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result in a significant long-term morbidity, with a detrimental impact on quality of life.

Dysregulation of the mitogen-activated protein kinase (MAPK) pathway is the molec-
ular hallmark of pLGGs and hyperactivation of the downstream mammalian target of
rapamycin (mTOR) pathway is frequently observed. We report clinical and radiologi-
cal results of front-line treatment with everolimus in 10 consecutive patients diag-
nosed with m-TOR positive pLGGs at the Bambino Gesu Children's Hospital in Rome,

Italy. Median duration of treatment was 19 months (range from 13-60). Brain
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for Adverse Events; DNET, dysembryoplastic neuroepithelial tumor; EPIC, HumanMethylation EPIC BeadChip; FFPE, formalin-fixed paraffin-embedded; GG, ganglioglioma; IHC,
immunohistochemistry; IMP, improvement; MAPK, mitogen-activated protein kinase pathway; MRI, magnetic resonance imaging; mTOR, mammalian target of rapamycin; NF1, neurofibromatosis
type 1; NS, Noonan syndrome; PAs, pilocytic astrocytomas; PD, progressive disease; pLGGs, pediatric low-grade gliomas; p-mTOR, phosphorylated mTOR; PR, partial response; RT, room
temperature; SD, stable disease; SEGA, sub-ependymal giant astrocytoma; SIOP, International Society of Paediatric Oncology; TS, tuberous sclerosis.
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1 | INTRODUCTION

Pediatric low-grade gliomas (pLGGs) represent the most common tumors of
the central nervous system (CNS). Median age at diagnosis is around 6 to
8 years, and about 7% of patients are younger than 1 year of age.? Histo-
logically, they are a heterogeneous group of Grade | and Il tumors of glial
origin, according to the latest version of 2016 WHO classification.®

Surgery is the mainstay of pLGG treatment. Complete resection of
the tumor alone is feasible in 60% of cases,* and a diagnostic biopsy is
possible in over 95%.° However, unresectable residual tumors might
have a tendency to progress clinically and radiologically, requiring fur-
ther treatment® in a percentage ranging from 25% to 35% of
patients.* Adjuvant treatment is based on chemotherapy and the stan-
dard of care is the scheme combining carboplatin and vincristine.”
Well-known morbidities related to chemotherapy consist of neuropa-
thy, myelosuppression and consequent high risk of infections requir-
ing hospitalization and a worsening of quality of life, ototoxicity,
nausea and vomiting, carboplatin hypersensitivity reaction.

Radiation therapy is reserved to 30% of patients, particularly in
certain scenarios like older children or after failure of multiple treat-
ment lines.® Despite their overall good prognosis, pLGGs can cause
significant long-term morbidity due to the disease and its treatments.
Particularly, radiotherapy may cause a decline in neurocognitive func-
tion, vasculopathy and malignant transformation of primary tumor. All
these sequelae have a loud for patients, their families and society.
Therefore, side effect reduction and quality of life preservation are
increasingly been valorized as the main goal of any proposed therapy.

The main molecular alterations shown by LGG relate to the activa-
tion of the mitogen-activated protein kinase pathway (MAPK) pathway.
In the majority of these cases, either duplication or point mutations of
the BRAF gene’ are identified, allowing to consider signal transducers
belonging to the MAPK pathway as potential target for therapy. Patients
negative for BRAF mutations/rearrangements, instead, are not eligible for
these treatments. Interestingly, evidence of mechanistic target of
rapamycin (mTOR) iper-activation was observed in pLGGs associated
with syndromic conditions, as tuberous sclerosis (TS) and neurofibroma-
tosis type 1 (NF1) which has paved the way toward the clinical use of

mTOR inhibitors, like everolimus.1°-1¢
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magnetic resonance imaging showed stable disease in 7 patients, partial response in
1 and disease progression in 2. Therapy-related adverse events were always revers-
ible after dose reduction or temporary treatment interruption. To the best of our
knowledge, this is the first report of everolimus treatment for chemo- and
radiotherapy-naive children with pLGG. Our results provide preliminary support,
despite low sample size, for the use of everolimus as target therapy in pLGG showing

lack of progression with a manageable toxicity profile.

everolimus, MAPK pathway, mTOR, pediatric low-grade gliomas

What's new?

