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Meningiomas are relatively common, and typically benign intracranial tumors, which in
many cases can be cured by surgical resection. However, less prevalent, high grade
meningiomas, grow quickly, and recur frequently despite treatment, leading to poor
patient outcomes. Across tumor grades, subjective guidelines for histological analysis
can preclude accurate diagnosis, and an insufficient understanding of recurrence risk
can cloud the choice of optimal treatment. Improved diagnostic and prognostic markers
capable of discerning between the 15 heterogeneous WHO recognized meningioma
subtypes are necessary to improve disease management and identify new targeted
drug treatments. In this review, we show the advances in molecular profiing and
immunophenotyping of meningiomas, which may lead to the development of new
personalized therapeutic strategies.
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INTRODUCTION

The dura mater, arachnoid mater, and pia mater, are the three protective membranes that surround
the brain and spinal cord, together forming the meninges (1-3). Tumors arising from this
tissue, called meningiomas, are the most common primary intracranial tumors of the central
nervous system (4). Studies in genetically engineered mice suggest that meningiomas arise from
prostaglandin D2 synthase (PGDS) expressing arachnoid cells which protrude through the dura
on arachnoid villi (5). Resulting tumors are most commonly found in intracranial, intraspinal, or
orbital locations, with intraventricular and epidural tumors presenting less often. Rarely, extradural
meningiomas can also occur (4). Though a definitive cause has yet to be determined, exposure
to radiation and inherited Neurofibromatosis syndrome can predispose affected individuals to
meningioma. In the United States, meningioma is diagnosed at a rate of ~98 per 100,000 persons,
at a median age of 55 years (1). A hormonal influence on tumor formation and progression is
suggested by the high prevalence of low grade meningioma in women compared to men (3:1 in the
brain; 6:1 in the spine), decreased incidence before puberty and after menopause and rapid tumor
growth during pregnancy (6).

Diverse in nature, the World Health Organization currently recognizes three grades of
meningioma further divided into 15 subtypes (4). Approximately 80% of these are benign, WHO
grade I tumors, for which surgical resection is often curative and 10-years overall survival
is estimated at 80-90% (7). However, Grade II and III meningiomas, which represent 15-18
and 2-4% of all meningiomas, respectively, are difficult to treat due to aggressive growth and
frequent recurrence, often within 5 years. Indeed, Grade III malignant meningiomas harbor a poor
prognosis, with 10-years overall survival averaging 14-34% (7). Interestingly, in contrast to low
grade meningioma, these high-grade tumors are more common in men than women.
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Among the nine subtypes of Grade I meningioma, the most
common include meningothelial, fibroblastic, and transitional (a
combination of the previous two) (4). Grade II meningiomas
are diagnosed based upon a mitotic count of 4-19 per 10 high
powered fields with the presence of brain invasion, or by the
presence of at least three morphological criteria; high cellularity,
small cells with a high nuclear to cytoplasmic ratio, sheeting,
necrosis, or prominent nucleoli. Within these criteria, tumors
are classified as clear cell, chordoid, or atypical meningioma.
Tumors with more than 20 mitotic events per 10 high powered
fields, brain invasion, necrosis, and loss of typical architecture
are diagnosed as either anaplastic, rhabdoid, or papillary Grade
III meningioma.

Despite WHO grading criteria, meningioma diagnosis can
be complicated. Angiomatous meningiomas represent 2%
of Grade I tumors and are generally easily characterized by
a predominance of blood vessels. However, this particular
subtype, while benign, can present with histological evidence of
nuclear atypia and microcystic features, leading to unnecessary
concern for progression (8). Fibrous meningiomas may
be confused with schwannoma or solitary fibrous tumors
(hemangiopericytoma), while Grade I microcystic or Grade II
clear cell tumors may resemble hemangioblastoma. Grade III
anaplastic meningioma may resemble sarcoma or carcinoma,
and uncommon presentations, such as extradural tumors, may
influence the differential diagnoses. Given the subjectivity of the
histological criteria, grading may require additional observers
or the use of anatomical location to aide in diagnosis. Grade
II and grade III meningiomas are most often intracranial,
clear cell meningiomas are commonly intraspinal, and
anterior cranial base and intraventricular lesions exhibit
decreased progression free survival (9). In addition, these
locations are associated with distinct genomic profiles that
influence the aggressive nature of the tumor and chance of
recurrence (Figure 1).

