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abstract

PURPOSE Children with pediatric gliomas harboring a BRAF V600E mutation have poor outcomes with current
chemoradiotherapy strategies. Our aim was to study the role of targeted BRAF inhibition in these tumors.

PATIENTS AND METHODSWe collected clinical, imaging, molecular, and outcome information from patients with
BRAF V600E–mutated glioma treated with BRAF inhibition across 29 centers from multiple countries.

RESULTS Sixty-seven patients were treated with BRAF inhibition (pediatric low-grade gliomas [PLGGs], n = 56;
pediatric high-grade gliomas [PHGGs], n = 11) for up to 5.6 years. Objective responses were observed in 80% of
PLGGs, compared with 28% observed with conventional chemotherapy (P, .001). These responses were rapid
(median, 4 months) and sustained in 86% of tumors up to 5 years while receiving therapy. After discontinuation
of BRAF inhibition, 76.5% (13 of 17) of patients with PLGG experienced rapid progression (median, 2.3
months). However, upon rechallenge with BRAF inhibition, 90% achieved an objective response. Poor
prognostic factors in conventional therapies, such as concomitant homozygous deletion of CDKN2A, were not
associated with lack of response to BRAF inhibition. In contrast, only 36% of those with PHGG responded to
BRAF inhibition, with all but one tumor progressing within 18 months. In PLGG, responses translated to 3-year
progression-free survival of 49.6% (95% CI, 35.3% to 69.5%) versus 29.8% (95% CI, 20% to 44.4%) for BRAF
inhibition versus chemotherapy, respectively (P = .02).

CONCLUSION Use of BRAF inhibition results in robust and durable responses in BRAF V600E–mutated PLGG.
Prospective studies are required to determine long-term survival and functional outcomes with BRAF inhibitor
therapy in childhood gliomas.

JCO Precis Oncol 4:561-571. © 2020 by American Society of Clinical Oncology

INTRODUCTION

Pediatric low-grade gliomas (PLGGs) are the most
common brain tumors in children.1 Over the last
10 years, the molecular landscape of this heteroge-
neous group of tumors has been characterized,
identifying alterations in the RAS/mitogen-activated
protein kinase (MAPK) pathway in a majority of
tumors.2-6 Recent data suggest that specific alterations
result in different clinical behaviors and prognoses
in PLGG.

BRAF V600E is the second most common mutation
observed in PLGG, responsible for 15% to 20% of

cases and occurring in most pathologic subtypes.3,7

Among the common PLGG molecular subtypes, in-
cluding NF1-mutated and KIAA1549-BRAF–fused
subtypes, PLGGs harboring a BRAF V600E muta-
tion have the poorest survival, especially when co-
occurring with homozygous CDKN2A deletion.3,8-10

BRAF V600E–mutated PLGGs also have a higher
propensity toward malignant transformation.8,9 Al-
though the role of CDKN2A deletion in overall out-
come and transformation is well described, it is
unclear whether this alteration affects response to
therapy.
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The standard of care for patients with unresectable and/or
progressive PLGG consists of chemotherapy, with radio-
therapy generally reserved for progressive cases. Current
chemotherapy strategies achieve tumor control in 40% to
50% of patients.11-14 Radiotherapy achieves excellent tu-
mor control, approaching 80%, but is accompanied by an
increased risk of secondary malignancies, ischemic events,
and cognitive adverse effects.15,16 Overall, the long-term
outcomes of PLGG with such therapies are favorable, with
overall survival (OS) . 90% at 20 years.14

In contrast, in BRAF V600E–mutated PLGG, tumor control
is achieved in fewer than 30% of patients using standard
therapies, including radiotherapy and chemotherapy,
suggesting a different clinical-biologic group of cancers.9

These data suggest that a novel approach is required for
childhood BRAF V600E–mutated PLGG. In addition, pe-
diatric high-grade glioma (PHGG) remains one of the most
challenging childhood cancers. Irrespective of treatment
strategy, including surgery, radiotherapy, and chemo-
therapy, prognosis remains dismal, with survival of only
10% at 5 years.17 Primary and secondary transformed
BRAF V600E–mutated PHGGs exhibit similar grim out-
comes with current chemoradiotherapy approaches.8

BRAF V600E mutation is a commonly observed somatic
event in colon, melanoma, and other adult cancers, which
led to the development of targeted therapies aimed at BRAF
V600E inhibition. This has changed the landscape of
melanoma treatment, with improvement in survival but with
eventual resistance to this monotherapy.18-21 Several case
reports have also described encouraging responses in
patients with BRAF V600E–mutated PLGG.22-24 However,
clinical experience in the use of BRAF inhibition is lacking
in these patients.