Traditional therapeutic approaches for pediatric low-grade
glioma (pLGG) center on surgery and radiotherapy. Radio-
therapy in particular, however, can have long-term, detri-
mental impacts on patient health. Here, the authors
investigated the use of everolimus as a post-surgical, front-
line targeted therapy in a group of 10 chemo- and
radiotherapy-naive children with pLGGs harboring alter-
ations in mTOR signaling pathways. Front-line everolimus
therapy was associated with a high rate of clinical response,
with disease stabilization in the majority of patients. Adverse
effects were resolved following temporary everolimus inter-
ruption. These preliminary findings warrant further investiga-
tion of everolimus as a targeted therapeutic strategy for
mTOR-positive pLGG.

However, activation of the mTOR pathway is not restricted to
pLGGs associated with the aforementioned conditions. In fact, mMTOR
activation has been reported in sporadic Pilocytic Astrocytomas (PAs),
the most frequent pLGG histotype, as well as in in vitro primary
models of pLGG belonging to less frequent histological variants, such
as angiocentric glioma (AG), dysembryoplastic neuroepithelial tumor
(DNET) and ganglioglioma (GG).***2

In the current study, we present preliminary results on the first
ever reported use of everolimus as upfront postsurgery treatment in
mTOR/phospho-mTOR-positive pLGGs.

2 | MATERIALS AND METHODS
21 | Study design

This is a retrospective, single-center study to evaluate the efficacy of

everolimus as front-line therapy for pLGGs after surgery.
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2.2 | Patients' characteristics
Patients referred to Bambino Gesu Children's Hospital in Rome from
September 2014 to September 2019 with a pLGG requiring adjuvant
treatment, according to International Society of Paediatric Oncology
(SIOP)* criteria (Table 1), and positive (any score) for mTOR/phos-
phorylated mTOR (p-mTOR3®?**8) on immunohistochemistry (IHC)
were treated with everolimus as upfront therapy. We excluded sub-
ependymal giant cell astrocytoma (SEGA) associated with TS histology
and BRAFV600-mutated tumors. All patients had undergone a surgical
procedure at the time of presentation, maximal safe resection was
performed when it was possible and otherwise patients received a
surgical biopsy.

The eligibility to treatment for each patient was approved by the
institutional ethical committee. Written informed consent was
obtained from parents or legal guardians according to our ethical com-

mittee guidelines before enrolment.

2.3 | Histopathological and molecular analysis

All tumor samples were evaluated for activation of the mTOR path-
way. IHC was performed for mTOR/p-mTORSe2448  Briefly, 3-um
paraffin-embedded (FFPE) sections were dehydrated, pretreated with
avidin and biotin block for 15 minutes at room temperature (RT), then
incubated with bovine serum albumin (BSA) for 30 minutes at RT and
overnight at 4°C with monoclonal rabbit antibodies against mTOR
(Cell Signaling Technology, 1:50 dilution, PT-link pretreatment at high
pH) and p-mTOR®®2448 (Cell Signaling Technology, 1:100 dilution, PT-
link antigen retrieval at high pH). Incubation with biotinylated
secondary antibodies for 15 minutes at RT and with alkaline
phosphatase-conjugated streptavidin (DAB) for 15 minutes at RT was
performed. IHC was also performed in six tumor samples for one epi-

235/236) based
f

tope of phosphorylated Sé ribosomal protein (p-Sé6Ser
on the availability of the samples. Staining for each stain was scored
on a scale between 0 and 3, assessing both the percentage of positive
tumor cells (extension) and the staining intensity (Table 2). The
expression of mTOR, phospho-mTOR and pSé was examined by a
specialized neuropathologist (FDC) without any information regarding
clinicopathologic features or prognosis. Immunostaining was semi-
quantitatively evaluated by using the percentage score of positive
cells (extension): negative 0% to 5% (0); weakly positive 6% to 25%
(1); moderately positive 26% to 50% (2); and strongly positive 51% to
100% (3). Since cytoplasmic intensity on neoplastic cells was not
homogeneous, we arbitrarily grouped cases by their overall median
intensity, as weak (1), moderate (2) and strong staining intensity (3).
Both peripheral venous blood and FFPE material were available
from subject #2, #3,#4, #8 and #9. Genomic DNA was extracted using
the automatic MagPurix method (Zinexts, Life Science Corporation)
according to the manufacturer protocols. In particular, 250 ng and
135 ng of DNA were used as input material, respectively, from FFPE

tissues and peripheral blood.

