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Abstract
Neurofibromatosis type 2 (NF2) is a rare autosomal dominant disorder characterized by the development of mul-
tiple nervous system tumors due to mutation in the NF2 tumor suppressor gene. The hallmark feature of the NF2 
syndrome is the development of bilateral vestibular schwannomas (VS). Although there is nearly 100% penetrance 
by 60 years of age, some patients suffer from a severe form of the disease and develop multiple tumors at an early 
age, while others are asymptomatic until later in life. Management options for VS include surgery, stereotactic ra-
diation, and observation with serial imaging; however, currently, there are no FDA-approved pharmacotherapies 
for NF2 or VS. Recent advancements in the molecular biology underlying NF2 have led to a better understanding of 
the etiology and pathogenesis of VS. These novel signaling pathways may be used to identify targeted therapies for 
these tumors. This review discusses the clinical features and treatment options for sporadic- and NF2-associated 
VS, the diagnostic and screening criteria, completed and ongoing clinical trials, quality of life metrics, and oppor-
tunities for future research.
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Neurofibromatosis type 2 (NF2) is a multiple neoplasia 
predisposing syndrome characterized by the formation of mul-
tiple nonmalignant nervous system tumors throughout the life-
time due to mutation in the NF2 tumor suppressor gene. The 
pathognomonic feature of the NF2 syndrome is the development 
of bilateral vestibular schwannomas (VS)—histologically benign 
intracranial tumors arising from myelin-forming Schwann cells 

of the superior or inferior vestibular divisions of the eighth cra-
nial nerve (Figure 1). Most NF2 patients also develop additional 
cranial, spinal, and peripheral nerve schwannomas, along with 
meningiomas, ependymomas, and astrocytomas. Ocular and 
cutaneous manifestations may also occur. Individuals with NF2 
exhibit a wide range of phenotypic variability, in part predicted 
by the type of genetic variant.1

New developments in neurofibromatosis type 2 and 
vestibular schwannoma
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Hearing Loss

The mechanism by which hearing loss occurs in sporadic 
and NF2-associated VS has been intensely studied yet still 
remains incompletely understood. Cochlear nerve dys-
function is far more common clinically and affects up to 
95% of VS patients, whereas only up to 50% of VS patients 
develop imbalance symptoms.13 An intuitive hypothesis 
suggests that sensorineural hearing loss (SNHL) is caused, 
at least in part, by tumor-mediated mechanical com-
pression. This theory is based on anatomical evidence that 
any tumor growth within a tightly confined bony internal 
auditory canal would result in mechanical stress on the 
nerve and lead to conduction blockade. However, several 
studies have demonstrated the lack of a consistent correla-
tion between overall tumor size or intracanalicular config-
uration and the degree of SNHL (Figure 3).11 Additionally, 
a subset of patients develop progressive audiometric 
threshold shifts without changes in tumor size.14 Finally, 
sudden hearing loss occurs in up to 20% of VS patients 
without apparent alterations in tumor configuration.

A second hypothesized mechanism is due to ischemia to 
the hearing apparatus through the disruption of the coch-
lear blood supply.15 Animal models of vascular disturbances 
to the inner ear have demonstrated that the cochlea can 
be exquisitely susceptible to ischemic injury. A retrospec-
tive series examined the presence of vascular insult in over 
270 patients with VS.16 There was a significant correlation 

Treatment of growing NF2-associated and sporadic tu-
mors is driven by severity of symptoms and primarily 
consists of observation, surgery, or radiation therapy. 
Currently, there are no FDA-approved pharmacotherapies 
for NF2 or VS that target the underlying disease patho-
physiology. However, burgeoning insights into the mo-
lecular biology of sporadic and NF2-associated VS have 
shed light on the highly variable genotypic–phenotypic 
correlation of NF2 and suggest numerous putative mo-
lecular targets for therapeutic intervention.

In this review, we highlight the clinical features, di-
agnostic criteria, and treatment options for NF2 and dis-
cuss key advances in the treatment of sporadic and 
NF2-associated VS. We also highlight quality of life (QOL) 
issues and avenues for future research.

Epidemiology

VS accounts for 8% of all intracranial tumors with an inci-
dence rate of approximately 1 in 24,000.2 While 95% of VS 
are unilateral, sporadic and typically develop between the 
fourth and fifth decades of life, bilateral VS occurs in less 
than 5% of cases and are limited to patients with NF2. The 
incidence of NF2 is estimated to be around one in 33,000 
live births based on a study by Evans et al.3 In 1992, the di-
agnostic prevalence of NF2 was estimated to be about one 
in 210,000 individuals, but improvements in diagnostic 
techniques and imaging modalities have led to an apparent 
increase to one in 100,000 people by 2005.3,4 Unfortunately, 
epidemiological research on NF2 is complicated by de novo 
mutation rates and rarity of the disease. Moreover, the di-
agnostic window of NF2 is short between the diagnosis 

(mean age of 28 years) and death (mean age 39 years).5 No 
prevalence has been described based on ethnicity.

Pathophysiology

Genetics of NF2

The NF2 gene product, merlin, is a cell membrane protein 
that functions as a tumor suppressor.5 Merlin is involved 
in various signaling pathways including Ras/Raf/MEK/
ERK, PI3K/Akt/mTORC1, NF-kB, and Hippo signaling path-
ways (Figure 2).6–9 Mutations in merlin results in changes 
in its interactions with the actin cytoskeleton.10,11 Welling 
et al. studied a series of patients with VS and found that the 
frequency, type, and distribution of NF2 mutations were 
different between sporadic and familial NF2-associated tu-
mors. Specifically, point mutations in the NF2 gene exons 
accounted for 58% of mutations in NF2, whereas they only 
accounted for 19% in unilateral cases. Additionally, small 
deletions accounted for 76% of the mutations in unilateral 
VS but only 42% of bilateral NF2-associated tumors. CpG 
hotspots were identified as predisposing to mutation.12

Multiple groups have attempted to determine whether 
the specific underlying genotype can predict disease se-
verity. Patients with severe clinical disease tend to harbor 
deletional mutations that produce a truncated or unstable 
protein that result in complete loss of merlin function, 
as a result of either nonsense or frameshift mutations in 
key exons 2 through 13.1 By contrast, patients with milder 
forms of disease tend to contain missense, splice site, 
or nontruncating mutations, which likely result in some 
merlin expression.
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Figure 1. Schematic illustrating vestibular schwannoma arising from a vestibular nerve within the internal auditory canal. The figure was modified from 
SMART (Servier Medical Art), licensed under a Creative Common Attribution 3.0 Generic License. http://smart.servier.com/.
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Hearing Loss

The mechanism by which hearing loss occurs in sporadic 
and NF2-associated VS has been intensely studied yet still 
remains incompletely understood. Cochlear nerve dys-
function is far more common clinically and affects up to 
95% of VS patients, whereas only up to 50% of VS patients 
develop imbalance symptoms.13 An intuitive hypothesis 
suggests that sensorineural hearing loss (SNHL) is caused, 
at least in part, by tumor-mediated mechanical com-
pression. This theory is based on anatomical evidence that 
any tumor growth within a tightly confined bony internal 
auditory canal would result in mechanical stress on the 
nerve and lead to conduction blockade. However, several 
studies have demonstrated the lack of a consistent correla-
tion between overall tumor size or intracanalicular config-
uration and the degree of SNHL (Figure 3).11 Additionally, 
a subset of patients develop progressive audiometric 
threshold shifts without changes in tumor size.14 Finally, 
sudden hearing loss occurs in up to 20% of VS patients 
without apparent alterations in tumor configuration.