To address this urgent need, we assembled clinical and
molecular data from a large cohort of patients treated with

BRAF inhibitor monotherapy from multiple leading neuro-
oncology centers. Our results provide new insights into the
impact of BRAF inhibition on this high-risk group of patients.

PATIENTS AND METHODS

We collected and reviewed clinical andmolecular data from
pediatric BRAF V600E–mutated gliomas treated with BRAF
inhibition (dabrafenib or vemurafenib) from 29 different
institutions around the world. All samples and clinical
annotations were collected and analyzed after approval by
and in accordance with research institutional review boards
at participating institutions and at the Hospital for Sick
Children. Patients age , 25 years at diagnosis treated with
BRAF inhibition outside of a clinical trial and with follow-up
of at least 6 months, with clinical and radiologic information
available for review at an institutional level, were eligible.
Data collection was performed at each site, and centralized
review of radiology and/or pathology was not performed
unless requested by the treating physician. All patients had
a BRAF V600E mutation confirmed by either immunohis-
tochemistry or sequencing.25 CDKN2A status was tested by
single-nucleotide polymorphism array, multiplex ligation-
dependent probe amplification, or droplet digital polymer-
ase chain reaction in patients for whom tissue was available.

Response was evaluated according to reduction in tumor
size, as measured by the product of two dimensions on T2
or fluid-attenuated inversion recovery (FLAIR) magnetic
resonance imaging (MRI) for low-grade gliomas (modified
Response Assessment in Neuro-Oncology criteria for
PLGG); measurements on T1 postcontrast MRI were used
for high-grade glioms.26,27 Minor response (MR) was de-
fined as reduction in tumor size between 25% and 49%,
partial response (PR) as reduction in tumor size between
50% and 99%, and complete response (CR) as disap-
pearance of disease on FLAIR or T2 imaging. Progressive
disease (PD) was defined as either any tumor growth or
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Key Objective
To describe patient outcomes and kinetics of tumor response to targeted BRAF V600E inhibition in patients with pediatric

glioma.
Knowledge Generated
Objective response was observed in 80% of patients with low-grade gliomas, with progression-free survival (PFS) superior to

that seen with chemotherapy. These responses occurred rapidly and were sustained while patients were receiving
treatment. However, upon stopping, rapid progression occurred. Patients who were rechallenged with BRAF V600E
inhibition responded again with tumor reduction back to their baseline. In contrast, BRAF V600E high-grade gliomas
experienced progression, even when initial tumor shrinkage was observed, and patient outcomes were poor.

Relevance
High response rates to targeted inhibition (partial or complete response, 53%; minor response, 27%) were observed, with PFS

at 3 years of 49.6% for BRAF V600E–mutated pediatric low-grade gliomas. This was associated with favorable short-term
outcomes. Future prospective clinical trials are required to address long-term management strategies and outcomes in
these patients.
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clinical deterioration, as judged by treating physician, re-
quiring change in management. Objective response (OR)
was defined as reduction in tumor size of ≥ 25%, and
overall response rate (ORR) was determined by combining
PR and CR.28,29 Median time to best response was
evaluated in patients with available imaging at 2 to
3 months and 6 months after starting treatment.

Adverse events were recorded when requiring dose re-
duction and/or discontinuation of BRAF inhibitors. Addi-
tionally, we analyzed and compared the PLGG cohort with
a previous published cohort of patients with a BRAF V600E
mutation treated with chemotherapy (SickKids, n = 29;
international institutions, n = 36).9 Previous chemotherapy
regimens included the common regimens of carboplatin
with vincristine, vinblastine, and temozolomide.11-13,30,31

Detailed clinical characteristics and demographics of this
cohort are presented in the Data Supplemental.

