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Abstract

Vestibular schwannoma (VS) is a debilitating intracranial tumor and an important cause of genetic human sensorineural hearing loss (SNHL). VSs arise from neoplastic Schwann cells of the vestibular nerves and typically cause progressive SNHL and tinnitus. As these tumors grow, they can compress the brainstem and cause death. Bilateral VSs develop as the hallmark of neurofibromatosis type 2 (NF2), an autosomal dominant monogenic disorder typically manifesting in adolescence. All NF2-associated VSs and the vast majority of sporadically arising VSs are accompanied by mutation of the NF2 gene, which encodes the tumor suppressor protein merlin. There are no FDA-approved drug therapies for NF2 or VS, and existing cellular models of these diseases are severely limited. My dissertation proposes and evaluates novel therapeutic strategies to treat and model VS and NF2. Specifically, my work comprises five first-author manuscripts detailing the optimization of processing and culture of primary human VS samples from the operating room; the relationship between cochlear histopathology and clinical observations in VS and primary neural degeneration; the in silico screening of FDA-approved drugs for repositioning in NF2 and VS; the cellular-level preclinical validation of a novel hit compound, the progesterone receptor antagonist mifepristone, which arrests VS cell growth in vitro and has prompted the design of a Phase II clinical trial in VS patients; the validation of a novel combination small molecule therapy targeting mTOR- and EPH receptor-mediated signaling in primary human VS cells; and the emerging role of the NLRP3 inflammasome in VS. My dissertation highlights the need for ongoing work towards the generation of viable, diverse human cellular models for VS and NF2, which can be used to facilitate preclinical drug discovery and expedite translation to the clinic.
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Epigraph

οὐκ ὅ ἐν τῇ κεφαλῇ, ἀλλ’ ἐν ᾧ ἡ κεφαλή ἐστιν
It’s not what’s in your head, it’s what your head is in.

David Foster Wallace, Everything and More: A Compact History of Infinity (Norton, 2010)
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Introduction

Sometimes I wonder which voice is mine. I hear
The dust accumulating everywhere like dead snow
On bleak eaves, fields, aluminum storm windows
Is also connotative, suggests words which float
From transmitter to receiver, from dusk to dark.
Plucked, the string vibrates about a single line
Tending rest and motion, an attempt to hold them both
At once, and likewise inspiration seizes on
Two states and makes them one, holds them
Together in a dream of union, just like Lincoln
Until the vibrations come too intense and
A thin glass shatters in the dining room.
Excerpted from Laurance Wieder, “The Seismographic Ear” (Paris Review, 1968)1
	
	Explaining the sense of hearing feels like telling an impossible story. Deep inside the skull, burrowed snugly inside the otic capsule of the petrous part of the temporal bone, lies a tiny, snail-shaped organ called the cochlea. Spiraling two and a half turns around a central axis known as the modiolus, this minute organ houses a milieu of sensory, neural, and supporting cells bathed in ion-balanced fluids that work together to convert the speech, music, and noise we hear into signals the brain can understand. The cochlea is only approximately 30 mm in length, but what this organ lacks in size it makes up for in significance. Sound waves from the environment begin by entering the external ear, captured by the unique folds of our pinnae. These waves vibrate the tympanic membrane, the eardrum and functional gateway to the middle ear, which in turn vibrates the three tiny ossicles housed within the middle ear. The malleus, incus, and stapes sequentially carry these vibrations to the oval window, one of only two membranous entrances to the inner ear. The vibration of the stapes on the oval window membrane is transmitted to the fluid inside the cochlea, where stereocilia atop the three rows of outer hair cells and one row of inner hair cells that line the organ of Corti begin to deflect. Deflection of these stereocilia causes the tip links that join stereocilia to one another to mechanically open transduction channels through which charged particles flow, allowing the hair cells to depolarize and release neurotransmitters at a specialized ribbon synapse near the hair cell base. Neurotransmitter release causes the bipolar spiral ganglion neurons of the inner ear to fire, passing an electrical signal to the neural cell body in the spiral ganglion and up the ascending auditory pathway until it reaches the brain (Figure 1.1).



Figure 1.1. Overview image of the middle ear, inner ear, cochlea, vestibulocochlear nerve, and organ of Corti. Modified from an original Greene, A. drawing. Used with permission.