A second hypothesized mechanism is due to ischemia to 
the hearing apparatus through the disruption of the coch-
lear blood supply.15 Animal models of vascular disturbances 
to the inner ear have demonstrated that the cochlea can 
be exquisitely susceptible to ischemic injury. A retrospec-
tive series examined the presence of vascular insult in over 
270 patients with VS.16 There was a significant correlation 

between the presence of intratumoral microhemorrhage 
or fibrosis and poor hearing status. Furthermore, the oc-
currence of sudden hemorrhagic events within the tumor 
may result in a rapid increase in pressure and leads to 
compression of the blood supply.17 Nonetheless, such his-
tological changes only occur in a small fraction of the pa-
tients and do not entirely account for clinical findings in 
the cohort.

As we begin to discover inherent genetic differences 
between VS associated with poor hearing and those with 
good hearing, an emerging hypothesis proposes that 
tumor-secreted molecules could directly lead to coch-
lear damage. Ototoxic and neurotoxic metabolites have 
been shown to be present directly in tumor secretions 
and can result in cochlear cellular damage.18 Decreased 
distortion product otoacoustic emissions are commonly 
observed in VS patients with mild SNHL, suggesting that 
outer hair cell dysfunction could be a primary event in 
early hearing loss. Furthermore, postmortem studies of 
temporal bones with untreated VS also demonstrated 
that a substantial portion showed cochlear atrophy and 
organ of Corti degeneration. The surprising reversal of 
SNHL in 50% of patients treated with bevacizumab might 
also indicate a therapeutic blockade of neurotoxic or 
ototoxic effects on the neural and/or inner ear tissues.19 
In addition, extracellular vesicles secreted by tumor 
cells, known as exosomes, have also been implicated in 
mediating cochlear damage.20 Collectively, these data 
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Figure 2. Merlin-regulated signaling pathways and current therapeutic targets in vestibular schwannoma. Merlin protein suppresses cell growth 
and proliferation by acting at multiple levels in a cell. Details are included in Supplementary Materials.
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Figure 3. Examples illustrating that vestibular schwannoma (VS) size does not correlate with hearing loss. PTA, pure tone average. Yellow arrow 
points to VS in all scans. Details are included in Supplementary Materials.
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provide additional insights into the mechanism by which 
the ototoxic and neurotoxic components within VS se-
cretions could induce hearing loss.

Diagnosis and Screening

NF2 is subclassified into 3 groups based on clinical presenta-
tion and severity of disease: (1) Wishart; (2) Gardner; and (3) 
mosaic (segmental).3 The Wishart subtype has the most se-
vere clinical presentation with typical onset in the late teens 
or early 20s; patients typically present with spinal tumors 
in addition to bilateral VS. The Gardner subtype has a less 
severe presentation and later onset. While patients present 
with bilateral VS, the incidence of associated intracranial tu-
mors is lower. Finally, the mosaic, or segmental, NF2 sub-
type describes a condition in which a mutation occurs in 
embryogenesis rather than in the germline DNA; therefore, 
only a portion of the patients’ cells carry the mutation.21

Diagnostic Criteria for NF2

While a number of diagnostic criteria for NF2 have been pro-
posed, the Manchester criteria (2005) have become the most 
widely used.22 A definite diagnosis is made by (1) the pres-
ence of bilateral VS or (2) a history of a first-degree family 
relative with NF2 and the development of either a unilat-
eral VS or least 2 of the following conditions known to be 
associated with NF2: meningioma, glioma, neurofibroma, 
schwannoma, or posterior subcapsular lenticular opacities. 
These criteria also included patients with no family history 
who have multiple schwannomas and/or meningiomas, 
but without bilateral VS. Recently, Evans et  al. integrated 
large databases of over 2700 individuals with molecular 
testing for NF2.23 The authors suggested that the terms 
“glioma” and “neurofibroma” be removed and replaced 
by “ependymoma” and that testing of the gene LZTR1 be 
recommended for individuals with unilateral VS given clin-
ical overlap between LZTR1-associated schwannomatosis 
and NF2. The most current and revised Manchester criteria 
(2017) for NF2 reflect these changes (Table 1).

Screening and Monitoring

Ocular abnormalities (retinal hamartomas, epiretinal mem-
branes, and subcapsular cataracts) are recorded in 40% to 
over 70% of children with NF2.21,24 These ophthalmologic 

manifestations are considered early clues of NF2,21 though 
some children present with neurologic symptoms from in-
tracranial tumors. Mean age at first presentation of NF2 
in children varies between 5.5 and 7.0 years of age, while 
mean age of diagnosis varies from 8.8 to 14.9 years. Tumor 
burden and associated morbidity and mortality among 
children are typically higher than the adult NF2 popula-
tion.25 Therefore, children with a family history of NF2 
should undergo MRI by 8 years of age and molecular ge-
netic testing to identify NF2 mutations.

Adults with NF2 require education about potential dis-
ease complications and routine ophthalmologic and 
neurologic assessment. Annual examinations by clinicians 
familiar with NF2 are suggested, along with management 
by expert multidisciplinary teams for lifelong surveillance 
and care. MRI of the brain should be performed at baseline 
and annually. In certain cases, imaging is needed at more 
frequent intervals for individuals at high risk for hydro-
cephalus or brainstem compression. MRI of the spine with 
contrast should be performed given the predisposition to 
spinal lesions, but the frequency of this imaging depends 
on tumor burden and clinical exam findings.26

Biomarker Development

To date, no biomarker-driven trial for NF2 has been per-
formed. Existing clinical factors such as tumor size, growth 
rate, or radiographic features have all been investigated 
as potential markers; however, many of them suffer from 
poor sensitivity and specificity and do not yield consistent 
results. Two histological indices of cellular proliferation, 
Ki-67 and MIB-2, have both been retrospectively validated 
in patients with VS and found to correlate with either tumor 
growth or recurrence after subtotal resections.27 While 
these findings provide a quantitative assessment of tumor 
growth at the cellular level, histologic biomarkers can be 
obtained only after tumor extirpation and thus cannot be 
utilized for disease prognosis.

Since most nongrowing or slow-growing VS are followed 
with serial MRI scans, several studies have also investi-
gated the utility of radiographic factors. In one of the largest 
retrospective series of 31 NF2 patients, neither baseline 
tumor volume nor growth rate correlated with either radi-
ographic or hearing response to bevacizumab treatment. 
The only significant biomarker was mean apparent diffu-
sion coefficient, a radiographic measure of tissue edema 
that may be related to the “leakiness” of tumor blood ves-
sels, which showed a modest correlation with reduction 
in tumor volume.28 A  recent study investigated the link 

  
Table 1. Current and Revised Manchester Criteria for Neurofibromatosis Type 2 (NF2)

1. Bilateral VS, diagnosed before age 70

2. First-degree relative family history of NF2 and unilateral VS, diagnosed before age 70

3.  First-degree relative family history of NF2 or unilateral VS or 2 of: meningioma, cataract, schwannoma, cerebral calcification 
(if unilateral VS and > 2 nonintradermal schwannomas, needs negative LZTR1 genetic testing)

4.  Multiple meningiomas (2 or more) and 2 of: unilateral VS, cataract, ependymoma, schwannoma, cerebral calcification

5. Constitutional or mosaic pathogenic NF2 gene mutation in blood or identical mutations in 2 distinct tumors.
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between tumor inflammation, vascular permeability, and 
growth of VS using a tracer for positron-emission tomog-
raphy and dynamic contracted enhanced MRI. Growing 
sporadic tumors displayed elevated signals derived from 
these imaging biomarkers, likely due to increased pres-
ence of tumor-associated macrophages.29 Findings from 
these studies motivate further validation in larger prospec-
tive cohorts with longer follow-up.