Statistical Analyses

Descriptive analysis was summarized. Progression-free
survival (PFS) was analyzed using the Kaplan-Meier
method, and differences in PFS and OS between che-
motherapy and BRAF inhibition cohorts were tested using
the log-rank test. R software (version 3.5.1; https://www.
r-project.org) was used for all statistical analyses (packages
used, ggplot and lattice). Fisher’s exact test was used to
determine differences in response between BRAF in-
hibition and chemotherapy; P , .05 was considered sta-
tistically significant.

RESULTS

Overall, our cohort included 67 patients. Of those, 56 with
BRAF V600E–mutated PLGG and 11 with BRAF V600E–
mutated PHGG were treated with BRAF inhibition. The
Results for these two cohorts will be described separately in
the following sections.

Outcomes of PLGGs

Demographic and clinical characteristics of the patients
with PLGG are listed in Table 1. Median age at diagnosis
was 4.5 years (range, 0.1-22.3 years), and treatment with
BRAF inhibition was initiated at a median age of 8.2 years.
The most common histopathologic diagnosis in BRAF
V600E–mutated PLGG was pilocytic astrocytoma followed
by ganglioglioma, with midline tumors representing 83% of
cases. Within the PLGG cohort, 15% of tested patients had
a concomitant CDKN2A deletion, and H3.3 K27Mmutation
was also observed concomitantly with BRAF V600E in one
patient with brainstem PLGG.

A majority of patients (76,8%) had received at least one
previous line of therapy (chemotherapy, n = 34; chemo-
therapy and radiotherapy, n = 7; radiotherapy only, n = 2).
The remaining 23.2% of patients were treated with BRAF
inhibition after partial resection (six of 13) or diagnostic
biopsy (seven of 13) as first-line treatment. All patients had
measurable disease at start of therapy.

Treatment was generally well tolerated, with 23% of pa-
tients needing dose reductions or temporary discontinua-
tion of the drugs because of adverse effects (mainly skin
toxicity; n = 11). Only three patients (5%) stopped medi-
cation because of severe adverse events (skin toxicity with
rash, n = 1; hepatotoxicity, n = 1; benign melanotic lesions
after 15 months of treatment that resolved upon discon-
tinuation, n = 1).

BRAF V600E–mutated PLGG responds to BRAF inhibition.
ORwas observed in 80% of tumors (PR [n = 28 of 56] or CR
[n = 2 of 56], 53%; MR [n = 15 of 56], 27%; Fig 1A). These

TABLE 1. Clinical and Tumor Characteristics of the BRAF Inhibition
Cohort

Characteristic
PLGG

(n = 56)
PHGG

(n = 11)

Sex

Male 31 6

Female 25 5

Age at diagnosis, years

Median 4.8 10

Range 0.1-22.3 2.6-15.9

Tumor site

Hypothalamic/chiasmatic 25 0

Brainstem 18 2

Hemispheric 6 6

Thalamic 5 2

Other site (spinal cord, cerebellum) 2 1

Pathology

Pilocytic astrocytoma 21 0

Ganglioglioma 21 2

PXA 7 2

LGG NOS 3 0

Diffuse astrocytoma 2 0

Anaplastic astrocytoma 0 1

GBM 0 6

Other (mixed glioneural tumor, DIA) 2 0

Previous treatment

Surgery or biopsy only 13 0

One line of chemotherapy 21 0

One line of chemotherapy and RT 3 7

Two lines of chemotherapy 6 0

Two lines of chemotherapy and RT 1 1

≥ Three lines of chemotherapy 7 0

Three lines of chemotherapy and RT 3 1

RT 2 2

Abbreviations: DIA, desmoplastic infantile astrocytoma; GBM,
glioblastoma multiforme; LGG NOS, low-grade glioma not otherwise
specified; PHGG, pediatric high-grade glioma; PLGG, pediatric low-
grade glioma; PXA, pleomorphic xanthoastrocytoma; RT, radiotherapy.
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responses were observed equally among pathologic sub-
types (Data Supplement). Average time to response (MR,
PR, or CR) was 4 months in assessable patients (n = 48 of
56; Fig 1B), and 94% had achieved best response by
6 months of therapy.

