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Abstract
NF2-schwannomatosis is the most common genetic predisposition syndrome associated with meningioma. 
Meningioma in NF2-schwannomatosis is a major source of morbidity and mortality. This is due to accumulative 
tumor burden in patients with synchronous schwannomas and ependymomas, sometimes including complex col-
lision tumors. Balancing the impact of multiple interventions against the natural history of various index tumors, 
and the ongoing risk of de novo tumors over an individual’s lifetime makes decision-making complex. The manage-
ment of any given individual meningioma is often different from a comparable sporadic tumor. There is typically 
a greater emphasis on conservative management and tolerating growth until a risk boundary is reached, whereby 
symptomatic deterioration or higher risk from anticipated future treatment is threatened. Management by high-
volume multidisciplinary teams improves quality of life and life expectancy. Surgery remains the mainstay treat-
ment for symptomatic and rapidly enlarging meningioma. Radiotherapy has an important role but carries a higher 
risk compared to its use in sporadic disease. Whilst bevacizumab is effective in NF2-associated schwannoma and 
cystic ependymoma, it has no value in the management of meningioma. In this review, we describe the natural his-
tory of the disease, underlying genetic, molecular, and immune microenvironment changes, current management 
paradigms, and potential therapeutic targets.

The clinical, genetic, and immune landscape of 
meningioma in patients with NF2-schwannomatosis
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Meningioma and 
NF2-Schwannomatosis

Epidemiology

Inherited and acquired pathogenic variants in the NF2 gene 
lead to the tumor predisposition syndrome, neurofibroma-
tosis type 2, which is now called NF2-schwannomatosis.1 
This highly penetrant autosomal dominant condition 
has an incidence of 1/25  000 to 1/33  000 and is classi-
cally characterized by the development of bilateral ves-
tibular schwannomas (VS).2,3 Additionally, patients with 
NF2-schwannomatosis often experience the growth of other 
nonmalignant tumors in the central nervous system (CNS), 
such as meningioma and ependymomas found in 48%–75% 
and up to 65% of patients respectively.4 Accounting for 
38% of all CNS tumors, most meningioma occurs sporad-
ically in patients without NF2-schwannomatosis and are 
categorized into World Health Organization (WHO) grades 
1–3 for nonmalignant, atypical, and anaplastic neoplasms 
respectively.5 However, 60% of sporadic meningioma have 
somatic mutations in the NF2 gene, suggestive of potential 
commonalities in the pathophysiology of sporadic and NF2-
associated meningioma.6 Sporadic meningioma occurs 
more frequently in adult women than adult men overall, 
a pattern which is replicated in NF2-associated menin-
gioma.4,6 Female patients with NF2-schwannomatosis dis-
play twice as many intracranial neoplasms when compared 
to males and also have a higher risk of developing multiple 
meningioma.7,8 However, meningioma tends to arise in 
males with NF2-schwannomatosis at a younger age.9

Diagnostic Criteria of NF2-Schwannomatosis

While the presence of bilateral VS is pathognomonic of 
NF2-schwannomatosis, other additional criteria have been 
recently recognized as part of the revised Manchester cri-
teria (Table 1).10,11 A diagnosis of NF2-schwannomatosis is 
also possible in the absence of these criteria in patients with 

multiple meningioma or in young patients (age <25 years) 
with a solitary meningioma, albeit at a lower likelihood (5% 
and 40%, respectively).12,13 Like NF2 pathogenic variants, 
SMARCE1 pathogenic variants may predispose multiple 
meningioma (7%), and pediatric meningioma (14%).12–14 
Given the implications of this diagnosis for patients and 
their offspring, screening patients with multiple menin-
gioma and young patients with a solitary meningioma 
for NF2-schwannomatosis and SMARCE1 variants may 
be of value, as well as genetic counseling. A previous link 
between pediatric meningioma and Neurofibromatosis 
Type 1 (NF1) was shown but limited by the inclusion of 
patients diagnosed prior to the wide acceptance of NF2-
schwannomatosis as being a distinct tumor predisposition 
syndrome.15,16 The case descriptions provided by the au-
thors were more in keeping with NF2-schwannomatosis, 
and population-based studies of patients with NF1 have re-
vealed no increased risk of meningioma formation.17