VEGF is a key mediator of angiogenesis and is expressed 
in nearly all VS. Histological data suggests schwannomas 
overexpress VEGF, which lead to increased vessel density and 
abnormal cellular proliferation.30 In a murine VS xenograft 
model, pharmacologic inhibition of VEGF led to anatomic and 
functional normalization of the vascular architecture within 
the tumor.30 Based on the animal data, a retrospective study 
was conducted where 31 patients with NF2-asssociated VS 
and hearing loss were treated with bevacizumab.28 Hearing 
improvements were observed in over half of the patients; 
however, the therapeutic benefit required long-term dosing, 
which can be associated with chronic systemic toxicity. 
Studies to reduce the side effects of bevacizumab such as hy-
pertension and proteinuria are ongoing with modification of 
dosing regimens. Initial induction doses with reduced main-
tenance dosing are also being evaluated.

The level of VEGF circulating in the peripheral blood may 
also function as a serum biomarker to predict which indi-
viduals will most likely benefit from anti-VEGF therapy. 
In a prospective trial of 14 patients with NF2 and ipsilat-
eral progressive hearing loss treated with bevacizumab 
for 12  months, 36% experienced some hearing improve-
ment.31 Elevated blood levels of VEGF-D and stromal cell-
derived factor 1⍺ correlated with reduction of tumor size 
on MRI. Interestingly, patients whose hearing did not im-
prove tended to have higher plasma levels of hepatocyte 
growth factor (HGF), suggesting that HGF/cMET signaling 
may play a role in hearing loss and affect the response of 
VS to bevacizumab. Indeed, recent studies have begun to 
elucidate the role of cMET signaling in VS.32

Tumors of the central nervous system secrete mol-
ecules that are typically transported systemically via the 
circulation of CSF, which represents a source for potential 
biomarkers.32 In a study of 43 CSF specimens obtained 
from patients with sporadic VS, nearly 100 unique pro-
teins involved in various signaling pathways were found 
to be dysregulated depending on the size of the tumor.33 
Specifically, ATP binding cassette subfamily A  member 
3 (ABCA3) and kruppel like factor 11 (KLF11) were posi-
tively correlated with VS tumor size, whereas brain abun-
dant membrane attached signal protein 1 (BASP1) and 
peroxiredoxin 2 (PRDX2) levels were downregulated 
as tumors grew. While this study did not examine NF2-
associated tumors, these biomarkers should be further val-
idated in prospective cohorts and in NF2 patients.

Management

Overview

In the past several decades, there has been an apparent 
increase in the incidence of VS, presumably attributed to 

a rise in the detection of incidental tumors with improved 
imaging techniques. However, there is a decrease in the 
number of patients undergoing surgical resection for all 
types of VS, with a proportionally larger decrease in the 
excision rate of sporadic VS compared to NF2-associated 
VS between 1997 and 2011.34 National data for current man-
agement of sporadic VS show an increase in the number 
of cases treated with conservative “watchful waiting” man-
agement including observation and surveillance imaging.35

Treatment recommendations for VS are made based on 
a combination of factors including patient age, tumor size, 
residual hearing and existing comorbidities. In general, 
surgery is recommended for patients with younger age 
and larger tumors, while observation or stereotactic radia-
tion is recommended for patients with increasing age and 
smaller or asymptomatic tumors. Priorities of treatment 
involve life-saving measures including relieving brainstem 
compression or hydrocephalus, followed by preserving fa-
cial and auditory function. Patients with NF2 or VS in an 
only hearing ear present unique treatment challenges as 
the patient may be faced with bilateral deafness. Hearing 
rehabilitation following VS removal can be achieved in 
several ways. Auditory brainstem implants, which pro-
vide direct electrical stimulation of auditory neurons in 
the cochlear nucleus, remain an option when the cochlear 
nerve requires sacrifice. However, when the cochlear nerve 
is intact, cochlear implantation (CI) could directly stimu-
late the cochlear nerve. To date, the majority of studies re-
porting CI outcomes following resection of VS are focused 
on NF2 patients with bilateral deafness. Recently, however, 
the indications for CI have been expanded to include pa-
tients with single-sided deafness, thus raising the pos-
sibility of CI in patients with unilateral VS. A  systematic 
review comparing 15 studies found that the mean speech 
discrimination score improved from 30.0% preoperatively 
to 56.4% following implantation with the majority of pa-
tients reporting improvement in tinnitus.

The Synodos for NF2 Consortium, established in 2014 
and completed in 2018, attempted to identify novel ther-
apeutic agents for treatment in NF2 tumors. An open ac-
cess (www.synapse.org/Synodos/NF2) database was 
created for community sharing and mining of drug treat-
ment. Future treatment may involve combination therapies 
in which 2 drugs act synergistically to reduce the dose of 
each drug and thereby limit toxicity.36 For example, com-
bination therapy with mTOR kinase inhibitor and dasatinib 
inhibits proliferation of both human VS cells36 and human 
meningioma cells. Importantly, combination therapy can 
reduce the dose of each drug and thereby its toxicity if 
drugs act synergistically. Another approach to combina-
tion therapy is concurrent administration of drug and radi-
ation to improve efficacy and reduce toxicity. For example, 
crizotinib, a small-molecule dual inhibitor of the c-Met and 
ALK receptor tyrosine kinase, can enhance schwannoma 
radiosensitivity in the mouse model, reducing the overall 
dose of radiation required to control tumor growth.37

NF2 Drug Discovery

The traditional drug discovery pipeline suffers from sev-
eral drawbacks including a lengthy duration ranging from 

http://www.synapse.org/Synodos/NF2
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9 to 12  years, prohibitive costs, and a high failure rate 
where nearly 9 out of 10 drugs ultimately do not reach the 
market. By contrast, the computational repositioning of 
existing drugs already approved by the FDA, where inter-
actions between genes or gene networks and drugs guide 
the repurposing of such drugs toward new indications, 
offers a novel and transformative approach toward thera-
peutic discovery. Drug repositioning takes less time, offers 
substantial savings in preclinical and phase I/II studies, and 
typically has a lower failure rate since the safety profiles 
are largely already known. Historically, drug repositioning 
has been achieved by either opportunistic or serendipitous 
approaches. Building on these successes, a systematic ap-
proach to reposition therapeutics through leveraging large-
scale genomic information could lead to the identification 
of safe drugs for other indications, especially in diseases 
such as VS, where no approved pharmacotherapies exist.

To identify FDA-approved drugs with potential for re-
purposing in VS, Sagers et al. conducted a meta-analysis 
of human VS transcriptomes and applied gene expres-
sions to a computational drug repositioning algorithm to 
match with known drug–gene interactions.38 Mifepristone 
(RU486), a progesterone and glucocorticoid receptor an-
tagonist already approved for medical abortion, was 
chosen as the most promising candidate drug. In a preclin-
ical study, mifepristone reduced cellular proliferation and 
promoted cytotoxicity in primary human VS cultures re-
gardless of NF2 mutation, with no apparent adverse effects 
in Schwann cells. A phase II clinical trial on mifepristone in 
VS is currently being planned.

Among the list of dysregulated genes in VS, 
neuroinflammation-related signaling was one of the 
highest ranked pathways.38 The activation of the NLRP3 
inflammasome, a multi-protein complex that activates 
caspase-1 resulting in the production of inflammatory 
cytokines, has become the subject of growing interest due 
to its emerging role in inner ear biology. Evidence sug-
gests that NLRP3 mutation is associated with cochlear 
autoinflammation in conjunction with DFNA34-mediated 
hearing loss and age-rated hearing loss. Activation 
of NLRP3 triggers the production of IL-1β, a potent 
proinflammatory cytokine; treatment with a recombinant 
human IL-1 receptor antagonist, reversed the hearing loss 
seen in a family with sensorineural hearing loss and NLRP3 
mutations.39 In VS, genes associated with NLRP3 were sig-
nificantly upregulated in patients with poor hearing.40 
Future work is needed to ascertain the therapeutic role of 
IL-1β blockade in patients with hearing loss secondary to 
sporadic or NF2-associated VS.