TABLE 1 Time point evaluation to start everolimus (modified
from SIOP-E-BTG and GPOH Guidelines for diagnosis and treatment
of children and adolescents with low-grade glioma*

Significant neurological symptoms (at diagnosis and/or following
observation)

e Diencephalic syndrome

e Focal neurologic deficits

e Drug resistant seizures subsequent to tumor growth

e Focal increased intracranial pressure subsequent to tumor growth

e Symptomatic metastases

Ophthalmologic symptoms (at diagnosis and/or following
observation)

¢ Definitive anamnestic loss of vision

e Borderline vision

e Reduction of residual low level vision/visual field

e Nystagmus subsequent to visual impairment in infants

e Any visual loss in the second eye when the first eye is blind
Radiological criteria

e Increase of tumor volume of >25% (the increase of the diameter of
the optic nerve should be indicated separately)

e Involvement of previously uninvolved areas

e Appearance of new lesions

e Increase of the number and/or size of metastases
Prognostic risk factor

e Neurofibromatosis type 1

o Age

e Diencephalic syndrome

e Diffuse glioma WHO grade Il

e Dissemination

e Tumor location (brain stem, chiasm/hypothalamus and thalamus)
e Extent of resection

e Biomarkers

For FFPE samples, tumor areas with the highest tumor cell con-
tent (270%) were selected for DNA extraction. Tumor samples were
analyzed for DNA methylation profiling, according to protocols
approved by our institutional review board with written consent
obtained from patient's parents. The samples were analyzed using
lllumina Infinium HumanMethylationEPIC BeadChip (EPIC) arrays
according to the manufacturer's instructions as previously
described.’®'* Generated methylation data were compared to the
Heidelberg brain tumor classifier 11b42 to assign a subgroup score for
the tumor compared to 91 different brain tumor entities. Table 2 sum-
marizes methylation classes and their relative score.

DNA from both peripheral blood and brain tumor was amplified
and sequenced by 150-bp paired-end sequencing on lllumina
NextSeq550 (lllumina, San Diego, CA) to characterize single-
nucleotide variants and loss of heterozygosity. A total of 554 genes
were included in the sequencing panel (available on request) using

custom-designed NimbleGen SeqCap probe hybridization (Roche
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NimbleGen, Inc., Madison, WI). Comparison between blood and brain
tumor from the same patient allowed us to discriminate somatic from
germline variants. To this aim, both the HaplotypeCaller and muTect2
algorithms were used in the bioinformatic analysis workflow (GATK
v3.7, http://www.broadinstitute.org/gatk/). Variants of possible clini-
cal interest were extracted by setting filtering criteria on population
frequency as well as disease associations and in silico prediction of
impact, as reported in Table 5. When available, genomic DNA from
parents' blood specimens was used to perform segregation analysis

using Sanger sequencing.

24 | Treatment

Everolimus was administered orally once per day at the dose of
2.5 mg for children <30kg or 5 mg for children 230kg (ie,
5 mg/m?).° Dosing was subsequently adjusted to attain blood con-
centrations ranging between 3 and 8 ng/mL.*

Treatment duration was not predetermined. Reasons to discon-
tinue everolimus administration included evidence of disease progres-
sion and/or unacceptable Grade 4 toxicity, according to Common
Terminology Criteria for Adverse Events, CTCAE v5.0.2¢ Temporary
suspension of the treatment with everolimus was recommended in
case of thrombocytopenia (Grade 2), neutropenia (Grade 3) or any
nonhematologic Grade 3 toxicity. Discontinuation of treatment was
mandatory in case of any Grade 4 toxicity.

2.5 | Treatment response evaluation
Neurological evaluations were scheduled every 3 months during the
first year of treatment and every 6 months thereafter; in children with
optic pathway gliomas, ophthalmologic assessments were included.
Each evaluation was performed according to the European SIOP
Brain Tumor Imaging Group consensus for LGG.* Complete response
(CR) was defined as no evidence of all measurable disease (residual or
new lesion); partial response (PR) as a reduction of tumor vol-
ume 2 50% compared to the pretreatment MRI; improvement (IMP)
as reduction of the tumor volume between 50% and = 25%; stable
disease (SD) as tumor volume between +25% and —25%; progressive
disease (PD) as an increase of tumor volume of 225% or appearance
of a new lesion. Growth of cystic parts was not considered as PD.'®

3 | RESULTS

3.1 | Patients population

Ten patients (7 females, 3 males) received everolimus as front-line
treatment postsurgery. Five patients received a surgical biopsy, and
five patients underwent to maximal safe resection. Median age was
7.3 years (range 4-18). Time interval between diagnosis and treatment

initiation was 21 months (range 5-40).

