diagnosis
Numbers at risk Numbers at risk
Histone3K27M 4 2 0 0 0 O Histone 3 K27M 4 O 0O o o0 o0
IDH1 11 10 10 6 4 2 IDH1 11 6 5 2 1 0
BRAF V600E 12 12 9 7 6 4 BRAF V600E 12 9 7 5 3 2
KIAA1549:BRAF 6 5 5 5 5 3 KIAA1549:BRAF 6 3 2 2 1 1

complete/subtotal resection, for smaller tumors (diameter < 3 cm),
and those without enhancement. Five-years EFS for the molecularly
defined cohort was 0.51 (+0.06). While it was zero for the Histon3-
K27M-mutated patients, it was 0.44 (+0.22) to 0.75 (+0.12) for the
remaining four subtypes.

Multivariable analysis confirmed extent of resection for OS and

age, contrast enhancement at diagnosis, histology, localization and

extent of resection for EFS as independent prognostic factors
(Table 4).

Five-years PFS after first adjuvant treatment was 0.33 (+0.11) after
chemotherapy and 0.70 (£0.12) after RT; excluding patients with His-
tone3-K27M-mutated tumors 5-years PFS was 0.38 (+0.12) for 16
patients receiving chemotherapy and 0.74 (+0.11) for 16 patients
receiving RT.
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TABLE 4  Multivariable analysis of overall and event-free survival

HR 95% ClI p?
Predictors for overall survival
Gender N/S: .556
Female vs male (ref.) — —
Age at diagnosis N/S: .692
>1 to <8 years vs =8 years (ref.) — —
Age at diagnosis® N/S:.705
>1 to <5 years vs =216 years (ref.) — —
>5 to <11 years vs 216 years (ref.) — —
>11 to <16 years vs 216 years (ref.) — —
Localization N/S: .851
Supratentorial midline vs cerebral hemispheres — -
(ref.)
Cerebellum vs cerebral hemispheres (ref.) — —
Caudal brainstem vs cerebral hemispheres (ref.) - -
Spinal cord vs cerebral hemispheres (ref.) — —
Extent of resection® .027
Biopsy vs resected (complete, subtotal, partial) 6.00 1.25-28.91
(ref.)
Histology N/S:.711
Oligoastrocytoma vs diffuse astrocytoma (ref.) — —
Oligodendroglioma vs diffuse astrocytoma (ref.) — -
Tumor diameter at diagnosis N/S:.127
>3 cm vs <3 cm (ref.) — —
Contrast enhancement N/S: .526
Enhancement present vs no enhancement (ref.) - -
Molecular subgroup® N/S: . 795
IDH-mutation vs wild-type (ref.) — —
BRAF-V600E-mutation vs wild-type (ref.) — —
KIAA1549-BRAF-fusion vs wild-type (ref.) — —
Predictors for event-free survival
Gender N/S: .622
Female vs male (ref.) — —
Age at diagnosis® 012
>1 to <8 years vs 28 years (ref.) 2.58 1.24-5.35
Age at diagnosis® N/S: .237
>1 to <5 years vs =16 years (ref.) — —
>5 to <11 years vs 216 years (ref.) — —
>11 to <16 years vs =16 years (ref.) — —
Localization .010
Supratentorial midline vs cerebral hemispheres 0.67 0.31-1.54
(ref.)
Cerebellum vs cerebral hemispheres (ref.) 2.80 0.78-10.06
Caudal brainstem vs cerebral hemispheres (ref.) 5.22 1.73-15.75
Spinal cord vs cerebral hemispheres (ref.) 2.58 0.71-9.35
Extent of resection® <.001
Subtotal vs complete (ref.) 2.00 0.32-12.35
Partial vs complete (ref.) 5.38 1.68-17.27

Biopsy vs complete (ref.) 43.36 10.87-172.95
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TABLE 4 (Continued)
HR 95% ClI p?
Histology .002
Oligoastrocytoma vs diffuse astrocytoma (ref.) 7.71 2.24-26.52
Oligodendroglioma vs diffuse astrocytoma (ref.) 8.93 1.89-42.71
Tumor diameter at diagnosis N/S: .259
>3 cm vs <3 cm (ref.) — —
Contrast enhancement .053
Enhancement present vs no enhancement (ref.) 2.28 1.02-5.10
Molecular subgroup® N/S: .828

IDH-mutation vs wild-type (ref.)
BRAF-V600E-mutation vs wild-type (ref.)
KIAA1549-BRAF-fusion vs wild-type (ref.)