Standard of care treatment for meningioma is based primarily
on patient status and WHO grading when biopsy is available
(3). As there are no screening criteria for meningioma,
findings in asymptomatic patients are often incidental (3).
For these patients, observation may be the primary treatment
approach. Surgery is the first line of therapy for symptomatic
meningiomas, and extent of resection is the most significant
factor in determining the chance of recurrence. For Grade
II patients undergoing gross total resection, the clinical
benefit of fractionated radiation therapy vs. observation is
still unclear (Clinical Trial NCT03180268). However, when
gross total resection is not possible (independent of tumor
grade), when surgery is contraindicated, either SRS of FRT
are used to improve outcomes. Though limited in efficacy,
systemic adjuvant chemotherapy may also be used to treat
aggressive high grade tumors. Unfortunately, across tumor
grades, the chance of recurrence can vary widely, and current
algorithms for predicting disease progression cannot discern
which patients are at highest risk. However, improved methods
utilizing cytogenetics, mutational profiles, and epigenetics may
improve our capacity for effective, patient-specific, treatment
of meningioma.

CYOTGENETICS

Many meningiomas possess a normal karyotype, with an overall
low incidence of genomic alterations (i.e., somatic copy number
alterations (SCNA), rearrangements, mutational burden) (10—
13). However, these disruptions increase in accordance with
tumor grade and aggressiveness. More than half of all identified
genomic alterations involve the neurofibromin gene (NF2),
which is known to underlie inherited Neurofibromatosis
syndrome. Indeed, the most significant, and often the only,
SCNA in meningioma is chromosome 22 monosomy, which
is present in ~56% of cases and leads to loss of the genomic
locus containing NF2 (22q12.2) (11, 12, 14). Among benign
meningiomas, those carrying NF2 alterations are more likely to
progress than those with a normal karyotype. In addition, the
frequency of NF2 aberrations increases with tumor grade.

Loss of heterozygosity on chromosome 1p is the second most
frequent cytogenetic abnormality seen in meningioma (~16%)
(15). Characterization of the smallest region of overlapping
deletion on this chromosome, which spans ~3.7 megabases,
identified 59 genes, 17 of which have putative tumor suppressive
functions based on gene ontology. The protein methyltransferase
and tumor suppressor, RIZI, is located on chromosome 1p,
and studies implicate its loss of expression in meningioma
progression (6). Loss of the CDKN2A/CDNK2B locus on
chromosome 9q is also a relatively common event during
progression from grade II to III (16). Interestingly, recent efforts
also identified a recurrent amplification of this locus, within
grade I tumors (17). These data suggest that levels of pl6
and pl5, the proteins encoded by CDKN2A and CDKNZ2B,
may hold prognostic significance and/or represent a promising
therapeutic target.

Loss of chromosomes 6q, 9p, 10q, 14, and 18q, as well as gains
in 17q and 20q are also observed, though with lower frequency
(11, 13, 16). In a multivariate analysis of 302 meningiomas,
alterations within the chromosomal set of 1p, 1q, 7, 9, 10, 14,
18, and 22 were associated with significantly higher incidence
of relapse (9). This study went on to stratify cases based on the
number of cytogenetic abnormalities, demonstrating that tumors
with a “complex karyotype,” consisting of two or more affected
chromosomes, were associated with significantly decreased
recurrence free survival (RFS) compared to those with a single
affected chromosome or a normal diploid karyotype (9). Another
similar, but distinct study of chromosomal characterization
demonstrates that the presence of chromosome 5 polysomy, even
in the presence of multiple polysomies on chromosomes 20,
6, 12, and 13, can distinguish angiomatous meningioma from
more aggressive forms of the disease (18). Interestingly, this
cytogenetic profiles seems to be independent of NF2 mutation,
as well as other common driver mutations identified in grade
I meningioma.

Several other individual amplifications in genes including,
FGF3, ZNF217, ZNF331, CDK4, ERBB3, LRG5, MDM2, NACA,
PTPN11, WIF1, PDCDI, TLX1, ARFRPI1, GNAS, SS18L1, FoxAl,
FGF6, and FGF10, have also been identified, though evolutionary
analysis of these tumors reveals that SCNA likely precedes
such driver mutations, leading to both inter- and intra-patient
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FIGURE 1 | Typical mutations by WHO classification and anatomical location.

heterogeneity in mutational profiles (17). Interestingly, the
identification of spatial heterogeneity among multiple tumors
from the same patients, suggests that distinct microenvironments
may influence tumor formation and growth (11). However, for
clinical risk analysis, the overall SCNA burden of any given tumor
remains one of the strongest predictors of RFS.

GENOMICS NGS
NF2-Mutated Meningioma

As high grade meningiomas are associated with rapid disease
progression and poor prognosis as compared to low grade, recent
efforts in next-generation sequencing have sought to identify
prognostic biomarker to differentiate between tumors of varying
grades, and those that may correlate with treatment response.
With a low mutation rate (~3.5 mutations per megabase)
compared to other cancers (17), these efforts highlight the
challenges in managing these heterogeneous tumors. Similar to
cytogenetic analysis, these studies identified NF2 mutations as
the predominant alteration in both spontaneous (~60%) and
Neurofibromatosis syndrome associated (~40%) of tumors (16),
at a frequency of 43% in low grade, and nearly 80% in high grade
tumors (11). Interestingly, NF2 mutations were more common
in the cerebral convexities and posterior skull base tumors than

those found in other anatomic locations (19). While no other
co-mutations were identified in more than 13% of cases, single
mutations in CREBBP, PIK3CA (R108H), PIK3R1, BRCAI, and
SMARCBI were also observed (19). Unfortunately, within NF2
mutated meningiomas none of these identified mutations can
predict the chance of recurrence, which can vary widely.