Clinical Presentation of Meningioma in 
NF2-Schwannomatosis

Comprehensive data on the mode of presentation for 
meningioma in NF2-schwannomatosis are lacking. A  lon-
gitudinal study of 358 meningioma in 92 patients demon-
strated that around 80% were asymptomatic, discovered 
through cranial and spinal magnetic resonance imaging 
(MRI) as part of the diagnostic work-up or during interval 
monitoring. The remainder, like their sporadic counter-
parts, gave rise to general symptoms, including headaches 
(13%) and seizures (13%), as well as focal symptoms such 
as a motor deficit (11%) and cranial nerve palsy (10%).18 
Approximately 10% of asymptomatic NF2-associated me-
ningioma demonstrate rapid growth during follow-up (with 
a growth rate of ≥2  cm3/year) and de novo meningioma 
arise in a fifth of patients.18,19 Given this, any new symp-
toms or changes to the patient’s neurological examination 
should prompt imaging assessment for the burden of me-
ningioma disease or any other NF2-associated tumors.

  
Table 1. Revised Manchester Criteria for Diagnosis of NF2-Schwannomatosis

1 Bilateral VS in <70 years of age 

2 Unilateral VS in <70 years and an FDR with NF2-schwannomatosis

3 FDR with NF2-schwannomatosis or unilateral VS and 1 of the following: glioma, neurofibroma, non-
vestibular schwannoma, cataracts, or cerebral calcification. In patients with a unilateral VS and ≥2 non-
intradermal schwannomas, a negative LZTR1 test in required

4 ≥2 meningioma and 2 of the following: VS, glioma, neurofibroma, non-vestibular schwannoma, cata-
racts, or cerebral calcification

5 Constitutional or mosaic pathogenic NF2 gene variant in blood or 2 identical variants in 2 distinct tumors

Abbreviations: NF2, neurofibromatosis type 2; VS, vestibular schwannoma; FDR, first-degree relative.
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Pathogenic Variants Associated With 
NF2-Schwannomatosis

The NF2 Gene and Mutational Variance

In 1993, the gene on Chromosome 22q12.2 encoding a pre-
viously unknown moesin-, ezrin-, and radixin-like protein, 
henceforth called merlin, was determined to be the mu-
tated tumor suppressor in NF2-schwannomatosis.20 The 
NF2 gene encodes 17 exons which, through alternative 
splicing, form the 10 known isoforms of merlin. The most 
common forms are isoforms I and II which are differentially 
encoded by exons 1–15 and 17, or 1–16, respectively.21

Approximately 50% of NF2-schwannomatosis cases 
arise through inherited pathogenic variants in the NF2 
gene, although pathogenic variants in exons 16 and 17 
have not been described.2 The NF2-schwannomatosis 
condition serves as a canonical example of Knudson’s 
two-hit hypothesis: afflicted patients have a germline 
inactivating variant in one NF2 allele, with an acquired so-
matic mutation of the second allele acting as the initiating 
event for tumor formation.22,23 Mild to moderate NF2-
schwannomatosis (previously referred to as “Gardner-type 
NF2”) is genetically characterized by missense variants, 
large single or multi-exon deletion, duplication or trun-
cation variants in exon 1, or splice site variants affecting 
exons 8-15 of the NF2 gene.2,24,25 The severe, early onset 
“Wishart-type” form of NF2-schwannomatosis has fully 
truncating variants in exons 2–13 of the NF2 gene which 
renders the protein inactive or may cause a dominant neg-
ative protein that escapes nonsense-mediated decay.24,26

Alternatively to familial inheritance, the 22q12.2 NF2 
gene location is an area of increased genetic instability 
and has been found to harbor a high de novo variant in-
cidence of 50%–60% in NF2-schwannomatosis cases.2,27 
Up to 60% of patients have de novo NF2 mutations that 
were acquired somatically, post-fertilization.28,29 Therefore, 
only a proportion of cells are affected resulting in a mo-
saic phenotype, which is typically the mildest form of NF2-
schwannomatosis and can include anatomically segmental 
disease.24