Clinical suspicion of NF1 and NS in two patients was confirmed
by genetic analysis. Detailed features of each case are summarized in
Table 2.

3.2 | Histology and molecular features
Tumor location was supratentorial in all cases, with three patients
having optic pathway involvement.

Histologically, nine (90%) tumors were WHO grade | and one
(10%) was grade Il (Table 2).

Details of tumor immunostaining for mTOR, p-mTOR 62448 and
p-565°7235/236 gre shown in Table 2 and Figure 1.

In five patients, there was tumor tissue sufficient to perform
methylation profiling and molecular analysis (Table 2). A methylation
class was attributed in four cases, with an optimal score in two cases.
Molecular analysis revealed clinically/functionally relevant somatic
and germline variants in Patients #2, #3 and #4 (Table 3). Patient #2
was previously analyzed for constitutional molecular alteration, with-
out any finding about MAPK molecular alteration. The tumor sample
was negative for TSC1/2 mutations (although radiologically no SEGA,

according to the inclusion criteria).

3.3 | Treatment

Two patients were treated after a 225% increase in tumor volume on
MRI. Six patients, in the absence of radiological progression, started
everolimus for clinical worsening. Among them, three had visual
impairment due to optic pathway lesions and one for a large temporal
tumor compressing visual tracts. One child had drug-resistant epilepsy
and one showed worsening of focal neurological deficit. In two cases,
everolimus was started at the time of diagnosis for focal motor deficit
due to thalamic location of the lesions (Table 2). Oral treatment with
everolimus continued for at least 1 year, with a median duration of
19 months (range 13-60 months).

At the time of best radiological response (BR), follow-up MRI
evaluations showed SD in seven patients (median time of 9 months),
PR in one patient (after 18 months of treatment) and PD in two cases
(respectively at 18 and 36 months of therapy) (Figure 2 and Table 4).
No CR was observed.

Among the two patients enrolled due to radiological progression,
Patient #1 showed an MRI stability of 6 months after everolimus start
treatment and experienced this result for 18 months; Patient #5
obtained a radiological SD without any worsening of symptoms for
60 months (Table 2 and Table 4).

The two patients with documented radiological PD did not
show concomitant clinical worsening of preexisting ocular motility
impairment in one case and of hemiparesis in the second one. The
only patient showing PR after 18 months of treatment had a
glioneuronal tumor of the right lateral ventricle. Average time to BR
was 9 months (range 6-48 months). The longest lasting response

was obtained in an NF1 patient with PA of the Ill ventricle, who
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FIGURE 1 A Low-grade gliomas and activation of the mTOR pathway (left column: hematoxylin eosin; middle column: mTor stain; right
column: phospho-mTor stain. Alkaline phosphatase chromogen, hematoxylin counterstain). Pt n°4: from left to right: low-grade glioneuronal
tumor showing intense/multifocal mTor positivity (+++/++) and strong/diffuse phospho-mTor positivity (+++/+++). Pt n°8: from left to right:
pilocytic astrocytoma showing mild/focal mTor positivity (+/+) and moderate/focal phospho-mTor positivity (++/+). B, Low-grade gliomas and p
-565er?35/23¢ expression. Pt n°1, n°6, n°9 express a moderate p-S6 positivity

TABLE 3 Clinical and radiological evaluation after treatment with everolimus

Pt n° Clinical features during treatment Time of best radiological response (mo) B.R. F.U.(mo) D.T.(mo) Stop therapy

1 Clinical stability 6
2 Clinical stability 18
3 Clinical stability 12
4 Clinical stability 18
5 Clinical stability 48
6 Clinical stability 9
7 Clinical stability 9
8 Clinical stability 6
9 Clinical stability 9
10 Improvement of visual field 9

PD 18 18 18 mo for radiological progression
PR 48 49 on going

PD 36 36 36 mo for radiological progression
SD 36 38 on going

SD 60 60 60 mo for medical decision

SD 12 12 12 mo for parental decision

SD 18 21 on going

sD 12 14 on going

SD 12 14 on going

SD 12 13 on going

Abbreviations: BR, best response; DT, duration of treatment; mo, months; PD, disease progression; PR, partial response; SD, stable disease; y, years.

presented SD at 60 months and interrupted treatment thereafter,
with evidence of stable disease at the latest follow-up visit after
further 8 months.