Arranged like the keys of a xylophone, the cochlea is tonotopically organized, with regions responsive to higher frequencies located in the cochlear base and regions responsive to lower frequencies in the apex. Sensory hair cells are contacted by multiple neurons that vary in best frequency, firing threshold, and spontaneous rate, allowing for redundancy in the system and enabling the organ to shift its dynamic range for clearer input even when saturated by background noise. Overstimulation of auditory neurons, as can happen during exposure to intense or sustained noise or as part of age-related hearing loss, can result in the traumatic loss of synapses between spiral ganglion neurons and cochlear hair cells, a phenomenon known as hidden hearing loss2,3. This kind of auditory neuropathy is thought to be widely prevalent, but has proven wickedly difficult to diagnose in healthy patients with any degree of certainty4. Intracochlear structures are nearly impossible to visualize in a living human, even using the most advanced imaging methods available to researchers, and appear as uninformative blurs on CT and MRI scans, which resolve these structures up to two orders of magnitude lower than would be necessary to achieve diagnostic utility5. It is impossible to biopsy the cochlea without irreversibly damaging patient hearing. Moreover, the gold standard diagnostic tool of the audiology clinic, the pure tone audiogram, is unable to predict cell type-specific damage in the inner ear6, leaving clinicians and researchers able to determine whether hearing loss is conductive (middle-ear related) or sensorineural, but largely unable to determine which types of cells are damaged and precisely in what way. 
Historically, much of what is known about the anatomy, physiology, and pathophysiology of the auditory system has been deduced by working backwards from post-mortem histological preparations of human temporal bones that have been fixed, decalcified, sectioned, and stained after death7,8. The Otopathology Laboratory at Massachusetts Eye and Ear maintains a collection of over 2,000 human temporal bones donated via the National Temporal Bone, Hearing, and Balance Pathology Resource Registry, which are available for use in research. As I worked to generate data for the first paper presented in my dissertation (Chapter 2, “Human Cochlear Histology Reflects Clinical Signatures of Primary Neural Degeneration”)9, I spent hundreds of hours in the temporal bone laboratory examining histopathological specimens firsthand. Through this experience, I learned to appreciate the idiosyncratic ways cochlear anatomy can vary between patients; gained exposure to the successes and failures of traditional cochlear preservation techniques across an array of diverse histological specimens; and developed an appreciation for the rich historical traditions of neurotological research. Unforgettably, I pored over the medical files of patients whose bone sections I held in my hands and traced the pencil-and-cursive notes taken by researchers past with my fingertips. In my first ever first-author study, I quantified severe primary degeneration of spiral ganglion neurons in a population of patients who demonstrated primary auditory neuropathy and worked with a biostatistician to develop novel models to explain this degeneration and its correlation with other clinical information, such as hearing thresholds. Later, I returned to the temporal bone laboratory to quantify spiral ganglion neuron degeneration associated with vestibular schwannoma (paper forthcoming), the tumor that would become the focus of my dissertation research.
Vestibular schwannoma (VS) is the fourth most common intracranial tumor and the most common tumor of the cerebellopontine angle, arising from neoplastic Schwann cells of the vestibular nerve. Bilateral VSs develop as the hallmark of neurofibromatosis type 2 (NF2), a debilitating autosomal dominant disorder caused by the inactivation or loss of both alleles of the NF2 gene. Biallelic NF2 gene mutation leads to the development of bilateral VSs in 100% of patients with NF2, and in sporadically arising VSs, NF2 mutation accompanies 66% of tumors10,11 (Figure 1.2).










Figure 1.2. Brain MRI of a patient with NF2 showing bilateral VSs. Tumors avidly take up contrast and are designated with a (*).