2P-value of likelihood-ratio test/score test, for variables selected/not selected in the final model.

PExcluded: two patients with age at diagnosis <1 year, four patients with Histone3-K27M-mutation.

“Treated as time-dependent variable that becomes known at the date of surgery.

Abbreviations: Cl, confidence interval; HR, hazard ratio; N/S, indicating variables not selected in the final model.

4 | DISCUSSION
41 | Clinical and epidemiologic aspects of
pediatric diffuse glioma WHO-grade Il

This large cohort of 100 prospectively registered, centrally confirmed
pediatric diffuse gliomas of WHO-grade Il (DG2) achieved good OS
following the SIOP-LGG 2004 protocol. Patients’ demographics
including age at diagnosis, gender distribution and primary tumor site
are similar to previous reports.*?8 Pediatric patients with DG2 tend
to be older than population-based cohorts with LGG of all histolo-
gies,*> highlighted by an age peak at 10 to 14 years.?? Although 40%
of our patients were older than 10 years, registration of adolescents
>16 years did not start before 2007 following amended eligibility
criteria of the protocol. DG2 is a rare diagnosis among CNS-tumors of
patients affected by NF13°-32 which was seen in only 4% of our

|18

patients. In accordance with the reports of Fouladi et al*® and Fisher

1,2 most DG2 in our cohort were hemispheric tumors, while other

eta
series did not relate histology to site.2>1? Correspondingly, seizures
were among the most frequently reported presenting symptoms com-
parable to the observation in young adults.3® Seizures related to bet-
ter survival in adults.>* Although this was not investigated in our
cohort directly, patients with DG2 of the cerebral hemispheres, but
also of the cerebellum and spinal cord, had a better OS than those
with tumors in the supratentorial midline and brainstem. A higher rate
of complete/subtotal resection is accepted as the major contributing
factor to better PFS and/or OS for all pediatric LGG*>121333 and had
been achieved for 48% to 70% for hemispheric, cerebellar and spinal
tumors in this cohort. In addition to site, tumor size and the infiltrative
nature of DG2 contribute to resectability. The distribution of “small”
and “large” tumors (below/above 3 cm, as defined for ODG??) did not
differ between the sites in our cohort (Table S2). While surgery was
rated complete and subtotal for 31% and 15% of 39 small tumors, this
was only achieved for 12% and 2% of 41 large tumors. Both, OS and

EFS were noticeably impaired in patients with larger tumors, although
no comparable data were reported elsewhere. Yet, other MRI-features
have been linked to prognosis of DG2. No enhancement and/or
smooth nonenhancing margins on diagnostic MRI were predictive of
longer PFS or OS, respectively, in adult LGG,*¢ but no corresponding
data are available for pediatric DG2. Almost two thirds of our patients
had tumors without sharp margins. Initial contrast enhancement was
present in a third of diagnostic MRIs without impairing survival
though heralding a trend for shorter EFS. Moreover, the presence of
contrast enhancement upon follow-up did not predict tumor progres-

sion for a variety of pediatric LGG.%”

4.2 | Treatment results for histologically defined
diffuse glioma WHO-grade Il

All DG2 were treated according to the SIOP-LGG 2004 therapy algo-
rithm. After diagnosis, almost two thirds of patients were managed
with surgery and observation alone, corroborating results of our previ-
ous cohort.® Despite intermittent progression in 25/65 patients, 85%
achieved complete remission or stable disease after re-resections or
by spontaneous tumor stabilization. Nevertheless, malignant transfor-
mation was observed during follow-up in six patients; an additional six
developed malignant features among the 35 patients receiving adju-
vant therapy. This was detected after a follow-up of 0.5 to 10.9 years
(median 1.9 years), 5/12 patients had received RT 1.9 to 10.9 years
prior to malignant transformation not excluding the evolution of radia-
tion-induced secondary neoplasms.

Adjuvant treatment was started in 35 patients for radiologic tumor
progression and/or severe/progressive neurologic symptoms. Reflecting
protocol-stratification median age at start of treatment was higher in the
RT group. Within both therapy-groups more than three quarters of DG2
were located in midline structures and 94% had only been partially

resected or biopsied. During the past two decades front-line RT for
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pediatric LGG has been replaced by chemotherapy for younger patients.
Still, almost half of the DG2 treatment group was irradiated primarily
achieving 70% PFS in the long term, well comparable to previous
reports.>3® Three quarters were irradiated including salvage approaches.
Several reports on chemotherapy for LGG included WHO-grade |I