NF2 Pathogenic Variants in Meningioma Can 
Lead to Dysfunctional Merlin

Whether somatic or constitutional, different NF2 variants 
confer a variation in meningioma development risk. In a 
study of 411 patients with NF2-schwannomatosis, it was 
demonstrated that variants nearer the 5′ end of the NF2 
gene in exons 4–6 or 1–3 have the highest likelihood of de-
veloping cranial meningioma (in 81% and 70% of patients, 
respectively), compared to variants occurring closer to the 
3 ′ end in exons 14-15 that confer a diminished risk (28%).9 
Mechanistically, the less severe disease observed in pa-
tients with variants at the 3′ end of NF2 may be due vari-
ants at these loci that lead to the development of a partially 
functioning merlin protein, as these variants map to the 
actin-binding C-terminus.21,30 Whereas, high-risk variants 
at the 5′ end of the gene lead to a loss of tumor suppressor 
functionality within the abnormal protein, mapping 

instead to merlin’s domain linkers and sub-domains A and 
B of the FERM (4.1, ezrin, radixin, and moesin) region.21,30 
Functional merlin acts as a scaffolding protein involved in 
linking the actin cytoskeleton and transmembrane proteins 
at cell-cell junctions and in cell-matrix interactions.31,32 This 
pertains to its key function as a tumor suppressor protein 
that maintains contact inhibition and regulates oncogenic 
signaling pathways in healthy tissues as shown in Figure 
1.31–37

Natural History of NF2- 
Associated Meningioma

Cellular and Developmental Origin

Although there is a relative paucity of studies examining 
the developmental origin of the human meninges, a land-
mark study in this area utilized sections of the meninges 
of human embryos from developmental stages 8–23 
(equating to 3 to 8 postovulatory weeks) to demonstrate 
distinct embryological origins of anatomically discrete 
areas of the meninges.38 The authors determined that cells 
of both neural crest and mesodermal origin contributed to 
the formation of the meninges, and later work expanded 
on this finding to establish that the meninges of the ante-
rior skull base, cerebral convexity, tentorium, and falx ce-
rebri were predominantly of neural crest origin, and that 
of the posterior fossa was derived from the mesoderm.39–41 
The individual embryological origin of anatomically dis-
tinct areas of the meninges is likely to be of relevance to 
meningioma development. A  striking co-localization be-
tween meninges of neural crest origin and the site of NF2 
mutated meningioma has been observed, where 77% of 
meningioma arising from neural crest-derived meninges 
were found to have single nucleotide pathogenic variants 
or large deletions of NF2 in a genetic analysis of over 350 
meningioma.42 Although a causal mechanism accounting 
for the predilection of NF2 mutated meningioma to emerge 
from meninges of neural crest origin has yet to be defini-
tively established, the merlin-regulated Hippo pathway 
has been implicated in the development and migration of 
neural crest-derived tissues.43

Tumor Growth Patterns and Multiplicity

More than half of NF2-schwannomatosis patients present 
with meningioma with a cumulative incidence of up to 75% 
of patients by the age of 70.9,19,44 Multiplicity is common and 
the mean number of meningioma per patient in a study of 
119 patients was 5.19 Their location varies but they are com-
monly found along the skull base in pediatric patients pre-
senting early with meningioma.45 On the other hand, tumors 
in adults commonly develop in convexity, parafalcine, and 
parasagittal locations.45 The growth patterns of these tu-
mors vary considerably within individual patients.9,46 The 
first study of the natural history of untreated NF2-associated 
meningioma followed 17 patients harboring 135 menin-
gioma and reported four distinct growth patterns: quiescent 
tumors demonstrating <0.03 cm3 of growth over 6 months; 

  