In the clinic, 95% of VS patients present with escalating sensorineural hearing loss (SNHL), which is significantly correlated with deteriorating quality of life and commonly accompanied by tinnitus, dizziness, and facial nerve paralysis12. Unmanaged VSs can grow to compress the brainstem and cause death. There is no FDA-approved drug therapy for NF2, VS, or the accompanying SNHL, and patients resort to surgical resection or stereotactic radiation treatment. Though infection, inflammation, and tumor-secreted factors combine to generate varying degrees of VS-induced SNHL13, several studies involving large patient cohorts demonstrate that NF2-associated SNHL increases with VS size14-16. Because VS is a non-malignant tumor, a drug capable of inducing cytostasis in VS cells could prove transformative for patients, preventing the acceleration of NF2-associated SNHL, prolonging time to surgery, or eliminating the need for resection. 
NF2-associated VS represents a compelling model by which to study genetic mechanisms of human SNHL. Specifically, NF2 is a monogenic disorder with a well-characterized and directly correlated auditory phenotype. NF2 patients know from an early age that they will develop growing VSs and SNHL, making early medical intervention to delay tumor growth feasible. VS-associated SNHL is progressive and post-lingual, making the possibility of pharmacologic intervention to stabilize hearing and contain these tumors practical. Additionally, VS-associated SNHL progresses more quickly than most forms of progressive SNHL16, making VS an appealing model in which to assess candidate drugs in future clinical trials. 
	The need to identify an accessible, non-toxic drug to treat VS is underscored by the fact that there are no existing FDA-approved pharmacotherapies for NF2, VS, or the associated SNHL. The fact that pharmacologic therapies for progressive SNHL do not exist is most likely a direct consequence of researchers lacking the ability to test potential drugs in vitro on primary human tissue. Primary tissue is rarely available when studying human hearing, as the cochlea and associated structures cannot be biopsied during life5,17. However, since VSs are managed surgically, tumor resection surgeries provide researchers the valuable opportunity to collect and test patient samples. 
Primary human VS cells grown from surgical tissue constitute the most representative model for human NF2-associated VS18,19. In Chapter 3, Section 1 of this dissertation, “A Unified Methodological Framework for Vestibular Schwannoma Research,” I present a published methods paper describing best practices for the receipt, processing (RNA preservation and extraction; protein extraction; tissue fixation), and cell culture of primary human VS samples received from the operating room19. Massachusetts Eye and Ear and Massachusetts General Hospital serve as tertiary referral centers for an unparalleled number of NF2 patients, hosting about 50 VS surgeries per year (for sporadic and NF2-associated tumors), which affords our laboratory unmatched access to primary human cells. However, though primary VS cells are an effective model for evaluating the efficacy of VS-related drugs, they do not constitute a scalable model for larger-scale screening experiments. Cell yield depends on the size of the tissue sample received from the operating room, which can vary widely with tumor volume; even the largest tumor samples rarely yield more than 36 wells of cells in culture. VS cells grow best from small, enzyme-digested tumor “chunks” rather than from single-cell suspension, so even after receiving and culturing a single sample, it is difficult to reliably control for plating density. Primary cells are usually cultured from heterogeneous tissue samples that include multiple cell types; once plated, these cells cannot be passaged and must be used within 14 days to ensure maximal purity18. A particularly interesting addendum to Chapter 3, Section 1 is the exposure of primary human VS cells to adeno-associated viruses as a foray into cochlear gene therapy. I exposed cultured VS cells to GFP-expressing Anc80, an in silico-designed synthetic AAV vector20, and observed successful and efficient transduction (Figure 3.1.2). Future students of gene therapy in NF2 may find this early result promising, buried in a methods paper though it may be.
Chapter 3, Section 2 of my dissertation (“NLRP3 Inflammasome Activation in Vestibular Schwannoma: Implications for Tumor-Induced Hearing Loss”) highlights an important emerging mechanism that may underlie VS pathobiology (Sagers et al., submitted). Previous research from our laboratory and others provides convincing support for the abnormal upregulation of multiple inflammatory pathways in VS21-23. Accordingly, the non-steroidal anti-inflammatory drug (NSAID) aspirin is the subject of an ongoing prospective, randomized clinical trial in VS patients (NCT03079999). Histologically, the majority of VS tumors are observed to include a prominent immune infiltrate consisting predominantly of macrophages, a finding upheld by our immunohistochemical results in this study. The role of VS-associated immune cells and associated signaling pathways has been critically understudied in VS. In this paper, recently submitted for publication, we are the first in the field to introduce the NLRP3 inflammasome as a novel player in VS pathobiology and observe that VSs from patients with poor hearing are more likely to demonstrate increased activation of NLRP3 inflammasome components at the gene and protein levels than VSs from patients in whom hearing is mildly impaired or unaffected, suggesting that VSs from patients with poor hearing may be associated with a more robust inflammatory response than VSs from patients with good hearing.
Chapter 4 of my dissertation describes two distinct and novel pharmacological strategies by which researchers may more effectively treat and model VS and NF2. Current treatment options for VS are limited to surgical resection and radiation therapy, both of which pose significant risks to patients, including permanent hearing loss and facial paralysis. Though no human trial of any drug has shown outstanding results against VS, the most promising effects have been reported following administration of bevacizumab, a monoclonal antibody targeting vascular endothelial growth factor A (VEGF-A). In six retrospective studies of NF2 patients, bevacizumab decreased tumor volume by at least 20%24-29. A recent open-label Phase II trial reported radiological responses in six of 14 NF2-associated tumors30. However, the effect of this antibody is often transient, and when generalized across all studies, seems to produce a response in only approximately 50% of patients31. Uncomfortable administration via intravenous injection and serious adverse events in long-term users, such as hypertension, renal failure, and hemorrhage, make bevacizumab untenable for multi-year administration26.