More recently, TERT promoter mutations have been reported
in ~6% of all meningiomas, with ~80% of these also harboring
alterations (mutations or deletions) at the NF2 locus (20).
Similar to the overall mutational burden, TERT mutations
increase with tumor grade. In grade I meningioma, TERT
C228T and C250T mutations are linked with transformation
to higher grades (20), prompting many scientists and clinicians
to consider standardized testing for these specific changes.
Further studies demonstrate that the presence of C228T and
C250T correlates with increased TERT mRNA and functional
increases in telomerase activity (21), and in Grade II or III
tumors, univariate analysis revealed a significant association with
decreased progression-free survival (PFS, median 12.5 vs. 26
months, p = 0.004) and overall survival (OS median 26 vs. 46
months, p = 0.009) (22). In vitro, TERT mutated meningioma
cells show decreased TERT activity in response to YK-4-279, a
small molecule inhibitor of ETS transcription factor, suggesting a
novel potential strategy for targeting these aggressive tumors. In
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addition to the C228T and C250T mutations, recent efforts using
targeted sequencing approaches identified an additional TERT
promoter in the known hotspot G124A, which like other TERT
mutations seems to correlate with poor prognosis (23).

Non-NF2 Meningioma

Non-NF2 mutated tumors, which are predominantly benign,
chromosomally stable, and often located in the anterior, medial,
or skull base regions, possess a distinct mutational landscape
(Figure 1) (19). Recent high throughput sequencing efforts
suggest an average of only 1.56 £ 1.07 genomic alterations
(GAs) per patient (23). The pro-apoptotic E3 ubiquitin ligase,
tumor necrosis factor receptor-associated factor 7 (TRAF7) is
mutated ~24% of all meningiomas (19, 24). Such mutations
typically occur in the C-terminal WD40 protein interaction
domain, suggesting they may alter protein-protein interactions
with MAPK and NF-kB family members (25). While TRAF7
mutation is mutually exclusive with NF2 mutations, it nearly
always occurs with the PI3K activating E17K mutation in AKT1I,
or in KLF4 (K409Q) (19, 24).

The E17K mutation in AKT1I leads to constitutive activation
of its gene product, protein kinase B, and stimulates downstream
mTOR signaling (12, 19, 26). Known to be oncogenic in many
other cancer types (27), this mutation is found in 7-12% of grade
I meningiomas (3, 11, 12, 19), is enriched in the meningothelial
subtype (11), and is predictive of decreased progression free
survival in olfactory groove tumors (28). Altering the same
signaling pathway PIK3CA mutations are also found in ~7%
of non-NF2 tumors, and are mutually exclusive with AKT]I
mutation (26). Recent targeted sequencing of this gene revealed
three novel non-synonymous mutations, A3140T and A3140G
which are reported as pathogenic, and C112T, which is also
predicted to be pathogenic (23). Indeed, increased PI3K signaling
at the protein level is associated with aggressive behavior,
especially within malignant meningioma (29), suggesting that
therapeutics targeted toward this pathway may be beneficial.

Targeted sequencing of cancer genes in a cohort of 71
meningiomas recently identified two novel missense mutations in
FGFR3, T932C, and G1376C, both of which were predicted to be
pathogenic (23). The identification of these mutations in patients
with skull base WHO grade I tumors receiving no adjuvant
therapy and no recurrence, suggests that FGFR3 mutation may
be indicative of improved prognosis. This hypothesis warrants
further investigation in larger patient datasets.

Best known for its role in pluripotency, Klf4 is thought
to act as a tumor suppressor in meningioma, being robustly
expressed in low grade tumors and downregulated in anaplastic
tumors (30). At the genetic level, KLF4 is mutated in ~12%
of grade I meningiomas (3, 11), virtually all of which are of
the secretory sub-type and also harbor TRAF7 mutations (31).
All identified KLF4 mutations result in a K409Q substitution
within the DNA binding domain, which likely alters or blocks
key protein functions (32).

Mutations in the gene smoothened (SMO), which result in
L412F or W535L substitutions lead to functional activation
of Hedgehog signaling in meningioma (3, 11, 12, 19). These

mutations are present in ~5.5% of grade I meningiomas, and
are mutually exclusive with TRAF7, KLF4, and AKT1 mutations
(3, 26). Interestingly, meningiomas with the L412F mutation are
more likely to recur (3), and are enriched at the midline, perhaps
reflective of the key role Hedgehog signaling plays in hemisphere
separation during development (19). Mutations in the Hedgehog
family member SUFU are also found at low frequencies in
sporadic meningiomas, though germline mutations are also
present in familial meningioma (33). Additional hedgehog
family germline mutations occur in SMARCEI and SMARCBI,
though these carry less risk of recurrence than familial NF2
mutations (34-36).