Clinical Trials for NF2

Improved understanding of the molecular mechanisms 
driving NF2 pathogenesis has led to the identification of 
several potential therapeutic targets (Table 2). According to 
the type of receptors, signaling pathways and effector mol-
ecules they target, current FDA-approved drugs used in 
clinical trials for NF2 can be arranged as follows: (1) ligand-
targeting drugs, (2) RTK-targeting drugs, (3) signaling 
pathway-targeting drugs, and (4) proinflammatory 
mediators-targeting drugs (Figure 2).

Ligand-targeting drugs

Targeting angiogenesis of growing VS with the human-
ized VEGF monoclonal antibody, bevacizumab, has been 
the most successful pharmacologic intervention to date. 
Initial studies indicated that treatment with bevacizumab 
is effective in 50% of patients, both in terms of hearing im-
provement and tumor shrinkage on imaging.19,44 Further 
prospective studies, however, revealed that sustained re-
sponses could only be achieved with continued treatment, 
which poses a challenge due to dose-limiting long-term 
toxicities of the drug.28 Studies to reduce the side effects 
of bevacizumab such as hypertension and proteinuria are 
ongoing with modification of dosing regimens. Initial in-
duction doses with reduced maintenance dosing are also 
being evaluated.

RTK-targeting drugs

The ErbB family of receptor tyrosine kinases (RTKs) com-
prises the epidermal growth factor receptor (EGFR)/HER-1, 
HER-2, HER-3 and HER-4, which are known to play a role in 
Schwann cell differentiation and proliferation. Several dif-
ferent molecules within these interrelated pathways have 
been targeted in an effort to halt tumor growth or induce 
regression of disease. Lapatinib, a HER-1/2 inhibitor, has 
been shown to have beneficial activity in a phase II clin-
ical trial for NF2 patients with growing VS. In this study, 11 
of 17 patients showed reduction in tumor size with 4 pa-
tients meeting the criteria for clinical volumetric response; 
hearing response rate was observed in 4 of 13 patients.45 
Unfortunately, erlotinib, an EGFR/HER-1 antagonist, has 
not been shown to be efficacious; one review by Plotkin 
et al. showed no improvement in radiographic or hearing 
responses in NF2 patients with progressive VS.46

Signaling pathway-targeting drugs

Promising targets for treatment of VS are predominantly 
components of PI3K/Akt/mTORC1 and Ras/Raf/MEK/ERK 
signaling pathways. Recent evidence suggests that rapa-
mycin inhibition of the mammalian target of rapamycin 
complex 1 (mTORC1) reducing growth of schwannoma 
cells. Clinical trials of everolimus, a rapamycin analog that 
acts as a mTOR kinase inhibitor, have shown mixed results. 
One phase II clinical trial of 10 patients with NF2-associated 
VS showed that none of the 9 patients with evaluable dis-
ease had objective radiographic or hearing responses.47 
However, another phase II trial had more promising re-
sults; of 9 patients studied, 5 showed inhibition of tumor 
growth that resumed within 3–6  months after treatment 
discontinuation.48 Other targets of this pathway, such as 
selumetinib, a MEK1/2 inhibitor, are being studied in phase 
II clinical trials.

Proinflammatory mediators-targeting drugs

Cyclooxygenase 2 (COX-2) enzyme and pro-inflammatory 
transcription factor, nuclear factor-kappa B (NF-κB)49 have 
been shown to be critical modulators of VS proliferation. 
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Table 2. Active and Recently Completed Prospective Clinical Trials for NF2-Associated VS (http://clinicaltrials/gov)

Drug Mechanism of 
Action

Trial Design Status

Bevacizumab 
(AvastinTM)

Anti-VEGF 
monoclonal 
antibody

Phase II, Multicenter (Johns Hopkins Univer-
sity, National Cancer Institute, Massachusetts 
General Hospital), USA

Completed, efficacious33  
N = 14; Hearing improvement in 36%, tumor 
response in 43%  
[NCT01207687]

Phase II, Multicenter (Children’s Hospital in Los 
Angeles, Children’s National Medical Center, 
Children’s HealthCare of Atlanta, University of 
Chicago, Indiana University, National Cancer 
Institute, Children’s Hospital Boston and Mas-
sachusetts General Hospital, Washington Uni-
versity – St. Louis, New York University Medical 
Center, Cincinnati Children’s Hospital Medical 
Center, Children’s Hospital of Philadelphia, Uni-
versity of Utah), USA

Active, not recruiting  
N = 22  
[NCT01767792]

Phase II, Multicenter (Northwestern University, 
Dana-Farber Cancer Institute, University of 
Virginia, University of Washington), USA

Active, not recruiting  
N = 50  
[NCT01125046]

Axitinib 
(InlytaTM)

VEGFR1/2/3 
inhibitor

Phase II, Multicenter, New York University, USA Active, not recruiting  
N = 12  
[NCT02129647]

Endostatin VEGF expres-
sion inhibitor

Phase II, Beijing Tiantan Hospital, China Complete, outcome not reported  
N = 20  
[NCT02104323]

Aspirin Cox 2 inhib-
itor

Phase II, Multicenter (Massachusetts Eye and 
Ear, Stanford University, Mayo Clinic, Univer-
sity of Iowa, University of Utah), USA

Active, recruiting  
N = 300  
[NCT03079999]

Everolimus Inhibits 
mTORC1

Phase II, Hopital Beaujon, France Completed, efficacious41  
N = 10; Hearing stable, tumor response in 
55%  
[NCT01490476]

Early Phase I, New York University, USA Active, not recruiting  
N = 5  
[NCT01880749]

Phase II, University of California Los Angeles, 
USA

Active, not recruiting  
N = 4  
[NCT01345136]

Phase II, New York University, USA Completed, ineffective42  
[NCT01419639]

AR-42 Histone 
deacetylase 
inhibitor

Early Phase 1, Multicenter (Stanford University, 
Johns Hopkins University, Massachusetts Eye 
and Ear, Mayo Clinic), USA

Active, not recruiting  
N = 5  
[NCT02282917]

Crizotinib FAK1 inhibitor Phase II, University of Alabama, USA Active, not recruiting  
N = 19  
[NCT04283669]

Selumetinib MEK1/2 inhib-
itor

Phase II, Cincinnati Children’s Hospital Medical 
Center, USA

Active, recruiting  
N = 34  
[NCT03095248]

Lapatinib EGFR/ ErbB2 
inhibitor

Early Phase I, Multicenter (House Research In-
stitute, Johns Hopkins Hospital, Massachusetts 
General Hospital, Washington University Med-
ical Center, New York University, Weil Cornell 
Medical College, Presbyterian Hospital, Ohio 
State University Medical Center), USA

Completed  
N = 26  
[NCT00863122]

Phase II, New York, University, USA Completed, efficacious43  
N = 17; Hearing improvement in 30.8%, tumor 
response in 23.5% (15% decline in tumor 
volume)  
[NCT00973739]

http://clinicaltrials/gov
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In NF2, COX-2 was expressed in nearly all VS and its ex-
pression level correlated with the degree of cellular pro-
liferation. In cultured sporadic VS cells, the secretion of 
prostaglandin E2, a potent inflammatory mediator gen-
erated by COX-2, correlated with cell proliferation rate, 
and clinical COX-2 inhibitors prevented VS proliferation in 
vitro.50 A recent microarray study of 1048 VS, including 111 
related to NF2, again confirmed the relationship between 
COX-2 expression and increased tumor proliferation 
measured by MIB1 expression. To evaluate the therapeutic 
potential of COX-2 inhibition, several authors have studied 
the efficacy of anti-inflammatory medications, such as as-
pirin, in controlling VS growth. A  retrospective series of 
347 patients with sporadic VS suggested those who took 
aspirin for unrelated reasons had slower tumor growth51; 
however, recent retrospective studies did not find a con-
sistent correlation between aspirin intake and VS growth. 
Despite these controversies, guidelines from the Congress 
of Neurological Surgeons recommended administra-
tion of aspirin for VS patients who are undergoing tumor 
surveillance.52 To clarify the therapeutic role of aspirin, 
a prospective, randomized, placebo-controlled phase II 
trial of aspirin use in both sporadic and NF2-associated 
VS is currently underway (ClinicalTrials.gov identifier 
NCT03079999). The preclinical studies informed the dose 
of aspirin used in the current clinical trial, which is higher 
than most people would have taken in the reported retro-
spective studies.

