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Innovative treatments for meningiomas

T.Graillon, E.Tabouret, B.Salgues, T.Horowitz, L.Padovani, R.Appay, K.Farah, H.Dufour,

J.Régis, E.Guedj, A.Barlier, O.Chinot

Abstract

Multi-recurrent high-grade meningiomas remain an unmet medical need in neuro-oncology

when iterative surgeries and radiation therapy sessions fail to control tumor growth.

Nevertheless, the last 10 years have been marked by multiple advances in the
comprehension of meningioma tumorigenesis via the discovery of new driver mutations, the
identification of activated intracellular signaling pathways, and DNA methylation analyses,

providing multiple potential therapeutic targets.

Today, Anti-VEGF and mTOR inhibitors are the most used and probably the most active drugs

in aggressive meningiomas.

Peptide radioactive radiation therapy aims to target SSTR2A receptors, which are strongly
expressed in meningiomas, but have an insufficient effect in most aggressive meningiomas,

requiring the development of new techniques to increase the dose applied to the tumor.

Based on the multiple potential intracellular targets, multiple targeted therapy clinical trials
targeting Pi3K-Akt-mTOR and MAP kinase pathways as well as cell cycle and particularly,

cyclin D4-6 are ongoing. Recently discovered driver mutations, SMO, Akt, and PI3KCA, offer



new targets but are mostly observed in benign meningiomas, limiting their clinical relevance
mainly to rare aggressive skull base meningiomas. Therefore, NF2 mutation remains the
most frequent mutation and main challenging target in high-grade meningioma. Recently,
inhibitors of focal adhesion kinase (FAK), which is involved in tumor cell adhesion, were
tested in a phase 2 clinical trial with interesting but insufficient activity. The Hippo pathway
was demonstrated to interact with NF2/Merlin and could be a promising target in NF2-
mutated meningiomas with ongoing multiple preclinical studies and a phase 1 clinical trial.
Recent advances in immune landscape comprehension led to the proposal of the use of
immunotherapy in meningiomas. Except in rare cases of MSH2/6 mutation or high tumor
mass burden, the activity of PD-1 inhibitors remains limited; however, its combination with
various radiation therapy modalities is particularly promising. On the whole, therapeutic
management of high-grade meningiomas is still challenging even with multiple promising

therapeutic targets and innovations.
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1. Introduction

Meningiomas are the most frequent intracranial tumor in adults [1]. Meningiomas are more
frequent in females with an M/F ratio of 2/1 or 3/1 but are more aggressive in males.
Malignant meningiomas are rare, in contrast, WHO grade 2 meningiomas represent 10%—
20% of operated meningiomas with a time increasing ratio WHO grade2/WHO grade 1 [2-5].
Meningiomas arise from arachnoid cap cells and therefore can occur in various locations: the
convexity, in the parasagittal area invading venous sinuses, in the skull base, the posterior
fossa, and spinal location. Metastasis remains rare even in high grades, but their occurrence

leads to redefine therapeutic strategy.

According to the 2021 WHO classification, the current reference treatment for meningiomas
is surgical removal for growing or symptomatic tumors; however, in the case of non-
symptomatic and non-growing tumors, observation is only recommended. Regarding other
local therapies, radiosurgery or stereotactic radiation therapy could be alternatives for
growing volume-limited tumors. The very long-term, high safety and efficacy of stereotactic
radiosurgery (SRS) for skull base meningiomas as well as the long-term tumor control of
small or middle-sized meningiomas has been well demonstrated.[6, 7]. Radiosurgery has
been shown to be especially safe in meningiomas enclosed in the cavernous sinus and those
of the petroclival area [8-11]. Complementary radiation therapy after surgical resection is
indicated in WHO grade 3 meningioma, WHO grade 2 meningioma with a postoperative

residue, or WHO grade 1 meningioma with a growing residue.

Nevertheless, when multiple surgeries and radiation therapy sessions fail to control tumor

growth, no standard treatment are retained. Therefore, multi-recurrent high-grade



meningiomas or those that are non-accessible to surgery such as invasive skull base

meningiomas remain an unmet medical need.

In the last 10 years, multiple and major advances have been performed in understanding
meningioma tumorigenesis. The discovery of multiple driver mutations, DNA methylation
studies, activation of intracellular signaling pathways, and more recently, immune landscape
description, revealed multiple potential therapeutic targets and opened promising

therapeutic perspectives.

The aim of this review is to provide an update on current and future innovative treatments

for meningiomas.

2. Recent advances in understanding meningioma tumorigenesis and their clinical
implications

2.1. 2021 WHO classification: What is new?

According to the 2021 WHO Classification of Tumors of the Central Nervous System (CNS), the
morphological spectrum of meningiomas is now considered as a single tumor type with 15
subtypes [12].

For each tumor type, this last classification introduced the essential criteria (their absence
excludes the diagnosis) and the desirable criteria (not mandatory but supporting the
diagnosis). Regarding meningiomas, the main criteria are based on classical histopathological
features according to the different meningioma subtypes or on suggestive histopathological
features associated with molecular markers, such as NF2, TRAF7, AKT1, KLF4, SMO, PIK3CA
alterations, and SMARCE1 mutation in clear cell meningiomas [13]; BAP1 mutation in
rhabdoid and papillary meningiomas [14, 15]; or a DNA methylation class of meningioma. On

the other hand, desirable criteria include meningeal localization, evidence of EMA and SSTR2A



protein expression with immunohistochemistry, or classic copy number alterations such as
monosomy 22 or losses of 1p, 6, 10q, 14q, or 18.