tumors*>3740

and explorative data suggested impaired survival for
DG2.4* Two randomized chemotherapy trials allowed analysis of the
impact of DG2 histology upon outcome.!**? While 5-years EFS was
34% + 10% for diffuse astrocytomas compared to 49% + 6% for PA, and
5-years OS reached 79% + 8% vs 88% * 4%, histology was not prognos-
tic at multivariate analysis in the COG trial.** After vincristine/carboplatin
in the international SIOP-LGG 2004 trial, patients with WHO-grade Il gli-
oma had a 5Syears OS of 80.0%, and DG2 conferred a statistically notice-
able adverse influence on survival compared to PA in multivariable
analysis (HR 5.56 [95% Cl: 2.52-12.23]), while PFS was not impaired.?’
These results implied an unfavorable response to salvage treatment for
progressive tumors beyond first-line therapy, “linking progression to sur-
vival",* and suggested the existence of prognostically relevant molecular
genetic subtypes.

4.3 | Treatment results differentiated for the
molecular genetic subgroups

We identified five genetically and clinically distinct major subtypes
among 65 patients with sufficient tissue for molecular testing. This
cohort did not show demographical differences to the cohort without
residual material and therefore can be considered representative for
DG2 (Table S3).

44 | Histone3-K27M-mutation

The most striking finding was the presence of Histone3-K27M-muta-
tion in four midline tumors (6%). Histone3-mutations are a hallmark of
malignant diffuse midline glioma WHO-grade IV according to the
WHO-classification,? but have also been described in low-grade cir-

cumscribed*? 2342

and diffuse, mostly thalamic and brainstem tumors
preceding malignant evolution*® and death.423#! In the retrospective
analysis of 289 pediatric low-grade glioma by Yang et al,?® they con-
stituted 6% and were allocated to a “high-risk group”. Co-occurrence
with other genetic alterations was described for various low grade his-
tologies,’®*! but was not seen in our tumors that were uniformly pro-
gressive within few months and all patients died. We advocate to test
all diffuse midline gliomas for this mutation to identify and exclude
Histone3-K27M-mutated midline diffuse gliomas in future pediatric

LGG protocols, even if they lack signs of anaplasia.

4.5 | IDH-mutation

Seventeen percent of the DG2 carried an IDH-mutation which was

described at various frequencies (0%-42%) in previous, often smaller

pediatric series.®10141517:4445 Although IDH-mutations are a hallmark
for DG2 in adults,*¢ their presence in pediatric DG2 has been rarely
observed.#1%1>1¢ Only one of our cases with IDH1-mutation had
chromosome 1p/19g-codeletion and retained ATRX. Furthermore, 8/
10 tumors showed nuclear accumulation of p53, reported for 5/12 in
the series of Johnson et al.**> Although only two of our patients
needed adjuvant treatment, early malignant transformation was seen
in another two. Thus, treatment according to the pediatric LGG-strat-
egy seems appropriate for IDH-mutated DG2, but we support the sug-

gestion of increased clinical surveillance for this subgroup.®

4.6 | BRAF-V600-mutation

BRAF-V600-mutation was found in 18% of the tumors of our cohort,
and was reported at variable frequencies up to 25% for pediatric
DG2.5101415234748 Although the presence of this mutation was
rated as unfavorable with more frequent non-response to adjuvant
treatment and shorter PFS in the basket group of LGG,'#2% no specific
data are available for DG2. The majority of our patients were just
observed after surgery and only one patient each received primary RT
or chemotherapy. The latter, however, progressed despite salvage
treatment and exhibited malignant histology upon subsequent resec-
tion. BRAF-mutations had been detected in 44% of pediatric LGG that
later progressed to HGG, but only in 6% that did not transform in the
population-based report of Mistry et al.*’ We agree to recommend
radical resection in amenable locations for this DG2 subgroup, while
the consideration to recommend targeted therapy for stable tumors

to prevent transformation awaits further confirmation.*’