Gene Therapy for NF2

Direct modulation of affected genes in specific cell types 
represents arguably the most powerful therapeutic 
strategy for NF2. To accomplish functional expression or 
inhibition of particular genes in specific tissues, the vector 
must be effectively delivered to all of the affected cells of 
interest. Delivery platforms typically include viral vectors 
such as retroviruses, adenoviruses and adeno-associated 
viruses (AAV), as well as nonviral means including 
nanoparticles and polymers.53

Much of the recent advancements in gene delivery has 
been in the treatment of inherited retinal dystrophies, ge-
netic hearing loss, and spinal muscular atrophy (SMA1). 
While equivalent clinical data do not yet exist for treating 
NF2 and hearing loss, several preclinical animal studies 

have shown promising results. In particular, direct injec-
tion of an AAV serotype 1 vector encoding caspase-1 (ICE) 
under the Schwann-cell specific promoter, P0, led to regres-
sion of schwannomas in a mouse model.43 More recently, 
gene therapy involving direct injection of AAV1 encoding 
apoptosis-associated speck-like protein, a newly described 
schwannoma tumor suppressor, in a human xenograft 
schwannoma model, reduced tumor growth and resolved 
tumor-associated pain without detectable toxicity.54 Larger 
gene sequences can be successfully transduced using 
dual-AAV systems in vivo.55 Taken together, results from 
these studies will help better inform the optimal treatment 
conditions that will maximize the safety and efficiency of 
viral gene delivery in NF2.

Alternatively, nonviral vectors such as liposomal-, poly-
meric-, or peptide-based nanoparticles offer an attractive 
alternative for targeted delivery of molecular therapeutics. 
Liposomes have been used to deliver genome editing 
agents to the cochlea of neonatal mice in a model of dom-
inant genetic deafness.42 By decorating the nanoparticle 
surface with a peptide that target Schwann cells, peptide-
based nanoparticles have been utilized to deliver genetic 
materials to primary human vestibular schwannoma cul-
tures in vitro, resulting in decreased tumor cell secretion of 
an ototoxic inflammatory cytokine.53

Challenges still remain in the development of safe, efficient, 
and clinically translatable approaches for gene/drug delivery. 
Refinements in technique of injection via the round-window 
membrane will improve the pharmacokinetics and pharma-
codynamics of the injected drug in the inner ear. Differences 
in the inner ear volumes between rodent models and patients 
must be taken into account. Future surgical innovations could 
help better detect electrophysiological changes in the inner 
ear associated with therapeutic interventions. The incorpo-
ration of robotic tools in otologic surgeries could make sur-
geries more precise and customized to the unique anatomy.53

Immunotherapy

Research in immunotherapy for central nervous system 
malignancies such as glioblastomas is an area of active 
investigation. Therapies directed against tumor-associated 
macrophages that modulate the degree of immunosup-
pression hold translational potential.41,56 While still at an 
early stage, immunotherapy that specifically targets tumor 

  
Table 2. Continued

Drug Mechanism of 
Action

Trial Design Status

Icotinib EGFR inhib-
itor

Phase II, Beijing Tiantan Hospital, China Unknown  
N = 20  
[NCT02934256]

Nilotinib 
(TasignaTM)

Bcr-Abl inhib-
itor

Phase II, Toronto Western Hospital, University 
Health Network, Canada

Terminated  
N = 2  
[NCT01201538]

Clinical trials that demonstrated efficacy are shown in green, trials that are ongoing or whose results have not been published yet are shown in 
yellow, and trials that were reported as ineffective or were terminated are shown in red.
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inflammation may emerge as a new class of NF2 thera-
peutics. Early data from over 30 years ago have suggested 
that tumor extracts or serum from VS patients overexpress 
immunogenic mediators. This was supported by recent ev-
idence suggesting that proinflammatory cytokines such as 
IL-1β, IL-6, and TNF-α were found to be upregulated in spo-
radic VS and tumor secretions.49

Furthermore, certain fast-growing VS expressed higher 
levels of M-CSF and IL-34, 2 factors that could regulate che-
motaxis of immune cells including tumor-associated macro-
phages (TAMs).57 Additionally, a greater macrophage 
infiltration was found in growing sporadic VS compared 
to nongrowing sporadic tumors.29 In a series of 10 NF2-
associated schwannomas, both high levels of PD-L1 ex-
pression and the presence of TAMs and T-lymphocytes were 
identified in nearly all specimens.58 In another study of 44 
sporadic tumors undergoing subtotal resection, increased 
presence of CD163+ TAMs and elevated PD-L1 expression 
were both significantly associated with tumor aggressive-
ness and poorer disease control.59 Together, macrophage bio-
markers represent an ongoing active area of research in VS.

Quality Of Life

Adults with NF2 consistently report reduced QOL across 
physical, emotional, and mental domains. Patients suffer 
substantial morbidity related to loss of function, including 
hearing loss, facial nerve paralysis, visual disturbances, 
dysphagia, pain, and imbalance. Traditionally, outcomes 
on clinical trials were measured by tumor growth and 
neurologic deficit, but QOL is beginning to gain recogni-
tion as important secondary outcomes.

The Response Evaluation in Neurofibromatosis and 
Schwannomatosis (REiNS) International Collaboration was 
formed to achieve consensus regarding the design of clinical 
trials and treatments for neurofibromatosis. VS and other 
NF2-associated tumors are typically benign and thus tradi-
tional outcomes used for management of cancerous lesions, 
such as overall survival or disease-free survival, may not be 
relevant. Instead, by focusing on functional outcomes, such 
as the preservation of hearing and/or facial nerve function, 
collaborators hope to improve the design and comparability 
of clinical trials. Plotkin et al. proposed consensus recom-
mendations for response evaluation in NF2 clinical trials, 
specifically for hearing and facial function.60 The group en-
dorsed the use of maximum word recognition score as a 
primary hearing endpoint, with the 95% critical difference 
for primary hearing outcomes. Patient reported hearing out-
come measures have also been recommended.

Few standardized QOL surveys are available for 
use in NF2 clinical trials, but in recent years, several 
groups have produced disease-specific, validated 
questionnaires for the assessment of QOL in NF2 pa-
tients.61,62 The Neurofibromatosis Two Impact of QOL 
(NFTI-QOL) is an 8-item questionnaire followed by 
an open free-response section and was found to cor-
relate well with clinician estimations of disease im-
pact.62 Although NF2 results in the development of 
benign tumors, the impact of psychosocial issues on 
NF2 patients is equivalent to that observed in patients 
with malignant disease.61

Outlook

Biomarker Discovery

There is growing interest in developing technologies to 
identify molecular biomarkers of hearing loss in sporadic 
and NF2-associated VS. Unfortunately, nondestructive 
tissue biopsy of the inner ear is not feasible; while sur-
gical procedures that provide access to the inner ear, such 
as labyrinthectomy, are nonhearing preserving. Within the 
cochlea, perilymph fluid percolates the scala tympani and 
vestibuli and is enriched in proteins secreted by cells in the 
inner ear. The perilymph proteome of VS was first assem-
bled using liquid chromatography with tandem MS and 
consisted of 271 unique proteins, including some with pu-
tative roles in hearing loss.63 Recently, a novel microneedle 
device was developed to safely sample perilymph fluid 
through the round window as demonstrated on cadaveric 
human temporal bones.64 Together, these studies highlight 
the potential for discovering biomarkers of hearing loss 
from liquid biopsy of human perilymph. Looking forward, 
through the increased use of “omics” technologies such as 
genome-wide screens and high-throughput proteomic and 
epigenetic studies, additional molecular biomarkers could 
be discovered and validated in an efficient and unbiased 
fashion.65