ECM

Actin

Merlin

Merlin

Merlin

Merlin

Merlin

LATS1/2

YAP TAZ STING

IRF3

Degraded

RNA and DNA
sensing

Proliferation
and survival

Proliferation,
migration and

survival

Proliferation,
migration and

survival ERK

MEK

Raf

RasSrc

FAK

Rac

PAK

JNK

Akt

PI3K

TSC1 TSC2

RHEB

mTORC1

Protein synthesis,
proliferation, survival

and growth

β-catenin

α-catenin

Integrin CD44 RTK Cadherins

Figure 1. The NF2 gene product merlin is a key tumor suppressor protein.  The NF2 gene product merlin acts as a scaffolding protein that links 
the actin cytoskeleton to the extracellular matrix (ECM) via transmembrane proteins such as integrin and CD44 to maintain contact inhibition. 
Furthermore, merlin interacts with receptor tyrosine kinases (RTK) and acts at cell-cell tight and adherens junctions linking cadherins to intracel-
lular actin filaments. Active merlin discourages aberrant cell division by negatively regulating cellular proliferation and survival signaling pathways: 
mammalian target of rapamycin (mTOR) through tuberous sclerosis complex 1/2 (TSC1/2) and Ras homolog enriched in brain (RHEB), phospho-
inositide 3-kinase/protein kinase B/c-Jun N-terminal kinase (PI3K/Akt/JNK), Ras/Raf/mitogen-activated protein kinase/extracellular signal-
regulated kinase (Ras/Raf/MEK/ERK), and Src/focal adhesion kinase/Rac/p21-activated kinase (Src/FAK/Rac/PAK). Proteins that are downregulated 
by active merlin are presented with a bold, red outline. However, merlin upregulates the Hippo pathway via the activation of large tumor suppressor 
kinase 1 and 2 (LATS1/2) to initiate yes-associated protein 1/transcriptional coactivator with PDZ-binding motif (YAP/TAZ) degradation. Furthermore, 
the stimulator of interferon genes (STING) pathway is positively regulated by merlin via interferon regulatory factor 3 (IRF3) interaction thus allowing 
RNA and DNA sensing to occur within the healthy cell. Created with BioRender.com.

  



i97Gregory et al. Meningioma in NF2-schwannomatosis
N

eu
ro-O

n
colog

y 
A

d
van

ces

tumors demonstrating linear growth of >0.03 cm3 between 
two-time points; tumors with a saltatory growth pattern, 
characterized by alternating periods of quiescence and linear 
growth, and finally tumors demonstrating an exponen-
tial growth pattern.8 Examples of each of these growth pat-
terns in NF2-associated meningioma are provided in Figure 
2. Subsequent large-scale natural history studies of NF2-
associated meningioma have found that the majority (60%–
83%) display either no growth, or very slow growth (defined 
as <1 mm increase in maximal diameter or <2 cm3 in volume/
year) over a prolonged period of observation.18,19,46

Clinical and Radiological Predictors of Growth

The first study of the long-term natural history of NF2-
associated meningioma identified younger age at onset 

and female gender as factors increasing the risk of me-
ningioma progression following diagnosis.8 A  radio-
logical scoring system, initially developed for use in 
incidental sporadic meningioma, has recently been val-
idated for use in NF2-associated meningioma.18 The Asan 
Intracranial Meningioma Scoring System ascribes higher 
scores to meningioma of larger volume, demonstrating 
T2 hyperintensity on MRI, associated with peri-tumoral 
edema and absence of intralesional calcification on im-
aging, and has been demonstrated to provide a good 
estimate of the risk of rapid growth of sporadic and NF2-
associated meningioma.18,47 However, no individual factor 
or scoring system is completely predictive of the future 
behavior of NF2-associated meningioma, highlighting the 
requirement for lifelong radiological follow-up of patients 
diagnosed with NF2-schwannomatosis.48
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The Tumor Microenvironment of NF2-
Associated Meningioma

The Extracellular Matrix

The tumor microenvironment (TME) of NF2-associated menin-
gioma also comprises infiltrating immune cells, secreted ex-
tracellular matrix (ECM) proteins, ECM proteases, cytokines, 
and growth factors, as illustrated in Figure 3.49–51 Differential 
expression and secretion of ECM components have been used 
to differentiate between WHO grade 1 and 2 meningioma and 
their individual subtypes, but not between sporadic and NF2-
associated meningioma.51–53 Laminin, fibronectin, collagen IV, 
and proteoglycans are high molecular weight proteins ubiq-
uitously expressed across human tissues and are essential 
structural components in the ECM.53,54 Matrix remodeling in 
tumors is associated with extensive fibrosis, blood vessel col-
lapse, and exacerbated TME hypoxia55,56; fibrosis is common in 
meningioma and is associated with tumor recurrence.57 Matrix 
metalloproteinases (MMPs) can degrade larger components of 
the ECM, such as collagen IV, and are key proteins involved in 
brain and bone-invasive meningioma.51 More specifically, high 
expression of MMP2 or MMP9 correlates with increased recur-
rence rates and brain invasion in aggressive subtypes of me-
ningioma.51,58,59 When combined with low expression of TIMP 
metallopeptidase inhibitor 1 (TIMP1), an inhibitor of MMPs, 
there is an increased risk of microcyst formation and edema 
occurring in the adjacent brain parenchyma.60