Concerning the tumor grading in the 2021 WHO CNS classification, Arabic numerals are now
used (instead of the previously used Roman numerals) and grades are defined within tumor
types (instead of associating them with a tumor type). Accordingly, the grading criteria
defining atypical (grade 2) or anaplastic (grade 3) meningiomas are applied across all
meningioma subtypes, apart from the chordoid and clear cell subtypes, which are grade 2
considering their reported higher likelihood of recurrence. On the other hand, a grade 3
should no longer be assigned to the rhabdoid and papillary subtypes without any other criteria
of malignancy [16].

The histopathological criteria for grading meningiomas remain unchanged; the latter include
the number of mitotic figures in 10 consecutive high-power field of each 0.16 mm? (at least
2.5/mm?), unequivocal brain invasion, increased cellularity, small cells with high nucleus-to-
cytoplasmic ratio, prominent nucleoli, patternless growth, foci of spontaneous necrosis, or
frank anaplasia. However, as with gliomas, two molecular markers have also been introduced
for assigning meningiomas to grade 3: the presence of a TERT promoter mutation and/or a

homozygous deletion of CDKN2A [17, 18].

2.2, Genomic mutational landscape

In the last 10 years, multiple new driver mutations have been identified in meningiomas.
NF2 mutation or 22q chromosomal deletion remain the most frequent genomic alterations,
particularly in high-grade meningiomas (40% in WHO grade 1 vs. 80% in WHO grades 2 and

3) [19].



Recently, an interesting parallelism was highlighted between meningeal embryology and
tumorigenesis: driver mutations and their activated molecular pathways were demonstrated
to be related to embryological cell origin and therefore, tumor location [20-22]. For instance,
the mutations of SMO and SUFU genes involved in the Sonic Hedgehog signaling pathway
are mostly observed in the anterior medial line skull base meningioma, while POLR2A was
observed in suprasellar meningiomas. TRAF7 mutations are mostly observed in the anterior
and the medial skull base tumors. Association of the TRAF7 and KLF4 mutations leads to the
angiomatous subtype. In contrast, NF2 is mostly involved in convexity and parasagittal
meningiomas, such as posterior fossa and spinal meningiomas. Recent potentially targetable
BAP-1 and CDKN2A mutations have been identified in rhabdoid subtypes and spinal

meningiomas for BAP-1 and in aggressive meningiomas for CDKN2A [15, 17].

TRAF7, PI3KCA, AKT1, POLR2A, and SMO mutations are mostly observed in benign WHO
grade 1 meningiomas. Consequently, despite their putative targeting, the clinical and

therapeutic interests of these mutations remain limited.

Approximately 2.5% of meningiomas have a high mutation level, some of which are
associated with the loss of function in mismatch repair (MMR) genes (MSH2/MSH®6 ) or
MMR-related genes (SETD2 or POLE), which are involved in only a few meningiomas but all
with aggressive phenotypes. This genotype, even if rare, could highly impact clinical

management suggesting to propose immunotherapy [23].

2.3. Methylation study

Sahm et al. recently highlighted methylation studies for prognostic classifications of
meningiomas [24, 25]. Methylome profiling determined different classes improving the

prediction in the risk of recurrence and aggressive course. Mutations such as those in the



PI3KCA, AKT1, and TRAF7 genes were found in class 1 with a low rate of recurrence. However,
the methylation classification could reclassify some WHO grade 1 meningiomas as aggressive
meningiomas and conversely reclassify aggressive meningiomas as benign meningiomas.
More recently, Choudhury et al. determined 3 different classes based on methylation profiling
integrating genomic, transcriptomic data, and single cell RNA sequencing with co-culture
organoids studies. Class 1 includes the NF2/Merlin intact meningiomas, with the best
outcome; class 2 includes meningiomas with immune cell enrichment; and class 3 includes
“hypermitotic” meningiomas with a higher rate of NF2 genomic alterations [26]. The
development of DNA methylation analysis in clinical practice remains limited to centers that
have access to this technology and for which cost is not an issue but may help physicians in
their management and decision regarding postoperative management of meningiomas
although not yet included in the 2021 WHO CNS classification.

2.4. Targeted intracellular signaling pathways

Today, the Pi3K-Akt-mTOR pathway remains the main intracellular pathway for therapeutic
targeting in meningioma. Its hyperactivation was identified many years ago [27-29]. We
developed an in vitro model of a meningioma primary cell culture from surgically removed
meningiomas and demonstrated that the mTOR targeting was relevant in meningiomas by
decreasing cell viability and proliferation [30]. Nevertheless, mTOR inhibition was
demonstrated to induce positive feedback on Akt phosphorylation, which could limit mTOR
inhibitor efficacy. In inhibiting the Pi3K-Akt-mTOR pathway, the somatostatin agonists
reversed the positive feedback on Akt phosphorylation induced by mTOR inhibitors,
highlighting the relevance of a co-targeting strategy using somatostatin agonists and mTOR
inhibitors [30, 31]. While mTOR inhibitors did not trigger apoptosis in our in vitro model, Pi3K

inhibitors, which target upstream mTOR, led to cell apoptosis in approximately 40 % of



meningiomas without Akt activation [32]. PI3K-Akt-mTOR pathway interacts strongly with
GSK3, a ubiquitous protein kinase involved in apoptosis and expressed in meningiomas,

representing a potential therapeutic target [33].

