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Abstract

Adolescents and young adults (AYA: ages 15-39 years) are a unique population at risk of both pediatric-type and
adult-type central nervous system (CNS) tumors. Targeted therapies are now available for a growing subset of
CNS tumors represented within AYA. Gliomas represent 25% of all primary brain tumors in AYA, with up to 30%
of these harboring a pediatric-type molecular alteration in the mitogen-activated protein kinase (MAPK) pathway.
MAPK-pathway inhibitors are often utilized in AYA patients with a pediatric low-grade glioma (pLGG), however
specific clinical trials spanning the entire AYA age range for this molecular alteration are absent. Isocitrate dehydro-
genase (IDH) mutations are the most common molecular alteration found in AYA glioma.The IDH-mutant inhibitor
vorasidenib has been demonstrated to prolong progression-free survival in grade 2 IDH-mutant glioma; however,
there is a lack of evidence in patients younger than 18. Meningioma is the most common primary CNS tumor in
adults and represents 15% of primary CNS tumors in the AYA population. Recent molecular characterization of me-
ningioma has led to several targeted therapeutic clinical trials in the relapsed/refractory setting. Medulloblastoma
is the most common embryonal CNS tumor in AYA patients and is primarily driven by a mutation in the sonic
hedgehog (SHH) pathway. The SHH pathway is targetable with Smoothened (SMO) inhibitors which has been util-
ized in the relapsed/refractory setting for both pediatric and adult patients, with mixed responses. Clinical trials
incorporating SMO inhibition upfront treatment have been hampered by low accrual numbers and lack of sponsor
support. Craniopharyngioma is a rare CNS tumor in the AYA population, and BRAFV600E mutations in papillary
craniopharyngioma represent a targetable alteration. Solutions to improving the care of AYA should include appro-
priate representation in clinical trials and specialized care by experienced clinicians.

Key Points

Adolescents and young adults (ages 15-39) are at risk for both pediatric and adult-type
CNS tumors.

The treatment paradigm for gliomas in AYA often relies on grading and the presence of
targetable alterations such as RAS/MAPK mutations and IDH mutations.

Medulloblastoma is the most common embryonal CNS tumor in AYAs, driven primarily
by SHH pathway mutations.

Craniopharyngiomas, though rare, often have targetable BRAFV600E mutations in the
papillary subtype.
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The past two decades have seen an unprecedented ad-
vancement in our understanding of the molecular under-
pinnings of multiple types of malignancies. This has led to
the development of various novel therapeutics focused on
precision oncology targeting specific alterations. In many
cancer types, these advances have substantially improved
outcomes, enabling better personalized approaches in
the use of chemotherapy, radiotherapy, and surgery.
Adolescents and young adult (AYA) patients (defined as
individuals aged 15-39 years) face unique challenges as
they present with both pediatric and adult-type central
nervous system (CNS) tumors.? Additionally, the transi-
tion from adolescence through young adulthood is often
a time of considerable change in psychosocial, economic,
and emotional functioning, as well as the challenges that
come from moving to an adult cancer center from a pe-
diatric cancer center. AYA patients can experience dispa-
rate care whether they are treated at a pediatric or adult
center and have historically been underrepresented in clin-
ical trials due to a range of factors including restricted age
of eligibility as well as institutional barriers.® Regrettably,
this has resulted in AYA being an understudied population,
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resulting in a lack of understanding of their distinct tumor
biology and epidemiology. The most common primary
brain tumors seen in AYA and discussed in this review are
summarized by location, subgroup, and molecular altera-
tion in Figure 1. As the use of targeted therapies for various
CNS tumors continues to grow, it is crucial for oncologists
to stay abreast of the developments in onco-therapeutics,
advocate for access, and encourage patient participation in
clinical trials.*This review offers a summary of the current
landscape of targeted therapies in AYA CNS oncology.

Glioma in AYA

Gliomas account for 25% of CNS tumors and 83% of malig-
nant brain tumors in the AYA population.® The fifth edition
of the WHO Classification of Tumors of the CNS, published
in 2021, recognizes distinct molecular differences and
clinical outcomes between pediatric-type and adult-type
gliomas.® In the AYA population, both types are present,
with up to 30% of gliomas in AYA showing a mutational
profile consistent with pediatric-type glioma.” Figure 2
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Figure 2. Relative incidence of newly diagnosed glioma in AYA population-based cohort based on molecular subgroup.
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further illustrates the distribution of molecular signatures
seen in AYA patients with glioma. This has significant clin-
ical implications, as several molecularly targeted therapies
are now available for both pediatric-type and adult-type
gliomas. However, there is a paucity of evidence-based
clinical practice data for the management of glioma in AYA.
This has led to a variety of heterogeneous approaches for
this cohort (depending on whether a patient is seen in an
adult or pediatric practice setting) and highlights the im-
portance of standard molecular sequencing and multi-
disciplinary tumor board discussions for all AYA patients
to optimize treatment regimens and improve outcomes.
Table 1 summarizes the trials currently enrolling patients
with glioma and the respective age eligibility.