Treatment was also interrupted in two patients after evidence of
radiological PD, after 18 months in one case and after 36 months in

the second one, and in a third child with persistent pharmacoresistant
epilepsy whose parents finally reconsidered the option of a second
surgical procedure (Table 4). Six patients are still on everolimus mon-
otherapy and no rebound effect has been observed after therapy dis-

continuation in others.
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All patients had at least one adverse event (Table 5) and some patients
experienced multiple side effects. Grade 1/2 stomatitis and dry skin
were the most frequent adverse events. Grade 3/4 stomatitis was
observed in two patients. Five patients had G2 alterations in lipid
metabolism (hypertriglyceridemia/hypercholesterolemia).

One patient each had Grade 3/4 joint pain and bacterial pneumo-
nia (20%) without neutropenia, which did not require hospital admis-
sion. Resolution of symptoms was observed after temporary
suspension of the drug with no recrudescence after resumption of
everolimus. No life-threatening events were observed. At the time of
the submission of our article, only two of the seven cases in SD have
suspended the treatment with everolimus. In one case, the patients'
parents requested to withdraw after 12 months of treatment with no
medical reasons: after 13 months from the suspension of everolimus,
we have only detected a minor degree of tumor progression via imag-
ing, but no clinical effects. The other patient interrupted the treatment

FIGURE 2 MRI. A Pt#2(ab,
c): Coronal T1w images show the
progressive reduction, PR (more
than 50%) of the residual tumor
areas (arrows) from the baseline
(a) and during treatment at 18 mo
(BR, b) and at 4 years (c). B, Pt #3
(d,e,f): Axial T2w images
demonstrate the progressive
tumor growth, PD, (curved
arrows) during the treatment,
from the baseline (d), at 12 mo
(BR, e) and at 3 years (f). C, Pt #5
(g,h,i): Coronal T2w images show
the tumor volume (arrow head) at
baseline (g), and during treatment
at 48 months (BR, h) and at

5 years (i), demonstrating stable
disease, SD. D) Pt #10 (,m,n):
Axial Gd T1 images demonstrate
the presence of the residual
lesion (arrows) after surgery (I), at
the baseline (m) before the
treatment and at 1 year after
treatment (SD, n)

TABLE 4 Adverse events during treatment with everolimus

Grades 1-2 Grades 3-4
Adverse events (n of pts) (n of pts)
Stomatitis 5 2
Dry skin 7 0
Lipid metabolism alteration 5 0
Acneiform dermatitis 4 0
Joint pain 2 1
Respiratory tract infections 0 1
Diarrhea 0 1
Headache 1 0
Decreased white-cell count 1 0

Note: Common Terminology Criteria for Adverse Events (version 5.0).

after 60 months and after another 12 months is still in SD. We believe
that both the number of cases and the time occurred since the inter-

ruption of the treatment are not sufficient to draw significant
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conclusions on the effects of the suspension of everolimus, although

an abrupt worsening of the clinical presentation does not seem likely.

4 | DISCUSSION

Low-grade gliomas are the most common variant of pediatric brain
tumors, accounting for 40% to 50% of CNS neoplasms, with an excel-
lent long-term survival rate.r” The treatment paradigm consists of
maximal safe surgical resection and subsequent adjuvant
chemoradiotherapy for symptomatic or progressive residual disease.*®

The most widely used chemotherapy regimen consists of a com-
bination of carboplatin and vincristine” that has been included in the
latest LGG protocol elaborated by the SIOP,'? with a 3- and 5-year
progression-free survival rate of 68 +7% and 35% to 45%,
respectively.

More recently, a combinational regimen of thioguanine, procarba-
zine, lomustine, and vincristine, monotherapy with etoposide,
bevacizumab, temozolomide or weekly vinblastine’®?® have been
proposed, none of these proving to be superior to the standard of
care. 120

Radiation therapy is currently limited to non-NF1 older children,
because long-term radio-induced side effects on the developing ner-
vous system, including cognitive impairment, have been extensively
documented.?* However, radiotherapy remains an option for small
volume lesions not involving functionally relevant brain structures to
radiation damage or in cases of progressive disease after multiple
treatment lines.*

In fact, experiences accumulated in the last two decades suggest
a significant window of improvement both on efficacy and on toxicity
profile. As pLGG proves to be a chronic condition, functional out-
comes are progressively gaining importance as a treatment
endpoint.?®

Recently, the extensive molecular profiling of pLGG has unveiled
the possibility of different targeted therapy options with promising
results. Targeted therapy regimens offer the theoretical benefit of a
chemo-free approach, with potential advantages on treatment burden
and quality of life. On the other hand, the need of tumor tissue to
investigate potential targets requires a surgical procedure, exposing
some children to additional risks.

