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Abstract

Background. Detailed prevalence estimates of BRAFV600 mutations and BRAF inhibitor (BRAFi) treatment re-
sponses in V600-mutant glioma will inform trial development.

Methods. Our systematic review analyzed overall prevalence of BRAFV600 mutations in glioma and BRAFi treat-
ment response.

Results. Based on 13 682 patients in 182 publications, the prevalence of BRAFV600 in epithelioid glioblastoma
(eGBM) was 69% [95% Cl: 45-89%]; pleomorphic xanthoastrocytoma (PXA): 56% [48-64%] anaplastic pleomor-
phic xanthoastrocytoma (aPXA): 38% [23-54%], ganglioglioma (GG): 40% [33-46%], and anaplastic ganglioglioma
(aGG): 46% [18-76%]. Prevalence in astroblastoma was 24% [8-43%], desmoplastic infantile astrocytoma (DIA):
16% [0-57%], subependymal giant cell astrocytoma (SEGA): 8% [0-37%], dysembryoplastic neuroepithelial tumor
(DNET): 3% [0-11%], diffuse astrocytoma (DA): 3% [0-9%], and pilocytic astrocytoma (PA): 3% [2-5%]. We reviewed
394 V600-mutant gliomas treated with BRAFi from 130 publications. One hundred and twenty-nine pediatric low-
grade gliomas showed 4 (3.1%) complete response (CR); 53 (41.1%) partial response (PR); 64 (49.6%) stable disease
(SD) and 8 (6.2%) progressive disease (PD). 25 pediatric high-grade gliomas showed CR; PR; SD; PD in 4 (16.0%);
10 (40.0%), 4 (16.0%); and 7 (28.0%) respectively. Thirty-nine adult low-grade gliomas showed CR; PR; SD; PD of 4
(10.3%); 17 (43.6%); 16 (41.0%) and 2 (5.1%) respectively. Ninety-seven adult high-grade gliomas showed CR; PR;
SD; PD of 6 (6.2%); 31 (32.0%); 27 (27.8%); and 33 (34.0%) respectively.

Conclusions. BRAFV600 prevalence is highest in eGBM, PXA, aPXA, GG, aGG, and lower in astroblastoma, DIA,
SEGA, DNET, DA, and PA. Our data provide the rationale for adjuvant clinical trials of BRAFi in V600-mutant
glioma.
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e Significant prevalence of BRAFV600 in five glioma entities.

e Variable but promising response to BRAFi in V600-mutant glioma in a recurrent

setting.

e Provides rationale for adjuvant clinical trials of BRAFi in V600-mutant glioma.

Importance of the Study

There is a need for accurate prevalence estimates of the
biomarker BRARV/600 within glioma to inform decisions
around testing and to consider the role of targeted ther-
apeutic strategies. Our systematic review has identified
glioma subtypes with high prevalence of BRAFV600 in
which testing might be recommended. We have also

Brain tumors are responsible for the most years of life lost
by any cancer and there is a need for novel precision medi-
cine approaches informed by detailed biomarker research.’

One such candidate is BRAF (v-raf Murine Sarcoma
Viral Oncogene Homolog B1), a gene, responsible for pro-
duction of the B-Raf protein, a member of the Raf serine/
threonine kinase family.?2 BRAF is a key mediator in the
mitogen activated protein kinase (MAPK) cell signaling
pathway, which has a role in cell proliferation, survival,
and differentiation.® B-Raf activates MAPK extracellular
signal-regulated kinase (MEK) proteins, which stimulate
extracellular signal-regulated kinase (ERK) proteins which
control cellular responses.?

BRAF is the most commonly mutated kinase in cancer;
more than 75 unique BRAF mutations have been reported
in melanoma, although many of these mutations yield no
or unknown significance.* BRAF mutations are prevalent
in melanoma (40-50%), thyroid cancers (10-70%), serous
ovarian cancer (~30%), colorectal cancers (~10%), and non-
small cell lung carcinoma (~3-5%).5-°

The most-reported oncogenic driver mutation in BRAFis
V600E (~90%)."° There are others; for example, the E558K
mutation promotes dimerization of the kinase domains
which increases B-Raf activity.” Additionally, KIAA1549-
BRAF gene fusions are found in low-grade glioma, particu-
larly pilocytic astrocytoma.?

|
BRAF V600E

V600E is caused by a point mutation (p.T1799A) in exon
15 of BRAF, which results in the substitution of valine
with glutamic acid at codon 600. Valine can also be sub-
stituted with other amino acids such as lysine (V600K),
aspartic acid (V600D), or arginine (V600R), but these are
less common.® V600 is found within the activation region
of BRAF and results in constitutive activation of the MAPK
signaling pathway, resulting in hyperactivation (~500x) of

identified subtypes with lower prevalence of BRAFV600
where testing might be considered. We describe the
available evidence about the use of, and response to,
BRAF inhibitors in V600-mutant glioma and conclude that
adjuvant randomized trials of BRAFinhibitors in adult and
pediatric low-grade and high-grade gliomas are needed.

the signaling cascade and uncontrolled cell division, as
well as insensitivity to negative feedback mechanisms,
causing tumorigenesis.'314

BRAF Inhibitors

BRAF inhibitors (BRAFi) are small kinase inhibitors that
bind selectively to V600E mutated B-Raf proteins and
stopping them from activating MEK, thus inhibiting
the MAPK/ERK signaling cascade, preventing aberrant
cell signaling.’™ In melanoma models, constant BRAF
signaling is needed to maintain tumor growth, and inter-
vention with BRAFi has been observed to result in revers-
ible tumor regression.'® BRAFi vemurafenib (Zelboraf),
dabrafenib (Tafinlar), and Encorafenib (Braftovi) have
approval from the FDA and EU Commission for the treat-
ment of various cancers including non-resectable and
metastatic melanoma.’17%18