RAS/MAPK-Activated Glioma

Pediatric low-grade gliomas (pLGGs; WHO grade 1 or 2) are
generally considered a single pathway disease, character-
ized by alterations that lead to constitutive activation of the
mitogen-activated protein kinase (MAPK)/RAS pathway.®
In children, the most common alterations by frequency
are KIAA1549-BRAF fusions, BRAF V600E mutations, and
NF1 mutations.® In contrast, Bennett et al. examined the
molecular landscape of 876 AYA gliomas and found 33%
harbored pediatric-type mutations with the most common
being BRAF V600E (11%) followed by FGFR alterations
(7%).° Traditionally, treatment has consisted of a combina-
tion of maximal safe resection, and in patients requiring
adjuvant therapy, systemic therapy, and much less fre-
quently in the modern era, radiation therapy.'® Tolerance
to chemotherapy is generally worse among AYA and older
adults relative to children. Similarly, with targeted therapy,
there is emerging evidence that young adult patients have
different toxicity profiles, specifically a higher incidence of
arthralgias, cutaneous toxicity including keratoacanthomas
and squamous cell carcinoma as well as cardiotoxicity with
BRAF or MEK inhibition."" There are no studies dedicated to
AYA patients with MAPK-altered pLGG and much of the ap-
proach to treatment for this cohort has been extrapolated
from pediatric data and adult studies.'?"3

In general, there are more MAPK-activated high-grade
glioma (HGG) in AYA patients compared to pediatric pa-
tients, with BRAFV600E mutated HGG accounting for up to
6% of high-grade tumors in AYAs in the published litera-
ture.' While the exact reason for this remains to be deter-
mined, it is possible that some of these tumors originated
as pLGG and transformed into higher-grade tumors.'>6 |t
is also possible that some of these tumors represent the ev-
olution of PXA grade 2/3 tumors, which are more common
in AYA. Mackay et al identified 3 distinct clusters of tumors
separate from the G34, K27, and IDH1 groups called WT-A,
WT-B, and WT-C. WT-A cluster around the PXA- and LGG-
like subgroup and are driven by BRAFV600E, NF1 muta-
tions, or fusions in RTKs." In the published cohort from
Mackay et al, the WT-A subgroup had a favorable survival
profile with a median OS of 63 months."”

While NF1 mutations are found less frequently in AYA
glioma than in pediatrics, it is important to highlight that
AYA patients with NF1-associated glioma are more likely to
have a high-grade tumor than pediatric patients. A review

of the molecular landscape of NF1-associated gliomas
by D'’Angelo and colleagues analyzed 23 high-grade and
32 low-grade gliomas and found that 78% of tumors in
adults were high grade whereas the majority of tumors in
children were low grade.'® While the safety and efficacy of
MEK inhibitors such as trametinib and selumetinib have
been demonstrated in NF1-associated LGG, there have
been no clinical trials conducted exploring their use in NF1-
associated HGG.

Targeting the RAS/MAPK-Pathway

A number of clinical trials examining MEK and RAF inhibi-
tors for pLGG have been conducted in the last decade.’?19-22
Unfortunately, these trials have typically enrolled pediatric
patients under 21 years of age. Consequently, there is a lack
of data that broadly applies to the AYA population. Of the
FDA-approved MAPK-pathway inhibitors specifically for
pLGG, only the FIREFLY-1 study with tovorafenib included
patients up to 25 years, with 9 participants between 15
and 25 years of age enrolled in the study.?? Encouragingly,
there are clinical trials expanding their age cohorts to
allow the inclusion of older young adults. A phase 2 trial
exploring binimetinib for BRAF-driven LGG is open for en-
rollment for patients 12 years and older (NCT06159478)
and a clinical trial utilizing Avutometinib, an RAF/MEK
inhibitor, is enrolling patients up to 30 years, albeit lim-
iting the number of patients >18 to <30 to no more than 5,
and only after the dose escalation phase (NCT06104488).
Most current clinical trials investigating targeted MEK
inhibitors (including selumetinib, mirdametinib, and
binimetinib) for pLGG have excluded patients over the age
of 21 years (NCT03871257, NCT04576117, NCT04923126,
NCT04166409).This highlights the ongoing challenge of ac-
cess to appropriate clinical trials for this age group and the
subsequent lack of robust evidence to guide treatment de-
cisions. Often, patients in the AYA cohort are started on tar-
geted agents outside of clinical trials and there is currently
no concerted effort for data collection through registry
studies to advance our understanding of their response
and toxicity profile. Many questions remain including op-
timal duration of therapy, tolerability of treatment, safe
strategies to discontinue therapy, impact on the natural
history of the tumor, and long-term risks of prolonged use
of these targeted agents.

There are a number of clinical trials that have been
conducted in adult centers utilizing MAPK-pathway in-
hibitors which has allowed the inclusion of older AYA pa-
tients with glioma. The ROAR clinical trial is one such trial
which examined the activity and safety of dabrafenib plus
trametinib in adult patients with recurrent or progressive
BRAFV600E mutant LGG and HGG."This study was part of
a multicenter, open-label, single-arm, phase 2, basket study
in 9 cohorts of patients aged 18 or older with BRAFV600E
mutation-positive rare cancers. In total, the trial enrolled
13 patients in the LGG cohort (median age 33 years, range
18-58 years). Subgrouping by age was not published for
the LGG cohort, however, considering the median age of
33 years it is likely to be somewhat representative of the
AYA population. Among these patients, one achieved a
complete response, six achieved a partial response and 2 a
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Table 1.