Preclinical Models for NF2

NF2 drug development is often hindered by a relative 
lack of in vitro models that replicate tumor pathophysi-
ology with high fidelity. Only one transformed and im-
mortalized VS cell line with HPV E6 and E7 oncogenes 
(HEI-193) exists currently and represents the platform 
for many NF2 drug screening studies. This Schwann 
cell line was originally immortalized from a tumor 
obtained from a 56-year-old NF2 patient with bilateral 
VS and harbors a mutation that causes a splicing de-
fect in NF2 to express a merlin isoform.66 HEI-193 cells 
exhibit an aggressive growth phenotype that is distinct 
from sporadic or NF2 tumors and as such, they may 
not fully and accurately recapitulate the tumor biology. 
For future drug screening efforts, more VS cell lines 
need to be established either through immortalization 
of primary tumors or generation of induced pluripotent 
stem cell lines, to fully capture the diverse mutational 
landscape of NF2 tumors. Several xenograft transplan-
tation and transgenic models of NF2 have been devel-
oped over the years with varying degrees of success 
(Table 3).

Given the wide array of clinical manifestations of 
NF2, there is an urgent need to develop robust animal 
models to recapitulate the histological and biological 
changes observed in patients. The difficulty in making 
human inferences from murine models was accentu-
ated in the work of the Synodos collaborative group, 
which showed distinct kinome response to treatment 
of human schwannomas from the response of mouse 
schwannoma a cells. A  phenotypically large animal 
model (eg, porcine or non-human primate) might en-
able in vivo drug screening efforts and safety studies, 
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increasing confidence in the likelihood of success of 
in-human trials. However, compared to mouse models, 
the cost associated with large animal models is substan-
tial and time to tumor development may be prolonged. 
Furthermore, patients with sporadic VS or meningiomas 
may also be considered as a surrogate model for NF2 
patients.

Therapeutic Delivery

The successful clinical translation of gene therapy strat-
egies requires the development of reliable methods to ac-
cess the site of disease. One of the major impediments for 
NF2 gene therapy is the presence of a complex network 
of barriers that isolates the inner ear from systemic cir-
culation. Similar to the blood–brain barrier, a blood–laby-
rinth barrier exists in the inner ear that protects the organ 
of hearing and contributes to its unique semi immune-
privileged status. While intratympanic or transtympanic 
injections are routinely employed by otolaryngologists in 
the office for middle-ear application of drugs, the concen-
tration of drug that ultimately reaches the inner ear is ex-
tremely low and variable.68 Alternatively, the therapeutic 
can be delivered into the inner ear space via the round 
window membrane or the oval window.53 In the future, a 
systematic and quantitative framework may be helpful to 
optimize drug delivery systems for sustained intracochlear 
or intrathecal delivery of gene therapies for NF2.

Immunotherapy

A greater appreciation of the dysregulation of the immune 
system in the evolution of NF2 provides the basis for im-
proved therapeutic strategies and clinical outcomes. In 
one of the first studies specifically focused on the immune 
phenotype of NF2, the authors compared the cytokine ex-
pression profile of 23 patients with NF2 against those of 
healthy donors.69 Elevated levels of IL-10 and TGF-β, were 
found in NF2 patients, and lymphocytes from NF2 pa-
tients exhibited a slower rate of proliferation and secreted 
less IFN-γ, both suggestive of an immunosuppressed 
state. HLA-DR–CD33+CD11b+ myeloid-derived suppressor 
cells, a population of myeloid cells that could inhibit the 
antitumoral immune response, were significantly enriched 
in NF2 patients. These cells infiltrated also into NF2 tumors 
and decreased after tumor resection. Functionally, HLA-
DR–CD33+CD11b+ cells expressed higher levels of iNOS, 
NOX2, and TGF-β while suppressed CD8+ T-cell activity. As 
evidence for the role of immunosuppressive monocytes in 
inhibiting antitumoral responses continues to emerge, ther-
apeutic agents directed against this cell population could be 
re-positioned a novel class of drugs for NF2.

Supplementary Material

Supplementary material is available at Neuro-Oncology 
Advances online.

  
Table 3. Established Animal Models to Study VS and NF2

Animal Model Advantage Disadvantage

Periostin-Cre NF2flox/flox 
mouse  
Gelhausen et al., 20159

True transgenic model of NF2 and NF2-associated VS Long time to develop VS, high cost, 
difficulty maintaining and obtaining 
synchronous tumors, no obvious coch-
lear pathology 

HEI-93 cells xenografted 
into mouse sciatic nerve  
Gao et al., 201510

Rapid tumor formation, ease of access and measure-
ment of tumor growth

Not anatomically accurate (mice do 
not develop hearing loss or vestibular 
dysfunction), limited neurological as-
sessment possible

HEI-93 cells with fluores-
cent protein and luciferase 
reporters, xenografted into 
mouse sciatic nerve  
Saydam et al., 201111

Rapid tumor formation, ease of access, reporter pro-
vided a non-invasive and reliable means to monitor 
growth in vivo by bioluminescence and to locate tumor 
cells by fluorescence microscopy

Not anatomically accurate (mice do 
not develop hearing loss or vestibular 
dysfunction), limited neurological as-
sessment possible

Mouse Nf2-/- or HEI-193 
cells xenografted in me-
ninges  
Gao et al., 201510

Intracranial window present for longitudinal imaging; 
intravital microscopy of blood vessels

Superficial implantation, cannot assess 
hearing loss or vestibular dysfunction

Mouse Nf2-/- Schwann cells 
grafted into mouse CPA  
Chen et al., 201912

Appropriate tumor microenvironment, hearing loss 
and vestibular dysfunction present, intravital micros-
copy and ultrasound through intracranial window

Not NF2

Mouse SC4 Schwannoma 
cell line implanted into 
auditory-vestibular nerve 
complex  
Bonne 201613

Appropriate tumor microenvironment, hearing loss, 
bioluminescence and MRI monitoring tumor growth

Significant hearing at implantation and 
long recovery, sacrificed at 21 days 

Mouse Nf2-/- Schwann cells 
grafted into CPA of rats  
Dinh et al., 201867

Appropriate tumor microenvironment, hearing loss 
and vestibular dysfunction present

Not NF2, no intravital microscopy or 
ultrasound

The type of animal model, its major advantages, and main drawbacks are listed below. Details are included in Supplementary Materials.

  

https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaa153#supplementary-data


 12 Ren et al. New developments in neurofibromatosis type 2 and vestibular schwannoma

Funding

This work was supported by the National Institutes of Health 
grant R01DC015824 (K.M.S.), Nancy Sayles Day Foundation 
(K.M.S.), Lauer Tinnitus Research Center (D.B.W, K.M.S.), Janet 
and Ron Zwanziger (S.V., K.M.S.), and Sheldon and Dorothea 
Buckler (K.M.S.).

Conflict of interest statement. None declared.

Authorship Statement. K.M.S.  and D.E.B.  conceived and de-
signed the review. All authors performed literature reviews. Y.R., 
D.C. and K.M.S. wrote the manuscript, with editorial input from 
all authors. S.V., Y.R. and D.C. prepared figures.

References

1. Halliday D, Emmanouil B, Pretorius P, et al. Genetic Severity Score pre-
dicts clinical phenotype in NF2. J Med Genet. 2017;54(10):657–664.

2. Marinelli  JP, Lohse  CM, Carlson  ML. Incidence of vestibular 
schwannoma over the past half-century: a population-based study 
of olmsted county, minnesota. Otolaryngol - Head Neck Surg (United 
States). 2018;159(4):717–723.