Exclusive of TRAF7, AKTI1, PIK3CA, KFL4, and SMO,
mutations in POLR2A, which encodes DNA-directed RNA
polymerase II subunit RPBI, are found in 6% of meningiomas
(33). Inactivating somatic and germline mutations, or gene
deletions in the BAPI tumor suppressor gene are found
specifically within high-grade rhabdoid meningioma (37). In
addition, loss of BAP1 correlates with tumor aggressiveness and
decreased time to progression. Though previously not identified,
a recent study found ARID1A mutations in nearly 12% of a 50-
patient cohort (38). Deleterious mutations in this gene, as well
as the other SWI/SNF components SMARCB1, SMARCA4, and
PBRM1, were found in 16% of all anaplastic meningiomas (38).

METHYLATION

The current WHO classification system for meningioma is
relatively subjective and alone often fails to accurately predict
disease progression. Interestingly, some mutations may drive
epigenetic changes, such as inactivation of the SWI/SNF complex,
which disrupts its balance PCR2, leading to altered methylation
profiles (38). Further data support the implication of gene
methylation patterns as driver of disease formation or biomarkers
of progression. Loss of retinoblastoma protein-interacting zinc-
finger gene (RIZ), which maps to chromosome 1p36, is associated
with progression of meningioma (6). This gene produces two
proteins, RIZ1 and RIZ2. RIZ1 is a histone 3 lysine 9 methylase,
an important regulator of transcriptional repression, and a
known tumor suppressor. In pituitary adenomas, methylation of
the RIZI promoter region is associated with altered epigenetic
profiles and decreased progression free survival (39). Although
its role in meningioma is less clear, RIZ1 is expressed in 87.5%
of grade I, 38.9% of grade II, and 23.8% of grade III tumors
(40). This inverse correlation suggests that RIZ1 methylation,
expression, and/or resulting epigenomic profiles may be useful
for predicting disease prognosis.

Methylation of other genes is also implicated in meningioma
formation. Specifically, hypermethylation of WNK2 is present in
83% of grade II and 71% of grade III tumors and is associated
with loss of gene expression (41). As a negative regulator of
cell proliferation, loss of WNK2 is likely associated with more
aggressive tumor growth. In another study, researchers designed
a highly specific and sensitive system, which independent of
WHO grade, could predict meningioma recurrence based
on the extent of methylation present in a set of 5 homeobox
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genes (HOXA6, HOXA9, PENK, UPK3A, and IGF2bPI) (42).
These studies suggest that for tumors such as meningioma,
with a low burden of genomic aberrations, epigenetic
approaches to classification and biomarker identification
may be more fruitful.

Furthering the epigenetic characterization of meningioma,
another recent study found that the unique DNA methylation
profiles between intracranial tumors and within subtypes
of meningiomas represents an additional means for tumor
classification. Unsupervised clustering of DNA methylation data
is capable of definitively segregating all meningiomas, across
grades, from other skull tumors (43). Further delineation of these
profiles identified two major epigenetic patterns, groups A and
B, which are further divided into 4 and 2 “methylation classes
(MC),” respectively. Methylation group A contains three benign
MCs designated as ben-1, ben-2, ben-3, and one intermediate
MC, int-A. Methylation group B is comprised of int-B and one
malignant MC, referred to as mal (43). These groups associated
with common mutational profiles, with the majority of NF2
mutated samples clustering in group A and most Tert mutations
in group B. In addition, these classifications could predict length
of progression-free survival (PFS) with higher accuracy that
WHO grade alone.

Another recent investigation used regression modeling
to generate a methylation profile-based algorithm that
could accurately predict 5 year PFS rates (44). Detailed
characterization revealed hypermethylation of CPG sites
in homeobox or T-box genes in recurrence-prone tumors,
although this was not associated with expression level
changes. This group went on to generate a meningioma
recurrence score, based on the methylome-predictor, extent
of resection, and WHO grade that can be used clinically to
assess recurrence risk across patients as well as to inform
choices for follow-up scheduling and administration of
adjuvant therapy (44).

EXPRESSION/IMMUNOPROFILING

While some prognostic protein-level changes are the result of
genetic alterations, others represent epigenetic changes or post-
translational modifications. Many such proteins are used to
aid in diagnosis and grading of meningioma through standard
immunohistochemical (IHC) approaches. However, as higher
grade meningiomas necessitate adjuvant therapies, there is also
great interest in identification of new protein biomarkers that are
predictive of, or correlate with, treatment response.