Clinical trial Age inclu-

Target

Targeted Therapy Trials Currently Open to AYA Patients With LGG or High-Grade Glioma

Patient population

sion (years)

23-129 MSKCC 3-30
(NCT06104488) -
phase 1

ANCS1831 2-21
(NCT03871257) -
phase 3

ANCS1931 2-25
(NCT04576117) -
phase 3

ACNS1833 2-21
(NCT04166409) -
phase 3

SJ901 (NCT04923126) 2-24
- phase 1/2

PNOC021 1-25
(NCT04485559) -
phase 1

DETERMINE >16
(NCT05768178) -
phase 2/3

DAY101/FIRELIGHT >12
-1(NCT04985604) -

RAF and MEK

MEK

MEK

MEK

MEK

MEK + mTOR

BRAF and MEK

Pan RAF + MEK

Avutometinib

Selumetinib

Selumetinib

Selumetinib

Mirdametinib

Trametinib + everolimus

Vemurafenib + cobimetinib

Tovorafenib + pimasertib

phase 1b/2

DAY 101/ <25 Pan RAF Tovorafenib vs SOC chemo-
FIREFLY-2 LOGGIC therapy

(NCT05566795)

PBTCO055 1-30 MEK and/or BRAF  Hydroxychloroquine +
(NCT04201457) - trametinib and/or Dabrafenib
phase 1/2

F8394-201 >10 BRAF Plixorafenib

(NCT05503797) -

phase 2

ARRY-440 >16 BRAF PF-07799933 as monotherapy
(NCT05355701) - or in combination with
phase 1 binimetinib or cetuximab
ARRY 134 >16 MEK PF-07799544 as monotherapy
(NCT05538130) - and in combination with
phase 1 PF-07799933

NestedThera- >18 MEK + Pan RAF NST-628

peutics NST-628-001

(NCT06326411) -

phase 1

Perfume >12 BRAF Binimetinib

(NCT06159478) —

phase 2

Progressive or Recurrent pediatric
tumor with activating MAPK-pathway
alterations or;

NF1 with symptomatic inoperable plex-
iform neurofibromas and progressive
or recurrent pLGGs

Newly diagnosed or not previously
treated NF1-associated pLGG

Progressive or recurrent pLGG

Newly diagnosed or previously un-
treated pLGG

Cohort 1: Newly diagnosed and/or pre-
viously untreated pLGG

Cohort 2 and 3: Progressive or Recur-
rent Low-Grade Glioma with or without
Previous MEK Inhibitor Exposure

Progressive or recurrent pLGG or HGG

BRAFV600E mutated solid tumors

Progressive or recurrent solid tumors
with B/CRAF alteration

Newly diagnosed pLGG with known
activating RAF alteration

Progressive or recurrent LGG or HGG
with BRAF mutation/fusion or NF1

BRAF-altered LGG or HGG

Progressive or recurrent BRAF-altered
advanced solid tumors including CNS
tumors

Progressive or recurrent BRAF-altered
solid tumors including CNS tumors

Solid tumor with genetic alteration
of or evidence of tumor dependence
upon the RAS/MAPK-pathway

Cohort A: BRAF-fusion positive LGG
Cohort B: pancreatic cancer

minor response, providing solid evidence that dabrafenib
and trametinib show promise in the recurrent setting.
Notably, most patients had durable responses to treatment
(median 27.5 months). Unfortunately, four (31%) patients in
the LGG cohort died due to disease progression. This is in
contrast with the generally favorable overall survival seen
in pediatric patients with a BRAFV600E mutant LGG.'223

Comprehensive molecular profiling was not available, and
it is therefore not possible to discern if there were addi-
tional mutations that may have heralded a poorer outcome.
In previously published reports, concurrent CDKN2A ho-
mozygous mutations have been associated with a poorer
prognosis and increased rates of malignant transformation
in pediatric patients with BRAFV600E mutant glioma.'624
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Nevertheless, these results from the ROAR study suggest
that there may be differences in biology, natural history,
and clinical response between pediatric and AYA patients
with LGG harboring a BRAFV600E mutation treated with
MAPK inhibitors. Additionally, this highlights the im-
portance of obtaining molecular sequencing for all AYA
patients.

Lastly, there are a number of clinical trials currently un-
derway exploring MAPK-pathway inhibitors in patients
>18 years via a tumor-agnostic approach. DETERMINE
is a tumor-agnostic trial being conducted in the United
Kingdom recruiting patients with BRAFV600E muta-
tions and assessing the combination of vemurafenib and
cobimetinib (NCT05768178). Tovorafenib is also being ex-
plored in patients 12 years and older with recurrent, pro-
gressive, or refractory melanoma or other solid tumors
with alterations in the key proteins of the RAS/RAF/MEK/
ERK pathway (NCT04985604). Plixorafenib is a next-
generation small molecule selective inhibitor of mutated
BRAF that is being studied in both pediatric and adult
patients with BRAF-altered solid tumors (NCT02428712,
NCT05503797). Preliminary results for Plixorafenib have
been presented in abstract form for 10 MAPK-naive adult
patients (median age 45 years) with a BRAFV600 mutant
LGG or HGG.®There were six patients with HGG and 4 pa-
tients with LGG that were evaluable for efficacy. The ORR
was 60% (6/10) with 4/6 of these having a duration of re-
sponse of over nine months, although it is not known
from the abstract whether these four patients had HGG
or LGG. These are small patient numbers the larger phase
2 study is currently underway to confirm these findings
(NCT05503797) and ascertain whether the results apply
to AYA patients specifically. There are several novel MAPK
inhibitors in early-phase trials that are enrolling patients
16-18 years or older. PF-07799933 is a novel RAF inhibitor
which spares non-BRAF mutated-containing RAF dimers
and is being studied both alone and in combination with
binimetinib for patients 16 years and older (NCT05355701)
and with another novel MEK inhibitor PF- 07799544
(NCT05538130). NST-628 is a novel pan-RAF-MEK inhib-
itor which prevents phosphorylation of and subsequent
activation of MEK by RAF It is being studied in patients
18+ with a solid tumor harboring a RAS/MAPK alteration
(NCT06326411).

While these basket clinical trials are not specific to
glioma patients, the results will hopefully provide much-
needed data in the AYA population in terms of efficacy and
toxicity profile more broadly.