Enhanced activation of the MAPK pathway is the hallmark of
pLGGs. In most cases, increased signal flow through this cascade
results from activated mutations or rearrangements of the BRAF gene.
Interestingly, mTOR activation has also been documented in most of
these tumors.2%?¢ Consistently, in these patients, therapies targeting
the BRAF kinase in currently used with relatively positive response.
Alteration of the BRAF/MEK/MAPK pathway with activation of the
phosphatidylinositol 3-kinase (PI3K) pathway is the hallmark of pLGGs
and mTOR activation has been documented in most of these
tumors.'®2” mTOR is a downstream target of the PI3K/AKT pathway
and its unregulated activation leads to abnormal cell growth, prolifera-

tion and angiogenesis.?®2?

Immunohistochemistry for downstream targets of PI3K, including
mTOR/pmTOR, phosphorylated ribosomal Sé (p-S6) is seen in over
half of patients with LGG.?® Furthermore, PS6 pathway activation is
associated with worse overall survival. Together, these data suggest
that PI3K pathway activation is an important driver of glioma progres-
sion, and thus may be a promising avenue for targeted therapy p$6.2¢

Use of the mTOR inhibitor everolimus in the treatment of chil-
dren with tuberous sclerosis and subependymal giant cell astrocytoma
has shown a tumor response in about 75% of cases.'© These data sug-
gest that mTOR-positive pLGGs may also benefit from everolimus
treatment. In fact, multiple clinical trials are ongoing to test its efficacy
in recurrent or progressive LGG in both adults and children.35*

To the best of our knowledge, our retrospective series is the first
to report everolimus in chemotherapy and radiotherapy-naive chil-
dren. Five patients, based on the localization of the brain tumor, were
not eligible for surgery, and therefore a diagnostic biopsy was per-
formed. Of the five patients who underwent surgery, none achieved
complete remission. Hence, everolimus was proposed as an upfront
postsurgery treatment.

Treatment with everolimus was evaluated on the basis of three
criteria: (a) radiological progression as in the case of Patients #1 and
#5; (b) thalamic localization with consequently associated motor defi-
cit; (c) worsening of tumor-related symptoms.

We observed SD in 7 of 10 patients (70%) and PR in one case
(10%), with an overall favorable outcome in 80% of the children. The
BR was documented after a median time of 9 months of treatment.
No patient developed signs of increased intracranial pressure, hydro-
cephalus or visual impairment during treatment. In the two children
(20%) presenting PD, it occurred after 18 and 36 months of treat-
ment, respectively. Nine out of 10 patients did not show during treat-
ment a worsening of the clinical symptoms already present at onset;
this finding was also observed in the two patients with documented
progression of radiological disease. It should be noted that Patient
#10, enrolled for visual impairment, showed improvement in the visual
field.

Only two of the seven cases in SD have suspended the treatment
with everolimus: one patient after 12 months of treatment, due to
parental decision, and after 13 months we have only detected some
tumor progression via imaging, but no clinical effects; the other
patient interrupted the treatment after 60 months and after another
12 months is still in SD. We believe that both the number of cases
and the time occurred since the interruption of the treatment are not
sufficient to draw significant conclusions on the effects of the suspen-
sion of everolimus, although an abrupt worsening of the clinical pre-
sentation does not seem likely.

These efficacy data are promising compared to the current stan-
dard of care?? despite the limitations related to the small population
investigated and the limited follow-up. Moreover, they are similar to
what has recently been reported for everolimus use in NF1 patients.'?

The molecular hallmark of pLGGs is activating somatic mutations
in genes of the RAS/MAPK pathway, leading to downstream activa-
tion of the PIBK/AKT pathway and ultimately of the mTOR pathway.
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The assessment of the mTOR activation was a critical step of our
study because it allowed us to confirm the molecular target for our
hypothesis based on treatment with everolimus. However, since we
did not screen the cancer cells for mutations in the PISK/AKT/mTOR
genes, we can only hypothesize that the major genetic alterations
involve the RAS/MAPK pathway and that the mTOR pathway activa-
tion is a secondary event. Therefore, inhibition of such pathway by
everolimus may only block one of the downstream pathways acti-
vated by RAS/MAPK. For this reason, we preferred to not limit our
hypothesis to a specific outcome of the everolimus treatment on the
pLGG clinical course. Instead, we elected to maintain an unbiased
position, reasoning that everolimus might have induced a positive
response in cancer cells, affecting to various extents the cancer
growth and proliferation: this could have been reflected in either dis-
ease arrest, stabilization or regression. After conducting the study and
collecting the data, we reported that indeed the disease stabilization
was the most common outcome.