The Immune Microenvironment

In addition to the mechanical protection of the CNS, the me-
ninges are now known to act as an immunologically active 
barrier that samples and responds to inflammatory sig-
nals.61,62 For example, cytokines and molecules in the cerebro-
spinal fluid and brain parenchyma interstitial fluid, contribute 
to immune cell activation in the meningeal lymphatic vascu-
lature.63 The majority of the meningeal immune cell compart-
ment is composed of myeloid cells, such as monocytes and 
their macrophage derivatives which is reflected in the high 
proportion of tumor-associated macrophages (TAM) within 
meningioma tissue that dominate over other infiltrating im-
mune cell types.50,64,65 As of yet, no studies have determined 
if meningioma significantly modulate the surrounding me-
ningeal immune landscape, or whether the meningeal lym-
phatic system influences immune cell recruitment to the TME 
of meningioma to affect tumor growth or symptom severity. 
However, vascular endothelial growth factor secreted by 
arachnoid and dural border cells is known to promote angi-
ogenesis and increase vascular permeability for further im-
mune cell infiltration into meningioma.66,67

Classically activated macrophages, known as M1 macro-
phages, polarize upon stimulation by lipopolysaccharides 
and secrete pro-inflammatory cytokines such as interleu-
kins IL-1β and IL-18. This promotes a pro-inflammatory, 
anti-tumorigenic effect in the tumor tissue and is thought 
to be the dominant macrophage subtype in specific me-
ningioma with a 22q deletion or monosomy 22.68 However, 
in the majority of meningioma, up to 18% of the tumor is 
composed of alternatively-activated M2 macrophages 

that display anti-inflammatory, pro-tumorigenic quali-
ties.50 Stimulation by IL-4, IL-13, and colony-stimulating 
factor 1 (CSF1) induces M2 macrophages to secrete an-
ti-inflammatory cytokines such as IL-10 and transforming 
growth factor. A study of 30 patients confirmed a correla-
tion between M2 macrophage infiltration and an increase 
in meningioma growth and recurrence that evidences the 
pro-tumorigenic activity of M2 TAMs.50 Interestingly, the 
elevated expression of the CSF1 receptor (CSF1R) on M2 
TAMs has been observed in 29 patients with malignant 
meningioma who also presented with increased levels of 
CSF1 in the blood which has the potential to be used as 
a biomarker for tumor burden.69 Additionally, the ratio of 
M2:M1 macrophages present in meningioma correlates 
with increased meningioma recurrence and therefore may 
act as a prognostic marker for patients with meningioma.50

As well as myeloid cells, lymphoid cells such as T cells, 
natural killer cells and, to a lesser extent, B cells have been 
found to cluster in the meninges, as well as the perivascular 
spaces of meningioma.49,61 T cells express programmed cell 
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Figure 2. Natural history of NF2-associated meningioma.  Each 
row depicts T1 weighted, contrast-enhanced coronal MRI scans 
of the brain from patients with NF2-schwannomatosis. Each scan 
undertaken one year apart, with the most recent scan on the right. 
(A) Quiescent: Right convexity meningioma demonstrating no signif-
icant change in volume during follow-up. (B) Saltatory: Left tentorial 
meningioma demonstrating an initial volume increase between the 
first and second scans, with subsequent stabilization. (C) Linear: 
Slowly progressive increase in volume of multiple convexity and 
parasagittal meningioma during follow-up. (D) Exponential: A  right 
parasagittal meningioma demonstrating a small increase in tumor 
volume between the first and second scans, with a subsequent dra-
matic increase in volume one year later, leading to the development 
of neurological deficits and necessitating surgical resection.
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death protein 1 (PD-1) receptors important for restraining po-
tent pro-inflammatory responses, at the cost of impairing the 
anti-tumor T cell response. However, some meningioma ex-
hibit overexpression of PD-L1, the ligand of PD-1 on cytotoxic 
T cells, and therefore mediates suppression of downstream 
anti-tumor immunity.70,71 As such, T cells display antigen-
experience and exhaustion within meningioma tumors.49