Human trials of other promising drugs in NF2-associated VS have been largely limited to small patient cohorts and met with little success. Erlotinib, an EGFR/tyrosine kinase inhibitor, did not result in a measurable reduction in NF2-associated VS volume32. A Phase II trial of lapatinib, an inhibitor of multiple EGFR isoforms, showed that this drug reduced tumor size in only 4 of 17 patients33. Everolimus, an mTOR inhibitor, did not reduce tumor volume or improve hearing, but successfully reduced time to tumor progression in 5 of 9 patients34. AR-42, a novel histone deacetylase inhibitor, is the subject of a current clinical trial (NCT02282917), in which preliminary data suggest that this drug may be therapeutic for NF2-associated meningiomas, but not VS.
[bookmark: _gjdgxs]Because VS is a non-malignant tumor, the objective of any effective pharmacotherapy should not necessarily be to shrink the tumor, but to induce growth arrest. If administered before the tumor threatens important physiological functions, a drug that halts or slows VS progression could keep tumor growth in check over the lifespan without forcing patients to resort to invasive craniotomy. Development of a drug with the potential to slow or halt VS growth, and thus delay NF2-associated SNHL, represents a major unmet medical need. In Chapter 4, Section 1 of my dissertation (“Computational Repositioning and Preclinical Validation of Mifepristone for Human Vestibular Schwannoma”), I present compelling evidence to support a clinical trial of mifepristone (RU486) to control the growth of VS35. Mifepristone was developed as a progesterone receptor antagonist in the 1980s and is currently approved by the FDA for medical abortion. The drug is able to cross the blood-brain barrier, is well tolerated by adults in extended clinical trials (up to 13 years), and carries a mild toxicity profile36,37. Publication of this paper received international attention and based on the data we presented in the manuscript, our laboratory was able to submit a patent application for the use of progesterone receptor antagonists against nerve sheath tumors and a single-patient IND application to the FDA, under which we paired with the Feminist Majority Foundation to provide mifepristone at cost in a compassionate care capacity to treat an NF2 patient with bilateral VSs and no other options. Our patient has been using the drug for months with no adverse side effects, but it is still too early to tell whether or not the drug is exerting a therapeutic effect on the tumors. 
In Chapter 4, Section 2 (“Combination Therapy Targeting mTOR- and EPH-receptor Mediated Signaling as a Novel Therapeutic Strategy for Vestibular Schwannoma”), I evaluated the effect of AZD2014, a dual mTORC1/2 inhibitor, and dasatinib, a multi-kinase inhibitor targeting SFKs, several EPH receptors and c-Kit, on primary human VS cells, establishing dose-response curves for each drug alone and both drugs in combination (Sagers et al., under review). The reason our laboratory investigated this therapeutic combination in VS is because many NF2 patients with bilateral VSs also present with NF2-deficient meningioma(s), and two clinical trials of AZD2014 to treat NF2-associated and sporadic meningioma are already underway (NCT02831257, NCT03071874). In meningiomas with loss of the NF2 gene, mTORC1 and mTORC2-specific serum/glucocorticoid-regulated kinase 1 (SGK1) signaling is known to be activated38-40, and a study administering combination therapy (AZD2014 and dasatinib) to NF2-deficient meningioma cells found that these drugs effectively controlled the growth of NF2-deficient meningioma in vitro and in vivo41. Our study reveals that combination therapy (AZD2014 and dasatinib) is more effective at reducing the metabolic activity of primary human VS cells in vitro than either drug alone. Our collaborators at Massachusetts General Hospital also contributed to this paper, evaluating this combination in a mouse model of schwannoma and finding that tumor-burdened mice treated with AZD2014 and dasatinib together showed significantly less tumor growth than control mice and mice treated with either monotherapy. Our study demonstrates that co-targeting the mTOR and EPH receptor pathways may constitute a novel therapeutic strategy for VS, and could complementarily reduce the size of NF2-deficient meningiomas.
Chapter 5 (“Towards the Generation of More Reliable Disease Models and Therapeutics for Vestibular Schwannoma and Neurofibromatosis Type 2”) contains my conclusions and suggestions for future research. For example, I argue that human cellular models of VS and NF2 are severely limited, and that this reality is likely holding back the leaps and bounds that might otherwise be made toward discovery of an effective therapeutic. As established, primary VS cells grown from patient tumor samples are not a scalable model for large-scale drug discovery efforts, and there is currently only a single human NF2 patient-derived VS cell line available for use in research42. NF2 is a rare disease and as such suffers for lack of widespread academic and financial attention. However, if our goal is to follow in the footsteps of other rare disease research programs, by which real solutions are finally starting to come down the pipeline, we need more accurate, more diverse, more representative, and more numerous disease models on which to evaluate promising therapeutic candidates.
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Abstract
Auditory neuropathy is a significant and understudied cause of human hearing loss, diagnosed in patients who demonstrate abnormal function of the cochlear nerve despite typical function of sensory cells. Because the human inner ear cannot be visualized during life, histopathological analysis of autopsy specimens is critical to understanding the cellular mechanisms underlying this pathology. Here we present statistical models of severe primary neuronal degeneration and its relationship to pure tone audiometric thresholds and word recognition scores in comparison to age-matched control patients, spanning every decade of life. Analysis of 30 ears from 23 patients shows that severe neuronal loss correlates with elevated audiometric thresholds and poor word recognition. For each ten percent increase in total neuronal loss, average thresholds across patients at each audiometric test frequency increase by 6.0 dB hearing level (HL). As neuronal loss increases, threshold elevation proceeds more rapidly in low audiometric test frequencies than in high frequencies. Pure tone average closely agrees with word recognition scores in the case of severe neural pathology. Histopathologic study of the human inner ear continues to emphasize the need for non- or minimally invasive clinical tools capable of establishing cellular-level diagnoses.