3. Evans DGR, Huson SM, Donnai D, et al. A genetic study of type 2 neuro-
fibromatosis in the United Kingdom. I. Prevalence, mutation rate, fitness, 
and confirmation of maternal transmission effect on severity. J Med 
Genet. 1992;29(12):841–846.

4. Evans  DGR, Moran  A, King  A, Saeed  S, Gurusinghe  N, Ramsden  R. 
Incidence of vestibular schwannoma and neurofibromatosis 2 in the 
North West of England over a 10-year period: Higher incidence than pre-
viously thought. Otol Neurotol. 2005;26(1):93–97.

5. Evans DGR. Neurofibromatosis type 2 (NF2): a clinical and molecular re-
view. Orphanet J Rare Dis. 2009;4:16.

6. Shaw RJ, Paez JG, Curto M, et al. The Nf2 tumor suppressor, merlin, 
functions in rac-dependent signaling. Dev Cell. 2001;1(1):63–72.

7. Ammoun  S, Hanemann  CO. Emerging therapeutic targets in 
schwannomas and other merlin-deficient tumors. Nat Rev Neurol. 
2011;7(7):392–399.

8. Li W, You L, Cooper J, et al. Merlin/NF2 suppresses tumorigenesis by 
inhibiting the E3 ubiquitin ligase CRL4DCAF1 in the Nucleus. Cell. 
2010;140(4):477–490.

9. Hamaratoglu  F, Willecke  M, Kango-Singh  M, et  al. The tumour-
suppressor genes NF2/Merlin and Expanded act through Hippo 
signalling to regulate cell proliferation and apoptosis. Nat Cell Biol. 
2006;8(1):27–36.

10. Fernandez-Valle C, Tang Y, Ricard J, et al. Paxillin binds schwannomin 
and regulates its density-dependent localization and effect on cell mor-
phology. Nat Genet. 2002;31(4):354–362.

11. McClatchey  AI, Giovannini  M. Membrane organization and tu-
morigenesis–the NF2 tumor suppressor, Merlin. Genes Dev. 
2005;19(19):2265–2277.

12. Welling DB, Guida M, Goll F, et al. Mutational spectrum in the neuro-
fibromatosis type 2 gene in sporadic and familial schwannomas. Hum 
Genet. 1996;98(2):189–193.

13. Roosli C, Linthicum FH Jr, Cureoglu S, Merchant SN. Dysfunction of the 
cochlea contributing to hearing loss in acoustic neuromas: an under-
appreciated entity. Otol Neurotol. 2012;33(3):473–480.

14. Caye-Thomasen  P, Dethloff  T, Hansen  S, Stangerup  SE, Thomsen  J. 
Hearing in patients with intracanalicular vestibular schwannomas. 
Audiol Neurootol. 2007;12(1):1–12.

15. Kanzaki J, Ogawa K, Inoue Y, Shiobara R, Toya S. Quality of hearing pres-
ervation in acoustic neuroma surgery. Am J Otol. 1998;19(5):644–648.

16. Sughrue ME, Kaur R, Kane AJ, et al. Intratumoral hemorrhage and fi-
brosis in vestibular schwannoma: a possible mechanism for hearing 
loss. J Neurosurg. 2011;114(2):386–393.

17. Badie  B, Pyle  GM, Nguyen  PH, Hadar  EJ. Elevation of internal au-
ditory canal pressure by vestibular schwannomas. Otol Neurotol. 
2001;22(5):696–700.

18. Dilwali  S, Landegger  LD, Soares  VY, Deschler  DG, Stankovic  KM. 
Secreted factors from human vestibular schwannomas can cause coch-
lear damage. Sci Rep. 2015;5:18599.

19. Plotkin SR, Stemmer-Rachamimov AO, Barker FG 2nd, et al. Hearing im-
provement after bevacizumab in patients with neurofibromatosis type 2. 
N Engl J Med. 2009;361(4):358–367.

20. Soares VY, Atai NA, Fujita T, et al. Extracellular vesicles derived from 
human vestibular schwannomas associated with poor hearing damage 
cochlear cells. Neuro Oncol. 2016;18(11):1498–1507.

21. Ruggieri M, Huson SM. The clinical and diagnostic implications of mosa-
icism in the neurofibromatoses. Neurology. 2001;56(11):1433–1443.

22. Evans DGR, Baser ME, O’Reilly B, et al. Management of the patient and 
family with neurofibromatosis 2: a consensus conference statement. Br 
J Neurosurg. 2005;19(1):5–12.

23. Evans DG, King AT, Bowers NL, et al.; English Specialist NF2 Research 
Group. Identifying the deficiencies of current diagnostic criteria for neu-
rofibromatosis 2 using databases of 2777 individuals with molecular 
testing. Genet Med. 2019;21(7):1525–1533.

24. Choi JW, Lee JIY, Phi JIH, et al. Clinical course of vestibular schwannoma 
in pediatric neurofibromatosis Type 2: clinical article. J Neurosurg 
Pediatr. 2014;13(6):650–657.

25. Baser ME, Friedman JM, Aeschliman D, et al. Predictors of the risk of 
mortality in neurofibromatosis 2. Am J Hum Genet. 2002;71(4):715–723.

26. Dow G, Biggs N, Evans G, Gillespie J, Ramsden R, King A. Spinal tumors 
in neurofibromatosis type 2. Is emerging knowledge of genotype predic-
tive of natural history? J Neurosurg Spine. 2005;2(5):574–579.

27. Fukuda M, Oishi M, Hiraishi T, Natsumeda M, Fujii Y. Clinicopathological 
factors related to regrowth of vestibular schwannoma after incomplete 
resection. J Neurosurg. 2011;114(5):1224–1231.

28. Plotkin SR, Merker VL, Halpin C, et al. Bevacizumab for progressive ves-
tibular schwannoma in neurofibromatosis type 2: a retrospective review 
of 31 patients. Otol Neurotol. 2012;33(6):1046–1052.

29. Lewis D, Roncaroli F, Agushi E, et al. Inflammation and vascular perme-
ability correlate with growth in sporadic vestibular schwannoma. Neuro 
Oncol. 2019;21(3):314–325.

30. Wong  HK, Lahdenranta  J, Kamoun  WS, et  al. Anti-vascular endothe-
lial growth factor therapies as a novel therapeutic approach to treating 
neurofibromatosis-related tumors. Cancer Res. 2010;70(9):3483–3493.

31. Blakeley  JO, Ye  X, Duda  DG, et  al. Efficacy and biomarker study of 
bevacizumab for hearing loss resulting from neurofibromatosis type 2-as-
sociated vestibular schwannomas. J Clin Oncol. 2016;34(14):1669–1675.

32. Dilwali  S, Roberts  D, Stankovic  KM. Interplay between VEGF-A and 
cMET signaling in human vestibular schwannomas and schwann cells. 
Cancer Biol Ther. 2015;16(1):170–175.



13Ren et al. New developments in neurofibromatosis type 2 and vestibular schwannoma
N

eu
ro-O

n
colog

y 
A

d
van

ces

33. Huang X, Xu J, Shen Y, et al. Protein profiling of cerebrospinal fluid from 
patients undergoing vestibular schwannoma surgery and clinical signifi-
cance. Biomed Pharmacother. 2019;116:108985.

34. Ren  Y, Sethi  RKV, Stankovic  KM. National trends in surgical resec-
tion of vestibular schwannomas. Otolaryngol - Head Neck Surg. 
2020;163(6):1244–1249.

35. Pandrangi VC, Han AY, Alonso JE, Peng KA, St John MA. An update on 
epidemiology and management trends of vestibular schwannomas. Otol 
Neurotol. 2020;41(3):411–417.

36. Sagers  JE, Beauchamp  RL, Zhang  Y, et  al. Combination therapy with 
mTOR kinase inhibitor and dasatinib as a novel therapeutic strategy for 
vestibular schwannoma. Sci Rep. 2020;10(1):4211.