Following the success of targeting the MAPK-pathway
in LGG, there have been a small number of clinical trials
incorporating MAPK inhibitors in the treatment of relapsed/
refractory HGG with a subset of AYA patients enrolled, in
particular with dabrafenib and trametinib. The ROAR clin-
ical trial HGG cohort enrolled 22 (48%) participants with
relapsed/refractory disease between 18 and 39 years of
age, who received dabrafenib and trametinib. In this study,
33% of enrolled patients had an objective response with
three complete responses. The median OS from this study
was 17.6 months, which is significantly longer than prior
studies reporting OS in recurrent glioblastoma of three
to nine months.?6 Similar to the LGG cohort, dabrafenib
plus trametinib was well tolerated in the HGG cohort with

no discontinuation due to side effects. The majority of re-
ported adverse effects were grade 1-2 and were consistent
with previous published data showing that pyrexia, fa-
tigue, headache, nausea, and rash were common. One
limitation of the ROAR clinical trial was the lack of a com-
parator group which the authors acknowledged, as well as
the need for future randomized clinical trials to determine
the true effect on survival in this rare cohort.

There have been several phase 2 clinical trials completed
in the relapse/refractory setting for BRAFV600E mutant
HGG patients.?”?® These studies have demonstrated sig-
nificant improvement in progression-free survival (PFS)
and OS compared to molecularly unselected historical
cohorts; however, these results should be interpreted
with caution as historical data specifically for relapsed/re-
fractory BRAFV600E HGG is lacking. Current clinical trials
exploring BRAF inhibition in combination with other ther-
apies in the relapsed/refractory setting are recruiting in-
cluding PBTC-055 which incorporates hydroxychloroquine
in combination with dabrafenib + trametinib for patients
aged up to 30 years (NCT04201457). Following the prom-
ising results in the relapsed/refractory setting, the use of
MAPK inhibitors upfront has been explored in a growing
number of pediatric/AYA patients with promising and sus-
tained responses.?3° To that end, a phase 2 single-arm
Children’s Oncology Group (COG) trial utilizing combina-
tion dabrafenib + trametinib following radiation therapy
for patients with newly diagnosed BRAFV600E HGG
aged 3-25 years is currently recruiting (NCT03919071). As
BRAFV600E mutant HGG are more common in AYA than
pediatric patients, it is hoped that this clinical trial will pro-
vide much-needed efficacy and safety data for this cohort
in the upfront use of MAPK inhibitors in HGG.

Toxicity of MAPK-Pathway Inhibitors in AYA

The side effect profile for AYA patients receiving MAPK in-
hibitors remains largely understudied. In adult patients, an
increase in cardiovascular toxicity with asymptomatic left
ventricular dysfunction, hypertension, venous thrombo-
embolism, atrial arrhythmia, and QT interval prolongation
has been well documented.?' Cardiotoxicity in children has
not been comprehensively nor longitudinally assessed,
however a retrospective study in children and young adults
<21 years receiving MEK inhibitors demonstrated border-
line cardiac function (decreased ejection fraction and/or
fractional shorterning) in a number of patients.3? These re-
sults have not been consistently replicated in the published
phase 2/3 clinical trials utilizing a combination of MEK and
RAF inhibitors, where there was minimal cardiac dysfunc-
tion reported.’>3 In addition to cardiac toxicities, there
have been reports of secondary malignancies in adult pa-
tients treated with BRAF inhibitors including development
of SCC, secondary melanoma, gastrointestinal polyps, and
recurrence of prior malignancies.?* These secondary ma-
lignancies have not been reported in children and may be
more common in adults due to other predisposing risk fac-
tors. It is likely that AYA patients will experience a combi-
nation of side effects that encompass the spectrum seen in
both pediatric and adult patients; however, better evidence
with registry studies and clinical trials are urgently needed
to better inform our understanding.
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Adult-Type Diffuse Glioma

Adult-type diffuse gliomas are found in a subset of AYA pa-
tients and are subdivided into 1) astrocytoma, IDH-mutant
2) oligodendroglioma, IDH-mutant, and 1p/19g-codeleted
and 3) glioblastoma, IDH-wild type.®® IDH mutations were
identified as potential drivers of oncogenesis through
preclinical models demonstrating that reduction in d-2-
hydroxyglutarate (D-2-HG), the oncogenic metabolite
produced by mutant IDH, slowed tumor growth and pro-
moted differentiation.®® Most IDH-mutant gliomas in older
patients express the canonical IDH1 mutation p.R132H
detected through immunohistochemistry however other
IDH1 and 2 mutations are of relatively higher frequency
in younger patients and should be ruled out with compre-
hensive genetic sequencing.®’ Treatment approach for IDH-
mutant gliomas in AYA can vary significantly, depending
on whether the patient is treated in an adult or pediatric
setting, with radiation-sparing approaches generally pre-
ferred for younger patients.?” In general, the standard prac-
tice in recent years has included maximal safe resection
followed by a period of either watchful waiting or upfront
radiotherapy and/or systemic chemotherapy depending on
prognostic factors. These factors historically included the
extent of resection, age, genomics, and histological grade.
This approach however is subject to review considering
the development and efficacy of IDH inhibitors, specifically
with the publication of landmark results from the INDIGO
trial.®®8 Subsequently, FDA approval for vorasidenib, an oral
IDH inhibitor, was recently obtained in August 2024 for
non-enhancing grade 2 IDH-mutant glioma.