Introduction
In individuals with normal hearing, bipolar neurons in the cochlear branch of the eighth cranial nerve project to sensory hair cells in the organ of Corti, relaying precisely timed signals from the spiral-shaped cochlea up the ascending auditory pathway to the brainstem. Damage to the auditory nerve (AN), via demyelination or loss of synapses, axons, or neuronal cell bodies in the spiral ganglion, can result in imprecise temporal coding and a disruption in firing synchrony, yielding a faulty representation of the input signal1,2. 
In 1996, Arnold Starr and colleagues coined the term “auditory neuropathy” as a means of classifying patients who demonstrated aberrant responses to assessments of AN function despite normal responses to assessments of sensory cell function3. In Starr’s patients, (1) the auditory brainstem response (ABR), an electrophysiological measurement consisting of several peaks, the first of which reflects the summed activity of the AN, was absent or severely distorted; (2) auditory brainstem reflexes, such as the stapedius muscle reflex, were absent; and (3) speech intelligibility scores were disproportionately poorer than expected based on audiometric threshold measurements, though typical measures of outer hair cell (OHC) function, such as otoacoustic emissions and cochlear microphonic potentials, remained within normal limits3. These criteria remain the diagnostic hallmarks of auditory neuropathy, though further evaluation via electrocochleography and advanced tests of neural function can refine a diagnosis4. 
Recent studies suggest that auditory neuropathy is a more prevalent form of hearing loss than initially assumed. Among preterm infants, 1 in every 423 graduates of the newborn intensive care unit meets Starr’s criteria for auditory neuropathy5, and among healthy infants, routine screening identifies AN dysfunction in 1 in every 70002. This phenotype has been documented to accompany an array of medical conditions, ranging from developmental dystrophies and genetic mutations1,6 to acquired neuropathies, such as those induced by neoplasm, infection, exposure to noise or drugs, or the deleterious effects of age4,7,8.
In adults, the prevalence of auditory neuropathy is likely underestimated, because the most widely used diagnostic tool in audiology, the pure tone audiogram, is not capable of predicting cell-type specific damage in the inner ear9. Studies of human patients with auditory neuropathy demonstrate that pure tone audiometric thresholds associated with this phenotype can vary from near-normal to highly elevated4. Such variation is likely due to the diverse etiology associated with this phenotype. For example, though the synapse between the spiral ganglion neuron (SGN) and inner hair cell (IHC) is the most vulnerable element in the inner ear, human and animal studies historically suggest that damage to the AN and its terminals may not be reflected in traditional measurements of hearing thresholds10-13. Indeed, since the 1950s, diffuse damage to the AN without damage to hair cells has been assumed to have little effect on pure tone thresholds14.
Because there is currently no way to biopsy or visualize cellular-level structures of the inner ear in living humans, histopathological study of human temporal bones has formed the basis of scientific understanding for numerous auditory pathologies. In 2001, Nadol reviewed primary cochlear neuronal degeneration in individual temporal bones associated with genetic, toxic, immunologic, degenerative, idiopathic, and infectious causes; however, no attempt at collective quantitative analysis was made8. To date, five independent studies of temporal bone histopathology in specific forms of hereditary AN dysfunction have been undertaken, all of which involved single patients or small cohorts (n<5)1,15-18. The consistent finding among these studies was a severe loss of SGNs despite the presence of sensory cell populations within normal limits for age. To place results like these in the context of normal presbycusis, the expected age-related decline in SGCs over the human lifespan, Makary et al. charted SGN cell counts from 100 individuals with no known cochlear pathology, generating baseline values for primary neuronal loss against which pathologic degeneration can be compared19. 
To date, there has been no histological study of pathologic neural degeneration spanning various etiologies. Here, we present hypothesis-driven statistical models of neuronal loss in severe neural degeneration and its relationship to pure tone audiometric thresholds and word recognition scores among 30 ears from 23 patients, spanning every decade of life. Understanding the natural progression of auditory neural degeneration holds important implications for patient counseling and will prove integral for the development of future therapies, as no existing treatment can cure this phenotype.