Standard THC markers used to distinguish meningioma from
other intracranial tumors include progesterone receptor (PR) and
epithelial membrane antigen (EMA) (4, 45). However, studies
suggest that PR specificity is greatly reduced in high grade
meningiomas of the anaplastic, atypical, clear cell, fibrous, and
microcystic subtypes compared to grade I tumors (20 vs. 85%).
Likewise, EMA expression correctly identifies ~90% of grade I
meningiomas, but only 75% of grade III, with even lower rates
of specificity for secretory and microcystic subtypes. Because
the sensitivity and specificity of these markers is sub-optimal,

absence of additional markers, including $100, CD34, MelanA
are used to discern meningioma from differential diagnosis
of schwannoma, solitary fibrous tumor/hemangiopericytoma
(SFT/HPC), or metastatic melanoma, respectively.

Recent studies demonstrate that other markers and
combinations thereof may increase the specificity and
sensitivity of meningioma diagnosis and grading. Expression
of somatostatin receptor 2A (SSTR2A) in combination with
EMA is associated with 100% sensitivity and 94.8% specificity
for meningioma, regardless of grade or subtype (45). These data
suggest that SSTR2A may be a better choice than PR for standard
IHC. However, this combination of markers does overlap with
synovial sarcoma. Likewise, recent work suggests that the absence
of Sox10 (45, 46) and STAT6 (45, 47) are superior approaches to
distinguishing meningioma from schwannoma and SFT/HPC.

Other classical markers of tumor growth, proliferation,
and angiogenesis have also been examined in meningioma.
Expression of VEGF and Ki67 were both found to associated with
tumor grade, while COX-2 expression correlated with the extent
of brain invasion (48). MMP-9, a matrix metalloproteinase,
expression was also found to correlate with brain invasion (49).
It is enriched in high grade meningiomas, and found to associate
with high levels of peritumoral brain edema (50). Tyrosine
kinase signaling is often associated with tumor progression.
In the majority of meningiomas, both EGFR and its ligand
EGF are overexpressed (51, 52). However, activation of this
pathway, as evidenced by EGFR phosphorylation is enriched
within higher grade tumor samples (51, 52). PDGFRB and its
ligand PDGFBB are also overexpressed in meningioma, with
higher levels observed in high grade atypical tumors as compared
to benign (53).

Analysis of immune cell infiltration within a tumor can also
aide in diagnosis, though this approach also holds potential
for identification of biomarkers associated with progression,
treatment response, or sensitivity to targeted therapeutics. Most
low grade meningiomas possess a high percentage of CD-31 T-
lymphocytes but relatively few CD20" B cells, however, across
tumor grades, these populations are greatly enriched compared
to those seen in peripheral blood mononuclear cells (PBMC) (54,
55). Flow cytometry analysis reveals evidence of class switching in
B cells, as well as an increased percentage of CD8™ cells compared
to CD4™ T cells, and a prevalence of CD45RO™/CD45RA™
effector cells compared to naive T cells (54). Combined these
data suggest that most infiltrating immune cells are antigen
experienced. Further identification of T cells expressing the
checkpoint inhibitors PD-1 and TIM-3, are suggestive of T cell
exhaustion. Within anaplastic meningioma, a decrease in both
CD4™, CD8%,and PD-1" T cells, is observed with a concomitant
increase in FoxP3™ T-regulatory cells (TRegs) (55). This immune
cell phenotype, also observed in other tumor types, is associated
with tumor-mediated evasion of the immune system (56).

Within tumor cells, expression of PD-L1, the PD-1 receptor
ligand, increases with WHO tumor grade (17, 55, 57, 58).
However, overall mRNA or protein levels, as analyzed by RT-
PCR, ISH, IHC, and flow cytometry varies widely from study
to study. Du and colleagues report high levels of PD-L1 mRNA
which correlated to protein expression levels, in ~40% of grade
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I, 60% of grade II, and 77-88% of grade III meningiomas (55),
while Everson and colleagues only identified PD-L1 in 25% of
grade III cases, with no IHC expression detected in grade I or II
cases (17). One potential source of these observed differences in
PD-L1 expression may arise from the specific populations of cells
analyzed. In particular, there is evidence that in addition to tumor
cells, tumor infiltrating macrophages may comprise upwards of
50% of the PD-L1 expressing cells, a ratio which varies extensively
from patient to patient (57).

Given that PD-L1 expressing cells vary in phenotype from
tumor to tumor, it is unsurprising that the literature presents
conflicting reports on the link between PD-L1 expression and
mortality. While Du reported that PD-L1 was not an independent
predictor of outcome, Han and colleagues used univariate
analysis to identify the proportion of PD-L1 tumor cells as a
significant predictor of outcome (57). Importantly, this group
used the macrophage marker, CD68, to exclude tumor infiltrating
cells. As this receptor ligand is the target of several new drugs,
further investigation into the predictive link between PD-L1
expression and therapeutic sensitivity is important. Indeed, based
on evidence of their expression, other checkpoint inhibitors, such
as those targeting TIM-3 or LAG-3 may be useful in treating
(54, 59).