The MAP kinase pathway is also a relevant target in meningiomas. This pathway was
demonstrated to be tightly more activated in low-grade meningiomas. In vitro, MEK
inhibition decreased meningioma cell proliferation [32, 34, 35]. Nevertheless, the clinical

relevance of targeting the MAP kinase pathway in meningiomas remains to be assessed.

The hedgehog pathway could also be involved in meningioma tumorigenesis, particularly in
anterior skull base and olfactory meningiomas. SMO mutations were found in 3%—5 % of
meningiomas [20, 21]. SMO gene mutation coding for a 7-transmembrane receptor impacts
the SHH pathway activation. Even when benign, these SMO-mutated tumors could be
associated with a higher rate of recurrence compared with meningiomas with other mutated

genes, such as AKT1 [20].

The main genetic alterations remain on the NF2 gene encoding the Merlin protein, a
putative target particularly for aggressive meningiomas. Merlin has multiple roles including
involvement in cell—cell adhesion and cell contact inhibition through focal adhesion kinase
(FAK)-Src signaling. FAK is a non-tyrosine kinase receptor likely overexpressed in cancer,
which interacts with integrins and downstream target proteins leading to tumor cell
adhesion and tumor angiogenesis, promoting tumor growth, tumor invasion, and tumor
ability to metastasize [36]. The Merlin-negative cells from the mesothelium were greatly
dependent on extracellular matrix adhesion induced by FAK signaling for proliferation and

apoptosis resistance and consequently are sensitive to FAK inhibition. FAK inhibitors are able



to decrease in vitro cell proliferation and mesothelium xenograft growth [37] and may

represent a relevant treatment in Merlin-negative meningioma.

The loss of CDKN2A and CDKN2B on chromosome 9p increased the risk of recurrence with a
poor outcome, classifying these tumors as WHO grade 3 [17]. In their study, Choudhury et al.
suggested the use of cytostatic cell cycle inhibitors for such tumors. More specifically, they
demonstrated that CDK4/6 inhibitors were able to block cell proliferation of in vitro models

of co-culture organoids as well as xenograft growth [26].

Recently, NF2 was shown to interact with the Hippo pathway in activating LATS1/2
phosphorylation [38]. Therefore, targeting the Hippo pathway in meningiomas is of interest,
particularly in those with NF2 mutations [39-41]. Data on mesothelioma bearing NF2

alterations exist [42], but data on meningiomas with NF2 alterations remain scarce.

SSTR2A receptors are strongly expressed in meningiomas at the same level in benign or
aggressive and recurrent tumors [43-47]; however, the role of its high expression remains to
be clarified. The mechanism of SSTR2A in controlling cell proliferation involves, at least
partially, the Pi3K-Akt-mTOR pathway inhibition [43]. Octreotide treatment targeting SSTR2A
decreased meningioma cell proliferation in vitro, but the clinical impact remains limited,
particularly in aggressive meningiomas [43, 48]. Nevertheless, SSTR2A is certainly a
therapeutic target for somatostatin agonists, largely used in clinical practice in
neuroendocrine tumors. Beyond being therapeutic targets, SSTR2A are particularly useful
targets for molecular imaging at diagnosis, as illustrated by OctreoScan®© scintigraphy and
more recently, positron emission tomography (PET) with ®8Gallium-DOTA-conjugated SSTR2A
analogs such as ®3Ga-DOTATOC. Such molecular imaging techniques are helpful in diagnosis,

for instance, to precise tumor histology as in optic nerve meningiomas, or to help in tumor



delineation in the preoperative planning or in the radiation therapy dosimetry planning [49].
In Nuclear Medicine, SSTR2A analogs can be coupled with a powerful radioactive element for
therapy instead of ®8Gallium used for imaging. Considering that approximately 10% of
meningiomas harbor a low or lack SSTR2A expression, such expression should be considered
for PET DOTATOC interpretation and could limit the use of metabolic radiation therapy in

such patients.

Other types of somatostatinergic receptors, SSTR1-5, are also expressed in 30%—40% of
meningiomas [31]. The somatostatin agonist, pasireotide, targets not only SSTR2A but also
SSTR1 and SSTR5. Previously, we have demonstrated that pasireotide was more effective on
primary meningioma cells in vitro compared with octreotide to decrease cell proliferation

[31]. However, its relevance in clinical practice remains uncertain [50].

Dopamine D2 receptors (D2DRs), which are used in the treatment of prolactinoma, for
instance, were found to be expressed in most meningiomas [51-53], but this was not
confirmed in D2 binding experiments [54], and clinical relevance remains uncertain.
However, in vitro, bromocriptine, a dopamine agonist, decreases cell proliferation of
meningiomas [55]. In addition, a clinical case where meningioma growth was controlled by

cabergoline was reported [56].