Targeting Mutant IDH

Ivosidenib is a potent oral mutant IDH1 inhibitor and was
first investigated and given FDA approval in patients with
IDH1 mutant relapsed/refractory AML followed by approval
for cholangiocarcinoma and refractory/relapsed MDS.3%-4
Between 2014 and 2019 a single-arm, multicenter, open-
label, phase | dose-escalation and dose-expansion study
in patients with advanced IDH1-mutant solid tumors, in-
cluding grade 2-4 gliomas was conducted.*?The study was
open to enrollment for those aged 18 or greater, and the
youngest patient enrolled was 21 years of age. Based on
the published data it is not known how many treated were
between the ages of 15-39 years. In total, 66 patients were
enrolled, 54 with lower-grade histology. One patient had a
partial response, 44 showed stable disease and 21 showed
progressive disease, demonstrating a mixed response.
Importantly, no discontinued treatment due to side effects,
and it was generally well tolerated with no maximal dose
identified. Participants with non-enhancing lesions showed
higher rates of stable disease (30/35, 85.7%) and prolonged
responses (median PFS 13.6 months) when compared to
enhancing lesions.

Vorasidenib is an oral brain-penetrant dual inhibitor of
mutant IDH1 and IDH2 that was first evaluated for grade
2, 3, or 4 gliomas in a phase | study between 2020 and
2022.43 52 patients (48 with lower-grade gliomas and 4
with glioblastoma) were enrolled, the majority of whom
had received either radiotherapy or chemotherapy prior

to enrollment. The objective response rate (ORR) was 18%
(one partial response and three minor responses), with a
duration ranging from 7.4 to 27.7 months. 72.7% of patients
with non-enhancing gliomas achieved stable disease with
a number of these showing a reduction in tumor size which
did not reach the minor response criteria of 25% reduc-
tion. The median PFS of individuals with non-enhancing
gliomas was 36.8 months. Ultimately, vorasidenib was fa-
vored to progress to a phase 3 clinical trial following the re-
sults of a peri-operative phase 1 clinical trial demonstrated
that vorasidenib had more consistent D-2-HG suppression,
superior brain penetration, and clinical efficacy compared
to ivosidenib.*

The INDIGO trial was a phase 3 double-blinded, ran-
domized controlled trial in patients with residual or re-
current non-enhancing grade 2 IDH-mutant astrocytoma
or IDH-mutant, 1p19g-codeleted oligodendroglioma.3®
The eligible participants were patients aged 12 years or
older who were suitable for a watchful waiting approach.
The primary endpoint was imaging-based PFS and the
key secondary endpoint was the time-to-next interven-
tion. There were 76 patients between the ages of 18-39
who received vorasidenib in this study. Despite the lower
age limit of 12 years, only one patient under the age of
18 was enrolled and they were originally randomized to
the placebo arm. Imaging-based PFS was significantly
longer for the vorasidenib group compared to the pla-
cebo group with a median of 27.7 months (95% CI 17.0 to
non-estimable) versus 11.1 months (95% Cl: 11.0-13.7).
Importantly, the vorasidenib group demonstrated a signif-
icantly longer time-to-next intervention. Based on these
results, in August 2024 the FDA approved vorasidenib use
for those 12 and up who have a non-enhancing grade 2
IDH-mutant astrocytoma or IDH-mutant, 1p19g-codeleted
oligodendroglioma.

While IDH inhibitors in grade 2 IDH-mutant glioma have
shown a promising PFS advantage, the results for aggres-
sive, contrast-enhancing tumors have been less impres-
sive.344 |n the phase | trial with vorasidenib in relapsed/
refractory disease, the cohort of patients with enhancing
tumors showed no objective responses, with 56.7%
displaying stable disease and 43.3% displaying progres-
sive disease with a median PFS of 3.6 months indicating
a lack of efficacy in this group.*® It is postulated that IDH
inhibitors are less effective in higher-grade IDH-mutant
glioma due to additional molecular alterations that by-
pass the need for mutant IDH enzyme to drive glioma
progression. IDH-mutant astrocytoma with either homo-
zygous deletion of CDKN2A/CDKN2B irrespective of his-
topathological features are classified as grade 4 tumors,
highlighting the significance of additional mutations in ac-
celerating glioma growth and malignant transformation,
and portending worse prognosis in IDH-mutant glioma.

The potential benefits of IDH inhibitors specifically
in grade 3 IDH-mutant gliomas have yet to be eluci-
dated. However, there have been studies published with
large datasets showing that there is no difference in out-
come between grade 2 and grade 3 IDH-mutant glioma,
highlighting the overlapping natural history of grade 2 and
3 tumors.* The exact oncogenic mechanisms that lead to
malignant transformation in low-grade IDH-mutant glioma
remain unclear, as does the optimal time to commence
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vorasidenib and whether vorasidinib prevents malignant
transformation. Furthermore, it is unclear whether mono-
therapy or combination therapy with radiation with or
without chemotherapy would be more efficacious.

There are several early phase clinical trials exploring al-
ternative targeted agents for IDH-mutant glioma including
PARP inhibitors (NCT03914742 and NCT03991832), CDK4/6
inhibitors (NCT03220646), demethylating agents such as
5-azacitadine ((NCT03922555 and NCT03666559) as well
as metabolic pathway inhibitors including the glutaminase
inhibitor teleglenastat (NCT03528642). There are a number
of unanswered questions with regard to the use of
vorasidenib in adolescents and young adults. Despite the
approved label for low-grade tumors, no patients under
the age of 18 were treated with vorasidenib in the INDIGO
trial. As such, the long-term effectiveness and toxicity pro-
file in this age group remain unknown, as does the optimal
timing to initiate treatment in the AYA population. Patients
with IDH-mutant glioma are highly likely to experience
disease progression and/or transformation during their
lifetime and require several lines of therapy. Combined
immune checkpoint inhibition and IDH inhibition are cur-
rently being investigated in clinical trials with nivolumab/
ivosidenib and pembrolizumab/vorasidenib respectively
(NCT04056910 and NCT05484622).