Additional protein biomarkers that represent actionable drug
targets in meningioma include EGFR, which is expressed at
elevated levels in 93% of analyzed samples (17). Increased
TOP2A expression, observed in ~35% of samples, correlates
with increasing tumor grade, and is predictive of anthracycline
responsiveness (17). Likewise, TOP1 over-expression is observed
in 29% of meningiomas and correlates with sensitivity to
irinotecan and topotecan, while elevated levels of PDGFR and
¢-MET are observed in more than 20% of cases (17). Further
investigation of patient samples reveals an average of 10 clonal
HLA neoantigen mutations per tumors. These tumor-specific
antigens are distinguishable from normal tissue and represent a
path toward personalized anti-meningioma therapy (11).

MEDICAL MANAGEMENT
Traditional Approaches

For many meningiomas maximal safe surgical resection, with
or without adjuvant radiation, can be curative. However, for
aggressive high grade meningiomas, which often recur at high
rates, there are no standard effective medical treatments. In
general, conventional chemotherapy had limited efficacy in
managing meningioma (60). Hydroxyurea has long been used
as an adjuvant therapy for incompletely resected or recurrent
meningioma (61, 62). Although the benefits vary widely across
patients, studies suggest hydroxyurea may have outcomes
equivalent to those using radiation therapy (63). The alkylating
agent, temozolomide, which is used as standard of care in medical
management of glioma, failed to extend progression free survival
in clinical trials of recurrent meningioma (64).

The well recognized effects of hormonal dysregulation on
meningioma development and progression led to numerous
trials of hormone targeting agents. While the commonly used
anti-estrogen therapy, tamoxifen, failed to improve outcomes

(60), mixed success has been observed in small trials of the
anti-progesterone mifepristone (65-68), suggesting that patient
stratification by progesterone receptor expression within the
context of a trial may clarify the utility of this approach (60).

Immunohistochemical analysis has demonstrated that
canonical cancer-associated tyrosine kinase pathways function
at elevated levels in meningioma, driven by overexpression of
receptors and/or their cognate ligands. This finding led to trials
of tyrosine kinase inhibitors, often used successfully to treat
other cancers. In 25 recurrent meningioma patients treated
with either erlotinib or gefitinib, both EGFR inhibitors, eight
patients showed stable disease (69). However, the remaining
patients progressed, with no significant differences in PFS or
OS observed. Likewise, a phase II trial of the PDGFR inhibitor,
Imatinib, did not identify any statistically significant changes
in PES or OS (70). Unlike these specifically targeted therapies,
Sunitinib is a tyrosine kinase inhibitor with activity against
PDGFR, as well as, VEGFR and c¢-KIT. In a phase II trial of
36 recurrent meningioma patients with significant history of
adjuvant therapy, sunitinib treatment resulted in increased PFS
(median = 5.2 months), and patient response correlated with
VEGEFR2 expression (71). These data merit further exploration of
Sunitinib or pan-TKIs as a treatment for recurrent meningioma.

Despite the encouraging results from sunitinib trial in
improving hearing and tumor shrinkage in some NF2 patients
with progressive vestibular schwannomas, treatment with
bevacizumab, a drug specifically targeting VEGFR, did not
result in clinically significant response in meningiomas.
In a retrospective study of 48 meningiomas within 15
neurofibromatosis 2 (NF2) patients treated with bevacizumab
for vestibular schwannoma, radiographic response to treatment
(>20% reduction in tumor volume) was observed in 29%
of tumors (72). As many patients had multiple tumors, this
corresponded to 1 out of 15 patients. However, this response
was short-lived, as only 5 of the 14 meningiomas maintained
responsiveness through the last follow-up. A more recent
phase II trial of recurrent radiation refractory meningioma
demonstrated stable disease as the best response to bevacizumab,
with no evidence of radiographic response (73).

Recent identification of somatostatin receptor (SST2) as
a highly sensitive marker of meningioma, highlights the
potential of the somatostatin analog, octreotide, a candidate
therapy. One trial in grade I skull base meningiomas showed
long-term stability (mean 102 months) in 5 of 6 patients
(74). However, in a phase II study of 12 recurrent or
progressive meningioma cases treated with octreotide, only
two patients showed long term PFES (75). Likewise, in a
trial of nine high grade meningioma patients treated with
octreotide (76), and in a larger trial of an alternative
somatostatin analog, pasireotide (77), radiographic response
was not observed in any patients, and no significant increase
in progression free survival was detected. Indeed, a recent
in vitro analysis of 81 patient-derived meningiom cell lines
revealed significant anti-proliferative effects octreotide, but
no apoptotic response (78). These data support the clinical
observation of stable disease with the absence of tumor
shrinkage. Although inhibition of SST2 failed to improve
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clinical outcomes, expression levels of SST3 have been shown
to correlate with increased overall survival, perhaps meriting
further investigation (77).