2.5. Immune landscape

Recently, many advances have been performed in the comprehension of the dura CNS
immunosurveillance role. Wang et al. observed a large pattern of immune and non-immune
cells with specific immune microenvironments both in the non-tumoral dura and in
meningiomas [57]. The immune landscape was demonstrated to be different in skull base

versus convexity meningiomas, with a higher rate of T-cells in the former versus a higher rate



of mast cells and neutrophils in the latter [58]. According to their methylation profile,
Choudhury et al. described a group of meningiomas characterized by immune cell
enrichment, including T-cells enrichment, as revealed by immunocytochemistry analyses.
This group was named “immune-enriched meningiomas” (38%), and was mostly NF2-
mutated with a worst outcome, suggesting a relationship between peritumoral immune

response and tumor progression [26].

One case each of abscopal effect and long-term remission after nivolumab treatment in a
patient with multi-recurrent high-grade meningioma suggest the relevance of
immunotherapy in meningioma therapy [23, 59]. Nevertheless, the immune landscape, as in
the role of the different immune cells and their interactions with meningioma and lymphatic
vessels, remain poorly understood. PD-1 and PD-L1 expression seems stronger in aggressive
meningiomas compared with those in benign meningiomas [60]. Other checkpoint inhibitors
targets are expressed in meningiomas as PD-L2, which seems more expressed in
meningiomas than PD-L1 [61]. B7-H3 and CTLA-4 are also expressed, suggesting immune

checkpoints targeting relevance [58].

2.6. Progestin-related meningiomas

Progestin and 3 drugs in particular (acetate of cyproterone, acetate of chlormadinone, and
acetate of nomegestrol) have been involved in meningioma tumorigenesis and growth [62,
63]. Involvement of other progestins should be suspected on a case-by-case basis as
pregnancy could be associated with meningioma growth. The mechanism leading to
meningioma tumorigenesis remains uncertain. These meningiomas were demonstrated to
harbor a high level of progesterone receptors expression [63]. Peyre et al. observed a high

rate of PI3KCA mutation (approximately 35% vs. 3% in sporadic meningiomas) and in



contrast a low rate of NF2 mutation (7.5% vs. 32% in sporadic meningiomas)) [64].
Interestingly, the prognosis of these progestin-related meningiomas remains favorable after

progestin discontinuation leading to volume decrease or stabilization in most cases.

3. Historical treatments and their poor antitumoral activity

For many years, multiple clinical trials have been performed with various drugs and
chemotherapy in aggressive meningiomas. Unfortunately, most of these trials led to poor
results and highlighted the lack of antitumoral activity of various drugs, such as mifepristone
(RU486), trabectedin, alkylating agent temozolomide, PDGF-R inhibitor imatinib, and EGFR
inhibitors (erlotinib and gefitinib) [65-68]. Two drugs, hydroxyurea and octreotide (SSTR2A
agonist), could be associated with limited but real activity, although their effects are clearly
insufficient in aggressive meningiomas [69-75]. Nevertheless, these drugs could be an
alternative in non-operable patients with altered medical status to slow down tumor growth

[76].

One of the main problems related to aggressive meningioma research is the low frequency
of the disease, the lack of control treatment, and the heterogeneity of the tumors and
treated patients, leading to difficulties in setting up clinical trials as well as in the analysis of
results with different PFS6 for the same drug. Only two randomized clinical trials were
performed and have confirmed the lack of activity of megestrol acetate and more recently,

the antisarcomatous agent, trabectedin [67, 77].

4. New currently available therapies for high-grade multi-recurrent meningiomas,

ongoing clinical trials and future perspectives

4.1. Radiation therapy

4.1.1. What is new on meningiomas?



Radiation therapy is currently the reference treatment in aggressive meningiomas
complementary to surgery for all WHO grade 3 meningiomas and WHO grade 2
meningiomas with postoperative residue [78]. One question remains: how do we better
determine the radiation therapy role in WHO grade 2 meningiomas? Systematically in
postoperative period or at recurrence? Current trials with radiation therapy in WHO grade 2
meningiomas are ongoing, but more than the benefit of radiation therapy on recurrence, the
main challenge to determine patients who need radiation therapy remains [79, 80].
ROAM/EORTC 1308, ISRCTN71502099 Therefore, determination of the risk factors for
meningioma recurrence needs to be improved. PET of SSTR ligands could also be proposed
to improve the quality of the surgical resection assessment and improve the Simpson scale
grading [81]. By identifying postoperative residues, PET may help to determine
complementary radiation therapy indication [49]. Keeping in mind the limited spatial
resolution of PET (a few millimeters), residues that are less than 1 or 2mm will not be
visualized on PET imaging [82]. Moreover, SSTR2A expression should be analyzed on surgical
removed tumor and should be considered for PET DOTATOC interpretation (false negative in
PET in case of a low or absent SSTR2A expression).

As in all intracranial tumors, intensity modulation radiotherapy (IMRT) including imagery
guided radiation therapy becomes the preferred technique to increase conformal treatment

and decrease the high dose delivered on the “out-of-field” healthy tissues.