High-Grade Glioma

HGG in AYA patients includes a diverse group of
clinicopathological and molecularly divergent tumors that
can span the spectrum of pediatric and adult genetic alter-
ations. The recognition that distinct molecular differences
exist between pediatric- and adult-type HGG has informed
the most recent 2021 WHO classification of Tumors of the
CNS. In general, pediatric HGG is divided into four sub-
groups: Diffuse midline glioma, H3K27M-altered, Diffuse
hemispheric glioma, H3 G34-mutant, Diffuse pediatric-type
HGG, H3 wildtype, IDH-wild type and infant-type hem-
ispheric glioma.b In contrast, adult HGG often represents
the malignant transformation from a lower-grade tumor to
a higher grade and is categorized based on the presence or
absence of an IDH1/2 mutation as well as tumor grade.The
most commonly encountered HGGs include astrocytoma,
IDH-mutant grade 3 and 4, oligodendroglioma, IDH-
mutant, and 1p/19g-codeleted, grade 3 and glioblastoma,
IDH wild type.

A multicenter study by Roux et al. of HGG in AYA patients
aged 15-25 years found that the most common molecular
subgroup was the pediatric-type H3-histone mutant com-
prising up to 40% of tumors, with the H3 G34-mutant group
comprising approximately one-third of these tumors.™
Overall, H3 G34-mutant gliomas are more prevalent in the
AYA population than either the pediatric or the adult popu-
lation."” Finding effective targeted therapies for H3-histone
mutant HGG has been challenging, and the prognosis has
remained poor. As targeted therapy for this group of pa-
tients will be covered in a separate review, this review will
not discuss specific therapies but acknowledges the severe
unmet need for this highly aggressive subgroup of HGG
in AYA patients. The second most common HGG subgroup
is the adult-type IDH-mutant tumors, making up 27.5% of

AYA HGG with a median age of 22.5 years.™ The current
standard treatment for these tumors is maximal safe resec-
tion combined with radiation therapy and either concur-
rent or adjuvant temozolomide.*®

Meningioma

Meningiomas are the most common CNS tumor in adults,
and in the AYA population, they account for approximately
16% of all primary CNS tumors.® There has been incre-
mental understanding of the methylomic and molecular
profiling of meningiomas, enabling better risk stratifica-
tion. Although tumors associated with genetic syndromes
are not specifically covered in this review, a significant
proportion of younger patients with meningiomas have
a diagnosis of NF2-related schwannomatosis, which pre-
sents with multiple meningiomas with different patterns
of growth, grades, and aggressiveness.**¢ Current EANO
adult guidelines advise asymptomatic meningiomas can
be observed safely, with surgical resection the first line
treatment for symptomatic or growing meningiomas fol-
lowed by radiation therapy for those with residual and/
or unresectable tumors or high-grade histology.*® For re-
current meningioma, defining an appropriate/acceptable
response to novel treatment has been challenging. To ad-
dress this issue, a meta-analysis done in 2014 identified
6-month progression-free survival (PFS-6) of 26% for grade
2/3 tumors as a benchmark to assess future clinical trials.?®
Advancement in molecular techniques has uncovered sev-
eral molecular drivers of meningioma associated with
chromosomal copy number variations (CNVs), the most
common being chromosome 22qg which is home to the NF2
gene and is mutated in up to 80% of adult meningiomas.5’
Increasing risk of recurrence and aggressive clinical be-
havior is seen with the accumulation of CNVs including
loss of chromosome 1p, 3p, 4, 6q, 10, 14q, 18, and 19.52
These CNVs result in several known mutations including
SMO, PIK3CA, AKT, SMARCB1,TRAF7 TERT, SMARCE1, and
BAP1.5 Emerging data from next-generation sequencing
suggests that pediatric meningioma has a different molec-
ular landscape to adult meningioma, highlighting the need
for molecular analysis for AYA patients who may present
with both pediatric and adult subtypes.®*To our knowledge,
no comprehensive clinical and molecular analysis of both
pediatric and AYA patients has been published to guide
whether AYA patients are more likely to have a molecular
profile consistent with pediatric or adult meningioma.
Although not specific to AYAs, there have been several
published clinical trials utilizing targeted therapy for recur-
rent meningioma in adult cohorts. Kaley et al. conducted
a single-arm phase 2 trial using sunitinib in patients 18
years or older with recurrent or refractory grade 2-3 me-
ningioma.®® with a median PFS of 5.2 months, and me-
dian OS of 24.6 months. Despite some observed toxicity,
the results suggest that sunitinib is active against menin-
gioma and warrants further investigation. A phase 2 trial of
bevacizumab for recurrent and refractory meningioma was
conducted with 11 patients 39 years or under.%® For grade
2/3 meningioma the median PFS-6 was 66% suggesting
bevacizumab is a viable therapy once surgical options and
radiotherapy have been exhausted. Alliance AO71401 is a
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National Cancer Institute-supported Cooperative Group
Trial exploring several targeted agents based on recur-
rent meningioma harboring specific mutations. The arms
include an AKT inhibitor for AKT- or PIK3CA-mutated
meningiomas, an SMO inhibitor for SMO-mutated
meningiomas, a focal adhesion kinase (FAK) inhibitor for
NF2-altered tumors, and a cyclin-dependent kinase (CDK)
inhibitor for CDK pathway altered tumors. Preliminary re-
sults have been published in abstract form for the CDK
inhibitor, abemaciclib, showing a PFS-6 of 55% in 35
evaluable patients (age range not provided).>’ The FAK in-
hibitor, GSK2256098, was evaluated in 37 patients with a
median age of 64 years (22-76 years). 66.7% of patients
achieved stable disease as the best response with accept-
able toxicity observed. The PFS-6 for all patients was 50%
and for the grade 2/3 cohort it was 33%.58 Further research
with larger patient populations will help delineate the re-
sponse, toxicity profile, and longerterm side effects for
AYAs with meningioma.