A phase Il study of V600-positive melanoma found a
53% response rate and a median treatment duration of
6.7 months and overall survival of 15.9 months.” The
BRIM-3 study examined treatment with vemurafenib
compared with dacarbazine in 675 V600E-positive mela-
noma patients. Interim results showed patients treated
with BRAFi had a lower risk of death (relative risk reduc-
tion (RRR) = 63%) and lower risk of either tumor progres-
sion or death (RRR = 74%).2° Final results showed median
overall survival was better for vemurafenib compared with
dacarbazine (13.6 v 9.7 months).?"

Therapy is generally well tolerated in patients, in mono-
therapy and in combination with MEK inhibitors (MEKi).
Combinations of three different BRAFI/MEKi regimens
were well tolerated with moderate, reversible adverse ef-
fects and a low discontinuation rate of 11.5% to 15.7% in
metastatic melanoma patients.??

The use of small-molecule inhibitors is particularly ad-
vantageous in younger pediatric patients where interven-
tion with conventional treatment regimens such as surgery,
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chemotherapy, or radiotherapy would prove to have more
long-term and disruptive effects on the developing brain.

There are currently several clinical trials investigating
the therapeutic use of BRAFi in glioma. The PNOC-002
study (NCT01748149) is a safety, phase 0 efficacy study of
vemurafenib in children and young adults with recurrent/
refractory BRAF V600OE or BRAFT insertion mutant brain
tumors.?®

GlaxoSmithKline and Novartis Pharmaceuticals have
recently finished recruiting for a phase 1/2 study to de-
termine the safety, tolerability, and pharmacokinetics of
oral dabrafenib in children and adolescent subjects with
advanced BRAFV600 mutation-positive solid tumors.?*
Other studies are investigating the use of MEKi in combi-
nation with BRAFi to treat BRAFV600 mutation-positive
glioma. One study (NCT02034110) is observing the
safety and clinical efficacy of dabrafenib and trametinib
(MEKi) in BRAF V600E-mutated rare cancers, including
glioma.?® Additionally, there are new emerging class 2
BRAF inhibitors such as TAK-580 (MLN2480) which are
being experimented as a new therapy for low-grade
gliomas.?®

Objectives of Study

Objective 1: To determine the prevalence of BRAFV600
across diagnostic categories within the WHO classification.

Objective 2: To examine the use of BRAFi in pediatric
and adult V600-mutant low-grade gliomas (LGG) and high-
grade gliomas (HGG) and the response to treatment.

Materials and Methods
Protocol and Registration

The protocol for this systematic review was regis-
tered on the International Prospective Register of
Systematic Reviews (PROSPERO; registration number
CRD42019127704 and CRD42019127824).?” This manu-
script follows the guidelines of Preferred Reporting ltems
for Systematic Reviews and Meta-Analyses (PRISMA).%8
Ethical approval was not required because all data was
obtained from previously published papers.

Eligibility Criteria

To examine prevalence of BRAFV600 mutations, we
sought studies that: (i) included patients or biopsied tumor
material from patients with histopathologically diagnosed
glioma or tumors with a glial component; (ii) included
only primary brain tumors; (iii) evaluated the prevalence
of BRAFV600; (iv) had 10 or more glioma patients tested
for BRAFV600; and (v) were cross-sectional studies, co-
hort studies or randomized trials. To examine response to
BRAFi, we sought studies that (i) included patients of any
age and any stage of disease (primary or regressive) with
glioma according to the WHO Revised Classification of
Tumors of the CNS 2; (ii) included patients with BRAFV600
mutation-positive glioma; (iii) included patients who had

been treated with a BRAFi, administered either alone or in
combination with other therapies; and (iv) were random-
ized trials, other controlled or uncontrolled clinical trials,
cohort studies, case series, or case reports. We imposed no
language or data restrictions on eligibility of studies for the
review.

Search Strategy

The principal database searches were of MEDLINE and
Embase up to October 2020 (Supplementary Tables 1 to
4). For the BRAFi component we additionally searched
the Cochrane Register of Controlled Trials and abstracts
published by the American Society of Clinical Oncology
(ASCO), or European Society for Medical Oncology
(ESMO), using keywords “glioma’; “vemurafenib’ and
“dabrafenib” A further group of publications identified in
the search criteria for BRAFV600 prevalence review were
also considered. Additionally, we examined the reference
lists of any accepted studies.

Data Extraction

Records identified from the searches on MEDLINE and
Embase were transferred to an Endnote library and
deduplicated.®® The remaining references were uploaded
to Rayyan for title and abstract screening.®' Two inde-
pendent reviewers assessed the eligibility of the publica-
tions, with conflicts being examined by a third reviewer.
Full texts of the remaining articles were screened against
the eligibility criteria by one reviewer, and this process was
checked by a second reviewer.

Data extraction was performed by one reviewer into an
Excel document, then checked and verified by a second
reviewer. For all studies included in the review, data were
extracted on publication information, country, age group
(pediatric <18 years, adult >18 years), sex, glioma sub-
types, and sample size. Where multiple publications re-
lated to the same study, all publications were used for data
extraction, but classed as one study.