In parallel, the emergence of intracranial stereotactic radiation therapy improves the possibility
of reirradiation in meningiomas, which may help in tumor control [83]. These techniques allow
delivering very high doses per fraction on the target while sparing the peritumoral tissues. It is

also possible to deliver different schedules with different numbers of fractions and different



interfraction times according to the patient’s history, the volume of the target, and the
proximity of organ at risk. Compared with single fraction treatment, hypofractionated
radiotherapy delivering 5 fractions has been reported to decrease complication rates, such as

leukoencephalopathy, local toxicity with edema, and epilepsy [84].

Recently, the development of PET DOTATOC could also help to better delineate meningioma,
[49] decreasing unnecessary dose levels on clinical target volume (defined as infraclinic
involvement) or improving determination of tumor extension and invasiveness for instance

in “en plaques” meningiomas.

4.1.2. Proton beam therapy: Indications, interest and limitations, and current

knowledge

Proton beam therapy present multiple advantages versus classical radiation therapy, which
includes providing a lower Gamma particle course in the tissue, and is particularly adapted for
skull base lesions [85-87]. Multi-recurrent high-grade meningioma requires multiple iterative
radiation therapy sessions in an aleatory time frame. In these situations, proton beam therapy
may help in decreasing radiation dose to the healthy tissue while applying a higher dose to the
tumor. Nevertheless, literature data is currently limited to assessing its activity and adverse
events, particularly the risk of radionecrosis, which remains difficult to predict. Larger trials are
required to better determine the indications and efficacy of proton beam therapy versus

conventional radiation therapy.

4.1.3. Radiosurgery: the latest advancements



In recent years, a number of technical and conceptual changes have occurred. The Perfexion
Gamma Knife generation is allowing the treatment of meningiomas located as low as C4 [88].
These new generation machines, fully robotized, have dramatically reduced treatment time. PET
DOTATOC is performed frequently before SRS when there is a dilemma on the histological nature.
Mask fixation enables the treatment of patients with small meningiomas in spite of large
craniotomies but frame are remaining a standard considering meningiomas which are complex
and located in critical areas [89]. In large skull base tumors, combined approaches with upfront
partial resection followed by SRS is a strategy largely practiced [90]. In skull base meningiomas
encasing the optic pathways, hypofractionated radiosurgery (stereotactic radiotherapy) is
currently still under evaluation [91-93], although there is no clear evidence in terms of the
reduction of the visual risk thanks to fractionation. Radiosurgery has indisputably dramatically

changed the safety efficacy of modern neurosurgical management of meningiomas.

4.1.4. Radiation therapy and Radiosurgery in Meningiomas: What about the future?
Dose of radiotherapy
Due to the lack of phase Il data, one of the main unknowns in meningioma radiotherapy is
the recommended dose level. The molecular alterations, which were recently reported to be
associated with the risk of recurrence, could be useful to adapt the dose and guide the
radiotherapy. In addition, new technologies are currently available for meningioma
treatment with ionizing radiation. Moreover, IMRT treatment using IRM-Linac could provide
adaptive radiation therapy to reduce the dose to the healthy tissues and to optimize the
dose to the target volume. Monitoring by multiple MRIs during the course of treatment
could be one of the future modalities to improve and adapt the necessary dose.

Different radiotherapy modalities



Future treatments could also combine different radiation therapy modalities as external and
metabolic radiotherapy for radio-resistant tumor and/or for re-treatment [94].

The carbon ion radiotherapy is one of the future modalities for the treatment of recurrent or
aggressive meningiomas allowing an increase in the dose delivered to the target volume

while sparing the organ at risk. Phase Il clinical trials are ongoing (NCT01166321).

The emergence of a new type of radiotherapy, flash radiotherapy, could be the next tool for
preoperative reirradiation in delivering a very high dose with a very fast debit. These
techniques are still in preclinical research but future phases | and Il will soon be started for
extra nervous system tumors.

4.2, Peptide receptor radionuclide therapy

4.2.1. Current knowledge
Peptide receptor radionuclide therapy (PRRT) relies on the administration of radioactive drugs
that target specific receptors. As octreotide-everolimus combination, PPRT was first
developed to treat neuroendocrine tumors (NETs). In NETs, the injected drug targets SSTR2A,
and is bound to a radioactive agent, most often lutetium-177. PRRT is currently used in clinical
practice to treat NETs, after several studies proving its effectiveness [95]. Interestingly,
meningiomas strongly express SSTR2A regardless of the WHO grade [43, 45-47], and similar
dose protocols were applied for progressive refractory meningiomas i.e., without further

surgical or external radiotherapy treatment options.