Medulloblastoma

Medulloblastoma is the most common embryonal tumor
in adolescents and young adults, with an annual inci-
dence of 0.2 to 0.4 cases per 100 000 in those aged 15 to
39.5 Most cases belong to the Sonic Hedgehog-activated
(SHH) group, with a smaller percentage in the Wingless
(WNT) and non-WNT, non-SHH groups.®® The five-year
overall survival rate for the SHH group (P53 wild type) is
50%-70%, and the treatment combines maximal safe re-
section, radiation therapy, and chemotherapy, adapted
from pediatric protocols.?® Compared to children, AYAs
are subjected to significantly more severe short- and long-
term toxicity from chemotherapy and radiation therapy.
There is currently a lack of a standardized approach to
systemic treatment for adult medulloblastoma and sig-
nificant heterogeneity exists in treatment decisions be-
tween institutions.®” A particular challenge in the AYA
and adult population is the significantly higher rates and
severity of vincristine-associated polyneuropathy and
myelosuppression requiring dose reductions or early ces-
sation of adjuvant chemotherapy.®?This highlights the need
for more novel therapies that are less toxic.6® Common mu-
tations in adult SHH-activated medulloblastoma include
SMO and PTCH.%* Targeted therapies like vismodegib,
sonidegib, and glasdegib inhibit the mutated smoothened
protein (disrupting the SHH pathway and are a promising
therapeutic option to both improve PFS and OS as well as
reduce long-term toxicity.®® Vismodegib and sonidegib are
FDA-approved for advanced basal cell carcinoma, while
glasdegib is approved for AML in older adults or those
unfit for intensive chemotherapy.4%:66:67

Several phase 1/2 clinical trials using SMO inhibitors
for relapsed/refractory medulloblastoma have shown
mixed results. In a phase | study, Rodon et al enrolled 9
patients treated with sonidegib, achieving a 33% ORR,
but responses were short-lived (4-8 months) suggesting
rapid acquisition of resistance.®® Similarly, The Pediatric
Brain Tumor Consortium (PBTC) conducted two phase 2
studies of vismodegib, finding only 15% of SHH-activated
medulloblastoma patients had sustained responses of at

least eight weeks.®® A 2017 study by Kieran et al reported
an 18.8% ORR for adults treated with sonidegib, with re-
sponses exclusively in patients with an activated SHH
pathway identified by a 5-gene signature assay.’® In the
phase 1/2 MEVITEM trial, adult patients with relapsed/re-
fractory SHH-activated medulloblastoma were randomized
2:1 to either temozolomide or temozolomide + vismodegib.
Only six patients out of 24 exposed to vismodegib had an
OR and all of these were short-lived, with the median du-
ration of response not exceeding four months for single
agent vismodegib or in combination with temozolomide.””
A 2019 meta-analysis of five studies found a pooled ORR of
37% for SHH-activated medulloblastoma treated with SMO
inhibitors (vismodegib and sonidegib), while no responses
were noted for non-SHH cases.”? These findings suggest
that the efficacy of treatment depends on mutation loca-
tion; patients with mutations downstream of SMO or PTCH1
are significantly less likely to respond than those with up-
stream mutations. Thus, stratification by specific genomic
aberrations could enhance the benefits of SMO inhibitors
in medulloblastoma treatment, but responses remain tran-
sient, and mechanisms of resistance require further investi-
gation to optimize their use in current treatment protocols.

The use of SMO inhibitors has been proposed in the up-
front treatment of AYA and adults with medulloblastoma,
leading to the development of several randomized clin-
ical trials.”®7* The SJMB12 clinical trial is the first upfront
medulloblastoma trial to incorporate molecular risk stratifi-
cation with clinical risk grouping and allowed enrollment of
patients up to 39 years in the SHH subgroup.’® For skeletally
mature SHH-MB patients, 12 months of vismodegib as main-
tenance therapy has been included to investigate whether
its use in the upfront setting can reduce rates of relapse.
Preliminary results for the SHH-MB subgroup have been
presented in abstract form, reporting excellent five-year
event-free survival for low-risk SHH patients without a TP53
mutation upwards of 90%. The data for AYA patients specif-
ically, including the tolerability and efficacy of vismodegib,
has yet to be published. The European Organization for
Research and Treatment of Cancer 1634-BTG/NOA-23 trial is
designed to randomize newly diagnosed medulloblastoma
patients aged 15 or older between standard-dose versus
reduced-dosed craniospinal radiotherapy and SHH-
subgroup patients between the SMO inhibitor sonidegib
and standard chemotherapy with vincristine, lomustine, and
cisplatin.”® The Alliance AMBUSH trial proposed random-
izing patients 18 years or older to 12 months of maintenance
therapy of either an SMO inhibitor or placebo following radi-
ation therapy and chemotherapy.” Unfortunately, the 1634-
BTG/NOA-23 has been suspended due to low patient accrual,
while the development of the Alliance AMBUSH trial has
been discontinued due to lack of sponsor support.Trials such
as these are greatly needed to help guide treatment based
on prospective data that evaluates not only outcomes but
toxicity as well as strategies to increase recruitment and en-
sure ongoing pharmaceutical engagement.