For studies of BRAFV600 mutation prevalence, details
of the population studies, start and end dates, and in-
formation on prevalence were extracted. The method of
mutational analysis was selected based on a hierarchical
system, with the largest sample size taking preference over
method of detection. If these conditions were the same a
second hierarchical system came into place, with Sanger
sequencing preferred to pyrosequencing, itself preferred
to immunohistochemistry. To minimize risk of double re-
porting of patients, studies were grouped by institute/hos-
pital and a single cohort selected from the same location
within the same period. For this, we prioritized availability
of patient samples for specific glioma subtypes over larger
sample sizes (combined across subtypes).

For BRAFi studies, each patient was assigned a patient
ID and patient characteristics were recorded. Where indi-
vidual patient data were not available, aggregated data
was collected such as median values of age, treatment du-
ration, overall survival (OS), and progression free survival
(PFS). Data on the primary tumor was collected including


http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab247#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab247#supplementary-data

Andrews et al. BRAFV600 prevalence and BRAF inhibitors in glioma

tumor type, WHO tumor grade, stage of glioma, tumor
dissemination status and dissemination location. If WHO
grade was not reported but tumor type was, then it was as-
signed the appropriate WHO grade, according to the 2016
WHO Classification of Tumors of the CNS. The following
tumors were not reported in the above classification or
the publication and were graded with the assistance of
author KMK: optic pathway glioma (grade 1), glioneuronal
tumor (grade 1), ganglioneurocytoma (grade 1) fibrillary
astrocytoma (grade Il), pilomyxoid astrocytoma (grade
II), anaplastic oligoastrocytoma (grade Ill), and anaplastic
glioneuronal tumor (grade IV). Anaplastic astroblastoma
are not graded according to WHO and were graded as
not reported (NR). The type of BRAF mutation and any ad-
ditional known mutations were recorded, as well as the
mutation detection method. Any prior therapies were re-
corded. The type of BRAFi, dose, and therapy duration in
months was recorded. We recorded whether therapy was
continuous or intermittent; for patients who received mul-
tiple sessions of BRAFi therapy, we considered the therapy
time cumulatively. We recorded MEKi type, dose, and dura-
tion (if applicable). Additionally, we also recorded any dose
changes and associated adverse events that were reported
due to therapy.

PFS was recorded as time from beginning of treatment
to tumor progression or death and OS was recorded as
time from beginning of treatment to death. We also re-
corded the time to best response and whether therapy
was ongoing at the time of publication. Best radiological
tumor response was recorded according to either RANO or
RECIST criteria.323 Publications that did not disclose the
best tumor response had the tumor evaluated based on
tumor size changes according to RANO criteria. Any near-
complete or significant responses were recorded as partial
response.

Risk of Bias

Risk of bias was assessed in studies of BRAFV600 mutation
prevalence using the tool by Hoy et al.3* We did not plan
to perform risk-of-bias assessments on case reports, case
series, or uncontrolled trials because they are descriptive
studies from which estimates of treatment effect cannot be
derived.

Statistical Analysis

Descriptive statistics were derived from categorical and
continuous variables, such as WHO classification and
sample size of cohort. Meta-analysis of prevalence esti-
mates was carried out using the “metaprop” program in
R, using the Freeman-Tukey double arcsine transformation
and a random effects model.?*This was also used to create
forest plots and to undertake subgroup analyses by glioma
subtype according to WHO classifications, and by age
group. Inconsistency between results of different studies
was measured using the P statistic.

Analyses of BRAFi therapy focussed on individual pa-
tient data for PFS and OS and adopted a survival analysis
approach. Patients who did not have PFS or OS recorded

were assumed to be alive, without tumor progression,
and thus data from these patients were censored. Where
we had only aggregate values for groups of patients, the
group values were applied to each patient in the group.
Kaplan-Meier survival estimates were calculated, and sur-
vival curves were plotted. Outcomes were compared be-
tween age groups and WHO tumor grade groups.

Statistical analyses were performed using Microsoft
Excel and RStudio (v1.3.1093).36:37

Results
Study Selection

Database searches of MEDLINE and Embase identified 5188
records for the BRAFV600 mutation prevalence search and
2220 for the BRAFi search (Supplementary Figures 1 and
2). After de-duplication and screening, 820 full text papers
were examined for the BRAFV600 prevalence component,
and 182 studies were included (Supplementary Figure 1).
For the BRAFi component, 165 further records were identi-
fied from the search strategy for V600 prevalence; 222 full
text papers were screened, and 93 studies were included,
reported in 130 publications (Supplementary Figure 2).

BRAFV600 Prevalence

Study characteristics.—The 182 included studies in-
volved a total of 13 682 glioma patients (Supplementary
Table 5 and 6). Patients ranged from 0 to 90 years of age.
2324 patients were included in studies of pediatric patients
(<18 years), 2109 in studies of adult patients (>18 years),
6983 in studies of both adult and pediatric patients, and
2266 in studies of unspecified age. Thirty-four studies
(18.7%) included >100 glioma patients, while 61 studies
(33.5%) had <20. Publication dates of studies ranged from
2004 to 2020. The method of detection of BRAFV600 mu-
tation varied between included studies, most studies
used multiple forms of detection (29.7%). Studies that
only used NGS, PCR, and sequencing, IHC, and Sanger
sequencing were 12.6%, 12.1%, 9.9%, and 9.9% respec-
tively (SupplementaryTable 7).

Sensitivity analyses.—Seventy-three studies (40.1%)
were low risk of bias, 81 studies (44.5%) were at mod-
erate risk of bias and 28 studies (15.4%) were at high risk
of bias (Supplementary Figure 3). All these studies were in-
cluded within the meta-analysis as they were considered
to provide valuable information for subgroup analysis.
A further sensitivity analysis involved removing high risk
of bias studies to see if there were alterations to overall
prevalence; these changes were found to be minimal
(SupplementaryTable 8).