PRRT obviously requests high tumor SSTR2A expression on pre-therapy PET DOTATOC imaging
(similar or higher than hepatic uptake). In our experience, PRRT was rarely contraindicated
because of insufficient PET DOTATOC uptake. Several retrospective studies and trials have
been performed to analyze PRRT efficacy in meningiomas [96-104]. Data analysis remains

complex; however, it was clear that PFS6 at 6 months is close to 0%, highlighting an insufficient


https://clinicaltrials.gov/ct2/show/NCT01166321

activity in WHO grade 3 meningiomas [105]. In contrast, in WHO grade 2 meningiomas with
reasonable growth rate, PRRT seems to be of interest. In France, 1”’Lu-DOTATATE (Lutathera®,
Novartis, Switzerland) is mostly used PRRT to treat meningiomas (. Currently, the protocol is
limited to 4 cycles of 7.4 GBq of Lutathera® every 8 weeks because of potential hematological
toxicity. Myelodysplastic syndrome (MDS) or acute leukemia (AL) have been observed after
treatment and occur in an average of 30 and 60 months, respectively, after the first cycle. Both
are difficult to predict but certain risk factors have been identified that may increase the
likelihood of developing hematotoxicity, such as age or previous systemic therapy. Today, the
selection of PPRT indications should therefore integrate the risk of MDS and AL and the
treatment of young patients with benign meningiomas and who likely have long-term survival

should be avoided. More safety data are needed.

4.2.2. PRRT: Future perspectives and ongoing clinical trials.

Two clinical trials (NCT03971461 and NCT04082520) are ongoing to evaluate PRRT in
refractory meningiomas and will help determine the PRRT antitumoral activity and therefore

the best clinical indications.

Another clinical trial (NCT05278208) in pediatric and young adult patients will soon be
evaluating the safety and efficacy of ”’Lu-DOTATATE in progressive or recurrent high-grade
CNS tumors and meningiomas. These data should help determine the safety of offering PRRT

to young patients with NF2-related multiple meningioma.

PRRT targeting SSTR2A remains particularly of interest in meningiomas but drug radioactivity
and cell toxicity needs to be stronger in order to accomplish cell apoptosis. In future
perspective, higher doses of Lutathera® could be considered particularly for the most

aggressive meningiomas, but limiting factors are present, such as cytopenia and renal toxicity.



As previously mentioned, PRRT in combination with external radiation therapy could be an

option to increase the applied dose to the tumor [94].

Targeted alpha particle therapy has emerged as an alternative for PRRT to beta emitters such
as lutetium-177. The use of alpha emitters for cancer treatment has two advantages over beta
emitter PRRT: a short range of alpha particles sparing surrounding healthy tissue, and a higher
linear energy transfer to break DNA double strand.
Another promising approach is the use of a radiosensitizing agent in combination with PRRT.
Both approaches could be a very interesting prospect for meningiomas, but published data on

their safety and efficacy are still limited.

4.3. Targeted therapy

4.3.1. Current active drugs

Today, anti-VEGF and mTOR inhibitors are the most used drugs in clinical practices for multi-
recurrent high-grade meningiomas in case of surgery and radiation therapy failure with a
progressing tumor and despite the lack of strong literature evidence (Table 1). Bevacizumab
and octreotide-everolimus combination are currently the most prescribed drugs in France

for aggressive meningiomas [106].

Anti-VEGF drugs (bevacizumab and sunitinib) are currently largely prescribed, providing
variable PFS6 but seem to improve PFS6 [106-110]. Moreover, these anti-VEGF drugs could
be helpful in case of tumor-associated radionecrosis phenomenon, which is classical after
multiple sessions of radiation therapy [111]. Anti-VEGF agents are currently the most active

drugs in very aggressive WHO grade 3 meningiomas. Adverse events are now well-known.



Brain hemorrhages were reported as adverse events under sunitinib and bevacizumab [108,

109].

Recently, we demonstrated that the combination of mTOR inhibitor everolimus and the
somatostatin agonist octreotide was active in aggressive meningiomas. This drug
combination was initially set up for neuroendocrine tumors, then tested in meningiomas. It
was found that this co-targeting therapy decreased in vitro meningioma cell viability and
proliferation, but also clinically, via the CEVOREM clinical trial, has been shown to improve
the PFS6 and induce a tumor stabilization/growth rate slowdown [30, 112, 113]. Twenty
patients were included in the study and the drug combination was well-tolerated. PFS6 was
at 55%; the response, as defined by the RANO criteria, was rare, but tumor volume growth
rate stabilization was observed in 75% of tumors. Everolimus and bevacizumab were
combined in 5, 7, and 4 WHO grades 1, 2, and 3 meningiomas, respectively, providing an
interesting PFS6 at 69% [114]. Nevertheless, the interest to combine both drugs remains

uncertain despite acceptable clinical tolerance.

The recently discovered mutations, AKT1, SMO, and PI3KCA are potentially targetable.
Nevertheless, literature data on these targeted therapies in meningiomas are scarce,
confirming that these mutations, which are mostly observed in low-grade meningiomas,
have a limited clinical impact. Nevertheless, tumor genomic analysis should be
recommended in aggressive meningioma, particularly when arising from the skull base

because a case-by-case tailored targeted therapy could provide a clinical benefit [115].