37. Zhao Y, Liu P, Zhang N, et al. Targeting the cMET pathway augments ra-
diation response without adverse effect on hearing in NF2 schwannoma 
models. Proc Natl Acad Sci USA. 2018;115(9):E2077–E2084.

38. Sagers JE, Brown AS, Vasilijic S, et al. Computational repositioning and 
preclinical validation of mifepristone for human vestibular schwannoma. 
Sci Rep. 2018;8(1):5437.

39. Nakanishi  H, Kawashima  Y, Kurima  K, et  al. NLRP3 mutation and coch-
lear autoinflammation cause syndromic and nonsyndromic hearing 
loss DFNA34 responsive to anakinra therapy. Proc Natl Acad Sci USA. 
2017;114(37):E7766–E7775.

40. Sagers JE, Sahin MI, Moon I, et al. NLRP3 inflammasome activation in 
human vestibular schwannoma: Implications for tumor-induced hearing 
loss. Hear Res. 2019;381:107770.

41. Pyonteck  SM, Akkari  L, Schuhmacher  AJ, et  al. CSF-1R inhibition al-
ters macrophage polarization and blocks glioma progression. Nat Med. 
2013;19(10):1264–1272.

42. Zuris JA, Thompson DB, Shu Y, et al. Cationic lipid-mediated delivery of 
proteins enables efficient protein-based genome editing in vitro and in 
vivo. Nat Biotechnol. 2015;33(1):73–80.

43. Prabhakar S, Taherian M, Gianni D, et al. Regression of schwannomas 
induced by adeno-associated virus-mediated delivery of caspase-1. Hum 
Gene Ther. 2013;24(2):152–162.

44. Mautner VF, Nguyen R, Kutta H, et al. Bevacizumab induces regression 
of vestibular schwannomas in patients with neurofibromatosis type 2. 
Neuro Oncol. 2010;12(1):14–18.

45. Karajannis MA, Legault G, Hagiwara M, et al. Phase II trial of lapatinib 
in adult and pediatric patients with neurofibromatosis type 2 and pro-
gressive vestibular schwannomas. Neuro Oncol. 2012;14(9):1163–1170.

46. Plotkin SR, Halpin C, McKenna MJ, Loeffler JS, Batchelor TT, Barker FG 
2nd. Erlotinib for progressive vestibular schwannoma in neurofibroma-
tosis 2 patients. Otol Neurotol. 2010;31(7):1135–1143.

47. Karajannis MA, Legault G, Fisher MJ, et al. Phase II study of sorafenib 
in children with recurrent or progressive low-grade astrocytomas. Neuro 
Oncol. 2014;16(10):1408–1416.

48. Goutagny  S, Raymond  E, Esposito-Farese  M, et  al. Phase II study of 
mTORC1 inhibition by everolimus in neurofibromatosis type 2 patients with 
growing vestibular schwannomas. J Neurooncol. 2015;122(2):313–320.

49. Dilwali S, Briët MC, Kao SY, et al. Preclinical validation of anti-nuclear 
factor-kappa B therapy to inhibit human vestibular schwannoma growth. 
Mol Oncol. 2015;9(7):1359–1370.

50. Dilwali S, Kao SY, Fujita T, Landegger LD, Stankovic KM. Nonsteroidal 
anti-inflammatory medications are cytostatic against human vestibular 
schwannomas. Transl Res. 2015;166(1):1–11.

51. Kandathil  CK, Cunnane  ME, McKenna  MJ, Curtin  HD, Stankovic  KM. 
Correlation between aspirin intake and reduced growth of human 

vestibular schwannoma: Volumetric analysis. Otol Neurotol. 
2016;37(9):1428–1434.

52. Van Gompel JJ, Agazzi S, Carlson ML, et al. Congress of neurological 
surgeons systematic review and evidence-based guidelines on emerging 
therapies for the treatment of patients with vestibular schwannomas. 
Neurosurgery. 2018;82(2):E52–E54.

53. Ren Y, Landegger LD, Stankovic KM. Gene therapy for human sensori-
neural hearing loss. Front Cell Neurosci. 2019;13:323.

54. Ahmed  SG, Abdelnabi  A, Maguire  CA, et  al. Gene therapy with 
apoptosis-associated speck-like protein, a newly described 
schwannoma tumor suppressor, inhibits schwannoma growth in vivo. 
Neuro Oncol. 2019;21(7):854–866.

55. Akil  O, Dyka  F, Calvet  C, et  al. Dual AAV-mediated gene therapy re-
stores hearing in a DFNB9 mouse model. Proc Natl Acad Sci USA. 
2019;116(10):4496–4501.

56. Tomaszewski  W, Sanchez-Perez  L, Gajewski  TF, Sampson  JH. Brain 
tumor microenvironment and host state: implications for immuno-
therapy. Clin Cancer Res. 2019;25(14):4202–4210.

57. de Vries WM, Briaire-de Bruijn IH, van Benthem PPG, van der Mey AGL, 
Hogendoorn  PCW. M-CSF and IL-34 expression as indicators 
for growth in sporadic vestibular schwannoma. Virchows Arch. 
2019;474(3):375–381.

58. Wang S, Liechty B, Patel S, et al. Programmed death ligand 1 expression 
and tumor infiltrating lymphocytes in neurofibromatosis type 1 and 2 as-
sociated tumors. J Neurooncol. 2018;138(1):183–190.

59. Perry  A, Graffeo  CS, Carlstrom  LP, et  al. Predominance of M1 
subtype among tumor-associated macrophages in phenotypi-
cally aggressive sporadic vestibular schwannoma. J Neurosurg. 
2019;1(aop):1–9.

60. Plotkin SR, Ardern-Holmes SL, Barker FG 2nd, et al.; REiNS International 
Collaboration. Hearing and facial function outcomes for neurofibroma-
tosis 2 clinical trials. Neurology. 2013;81(21 Suppl 1):S25–S32.

61. Cosetti MK, Golfinos JG, Roland JT Jr. Quality of Life (QoL) assessment 
in patients with neurofibromatosis type 2 (NF2). Otolaryngol Head Neck 
Surg. 2015;153(4):599–605.

62. Hornigold  RE, Golding  JF, Leschziner  G, et  al. The NFTI-QOL: a 
diseasespecific quality of life questionnaire for neurofibromatosis 2. J 
Neurol Surgery, Part B Skull Base. 2013;73(2):104–111.

63. Lysaght  AC, Kao  SY, Paulo  JA, Merchant  SN, Steen  H, 
Stankovic  KM. Proteome of human perilymph. J Proteome Res. 
2011;10(9):3845–3851.

64. Early  S, Moon  IS, Bommakanti  K, Hunter  I, Stankovic  KM. A novel 
microneedle device for controlled and reliable liquid biopsy of the 
human inner ear. Hear Res. 2019;381:107761.

65. Agnihotri  S, Jalali  S, Wilson  MR, et  al. The genomic landscape of 
schwannoma. Nat Genet. 2016;48(11):1339–1348.

66. Hung G, Li X, Faudoa R, et al. Establishment and characterization of a 
schwannoma cell line from a patient with neurofibromatosis 2. Int J 
Oncol. 2002;20(3):475–482.

67. Nadol JB Jr, Diamond PF, Thornton AR. Correlation of hearing loss and 
radiologic dimensions of vestibular schwannomas (acoustic Neuromas). 
Am J Otol. 1996;17(2):312–316.

68. Salt AN, Plontke SK. Principles of local drug delivery to the inner ear. 
Audiol Neurootol. 2009;14(6):350–360.

69. Wang Y, Li P, Wang B, Wang S, Liu P. Identification of myeloid-derived 
suppressor cells that have an immunosuppressive function in NF2 pa-
tients. J Cancer Res Clin Oncol. 2019;145(2):523–533.