Overall prevalence of BRAFV600.— The average preva-
lence of BRAFV600 mutation across all 182 included studies
was 7%, with a 95% confidence interval (Cl) of 5% to 8%
(Supplementary Figure 4a).The P value was 83% indicating
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high heterogeneity between these studies, which is ex-
pected in studies of prevalence. Pediatric patients were
found to have a higher prevalence of BRAFV600 mutation
compared with adult patients. Pediatric patients had an
overall average BRAFV600 prevalence of 7% (95% CI: 4 to
10%) (Supplementary Figure 4b), whereas adult patients
had an average overall prevalence of 4% (95% Cl: 1 to 8%)
(Supplementary Figure 4c). There is variation between
these estimates in both pediatric and adult, with P values of
63% and 75%, respectively, reflecting high heterogeneity.

Prevalence of glioma entities according to WHO.—
Glioma patients were classified diagnostically according
to WHO guidelines. Summary estimates and P statistics
from subgroup analyses by glioma entity are shown with
numbers of contributing studies (Figure 1). Full study-
level data for each of these meta-analyses are provided in
Supplementary Figures 5a—5au. Among 48 glioma entities,
BRAFV600 mutation was identified most commonly in
epithelioid glioblastoma (eGBM) with an average preva-
lence of 69% (95% Cl: 45 to 89%; P = 86%), followed by
pleomorphic xanthoastrocytoma (PXA) 56% (95% Cl: 48 to
64%; P = 45%), anaplastic pleomorphic xanthoastrocytoma
(aPXA) 38% (95% ClI: 23 to 54%; P = 34%), ganglioglioma
(GG) 40% (95% Cl: 33 to 46%; P = 67%), and anaplastic
ganglioglioma (aGG) 46% (95% Cl: 18 to 76%; P = 0%)
(Figure 1; Supplementary Figure 5a-5e).

Other glioma entities were found to have a preva-
lence of BRAFV600 mutation greater than 1%, included
astroblastoma 24% (95% Cl: 8 to 43%), desmoplastic in-
fantile astrocytoma (DIA) 16% (95% CI: 0 to 57%), LGG
not otherwise specified (NOS) 11% (95% Cl: 4 to 19%),
subependymal giant cell astrocytoma (SEGA) 8%, (95%
Cl: 0 to 37%), glioneuronal tumor (GNT) 6%, (95% CI: 0
to 15%), dysembryoplastic neuroepithelial tumor (DNET)
3%, (95% CI: 0 to 11%), diffuse astrocytoma (DA) 3%, (95%
Cl: 0 to 9%), pilocytic astrocytoma (PA) 3%, (95% CI: 2 to
5%), glioma 2%, (95% CI: 0 to 8%), desmoplastic infantile
astrocytoma/desmoplastic infantile ganglioglioma (DIA/
DIG) 77%, (95% Cl: 31 to 100%), neuroepithelial tumor
13%, (95% CI: 0 to 35%), anaplastic glioma (AG) 27%, (95%
Cl: 0 to 96%), ganglioglioma/gangliocytoma 46%, (95%
Cl: 31 to 62%), polymorphous low-grade neuroepithelial
tumor of the young (PLNTY) 50%, (95% CI: 10 to 90%), and
fibrillary astrocytoma (FA) 9%, (95% CI: 0 to 46%) (Figure 1;
Supplementary Figure 5f-5s).

Use of BRAFi in BRAF V600-Mutant Glioma

Study characteristics

Study characteristics
Of the 93 studies, we found 24 publications relating to
seven uncontrolled trials and 106 publications describing
86 case reports or case series (SupplementaryTable 9).
Across these studies, we collected data for 394 patients:
241 pediatric patients, 144 adult patients, and 9 NR. In the
pediatric group, the median age was 9.0 years (range; 0.1
to 17.0, n = 160), and of 142 pediatric patients, 69 (48.6%)
were female. In the adult group, the median age was

34.0 years (range; 18.0 to 62.0 years, n = 143) and 60/118
(50.8%) were female (SupplementaryTable 10).

Of the 241 pediatric patients, 158 (65.5%) had a V600E
mutation. Three (1.2%) had a V600D mutation and 80
(33.2%) cases were V600 NOS. In adults, 120 (83.3%) tu-
mors had V600E mutations and 24 (16.7%) V600 NOS
(SupplementaryTable 11).

In the pediatric cohort, there were 91 LGG; 66 (27.4%)
grade | and 25 (10.4%) grade Il. There were 27 HGG; 18
(7.5%) grade lll and 9 (3.7%) grade IV. Seventeen (7.1%)
gliomas were not graded, and 106 (44.0%) gliomas
were not specified by grade or type. In the adult cohort,
there were 41 LGG; 19 (13.2%) grade | and 22 (15.3%)
grade Il. There were 100 HGG; 46 (31.9%) grade Il and 54
(37.5%) grade IV. Three (2.1%) gliomas were not graded
(SupplementaryTable 12).

In the pediatric patients, 52/241 (21.6%) glioma sites
were specified. In adult patients, 55/144 (38.2%) glioma
sites were specified. In both groups, the cerebrum was the
region with the highest frequency of glioma; 22/52 (42.3%)
in pediatrics and 46/55 (83.6%) in adults (Supplementary
Table 13).