New Approaches and Clinical Trials
Traditional approaches have used cytotoxic chemotherapy
for treatment of meningioma. Currently, the alkylating agent,
Trabectedin, is under investigation for efficacy (Figure 2).
Aside from transcriptional inhibition, the mechanism of
Trabectedin is not completely understood, though in vitro
studies demonstrate decreased cell proliferative and massive
induction of apoptotic cell death (79). However, in the recently
concluded EORTC-1320-BTG randomized phase II clinical
trial (NCT02234050), trabectedin failed to improve PFS or
OS in recurrent grade II or grade III meningioma (80). Thus,
with disappointing results from cytotoxic chemotherapies,
many are looking for molecularly-targeted drugs to
improve outcomes.

Molecularly-Targeted Therapies

The NF2 gene product, Merlin, is known to negatively regulate
mTOR signaling (81). In meningioma cell lines and patient
samples deficient in Merlin, constitutive activation of mTOR
signaling and overexpression of mTORCI1 has been observed
(81, 82). As such, drugs targeting the mTOR hold promise
for treatment of NF2-mutated meningiomas. Everolimus, an
mTOR inhibitor FDA approved for several other cancers,
was trialed in vestibular schwannoma with data showing
no radiographic evidence of response. However, a more
recent effort, which includes meningioma is still underway
(NCT01880749). While a phase II trial of everolimus in
combination with bevacizumab showed little improvement in
PFS in comparison to treatment with bevacizumab alone
(NCT00972335) (83), the combination of everolimus and
octreotide decreased tumor growth rate by more than 50%
in 29/35 patients (NCT02333565) (84). Improved PFS was
also noted, and likely merits further study. The lack of
radiographic response or evidence of apoptosis in response to
mTOR inhibition does lessen enthusiasm for this approach.
However, a second mTOR inhibitor, AZD2014 or vistusertib, is
also under evaluation for use in meningioma (NCT03071874
and NCT02831257).

The PI3K and AKT signaling pathways function upstream of
mTOR and, as previously mentioned, have been identified
as common and potentially targetable mutations. An
upcoming trial will examine the effects of the PI3K inhibitor,
Alpelisib, in combination with the MEK inhibitor, Trametinib
(NCT03631953). Similar to inhibition of mTOR, blockade of
PI3K signaling may not induce apoptosis. However, in vitro
data from primary meningioma cell lines demonstrates caspase-
induced cell death via MEK inhibition. As such, this combination
therapy may prove effective.

The recent explosion in cancer immunotherapy has, of
course, brought to light the potential of PD-1 and PD-
L1 targeting antibodies for treatment of meningioma.
As with glioma, meningioma often presents with signs
of T cell exhaustion and immune evasion, which can

lead to decreased levels of PD-1T T cells. However,
trials of the inhibitory PD-1 antibody-based therapies,
prembrolizumab (NCT03016091, NCT03279692), nivolumab
alone (NCT02648997), or in combination with ipilumumab
(CTLA4 inhibitor NCT03604978) are ongoing. A recent case
report demonstrated remarkable response to nivolumab in
a patient with recurrent, treatment-refractory meningioma
and homozygous deletion of the DNA mismatch repair gene,
MSH2 (85). Dysfunction of mismatch repair mechanisms is
associated with increased mutational burden and presence of
tumor neoantigens, which may lead to heightened immune
response. As such, further investigation of MSH2, anti-PD-
1 antibodies, and other immunotherapy-based approaches
is warranted.

As an alternative to inhibition of the PD-1 receptor, antibody-
based therapies targeting the PD-1 ligand, PD-L1 are also in
clinical trials for many types of tumors. Indeed, PD-LI is
upregulated in many meningiomas, especially grade II and III
tumors. In vitro studies using meningioma and natural killer
(NIK) cell lines demonstrated that the anti-PD-L1 antibody,
avelumab, can induce antibody-dependent cellular cytotoxicity
(86). In an ongoing clinical trial, the efficacy of avelumab as an
adjuvant therapy with hypofractionated proton radiation is being
tested in recurrent radiation-refractory patients (NCT03267836).

For patients with aggressive rhabdoid meningioma
harboring BAP1 mutations, Tazemetostat, which awaits
FDA approval for other tumor types, may prove useful.
In mesothelioma, inactivation of BAPI leads to increased
levels of the PCR2 complex protein, EZH2 (87), the target
of Tazemetostat. Thus, use of this drug in meningioma
patients with BAP1 driver mutations may prove clinically
beneficial in future trials (88). In addition, downstream
dysregulation of the PCR2 complex as a result of SWI/SNF
mutations (38), suggest Tazemetostat may also benefit these
patients. Aside from these mutations, the hypermethylation

of numerous genes in high grade meningiomas may
merit trials of EZH2 inhibitors across a wide range
of patients.