4.3.2. How to improve drug activity assessment ?

Drug activity assessment remains difficult in meningiomas because of the rarity of clinical

trials, particularly randomized clinical trials, patient population heterogeneity (3 different



WHO grades with various aggressiveness patterns, growth rates, and heterogeneity of
genomic profiling), and the lack of drug response. PFS6, which is based on the Mac Donald or
RANO criteria, remains the most consensual criteria to assess drug activity in meningioma.
Kaley et al. determined PFS6 thresholds, which are useful in setting up clinical trials or in the
analysis of a retrospective series [116]. To improve the drug response assessment and the
drug activity analysis, we recently proposed a drug response classification based on 3D
volume enlarging the definition of response (as a decrease in volume 225%) compared with
the RANO criteria (decrease in surface 250% for partial response) [112, 117]. We defined
tumor stabilization as a growth rate of <10%/6 months and a lack of response. We
introduced the notion of growth rate slowdown in an aggressive meningioma with a high
growth rate (230%/6months), which is severely decreased under treatment (10% < growth
rate < 30%/6 months). The antitumoral activity is not enough to get stabilization but
probably remains of benefit for the patient given the lack of alternative treatment. This may
help in appreciating drug activity better as well as compare drug activity. The added value of

this classification needs to be confirmed and validated in further studies.

4.3.3. Targeted therapies: ongoing clinical trials and future perspectives

Multiple clinical trials are ongoing, targeting receptors and numerous transduction signal

effectors or cell cycle proteins (Table 2).

In France, the ongoing ALTREM phase 1 clinical trial aims to test the safety of the
combination of PI3KCA inhibitor, alpelisib with the ERK inhibitor, trametinib. Both pathways
were demonstrated to be hyperactivated in meningioma, and their inhibition in vitro
decreased cell proliferation and promoted apoptosis [32]. Another MEK 1/2 inhibitor,

selumetinib is under investigation in a phase 2 study.



Anti-VEGF drug bevacizumab is currently the most used drug worldwide in aggressive
meningiomas. Other tyrosine kinase drugs are currently under investigation. Anti-VEGF drugs
vatalanib and sunitinib were previously tested, with PFS6 at 64% and 37.5% in WHO grade 2
and grade 3 meningiomas, respectively, under Vatalanib, and 42% in WHO grades 2-3 under
sunitinib, showing probable antitumoral activities (Table 1) [109, 118]. VEGFR-2 inhibitor
apatinib and other tyrosine kinase inhibitors such as dasatinib and afatinib are currently

investigated in ongoing trials.

MTOR currently appears as one of the most relevant targets in meningiomas. Clinical trials
testing the dual inhibitor of mMTORC1-mTORC2, vistusertib are currently ongoing
(NCT03071874 and NCT02831257) and will probably help to better define and predict the
activity of mTOR inhibitors in meningiomas. PI3K and Akt could also be targeted. GSK3,

which interacts with the Pi3K-Akt-mTOR pathway, could be targeted by 9-ING-41.

Tailored targeted therapies based on tumor mutations are promising perspectives in
meningioma even though NF2 remains the most frequent genomic alteration to target.
Umbrella trials are currently ongoing targeting various mutations, such as SMO mutation
with SMO inhibitor vismodegib, Akt mutation with AKT inhibitor capivasertib, CDKN2A
alterations with CDK4/6 inhibitors, and NF2 mutations with FAK inhibitor GSK2256098. FAK
inhibitor trial results highlight a PFS6 at 83% in 12 NF2-mutated WHO grade 1 meningiomas

and a PFS6 at 33% in 24 NF2-mutated WHO grade 2—-3 meningiomas [119].

Recent studies strongly suggest to target cell cycle proteins in most aggressive meningiomas
named “hypermitotic” by Choudhury et al. [26, 120]. Trials with CDK4/6 inhibitors, ribociclib

and abemaciclib are ongoing [121]. The best indications remain to be defined.



Moreover, the most effective combinations of targeted therapies need to be determined for

a stronger and synergic antitumoral effect and optimizing drugs tolerance.

Dopamine receptor D2DR is variously expressed in meningioma [51, 52]. The impact of D2DR
activation on meningioma proliferation remains unknown. A phase 1 clinical trial targeting

D2DR with ONC 206 is ongoing.

In 2023, the challenge remains to find out the most effective combinations among all these
targeted therapies to obtain the stronger antitumoral effect activity with a clinically

acceptable drug tolerance thanks to the synergistic effect of the combined drugs.

4.3.4. How to target NF2 mutation ?

NF2 remains the most frequent driver mutation in aggressive meningiomas [19]. Targeting
Merlin and its interactors is one of the most important challenges in meningioma
therapeutics research. NF2 mutation was demonstrated to be related to mTOR activation in
meningiomas suggesting targeting the mTOR pathway [27]. FAK inhibitors are currently
tested in NF2-mutated meningiomas. FAK inhibitors (GSK2256098) aim to inhibit cell
progression and mobility, induced by the lack of Merlin as previously mentioned [119]. The
Hippo pathway could also be an interesting pathway to be targeted in meningioma. NF2
interacts through LATS phosphorylation with the Hippo pathway; YAP1 was demonstrated to
be highly expressed in meningiomas, showing YAP-TEAD complex inhibitors as a putative
relevant therapy [40]. Previous studies on NF2-mutated mesotheliomas in vitro are
promising [42]. Some in vitro data showed the effect of the YAP/TEAD complex inhibitor in
meningioma cell lines [39]. Currently, a phase 1 study testing IAG933 on NF2-mutated

tumors as meningiomas is ongoing (NCT04857372).