In the pediatric patients, the stage of glioma was re-
ported in 42 patients. Nine (21.4%) had recurrent glioma
and 33 (78.6%) had non-recurrent glioma (defined as pro-
gressive glioma or newly diagnosed glioma). In the adult
patients, the stage of glioma was reported in 81 patients.
56 (69.1%) patients had recurrent glioma and 25 (30.9%)
patients had non-recurrent glioma.

Prior Therapy Characteristics

Sixty out of 241 (24.9%) pediatric patients received sur-
gical intervention, 68/241 (28.2%) patients received
radiotherapy, and 93/241 (38.6%) patients received che-
motherapy. One hundred and nine out of 144 (75.7%)
adult patients had surgical intervention, 131/144 (91.0%)
received radiotherapy, and 121/144 (84.0%) received che-
motherapy. One hundred and thirty-five (56.0%) pediatric
patients and 2 (1.4%) adult patients did not report any prior
therapy, although it was not clear whether it was simply
not reported.

Treatment Characteristics

Sixty-one (25.3%) pediatric patients were treated with
vemurafenib monotherapy, 66 (274%) were treated
with dabrafenib monotherapy and 47 (19.5%) were treated
with dabrafenib with trametinib (a MEKi). BRAFi used to treat
67 patients (27.8%) were not specified. Median pediatric treat-
ment time was 13.8 months (IQR; 172 months, range; 0.1 to
63 months), reported in 152/241 (63.1%) patients.

In adult patients, 43 patients were treated with
vemurafenib monotherapy (29.9%), whilst 3 were treated
in combination with trametinib (2.1%), and 4 with
cobimetinib (2.8%). Thirteen out of 144 were treated with
dabrafenib monotherapy (9.0%) whilst 81 were co-treated
with trametinib (56.3%). Median adult treatment time was
8 months (IQR; 12.4 months; range 0.1 to 54.6 months), re-
ported in 140/144 patients (97.2%) (SupplementaryTable 14
and 15).

Nine HGG patients (1 pediatric, 8 adult) reported chan-
ging BRAFi during their treatment due to adverse events
or lack of response to treatment. Six patients switched to
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Glioma entity

Anaplastic astrocytoma

Anaplastic ependymoma

Anaplastic ganglioglioma

Anaplastic glioma

Anaplastic glioneuronal tumour
Anaplastic oligoastrocytoma
Anaplastic oligodendroglioma
Anaplastic pilocytic astrocytoma
Anaplastic pleomorphic xanthoastrocytoma
Angiocentric glioma

Astroblastoma

Astrocytoma

Chordoid glioma of the third ventricle
Desmoplastic infantile astrocytoma
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Desmoplastic infantile ganglioglioma
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Diffuse intrinsic pontine glioma
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Fig.1 Summary forest plot displaying estimated BRAFV600 prevalence in glioma entities.
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dabrafenib from vemurafenib (n = 5) or PLX8394 (n = 1),
and three changed to vemurafenib from dabrafenib.

Survival analysis: progression-free survival and overall
survival—Median PFS for the pediatric cohort was
9 months (IQR; 10.7 months, range; 0.5 to 38 months) from
data reported in 35/241 (14.5%) patients. In adult patients it
was 3.8 months (IQR; 7.2 months, range; 0.1 to 40 months)
from data reported in 90/144 (62.5%) patients. Median OS
for the pediatric cohort was 4.5 months (IQR; 8.2, range;
0.5 to 22 months), from 10/11 (90.9%) of patients who died.
The median OS for the adult cohort was 8.2 months (IQR;
7.5 months; range, 0.1 to 40 months), from 34/34 (100%)
of patients who died (Table 1). A Mann-Whitney Wilcoxon
(MWW) test was performed to determine if there was a
significant difference between PFS and OS between age

Table1 Shows the Median PFS and OS, Split by Age and Tumor
Grade, and the Number of Patients in Each Group

Median (IQR) No. of

Median (IQR) No. of

PFS (months) Patients OS (months) Patients|
Pediatric LGG 13.0 (7.3) 26 6.1(3.9) 2
Adult LGG 5.9 (6.1) 24 9.5 (7.1) 12
Pediatric HGG 3.5 (3.3) 8 3.0(6.0) 7
Adult HGG 3.0(5.8) 65 6.8 (7.3) 22

Kaplan—Meier survival curve (PFS)

groups (P=.001 and P=.17, respectively). Furthermore, we
performed a MWW test to determine significant differences
in PFS and OS between LGG and HGG in each age group.
MWW tests reported a P-value of P=.001 and P=.0002 for
pediatrics, respectively, and P = .02 and P = .03 for adults,
respectively.

Additionally, we compared PFS and OS of treatment
in both age groups, with and without dual therapy.
Median PFS of the pediatric monotherapy group was
12.9 months (IQR; 10.7 months, range; 0.5 to 38 months)
and dual therapy was 7.3 months (IQR; 8.4 months, range;
1.3 to 22.1 months). Median PFS of the adult mono-
therapy group was 5.5 months (IQR; 7.0 months, range;
0.1 to 18 months) and dual therapy was 3.0 months (IQR;
5.7 months, range; 0.2 to 23.9 months). MWW tests re-
ported P-values of P= .63 and P = .06 for pediatrics and
adults, respectively. Median OS of the pediatric mono-
therapy group was 3.0 months (IQR; 6 months, range;
0.5 to 10 months) and dual therapy was 11.0 months
(IQR; 9.9 months, range; 2.2 to 22 months). Median OS
of the adult monotherapy group was 9.6 months (IQR;
8 months, range; 0.1 to 40.2 months) and dual therapy
was 5.0 months (IQR; 5.5 months, range; 2 to 9 months).
MWW tests reported P-values of P=.17 and P = .06 for
pediatrics and adults, respectively (Supplementary
Table 16).