To compare the response of PLGG to BRAF inhibition
versus chemotherapy, we used a large control cohort (n =
65) of BRAF V600E PLGGs from our PLGG taskforce da-
tabase. Response was assessed for patients with available

imaging at 6 months in both cohorts (BRAF inhibition, n =
52 v chemotherapy, n = 50). Whereas chemotherapy
resulted in OR (reduction in tumor size ≥ 25%) and ORR
(reduction in tumor size ≥ 50%) of 28% and 10%, BRAF
inhibition resulted in OR and ORR of 71% and 42%, re-
spectively (P , .001; Fig 1C).

Most PLGGs had sustained response to BRAF inhibition,
with median treatment time of 17.4 months (range, 6-61
months; Fig 2). PD was observed in only eight (14.2%) of
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FIG 1. Response of BRAF V600E–mutated gliomas to BRAF inhibition. (A) Waterfall plot of best response in pediatric low-grade gliomas (PLGGs) to BRAF
inhibition as measured by the products of perpendicular measures in T2 or fluid-attenuated inversion recovery magnetic resonance imaging. (B) Spider plot
revealing time to response of PLGGs to BRAF inhibition. (C) Waterfall plot of response at 6 months in PLGGs treated with (C) chemotherapy or (D) BRAF
inhibition. CR, complete response; MR, minor response; PD, progressive disease; PR, partial response; SD, stable disease.

Nobre et al

564 © 2020 by American Society of Clinical Oncology

Downloaded from ascopubs.org by UPPSALA UNIVERSITETSBIBLIOTEK MEDICINSKA BIBLIOTEKET on May 20, 2020 from 130.238.007.040
Copyright © 2020 American Society of Clinical Oncology. All rights reserved. 



56 tumors during therapy. Six of those had initial OR, with
median time to progression of 9.4 months, suggesting
acquired resistance. Of these, five of eight patients received
combination treatment at progression with BRAF inhibition
and MEK inhibition, with no further progression at a median
follow-up of 8months (range 3-14months) after starting the
combination.

Seventeen patients stopped BRAF inhibition due to patient/
physician decision (n = 14) or toxicity (n = 3). Of those, 13
(76.5%) experienced rapid progression (median time to
progression, 2.3 months; range, 0.3-20.8 months). Im-
portantly, nine of these 13 patients were rechallenged with
BRAF inhibition, either alone (n = 8) or in combination
with MEK inhibition (n = 1), with OR seen in all patients with
PLGG except one, who required dose reduction because of
toxicity. This patient eventually experienced further tumor
progression and died (Fig 2).

Molecular markers of response to BRAF inhibition. CDKN2A
deletion has been previously shown to be a marker of
poor prognosis in BRAF V600E–mutated PLGG. To assess
whether CDKN2A homozygous deletion predicts response
to BRAF inhibition, CDKN2A status was determined in 33
PLGGs, five of which harbored a homozygous deletion
(15.1%). All CDKN2A-deleted tumors responded, with best
response ranging from 21% to 100%. Furthermore, no
difference in response rates or PFS between CDKN2A-
deleted and balanced BRAF V600E–mutated PLGGs was
observed (Data Supplement).

One brainstem tumor was reported to present concomi-
tantly with an H3 K27M mutation. This tumor progressed
after discontinuation of therapy, and the patient now has
stable disease with a combination of BRAF inhibition and
MEK inhibition (for 9 months), with overall follow-up of
22.8 months from treatment initiation.
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FIG 2. Swimmer plot for BRAF V600E–mutated gliomas treated with BRAF inhibition. Legend describes parameters of
response, progression, and ongoing therapy. CR, complete response; MR,minor response; PD, progressive disease; PR,
partial response; SD, stable disease.
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Favorable survival for patients with BRAF V600E–mutated
PLGG who continue receiving BRAF inhibition. To determine
whether treatment discontinuation affects survival, we
compared PFS for patients who continued versus dis-
continued BRAF inhibition after at least 1 year of treatment.
Of the 28 patients who had been receiving continu-
ous treatment for . 10 months, PFS at 2 years was
81.6% (95% CI, 65% to 100%), with no further progression
up to 5 years of therapy (Fig 3B). In contrast, PFS for those
with PLGG in whom therapy was discontinued after
a minimum of 10 months was 26.7% (95% CI, 11.5% to
61.7%) at 1 year after cessation of therapy (Fig 3C).