4.4. Immunotherapy



Despite the important recent advances to understand the immune landscape of

meningioma, clinical applications remain limited but promising.

Dunn et al. reported a long-term remission in a patient with a recurrent high-grade
meningioma under nivolumab. His tumor harbored an MSH2 mutation leading to a high
tumor mutational burden (TMB) particularly relevant for immunotherapy [23]. Another
patient with high TMB presented a long-term PFS reinforcing the use of TMB to predict
immunotherapy activity in meningiomas. In this trial, other patients treated with nivolumab
presented a poor outcome with a lack of efficacy of nivolumab [122]. Another anti-PD-1
drug, pembrolizumab, was tested in high-grade meningiomas (3 WHO grade 3 meningiomas
and 23 WHO grade 2 meningiomas) in a phase 2 clinical trial. Among the 26 patients
included, 15 harbored a progressive disease and 11 a postoperative residual tumor [123].
PFS6 was at 48%. Tumor growth rate was stabilized in 6/15 progressive patients with stable
disease with a lack of response based on the RANO criteria. No obvious benefit of previous
RT was observed. Correlation with PD-L1 expression was not observed. In contrast, the
results were interesting in extracranial disease extension [123]. One perspective to improve
immunotherapy efficacy is to increase TMB. Concomitant or prevalent radiation therapy

could be a promising option to increase TMB and improve immunotherapy activity.

Therefore, based on the lack of antitumoral activity of Anti-PD-1 agents alone, multiple trials
are currently testing the combination of different radiation therapy modalities (proton beam
therapy, radiosurgery, and conventional RT) with various immunotherapy drugs, including
pembrolizumab (anti-PD-1) and nivolumab (anti-PD-1) alone or in association with

ipilimumab (anti-CTLA4). CTLA-4 was shown to be expressed in meningiomas [58]. It will be



of great interest to analyze the results of these studies and determine the benefit brought

about by the combination with immunotherapy versus radiation therapy alone.

At a longer term, CAR T-cell therapy may offer a promising perspective in meningioma [124].
Furthermore, a better knowledge of meningioma immune landscape will probably help to

determine the best immune target and therefore the best therapeutic strategy.

4.5. Surgical improvement and innovations

Unfortunately, surgical advances in the last 20 years are not multiple and major. The
development of neuronavigation techniques, which could be implemented with TEP
DOTATOC, with intraoperative CT scan or MRI may improve the quality of resection and
safety but does not really modify the limits of the surgery, particularly in aggressive and/or
invasive meningiomas. An imaging agent inducing fluorescence, 5-Aminolevulinic Acid (ALA)
Gleolan TM is currently tested in a phase 3 study in the surgical resection of meningioma
(NCT 04305470). Despite a reported benefit in improving glioblastoma removal, 5-ALA

interest in meningioma remains unknown [125] .

Different studies have been performed with brachytherapy and variable results.
Brachytherapy is performed by applying radioactive agent in situ in the operative bed during
the surgery to avoid meningioma local recurrence. lodine 125, which is first used, is replaced
today by Cesium 131.The concept of brachytherapy seems particularly relevant in
parasagittal meningioma with suspected superior longitudinal sinus invasion [126]. The main
problem is the difficulty to analyze the results of such studies given the lack of reliable
control. Complication rates seem to be high, particularly the risk of local infection and
radionecrosis with in contrast an uncertain antitumoral activity [127, 128]. Nevertheless, in

parasagittal area meningioma with superior longitudinal sinus invasion and lack of distant



tumor extension, the concept of brachytherapy remains relevant and deserves further

studies.

5. Conclusions

Today, surgery remains the reference treatment for most meningiomas. Therapeutic
management of multi-recurrent high-grade meningiomas is still particularly challenging.
Bevacizumab and everolimus—octreotide combination are currently the most used and
probably the most active drugs with a proved but insufficient antitumoral activity. PRRT is a
very promising concept for meningiomas given the strong SSTR2A expression even in high-
grade meningiomas. Nevertheless, current PRRT does not provide sufficient antitumoral
activity for most aggressive meningiomas. PRRT protocols to increase the dose applied to the
tumors while maintaining good clinical tolerance are needed. Advances in understanding
meningioma tumorigenesis led to highlight multiple potential therapeutic targets. Many
targeted therapies are currently assessed in ongoing trials. But most of the targetable
meningioma driver mutations are found in benign meningiomas, limiting their clinical
impact. NF2 remains the main mutation to target FAK and YAP-TEAD inhibitors are promising
perspectives. The mTOR-Akt-PI3K pathway is currently the main targeted intracellular
signaling pathway in meningiomas. Co-inhibition of signaling pathways could be an option to
improve cell proliferation inhibition. Immunotherapy opens new perspectives despite
insufficient results of nivolumab and pembrolizumab in monotherapy. Exceptional MSH2/6
gene mutations should lead to propose nivolumab. Combination with radiation therapy and

other checkpoint inhibitors other than PD-1 constitutes promising perspectives.
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Table 1: Selected targeted therapy clinical trials in meningiomas with available PFS6, for the
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Table 2: Ongoing clinical trials for adult patients with aggressive meningiomas.

Figure 1: Current and potential therapeutic targets in meningioma.
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