We compared the difference between LGG and HGG
treated with dual therapy. One hundred and thirty-five
out of 394 (34.2%) patients used MEKi; 62 LGG, 70 HGG,
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Fig.2 Kaplan-Meier survival curves showing PFS of the cohort, split by age and tumor grade.
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and 3 NR. However, only 65 (48.1%) reported progression-
free survival data, and 11 (8.1%) reported overall survival
data. Median PFS of the LGG dual therapy (n = 19) was
8.5 months (IQR; 79 months, range; 0.2 to 23.9 months)
and HGG dual therapy (n = 46) was 2.9 months (IQR;
3.9 months, range; 0.3 to 18.6 months). Median OS of the
LGG dual therapy (n = 3) was 8.5 months (IQR; 3.4 months,
2.2 to 9.0 months) and HGG dual therapy (n = 8) was
4.7 months (IQR; 5.5, range; 2 to 11 months). MWW tests
reported P-values of P=.002 and P = .68 for PFS and OS,
respectively.

OS and PFS data were not available for non-recurrent
glioma patients and as such, survival data were derived
from recurrent glioma patients and are the same as the re-
sults described above.

Kaplan-Meier survival curves were plotted for OS and
PFS for all patients, split by age and grade (Figures 2 and
3, respectively).

Response to BRAFi Therapy

One hundred and fifty-four pediatric patients had a re-
corded best tumor response. Eight (5.2%) pediatric pa-
tients showed complete response, 63 (40.9%) showed
partial response, 68 (44.2%) showed stable disease and
15 (9.7%) showed progressive disease. One hundred and
twenty-five (83.8%) were LGG (4 complete response, 53

Kaplan—Meier survival curve (OS)
Age group =+ Adult (HG)

partial, 64 stable, and 8 progressive), and 25 (16.2%) were
HGG (4 complete, 10 partial, 4 stable, and 7 progressive).

One hundred and thirty-seven adult patients had a re-
corded best tumor response. Ten (7.3%) showed complete
response, 48 (35.0%) showed partial response, 43 (31.4%)
showed stable disease and 36 (26.3%) showed progressive
disease. 39 (28.5%) were LGG (4 complete, 17 partial, 16
stable, 2 progressive) and 97 (70.8%) were HGG (6 com-
plete, 31 partial, 27 stable, 33 progressive) (Supplementary
Table 17).

Patient outcomes.—Of the pediatric cohort, 94/241
(39.0%) were alive and continuing treatment with BRAFi
at the end of the study. Thirty-eight out of 241 (15.8%) had
stopped treatment but remained alive and 11/241 (4.6%)
had died (the remaining 40.7% had unknown status). Fifty-
four out of 144 (37.5%) adults were alive and receiving
BRAFi therapy at the end of the study. Eighteen out of 144
(12.5%) had stopped treatment but remained alive and
34/144 (23.6%) had died (Supplementary Table 18).

Adverse reactions to BRAFi.— One hundred and forty-
two out of 241 (58.9%) pediatric patients and 109/144
(75.7%) adult patients had an adverse event associated
with treatment with BRAFi. Adverse events were classified
according to system organ class using the National Cancer
Institute (NCI) Common Terminology Criteria for Adverse
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Fig.3 Kaplan-Meier survival curves showing OS of the cohort, split by age and tumor grade.
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Response to BRAFi - Ganglioglioma

Age group Resp BRAF inhibitor MEK i
Paediatric PR Vemurafenib None
Paediatric PR Dabrafenib None
Paediatric CR Vemurafenib None
Paediatric SD Vemurafenib None
Paediatric SD Vemurafenib None
Paediatric SD Vemurafenib None
Paediatric PR Dabrafenib None
Paediatric PR Dabrafenib None
Paediatric SD Vemurafenib None
Paediatric SD Vemurafenib None :
Adult PR Vemurafenb  None :
Paediatric PD Vemurafenib None i
Paediatric PR Vemurafenib None i
Adult PR Dabrafenib None : :
Paediatric NR Vemurafenib None E E
Adult SD Dabrafenib None \1'! :
Adult PR Dabrafenib Trametinib E E E
Adult SD Dabrafenib None 1': : :
Adult SD Dabrafenib None E E i
Adult PR Vemurafenib  Cobimetinib ' i '
Paediatric PR Vemurafenib None E E E
Paediatric NR Vemurafenib None E i E
Paediatric PR Vemurafenib None . . .
L | L
A }

12 18

24 30 36 42 48 54 60 66 72

Duration of treatment (months)

Fig. 4 Waterfall plot showing individual patient data for treatment for ganglioglioma. KEY: — (ongoing treatment), % (overall survival), B (pro-
gression free survival), ¢ (time to best response), A (drug dosage increase), v (drug dosage decrease).

Events (CTCAE) v5.0. In one pediatric patient and 49 adult
patients, an adverse event was reported, but not specified.
Some patients may have experienced an adverse event,
but had not been reported (SupplementaryTable 19).

Waterfall plots show individual patient data for two
subtypes of LGG; ganglioglioma (Figure 4) and PXA
(Figure 5), and one subtype of HGG, epithelioid glioblas-
toma (Figure 6). Additional waterfall plots for other LGG
and HGG subtypes can be found in supplementary ma-
terial (Supplementary Figures 20a-20d and 21a-21g,
respectively).