We then compared these data with survival for patients
receiving chemotherapy. BRAF V600E–mutated PLGG
responded poorly to chemotherapy and continued to
progress, resulting in PFS of 20% (95% CI, 11.2% to

35.1%) at 5 years (Fig 3D). In contrast, patients treated with
BRAF inhibition had significantly better PFS of 49.6% at
3 years (95% CI, 35.3% to 69.5%), with a potential plateau
afterward (log-rank test P = .02). OS was not different
between the groups, although longer follow-up time is re-
quired (Data Supplement).

Outcomes of PHGGs Treated With BRAF Inhibition

Because BRAF V600E–mutated PLGG tends to transform
to PHGG, we collected information on 11 patients with
PHGG treated with BRAF inhibition. Median age at di-
agnosis was 10.6 years (range, 2.6-15.9 years), and
treatment with BRAF inhibition was initiated at a median
age of 12.3 years. The most common pathologic subtype
and tumor location were glioblastoma multiforme (n = 6 of
11) and supratentorial location, respectively. Although
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responses were also seen, with best ORR of 36% (Fig 4A),
most PHGGs progressed rapidly, and all but one patient
(with epithelioid glioblastoma multiforme) experienced
progression within 18 months (range, 1.4-16.3 months;
Fig 4B). H3.3 K27Mmutations were also observed in three
patients with PHGG (thalamic, n = 2; diffuse intrinsic pontine
glioma, n = 1). Despite initial responses, with stabilization of
disease (Data Supplement), these patients eventually expe-
rienced PD, at a median time of 10 months (range, 3.7-16.2
months), and all died as a result of their disease (Fig 4B).

Therefore, tumor grade was a strong predictor of poor
outcome in pediatric patients with BRAF V600E–mutated
gliomas receiving BRAF inhibition. PFS at 1 year was
27% (95% CI, 10.4% to 71.6%) versus 86.4% (95% CI,
77.5% to 96.3%) for PHGG and PLGG, respectively
(P , .001; Fig 4C).

DISCUSSION

Here we report, to our knowledge, the largest cohort to date
of pediatric BRAF V600E–mutated gliomas treated with
BRAF inhibition. Our data show encouraging initial re-
sponses and sustained disease control in BRAF V600E–
mutated PLGG using this targeted therapy approach. We
also uncovered several key concepts critical to clinicians in
the optimal management of these childhood cancers.

Despite the majority of our cohort comprising patients with
relapsed disease treated with BRAF inhibition, the re-
sponses of BRAF V600E–mutated PLGG to BRAF inhibition
were remarkable. Overall ORs were observed in 80% of
PLGGs, with more than half showing ≥ 50% reduction in
tumor size. Notably, these responses were usually achieved
within 3 months, contrasting the slow responses and
mostly stabilization observed with chemotherapy and/or
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radiotherapy approaches (Fig 1). However, it is important to
note that BRAF inhibition leads to CR in a minority of tu-
mors. Whether a heterogeneous cell population with dif-
ferent tumor content of mutated cells is responsible for
these heterogeneous responses or only cycling cells are
sensitive to BRAF inhibition is still to be clarified.

Because BRAF inhibition is currently reserved for recurrent
tumors, our data suggest that earlier treatment with BRAF
inhibition has the potential to lead to prevention of mor-
bidities and sequelae in patients with PLGG. Improvement
of visual status, seizure control, and other neurologic
dysfunctions has been reported in the literature.22,24 Al-
though we did not collect these data, it is likely that the
dramatic cytoreduction seen across this cohort would be
associated with clinical and neurologic improvements.
These clinical improvements are uncommon in most
PLGGs treated with conventional chemoradiotherapy and
therefore should be better characterized in prospective
trials with BRAF inhibition moving forward.