4.7 | KIAA1549-BRAF-fusion

While FGFR1-mutations and MYB-rearrangements had been common

in other LGG-series,*1>7

we did not identify such alterations in our
cohort having excluded non-diffuse or glioneuronal tumor entities
of WHO-grade | like angiocentric glioma or dysembryoplastic neuro-
epithelial tumor. Instead, we identified a small group of histological
DG2 with KIAA1549-BRAF-fusions (9%). Although KIAA1549-BRAF-
fusions were described in ganglioglioma and unspecified LGG by
Ramkisson et al,*” the frequency appears low in diffuse glioma.®?3%”
These tumors of infra- and supratentorial location occurred in younger
patients, were amenable to surgery and mostly completely resected at
first or second intervention. Indeed, some of them may represent areas
of PA lacking specific histological features of PA and showing diffuse
growth patterns. This has been described in the margin of bona

fide PA2

4.8 | Impact of molecular-genetic classification

Despite an extensive genetic testing for rare fusions on the RNA-

level, methylation profiling and DNA-based molecular inversion probe
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assays we did not find distinct genetic events in half of all tumors,
while smaller series detected at least one alteration in most DG2.101°
The increasing number of genetic alterations identified for each histo-
logic variant calls for an increasingly differentiated diagnostic pro-
gram.”*® Yet, even the extensive characterization of LGG in the series
of Yang could not detect molecular changes in 27% of tumors (78/
289).2% In that paper recurrent TERT-mutations were associated with
worse prognosis in older children. In our series, TERT-promotor muta-
tions were absent indicating different tumor cohorts. Corroborating
their findings of an “intermediate” biologic behavior for this sub-
group,?® the majority of our wild-type tumors were managed by sur-
gery and “wait and see” strategy, although almost one-third needed
adjuvant treatment and 6/9 patients received multimodal therapy
including multiple surgeries. Although 28/32 patients were alive at
last follow-up, four tumors had evolved to high-grade, including one
with radiographic signs of gliomatosis cerebri and three patients
had died.

While the unfavorable course for Histone3-K27M-mutated
tumors is indisputable, no differences were found with respect to
EFS after diagnosis or to OS for the other genetic DG2-entities.
Reflecting treatment stratification, primary chemotherapy was
rather applied in younger patients and associated with multiple
lines of treatment for 77% of patients. Nevertheless, the favorable
outcome of our treatment groups with a 5-years OS of 72% and
82% after primary chemotherapy and RT, respectively, under-
scores the appropriateness of the study strategy for pediat-
ric DG2.

Malignant transformation was seen, however, in all groups,
except for the KIAA1549-BRAF-fusion positive tumors. Thus, re-
biopsy of recurrent or progressing lesions is warranted even in
early progression. Malignant transformation of pediatric LGG has
been shown for BRAF-V600E-mutated tumors and was linked to
the concurrent presence of CDKN2A-deletion.®?3484% Although
the underlying molecular alteration was already traced in the ini-
tial biopsy in the report of Mistry et al,*’ and identical genetic
alterations were found in primary and recurrent tumors in the

1,7 its later evolution cannot be ruled

series of Bergthold et a
out. An unfavorable outcome of tumors with CDKN2A-deletion
was linked to specific tumor sites.?® However, none of our
tumors had concomitant CDKN2A-loss. IDH-mutations are the
hallmark of adult diffuse glioma, but are present in secondary
glioblastoma, as well.® The propensity for malignant transforma-
tion has to be accepted for IDH-mutated tumors often in associ-
ation with ATRX-mutation or p53-aberration.8°%5! Despite p53-
accumulation in 8/11 patients, concurrent IDH- and ATRX- or
p53-mutations were not found. The molecular clues for malig-
nant evolution have still to be identified for those tumors termed
wild-type in our report. None of our patients had received
targeted treatment. Yet, identification of characteristic genetic
alterations does not only enhance diagnostic accuracy, but will
offer additional treatment options in the presence of druggable

driver mutations in future protocols.”>2
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5 | CONCLUSIONS

Pediatric DG2 represents a group of genetically distinct entities and
their biological features and clinical behavior are different from their
adult counterpart. Even IDH-mutated tumors in older children and
adolescents seem to represent a more indolent tumor group com-
pared to IDH-mutated gliomas in adult patients. However, except for
DG2 with KIAA1549-BRAF-fusions, tumors of all genetic subtypes
may progress to high-grade glioma. Although Histone3-K27M-mutated
midline gliomas can show histologies lacking signs of anaplasia, all
patients with Histone3-K27M-mutated DG2 had a fatal outcome.
Therefore, DG2 should be genetically classified upfront employing
appropriate methods for diagnosis and forecasting outcome. In addi-
tion, genetic classification will be a prerequisite for targeted therapy
within future protocols.

We found no significant differences with respect to outcome as com-
pared to WHO-grade | tumors. Thus, the current LGG treatment strategy
seems appropriate for all DG2-entities, with the exception of Histone3-
K27M-mutated tumors that require a HGG-related treatment. More than
half of all patients were safely followed by observation, while multimodal

adjuvant treatment controlled progressive tumors in most cases.
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