Considering that the inhibition of the PI3K/AKT pathway by
everolimus blocks only one of the downstream pathways regulated by
the activated RAS/MAPK in pLGGs, it was challenging to predict a
specific outcome of the everolimus treatment on the pLGG clinical
course. Indeed, the everolimus inhibitory effect might have affected
to various extents the cancer growth and proliferation, causing either
disease arrest, stabilization, or regression of the neoplasia. For this
reason, we elected to evaluate the effect of the treatment after col-
lecting the data without establishing preventively the expected out-
come. The results of the study indicated the disease stabilization as
the most common outcome of the treatment with everolimus in chil-
dren with pLGGs.

To note that Patient #5 enrolled due to a radiological progression
showed the longest SD duration (60 months) (Table 4 and Figure 2).
Interestingly, we did not document any rebound effect after treat-
ment discontinuation. This is different from what has been previously

3233 and might be a specific feature of

reported for other target drugs
everolimus, a hypothesis that remains to be confirmed in a larger
series and with a longer follow-up.

RSer2448

Semi-quantitative IHC assessment of mTOR, p-mTO and

p-$6°¢r235/236 i 3 cheap and readily available technique. Evidence of
mTOR and p-mTORS®2448 positivity as an inclusion criterion resulted
with a good outcome in 70% of our cases.

The expression in terms of both extension and intensity of mTOR
and pmTOR is particularly high in the patient who presented a partial
response (#2). This finding would seem to correlate with the good
radiological response to treatment. A correlation between the inten-
sity of mTOR and the outcome has not been demonstrated in the lit-
erature. Since Patient #2 underwent a biopsy, the scarce material
available did not allow the analysis of p-Sé to be performed. All six
tumors analyzed for p-Sé by IHC (#1, #3, #6, #8, #9, #10) were posi-
tive. The two patients who showed radiological progression (#1 and
#3) had histological expression weak and moderate positive for nTOR
and moderate positive for pSé, respectively. A correlation between
increased p-SE expression and a lower PSF has already been found in

studies conducted on a population of adult and LGG patients.

., | International Journal of Cancer
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However, it is not possible from the data at our disposal to demon-
strate a certain correlation between the greater expression of p-S6
and a worse prognosis as previously demonstrated in the literature.3*

On the other hand, in line with the literature, clinical/radiological
response did not correlate to IHC intensity score (Table 2).}° This
observation suggests that combination of IHC technique with system-
atic mutation analysis focused on the PI3BK/mTOR pathway might
allow a more refined stratification of patients for targeted therapies in
the future. The screening of the MAPK and PIBK/mTOR pathways
could provide useful information for therapies targeting these path-
ways or for identifying patients that could be eligible for combined
therapies.®”

Molecular analysis identified one germline variant of uncertain
significance (VoUS) c.97G>A (p.[Val33lle]) in the gene RAF1 in Patient
#2. The gene encodes a paralogous of BRAF kinase (MAP3K), which
functions downstream of the Ras family of membrane-associated
GTPases. Furthermore, although the variant does not fall in a func-
tional domain, it is extremely rare in the population and affects a con-
served amino acid. Interestingly, gain of function mutations in RAF1 is
associated with Noonan syndrome 5 (OMIM# # 611553).3¢

Although Patient #2 does not present evident clinical signs of
Noonan syndrome, we cannot exclude an altered cellular phenotype
and a role of this variant in response to everolimus therapy.