Unfortunately, for PHGG, the initial response observed
in 36% of tumors was transient. All but one patient with
PHGG experienced tumor progression within 18 months.
Although these data are limited, our observation suggests
that resistance in PHGG occurs in most cases, and
new strategies beyond BRAF inhibitor monotherapy are
needed.

Previous reports have identified both CDKN2A deletion and
H3.3 K27Mmutation as poor prognostic markers in PLGGs
with concomitant BRAF V600E mutation.8,9 Although still
preliminary, our data suggest that CDKN2A-deleted tumors
still respond to BRAF inhibition in amanner similar to that of
other BRAF V600E–mutated tumors (Data Supplement). It
would be important to closely monitor these patients to
determine whether BRAF inhibition can change the natural
history of these aggressive tumors. Similarly, the initial
tumor stabilization observed in four recurrent gliomas
harboring both H3 K27M and BRAF V600E mutations is
notable, but whether outcome is different in these cancers
is yet to be determined. Additional studies in larger cohorts
are required to verify these outcomes.

Eight patients with BRAF V600E–mutated PLGG experi-
enced progression while receiving therapy. Of these, five
were started on combination therapy with BRAF inhibition
and MEK inhibition. Combination treatment resulted in
stable disease; however, no further reduction in tumor size
was seen. Resistance to BRAF inhibition is well described
in melanoma because of additional mutations in other
genes in the RAS/MAPK pathway.20 Combinatorial thera-
pies have, in this context, shown reresponse rates of
42.3%.32 Acquiring tissue from these patients with resistant

disease will be critical in understanding this process in
those with pediatric glioma.33

One of the most important findings of this study was the
behavior of BRAF V600E–mutated PLGG when BRAF in-
hibition therapy was discontinued. As observed in other
gliomas, such as subependymal giant cell astrocytoma
(SEGA), in which stopping mammalian target of rapamycin
(mTOR) inhibitors results in inevitable tumor regrowth, in
our PLGG cohort, 76.5% of tumors had rapid regrowth after
BRAF inhibition was stopped.34 Importantly, 90% of PLGGs
that progressed after BRAF inhibition was discontinued
responded if rechallenged with BRAF inhibition alone or
combined with MEK inhibition. Although these data are
encouraging, they raise several issues regarding interpre-
tation of the efficacy of BRAF inhibition in BRAF V600E–
mutated PLGG. First, chronic long-term use of BRAF
inhibition may be needed, as is commonly done with
mTOR inhibitors in patients with tuberous sclerosis and
SEGA. If so, studies of long-term adverse effects and po-
tential developmental issues unique to children are re-
quired. Second, although our data reveal relatively durable
responses to BRAF inhibition in a large fraction of patients
with PLGG, discontinuing therapy may have a major effect
on interpretation of the data and management of these
patients (Fig 3).

This study has the classic limitations of a retrospectively
collected cohort. These include the retrospective nature, as
well as the lack of consistent starting and stopping rules,
central imaging, and pathologic and molecular review.
Nevertheless, the strikingly consistent and clear responses
observed in BRAF V600E–mutated PLGG suggest that
BRAF inhibition represents a highly feasible and efficacious
treatment option regardless of pathologic subtype or im-
aging characteristics.

In summary, the data presented in this study demonstrate
high rates of initial response as well as sustained response
of most BRAF V600E–mutated PLGGs to BRAF inhibition.
This effect may be lost if BRAF inhibition is discontinued,
and inhibition is less effective in BRAF V600E–mutated
PHGG. Although these findings support the potential for
incorporation of BRAF inhibition into the management of
BRAF V600E–mutated PLGG, the long-term efficacy and
potential risks of this continuous therapy need to be fully
explored. Additional studies are required to better un-
derstand the mechanisms of resistance, use of upfront
BRAF inhibition, and potential use of BRAF inhibition with
radiotherapy, chemotherapy, or other targeted combina-
tions. Finally, understanding the role of concomitant alter-
ations observed in BRAF V600E–mutated pediatric glial
tumors will help in designing new approaches for these
high-risk tumors.
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