I
Discussion

This systematic review identified 182 studies of the prev-
alence of BRAFV600 mutations in glioma and 92 studies
of the use of BRAFi in V600-mutant glioma. These studies
provide evidence of variation in the prevalence of the mu-
tation within different glioma subtypes, and an indication
of when BRAFi might be considered for treatment.

Among studies of BRAFV600 mutation prevalence,
15.4% were in adults, 17.0% were in pediatric patients
and the remainder were in mixed populations, or age
was not reported. Pediatric patients were found to have
a slightly higher prevalence of BRAFV600 mutation than

adults, likely due to different subtypes of glioma in studies
involving pediatric patients.

High average prevalence estimates of BRAFV600 mu-
tation were observed in eGBM (69%), PXA (56%), aPXA
(38%), GG (40%), and aGG (46%). The strongest evidence
among these was for PXA (38 studies) and GG (47 studies).
Other glioma entities were observed to have a preva-
lence of BRAFV600 above 10%, including astroblastoma
(24%), DIA (16%), and LGG NOS (11%). For several entities
there was strong evidence that the prevalence is much
lower, including for DA, AA, PA, DIG, DNET, GBM, and
oligodendroglioma.

The entities with high prevalence estimates may re-
flect similarities in their genetic landscapes. Although
the relationship between PXA, aPXA, and eGBM is
poorly understood, a study has observed eGBM to
have clinical similarities to aPXA with epithelioid fea-
tures, including leptomeningeal dissemination and re-
currence within months of initial resection.3® Another
study identified analogous MRI features between
eGBM and PXA?%; however, PXA was found to show de-
generative changes, where eGBM showed less of these
features. Case studies have identified eGBM arising
from PXA.40

Our findings are broadly consistent with prevalence es-
timates presented in the WHO guidelines.*’ WHO categor-
izes DIA and DIG subtypes together; we have found the
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Response to BRAFi - Pleomorphic Xanthoastrocytoma

Age group F BRAF inhibitor MEK i ! ! !
Adult PR Vemurafenib None
Paediatric PR Vemurafenib None
Paediatric SD Vemurafenib None
Adult SD Dabrafenib Trametinib
Paediatric PR Vemurafenib None
Paediatric SD Vemurafenib None
Adult CR Vemurafenib None
Adult SD Vemurafenib None
Paediatric CR Vemurafenib None
Adult SD Dabrafenib Trametinib
Paediatric PR Vemurafenib None
Paediatric SD Vemurafenib None
Adult PR Vemurafenib None
Paediatric SD Vemurafenib None
Adult PR Vemurafenib Trametinib
Adult CR Dabrafenib Trametinib
Paediatric SD Vemurafenib None
Adult PR Vemurafenib None
Adult sD Vemurafenib None
Adult sD Vemurafenib None :
Adult SD Vemurafenib None *::
Adult sD Vemurafenib None :
Adult NR Dabrafenib Trametinib :
Adult PD Vemurafenib None E
Paediatric PD Vemurafenib None .
L |
0 6 12 18

24 30 36 42 48 54 60 66 72

Duration of treatment (months)

Fig. 5 Waterfall plot showing individual patient data for treatment of pleomorphic xanthoastrocytoma. KEY: — (ongoing treatment), % (overall

survival), M (progression free survival), ® (time to best response).

prevalence of BRAFV600 mutation to be somewhat higher
in DIA, compared with DIG. Our prevalence estimates were
lower than WHO for SEGA and DNET. Our prevalence of
3% among PA, was as expected. An interesting finding
was that 3 of 6 patients with PLNTY were found to have a
BRAFV600 mutation. PLNTY is a rare entity not in current
WHO guidelines which may warrant further investigation.
Over 99% of BRAFV600 mutations discovered in our co-
hort were the V600OE mutation. Two V600K mutations were
found in PA and ganglioglioma. A V600G mutation was
discovered in a ganglioglioma patient. One study tested
for BRAFV600E/E2/D mutations so the alterations in this
cohort were undefined. Twenty-three papers (12.6%) used
NGS alone. However, some of the studies included within
our cohort (9.9%) used only IHC to identify the BRAFV600
mutation, but this method only looks at the V60OE muta-
tion and therefore will not identify the rarer forms of V600,
whereas NGS can identify all mutations of BRAFV600.42
No comparative studies of the use (versus non-use) of
BRAFi were identified. Across the noncomparative studies
included, data was available on tumor outcomes after
BRAFi for 154 pediatric patients and 137 adult patients.
Complete or partial response was observed in 44% of pe-
diatric and 54% of adult patients with low-grade glioma,
and 56% of pediatric and 38% of adult patients with high-
grade glioma. Progressive disease was observed for 6% of
pediatric and 5% of adult patients with low-grade glioma,

and 28% of pediatric and 34% of adult patients with high-
grade glioma. Although response to BRAFi in the recur-
rent setting was variable, these results are promising and
highlight the need for additional studies including the ad-
juvant setting in high prevalence glioma subtypes. Median
PFS differed between pediatric and adult cohorts taking
BRAFi therapy (9.0 versus 3.8 months). However, there
was no clear difference in median OS. Both PFS and OS
was, as would be expected, longer in low-grade glioma
patients than in high-grade glioma patients (median PFS;
13.0 versus 3.5 months in pediatric patients, and 5.9 versus
3.0 months in adult patients, and median OS; 6.1 versus
3 months in pediatric patients, and 9.5 versus 6.8 months
for adults). MWW tests showed these differences to be sta-
tistically significant (P < .05). We found no significant differ-
ence in the PFS or OS between pediatric or adult patients
who had BRAFi monotherapy compared to dual therapy.
However, median PFS differed significantly between LGG
and HGG patients treated with dual therapy (8.5 versus
2.9 months), according to a MWW test (P < .05).