Clinical Management and Quality of 
Life Outcomes

Factors Underpinning Decision Making

Management of NF2-associated meningioma should be 
undertaken in high-volume centers with multidiscipli-
nary teams, which improves quality of life (QoL) and life 
expectancy.44 Owing to the asymptomatic nature of most 
meningioma, and their slow growth, active monitoring is 
the most widely adopted initial strategy for meningioma 
management.18 However, as discussed earlier, the growth 
characteristics of meningioma vary across and within pa-
tients and therefore the intervals for monitoring remain 

undefined, albeit lifelong. Surgery is the first-line treatment 
for symptomatic and/or rapidly growing tumors. Principles 
of meningioma surgery with regards to maximizing the 
extent of resection whilst preserving neurological integ-
rity apply. These principles are often conflicting, never 
more so than in NF2-schwannomatosis where surgery is 
the mainstay of tumor control yet should not add to the 
morbidity of the condition. Radiotherapy and radiosurgery 
are reserved for recurrent tumors and growing tumors in 
surgically challenging locations. Radiation should be used 
with caution due to the risk of malignant transformation, 
the formation of radiation-induced tumors,72and the risk of 
cognitive deficits.73 Some NF2-schwannomatosis patients 
exhibit progressive raised intracranial pressure related to 
superior sagittal sinus or other venous sinus tumor burden; 
ophthalmological monitoring is important in these cases.74 
Cerebrospinal fluid diversion is sometimes needed to pro-
tect against visual loss. Overall, management approaches 
are highly individualized and consider the patient’s age, 
functional status, the tumors present, and their likely nat-
ural history, priorities of different synchronous tumors and 
involve shared decision-making around the aim of treat-
ment, durability of disease control, adverse effects, and 
possible health-related QoL outcomes.
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Figure 3. The tumor microenvironment of NF2-associated meningioma. TME of NF2-associated meningioma, the extracellular matrix (ECM) of se-
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major histocompatibility complex I (MHC I). Vascularization occurs upon vascular endothelial growth factor (VEGF) secretion from arachnoid and 
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the blood brain barrier which permits the extravasation of peripheral myeloid-derived immune cells into the tumor tissue, such as monocytes that 
polarize into either M1/M2 TAM. M2 TAMs overexpress CSF1R to bind growth factor CSF1, and express PD-L1 and MHC II. Lymphoid immune cells 
such as T cells that display T cell receptors (TCR) and PD-1, as well as B cells and natural killer (NK) cells become suppressed in the tumor microen-
vironment (TME), therefore, reducing antitumor immunity. Created with BioRender.com.
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Surgery

Surgery remains the first-line treatment for symptomatic 
and rapidly enlarging meningioma with the aim being 
to relieve or prevent neurological deterioration, main-
tain QoL, and obtain tissue for diagnosis.75 Surgical ap-
proaches should consider the presence of any nearby 
meningioma which may be accessible without increasing 
the risk of surgical morbidity and mortality, and which 
may require intervention in the near future due to high-
risk features such as hyperintensity on T2 weighted MRI 
and the presence of peri-tumoral edema.18,19 When plan-
ning the surgical resection of an NF2-associated menin-
gioma, consideration must be given to the site of previous 
incisions and craniotomies, given the high number of sur-
gical procedures that NF2-schwannomatosis patients are 
likely to undergo in their lifetimes.44 The majority of NF2-
associated meningioma arise at the cerebral convexity 
or along the falx cerebri, and are therefore distant from 
the eloquent neurovascular structures found at the skull 
base,18 but complex tumors affecting the optic apparatus 
and skull base do occur and require management with 
the full range of microscopic and endoscopic techniques. 
At the convexities, particular attention should be paid to 
the surgical approach for meningioma encroaching or 
encasing the superior sagittal sinus. In sporadic tumors, 
some neurosurgeons advocated for complete resection 
including tumors within the sinus76,77 followed by sinus re-
construction, but this is associated with a higher rate of 
morbidity and mortality.78 To circumvent the increased risk 
of venous infarcts and potential neurological deficits,79 a 
hybrid approach combining subtotal resection followed 
by active monitoring or adjuvant radiation is currently in 
favor, depending on the volume of residual meningioma 
and tumor grade.75 Surgical approaches may also con-
sider the presence of other symptomatic tumors such as 
those in the context of collision schwannoma-meningioma 
tumors, which due to their erratic growth behavior, can 
compromise hearing and brain stem function rapidly.80 
Surgical resection should be delayed in patients with a 
recent history of bevacizumab administration if possible, 
due to the known association between the use of this drug 
and wound breakdown.81