In Patient #3, genetic analysis highlighted one germline VoUS
(c.1035A>C; p.Glu345Asp, rs587780190) in the tumor-suppressor
gene CHEK2. Interestingly, mutations in CHEK2 are linked with Li-
Fraumeni syndrome and are considered to confer a predisposition to
sarcomas, breast cancer and brain tumors.®” Moreover, in Patient #3
was detected one likely pathogenetic variant in the gene FBXW7
(c.925C>T, p.Arg309Cys). FBXW?7 is a tumor-suppressor gene
encoding a member of the F-box protein, one of the four subunits of
ubiquitin protein ligase complex called SCFs (SKP1-cullin-F-box),
which function in phosphorylation-dependent ubiquitination and sub-
sequent proteasomal degradation of target proteins. Identified sub-
strates include oncoproteins such as cyclin E, c-Myc, Mcl-1, mTOR,
Jun and Notch1.%8 This evidence supports the hypothesis of a critical
role of FBW?7 in cancer development and progression including gli-
oma.?>%” The variant affects a highly conserved and structurally rele-
vant amino acid within the F-box domain, suggesting a putative
deleterious role in overall structure rearrangement of the ubiquitin
complex. Finally, molecular analysis confirmed in Patient #4 the pres-
ence of the pathogenic germline variant in PTPN11 (c.922A>G, p.
Asn308Asp, rs28933386). In this patient, clinical diagnosis of Noonan
syndrome was previously formulated, but molecular analysis of geno-
mic DNA failed to identify point mutations and large deletions/dupli-
cations in the NF1 gene.®?

Several limitations of our study should be noted. We have
described a limited cohort of patients; molecular analyses were not
available for all tumor and peripheral blood sample, thus we were not
able to perform a critical correlation between clinical, radiological
response and a possible activated molecular pathway. Unfortunately,

DNA specimens from patients' parents were not available for

genotyping.
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Our study confirms the previously reported high treatment com-
pliance and manageable toxicity profile of everolimus.”1%%° The few
adverse effects recorded (of which stomatitis was the most frequent)
promptly resolved after temporary drug suspension and did not recur
thereafter without any adjusted dose. No life-threatening events were
observed.

At the time of this report, six patients are still on everolimus mon-
otherapy. Among the three children where treatment was discon-
tinued for evidence of progression, two were finally reconsidered for
a further surgical debulking and one switched to chemotherapy
according to LGG2004 protocol.

Our study underlines the need of a surgical biopsy to molecularly
characterize brain tumors and identify possible target treatments.
However, this has been shown to be feasible with an acceptable risk
profile by dedicated pediatric neurosurgical teams.*°

Several MEK inhibitors are currently in development for pLGG
such as trametinib, selumetinib and cobimetinib. Selumetinib was the
first MEK inhibitor showing promising activity in a pediatric.

LGG phase I/Il trial was efficacious and well tolerated in a subse-
quent phase |l trial comprising different clinical and molecular strata
with good safety profile*1#? Results of trametinib confirm these
observations*® indicating in-class drug activity of MEK inhibitors in
sporadic progressive LGGs. In BRAFV600-mutated pLGG, the use of
vemurafenib has been well explored. 243

Compared to the literature, our study evaluated everolimus as
front-line therapy. Among different MAP-K pathways exists a
crosstalk leading to compensatory activation of one of the pathways

if the other pathway is inhibited.**

Blocking different pathways simul-
taneously may represent an important treatment strategy in pLGG.*

At the time of the publication, no other studies about everolimus
as front-line adjuvant therapy have been published; a phase Il trial
about everolimus as single drug in recurrent refractory pLGG is still
ongoing,*® and no results are currently available.

At time of writing, all patients are alive; the extension phase of
our study is still ongoing, and efficacy and safety data will continue to

be monitored.

5 | CONCLUSIONS

Our data, albeit preliminary, support the use of everolimus in children
with mTOR-positive LGG, making it a viable alternative when needed
to first-line conventional adjuvant treatment.

The greatest positive impact observed in association with the
treatment with everolimus was the arrested progression of the dis-
ease. We believe this still represents a favorable outcome for an adju-
vant pharmacological therapy, or, even more so, for the management
of unresectable LGGs: as many other forms of brain tumors,
preventing the mass expansion may prevent a series of dramatic side
effects and may have a relevant impact on the patients' quality of life.
Only two of the seven cases in SD have suspended the treatment
with everolimus: one patient after 12 months of treatment, due to

parental decision, and after 13 months we have only detected some

tumor progression via imaging, but no clinical effects; the other
patient interrupted the treatment after 60 months and after another
12 months is still in SD. We believe that both the number of cases
and the time occurred since the interruption of the treatment are not
sufficient to draw significant conclusions on the effects of the suspen-
sion of everolimus, although an abrupt worsening of the clinical pre-
sentation does not seem likely.

This “chemo- and radio-free” first-line therapeutic approach
results in a clinical and radiological stabilization of the disease in the
majority of the children in our cohort, reducing side effects, hospitali-

zation and potentially delaying the need for conventional treatments.
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