Novel Approaches

As an alternative to octreotide and pasireotide therapy,
somatostatin receptor analogs can also be radiolabeled and
administered in an experimental approach referred to as
peptide receptor radionuclide therapy (PRRT). The somatostatin
receptor analogs are used to direct radionuclides for uptake
by tumor cells, leading to death in a targeted fashion.
Preliminary data using copper-64 labeled SARTATE suggests
it can be safe and effective in neuroendocrine tumors (89).
This radionuclide, and others including 177Lu-DOTA-Tyr3-
octreotate (Lutathera), are currently in trials for meningioma
(NCT03936426, NCT03971461).

Separate from drug-based management of meningioma,
two current trials are examining the utility of tumor-treating
fields, such as the NovoTTF-110A, now known as Optune.
This approach utilizes scalp-attached patches to send low
intensity electrical fields to the brain. In patients with
glioblastoma, these fields are known to interfere with tumor
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Drug (Trade Name)
Immunotherapies

Avelumab (Bavencio)

Nivolumab (Opdivo)

Nivolumab + ipilumumab (Yervoy)

Pembrolizumab (Ketruda)

Targeted Small Molecules
Evereolimus
Evereolimus + bevacizumab (Avastin)
Evereolimus + octreotide (Sandostatin)
AZD2014 (Vistusertib)

Trametinib (Mekinist) + Alpelisib (Piqray)

Tazemetostat

Tumor Treating Field
NovoTTF — 110A (Optune)

Optune + bevacizumab (Avastin)

PRRT
Cu-64-SARTATE
LU177-DOTATE (Lutathera)

FIGURE 2 | Experimental approaches for treatment of meningioma.

Experimental Approaches for Treatment of Meningioma

Target Trail ID
PD-L1 NCT03267836
PD-1 NCT02648997
PD-1 NCT03267836
PD-1 NCT03279692
NCT03016091
mTOR NCT01880749
mTOR/ VEGFR NCTO02648997
mTOR/ SST2 NCT02333565
mTOR NCT03071874
NCT02831257
MEK/ PI3K NCT03631953
EZH2 None to date
N/A NCTO01880749
N/A NCTO01880749
SST2 NCT03936426
SSR NCT03971461

cell division and growth, thereby improving quality of life and
prolonging survival. Current efforts are testing the efficacy of
Optune alone and in combination with bevacizumab therapy
(NCT01892397, NCT02847559).

DISCUSSION

Though commonly thought of as benign tumors, meningiomas
present an enduring challenge for physicians. Subjective
WHO grading and extensive variability in the propensity of,
and time to recurrence, makes the choice of an optimal
therapeutic approach difficult. As with most intracranial tumors,
maximal safe surgical resection is highly effective, but in
inoperable cases, those in which residual tumor remains,
and aggressive high-grade cases, adjuvant therapy is required.
Unfortunately, few effective systemic therapies are approved
for use.

To increase the arsenal of effective therapies, researchers
have turned to cytogenetic, next-generation sequencing, and
immunohistochemical analyses to identify new molecular drug
targets. However, given the generally low mutational burden
of meningioma, early efforts to identify prognostic biomarkers
yielded few tangible improvements in patient outcomes. More
recently, mutations identified in the TERT promoter and BAPI
were linked to poor prognosis, while FGFR3 mutations were
suggestive of improved outcome. Unfortunately, each of these
mutations occurs at low frequency and thus the majority of
patients are not impacted. Protein level biomarkers regulated by
epigenetic changes represent a promising and growing area of
interest with respect to meningioma. Indeed, increasing tumor
grade is associated with increased expression of VEGE Ki67,
TOP2, PD-1, and PDGFRB (17, 48, 53), while hypermethylation
of RIZI and WNK2 leads to loss of protein expression in
high grade meningioma (6, 41). In addition, the methylation
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status of several T-box and Hox genes may also predict
poor outcomes independent of gene expression (42, 44), thus
bolstering the support for methylation profiling as a means to
predict recurrence in meningioma (44).

The effort to identify new informative mutations and
protein biomarkers has driven forward new clinical trials for
treatment of meningioma. While cytotoxic chemotherapies
have failed to significantly extend progression free and overall
survival, some targeted therapies seem promising. Cytostatic
mTOR inhibitors show promise in controlling tumor growth,
though the lack of cytotoxic effects suggests these may be
better suited for use in combination therapies. Though yet
to be tested in randomized trials, inhibition of EZH2 has
the potential to improve outcomes for several groups of
patients. Overall, focused research and implementation of new
approaches, including PRRT and TTF devices, will hopefully
translate to improved outcomes for meningioma patients in the
coming years.
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