Although there is little difference in the number of LGG
and HGG treated with dual therapy, there is a lower re-
sponse rate in the LGG group due to the patients neither
progressing nor dying, which we can assume is due to the
less aggressive nature of LGG compared to HGG.

Whilst BRAFi therapy has proven to be effective in BRAF-
mutated glioma, there is evidence that patients can develop
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Response to BRAFi - Epithelioid Glioblastoma

Age group F BRAF inhibitor MEK i : : :
Adult SD Vemurafenib None
Adult SD Dabrafenib Trametinib
Adult PR Dabrafenib Trametinib
Adult SD Dabrafenib None
1
|
Adult PR Dabrafenib Tramelinib !
1
|
1
1
Adult PD Vemurafenib None slk
1
|
1
Adult PD Dabrafenib  Trametinib i
1
|
|
Adult PR Vemurafenib None :
|
1
1
Adult PR Vemurafenib  Cobimetinib :
1
|
1
|
Adult PD Dabrafenib Trametinib !
1
1
|
1
Adult PR Vemurafenib None :
1
+ + + +
0 6 12 18

24 30 36 42 48 54 60 66 72

Duration of treatment (months)

Fig.6 Waterfall plot showing individual patient data for treatment for epithelioid glioblastoma. KEY: — (ongoing treatment), % (overall survival),
M (progression free survival), # (time to best response), v (drug dosage decrease).

resistance to these inhibitors, rendering them less effec-
tive and allowing tumor progression.*®4 However, several
studies have found that the addition of MEKi to therapy
tends to lengthen the time to tumor progression, improves
PFS and outcomes, and delays the development of resist-
ance to BRAFi in melanoma.*® Furthermore, some patients
who develop resistance to monotherapy with BRAFi, still ex-
hibit a response when treated in combination with MEKi.*6

Strengths and Limitations

This is the largest systematic review and meta-analysis,
to our knowledge, of BRAFV600 mutation prevalence in
glioma and use of BRAFi in V600-mutant glioma.

Of the 182 included studies of prevalence, 110 were pub-
lished since 2016, indicating that our findings are likely to be
current. Most studies had a low or moderate risk of bias, al-
though some high risk of bias studies were included in the
meta-analyses. The evidence has limitations. Sample sizes of
the included studies were often small because of the rarity
of glioma. By separating the patients into different glioma
entities, we were able to provide specific estimates for dif-
ferent entities, but this meant that confidence intervals were
often wide. Despite our separation of glioma entities, large
values of I were observed for prevalence estimates, indicating
variation between studies due to genuine differences;

however high values of P are the norm in meta-analyses of
prevalence. The differences between and within age groups
are likely to be due to some extent by inclusion of different
glioma entities. Techniques used to identify mutations varied
between studies, with the most common methods being
Sanger sequencing (regarded as the gold standard) and IHC
(thought to have lower sensitivity and specificity).' Some
studies were seen to exclude tumors for reasons including in-
sufficient material to investigate, tumors with an ambiguous
diagnosis, and patients with loss of follow-up. Excluding pa-
tients such as these may influence the results of our studies as
some tumor types could be selected against.

Evidence concerning outcomes following BRAFi therapy
in V600-mutant glioma comprised only 394 individuals.
Furthermore, our analysis is purely descriptive because no
studies of efficacy were identified. There was variation in
treatment protocols between studies with BRAFi admin-
istered at various time points across the included studies.
Studies were mostly conducted in Western countries,
China, and Japan, limiting generalizability: there were few
patients from Western Asian or Southern Asian populations
(Supplementary Table 8). One study mentioned that a pa-
tient from Pakistan had to travel to Canada to receive V600
mutation testing and BRAFi therapy, reflecting availability
of screening for BRAFV600 mutations is not universal.

There were missing data for patients in many BRAFi
studies (Supplementary Tables 9 to 18). Large numbers
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of patients were censored from analyses due to ongoing
therapy at the time of publication. These patients may
have progressed or died following the publication of the
paper. In some larger studies, we could not obtain indi-
vidual patient data which limited our ability to compare re-
sponses between groups; we could not examine different
diagnoses of glioma and could group them only by grade.
Whilst we acknowledge there is a small proportion of pa-
tients for whom we have long-term outcome data, which
limits our findings to those who have likely the worst re-
sponses, therefore, invoking a high risk of bias, we believe
that it is important to report the PFS and OS which may
be useful for clinicians who are counseling patients about
the use of these inhibitors. It is also important to note
when interpreting our data that our PFS/OS findings relate
to several published single-arm studies of BRAFi or dual
therapy in glioma which lack a control arm for comparison.

Although WHO provides guidelines for grading CNS tu-
mors, diagnosing different glioma subtypes is not straight-
forward, especially when there are discordant results
between histology and genetic features.*” Thus, some of
the glioma entities may have been misclassified, an issue
that could affect the reliability of results.

Conclusion

In conclusion, targeted testing for BRAFV600 is indicated
in eGBM, PXA, aPXA, GG, and aGG and may be con-
sidered in astroblastoma, DIA, SEGA, DNET, DA, and PA.
Larger studies are required to better delineate BRAFV600
mutation prevalence in the rare entity PLNTY. Response to
BRAFi in V600-mutant glioma in the recurrent setting were
variable but promising, highlighting the need for new clin-
ical trials of BRAFi therapy, alone or in combination with
MEKIi, undertaken in the adjuvant setting.

Supplementary Material

Supplementary material is available at Neuro-Oncology
online.
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