Operated symptomatic and growing NF2-associated 
meningioma appear to be histologically more aggres-
sive than sporadic meningioma (52% WHO grades 2 and 
3).18 Moreover, the rates of subsequent recurrence and 
the requirement for future re-intervention are higher in 
tumors undergoing subtotal resection.19 No studies have 
assessed the perioperative morbidity associated with 
NF2-associated meningioma, however, a population-
based study of 184 patients showed no cases of mortality 
within 30 days, a similar rate to patients with sporadic tu-
mors.82 The presence of meningioma in patients with NF2-
schwannomatosis impairs QoL.83 However it is unknown 
what effect meningioma surgery has on QoL in these pa-
tients. In sporadic tumors, surgery relieves neurological 
deficits and improves short-term QoL.84 In the long term, 
a significant decrease in QoL is observed, notably with 
cognitive difficulties, emotional and social dysfunction, as 
well as sleep disorders and fatigue.85 Risk factors for wors-
ened QoL include increased tumor burden and number 

of operations and it is, therefore, likely that such deficits 
are present long-term in NF2-schwannomatosis patients, 
partly due to meningioma and ensuing treatment.86

Radiosurgery and Radiotherapy

Several case series have advocated stereotactic 
radiosurgery (SRS) to growing or symptomatic NF2-
associated meningioma. These have included 12 to 39 
patients (number of meningioma 99–204) with median 
follow-up periods ranging between 4 and 9 years.87–90 
The 5-year local control rates were >90%. No cases of 
malignant transformation were reported. The overall 
meningioma burden or distant failure rate was reported 
in some studies ranging between 27% and 51%.87,89,90 
Additionally, the risk of distant failure in one study was 
related to the number of SRS treatments.90 Overall mor-
tality ranged from 17 to 33%. Data on fractionated radi-
otherapy use is limited but demonstrates similar local 
control rates.91

Radiation seems to improve local control however con-
cerns regarding malignant transformation and radiation 
induced tumors persist. In patients who died within these 
series, data on causes of death or autopsy reports were 
not always available. Yet despite some cases (3%–33% of 
overall study populations) describing the cause of death 
as “multiple de novo” and “progressive” meningioma,87,90 
the risk of transformation into a higher-grade meningioma 
with aggressive behavior is not acknowledged. Moreover, 
in a large natural history study of 74 patients followed-up 
for a mean of 9 years, the risk of de novo meningioma for-
mation was 16%,19 lower than the reported local failure 
rates in these reports. Importantly, a clear link between ra-
diation treatment and subsequent malignancy/malignant 
progression in NF2-schwannomatosis has been shown 
more recently in a larger well ascertained cohort of irradi-
ated NF2-schwannomatosis patients, including malignant 
progression to grade 3 meningioma.92

Overall QoL in meningioma patients treated with radio-
therapy may be lower than in those treated with surgery.93 
Specifically, in a study of 118 patients with NF2, patients 
whose treatment included any form of radiotherapy had a 
worse QoL than patients who did not,94 although it is worth 
considering that the need for radiotherapy may have been 
due to a more aggressive disease course, also predictive of 
a worse QoL.95

Therefore, caution is advised with the use of radiotherapy 
for meningioma in NF2. Longer-term studies are necessary 
to adequately assess the risks of malignant transformation 
and radiation-induced tumors by evaluating incidences 
of new tumors within and outside the radiation field, and 
long-term health-related QoL.