Craniopharyngioma

Craniopharyngioma is a rare WHO grade 1 epithelial tumor
of the CNS commonly arising along the pituitary stalk in
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the suprasellar area with an annual incidence of 0.16 per
100 000 persons.”® It has a bimodal age distribution with an
increased incidence rate in those five to 14 years and 50 to 74
years of age.”” Histologically, craniopharyngioma is divided
into 2 subgroups: adamantinomatous craniopharyngioma
(ACP) and papillary craniopharyngioma (PCP). ACP is found
in both pediatric and adult patients while PCP is principally
a disease of adults. Histologically, ACPs are characterized
by well-differentiated palisading epithelium, stellate re-
ticulum, and wet keratin nodules while PCPs have non-
keratinizing mature squamous epithelium with the absence
of stellate reticulum and wet keratin.”® As well as histolog-
ical differences, the molecular drivers of the 2 subgroups
differ with ACP being driven by alterations in CTNNB1 and
PCP almost exclusively harboring BRAFV600E mutations.”®
While these tumors have traditionally been considered be-
nign, they can cause significant destruction of local struc-
tures which can lead to life-changing endocrinopathy and
neurological sequelae.® While it is likely that the numbers
of AYA patients with craniopharyngioma are small based on
the bimodal distribution, it is important to be mindful of the
features that may suggest a papillary craniopharyngioma
as opposed to an adamantinomatous craniopharyngioma.
With the increased understanding of the molecular under-
pinnings of both ACP and PCP there has been a change in
treatment paradigms with the goal of reducing the poten-
tially devastating long-term neuroendocrine complications.

Given the presence of BRAFV600E mutation in papillary
craniopharyngioma, several case reports and clinical trials
have explored the use of MAPK-pathway inhibitors in pap-
illary craniopharyngioma (PCP) with promising clinical re-
sponses. Brastianos and colleagues published their results
for a single-arm, phase 2 trial utilizing a combination of
cobimetinib and vemurafenib in a small cohort of patients
who had not received prior radiation or systemic therapy.8’
Sixteen patients were enrolled and evaluable with the me-
dian age being 49.5 years (33-83). The study prespecified
that patients would receive definitive therapy with radiation
or surgery after treatment with vemurafenib—cobimetinib
for four cycles (one cycle = 28 days), however a number of
patients continued well beyond four cycles up to 18 months
post commencement on trial after it was deemed they ei-
ther were continuing to benefit from the treatment and/
or if definitive therapy was not recommended or declined
by the patient. The median reduction in tumor volume was
91% with sustained responses at 12 months in 93% of pa-
tients. Additionally, 6/7 patients who received no therapy
after cobimetinib and vemurafenib had no evidence of
progression at a median follow-up time of 23 months sug-
gesting this a promising therapy that can avoid the need
for extensive surgery and radiation therapy. There were a
number of grade 3 side effects, the most frequent being
maculopapular rash in 35%, but generally, the treatment
was well tolerated. Overall, the results of the study demon-
strated that the use of BRAF and MEK inhibition can enable
a less aggressive upfront surgical approach as well as delay
the need for radiation therapy.

While adamantinomatous craniopharyngioma (ACP) tu-
morigenesis is primarily driven by alterations in CTNNB1,
it has recently been found to express several growth fac-
tors in the MAPK pathway suggesting a potential role for
MAPK inhibitors in its treatment.82 There is also preclinical

work demonstrating the role of immune and inflamma-
tory pathways such as PD-1/PD-L1 in its pathogenesis.?384
Considering these findings, several clinical trials have
been developed to explore the use of MAPK-pathway in-
hibitors with and without immune modulators in ACP.
CONNECT2108 is a phase 2 clinical trial run through the
CONNECT consortium exploring the use of the MEK inhib-
itor binimetinib in patients aged up to 25 years with a con-
firmed diagnosis of ACP having either progressive disease
post radiation or having residual or progressive disease
without radiation (NCT05286788). Additionally, the type |l
BRAF inhibitor tovorafenib is being studied both as a single
agent and in combination with nivolumab in patients with
craniopharyngioma up to the age of 39 years in PNOC029
(NCT05465174). It is hoped that by utilizing these agents in
a neoadjuvant fashion prior to surgery, the potential for de-
bilitating neuroendocrine dysfunction could be mitigated.
Further research on the AYA subgroup in craniopharyngioma
will be required to better understand the use of these ther-
apies including their efficacy and toxicity profile.

Conclusion

Molecularly driven targeted therapies have changed
the conventional treatment paradigms of an increasing
number of CNS tumors. AYA patients are a unique popu-
lation that traverses the pediatric-adult divide and often
have tumors driven by molecularly targetable alterations,
underscoring the importance of comprehensive molec-
ular analysis. The toxicity and efficacy of many targeted
therapies have not been clearly defined in the AYA pop-
ulation and warrant attention through access to clinical
trials and comprehensive care in centers with experienced
physicians. Alongside targeted therapy, emerging novel
therapies for CNS tumors including immune checkpoint
inhibitors, CART cells, and vaccines are anticipated to fur-
ther improve the treatment options available for AYA pa-
tients and ultimately provide effective and safe therapies
in the future. Relevant endpoints for AYA-specific clinical
trials will need to consider tumor biology and quality-of-
life measures that may be unique to younger patients.
Collaborative efforts such as prospective multi-institutional
registries of real-world clinical experience with targeted
therapies may supplement the current insights gleaned
from clinical trials in the AYA population. These strategies
will pave the way for lasting and effective therapies to im-
prove outcomes for this vulnerable population.
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