Novel Treatments and Clinical Trials

Targeting Aberrant Molecular Pathways

Drugs to combat several aberrant molecular pathways 
have been or are currently being investigated (Table 2). 
Two phase II trials investigating mammalian target of 
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rapamycin (mTOR) inhibitors, AZD2014 and RAD001, 
have been completed. The recent trial utilizing the dual 
mTORC1/mTORC2 inhibitor AZD2014 for patients with NF2-
schwannomatosis and progressive or symptomatic menin-
gioma had 12/18 patients withdraw from the study due to 
side effects (NCT02831257). The RAD001 trial conversely 
had a 90% completion rate and demonstrated slowing 
of meningioma growth, although none of the tumors re-
duced in size in comparison to baseline (NCT01419639). 
A combinatory phase II study assessing RAD001, in addi-
tion to octreotide, which had an additive antiproliferative 
effect on meningioma in vitro, demonstrated a slowing in 
median growth rates from 16.6% during the three months 
leading up to participation compared to 0.02% in the first 
three months of the study and 0.48%, after three to six 
months on treatment. Four out of 20 patients had NF2-
schwannomatosis.96 Analysis of eight patients treated with 
lapatinib, an inhibitor of the receptor tyrosine kinase ac-
tivity of epidermal growth factor receptor, demonstrated 
slower volumetric growth rates of meningioma whilst on 
treatment compared to off therapy.97 Clearly more work is 
required and other trials are currently underway (Table 2).

Targeting the Immune Microenvironment

Given the dominant immunological footprint present within 
meningioma, employment of immune-based drugs and 
therapies have great potential to enhance anti-tumoral im-
munity. Whilst traditional routes like checkpoint inhibition of 
the PD-1/PD-L1 axis may not be as effective in meningioma, 
due to poor expression of PD-L1 within the TME98 and phase 
II trials using anti-PD-1 drug nivolumab showing no benefit 
in cases of sporadic meningioma,99 targeting TAM polariza-
tion through CSF1R inhibition may be a superior alternative. 
Preclinical murine models of human malignant meningioma 
illustrated CSF1R blockade using monoclonal antibodies sig-
nificantly reduced tumor growth and induced transcriptional 
reprogramming in TAMs.69 Beyond the use of drugs, adoptive 
cell therapies utilize the patient’s own tumor-specific immune 
cells to expand ex vivo and reintroduce to generate a ro-
bust antitumoral response. Chimeric antigen receptor T-cells 
against the immune checkpoint B7-H3 were deployed in a 
patient with anaplastic meningioma, and whilst an effective 
response was generated, recurrent tumor tissue was found 
to downregulate B7-H3.100 Thus, immunotherapy for NF2-
schwannomatosis patients with meningioma is a promising 
treatment, but immunoediting and antigen loss are major 
hurdles to overcome for these treatments to be successful.

Recommendations and Areas for  
Future Research

The management of meningioma in patients with NF2-
schwannomatosis presents a substantial challenge. 
Practice points largely arise from single-center retrospec-
tive and prospective studies and would benefit from larger 
multi-center studies of the natural history of meningioma 
and comparative intervention studies. The following prac-
tice points are recommended:
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 1.  NF2-schwannomatosis patients should be man-
aged through high-volume multidisciplinary 
centers.

 2.  The first-line management strategy for asymp-
tomatic meningioma should be active imaging 
surveillance. This should be lifelong. No studies 
are available currently to advise on the inter-
vals for monitoring, although local policies 
exist and advise annual MRI once meningioma 
are identified until individual growth rates are 
established.44

 3.  Surgery should be reserved for symptomatic, 
rapidly enlarging tumors or tumors growing to 
risk boundaries where further growth would risk 
neurological deficits, increase morbidity, or re-
duce efficacy of anticipated future treatments. 
Radiotherapy can achieve adequate local tumor 
control in the short-medium term in selected pa-
tients where surgical options are higher risk, how-
ever, its use should be with caution due to the risk 
of malignant transformation. Ophthalmological 
follow-up is recommended.

 4.  The option of a clinical trials should be explored 
with patients.

Future research may focus on factors predictive of me-
ningioma growth and post-operative outcomes using a 
“meningiomics” approach incorporating patient, imaging, 
tumor, and blood characteristics to stratify treatment and 
optimize follow-up.101 This would also allow the develop-
ment of non-invasive biomarkers to monitor disease status 
and assess treatment targets. Studies of QoL are also im-
portant to assess for the impact of surgery, radiation, and 
other treatment options to aid  decision-making. The inter-
rogation of aberrant molecular pathways and the immune 
system in NF2-associated meningioma is ongoing and 
have the potential to identify novel treatments for people 
with NF2-schwannomatosis.
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