Results
Patients with severe neural degeneration show abnormally low SGN counts with respect to age
	Representative cochlear photomicrographs demonstrate the abnormal histopathology characteristic of primary neural degeneration. Sectioning the human cochlea parallel to the modiolus, or conical central axis, reveals Rosenthal’s canal, a spiraling bony channel within the two-and-a-half turns of the cochlea which houses SGN cell bodies. Myelinated peripheral axons fan out from SGNs in this canal, reaching through the osseous spiral lamina to innervate hair cells embedded in the organ of Corti, while central axons project from Rosenthal’s canal to the cochlear nucleus in the brainstem. In humans with no known cochlear pathology, like the 71-year-old male presented in Figures 2.1A and 2.1B, a large population of neuronal cell bodies is visible in the modiolus.

Figure 2.1. Representative cochlear histopathology in severe primary neural degeneration compared to age-matched control. In both examples, sensory structures are normal. A, mid-modiolar section (4X) from the cochlea of a patient with appropriate SGN numbers for age; scale bar 1 mm. The boxed area is shown magnified in B. B, 10X magnification of the modiolus in A; scale bar 200 μm. C, mid-modiolar section (4X) from an age-matched patient with severe primary neural degeneration (Patient 19), showing 85% fewer total SGN cell bodies than expected for age; scale bar 1 mm. The boxed area is shown magnified in D. D, 10X magnification of the modiolus in C; scale bar, 200 μm.
In patients with primary neural degeneration, such as the age- and sex-matched patient presented in Figures 2.1C and 2.1D, substantially fewer than average SGN cell bodies are observed in the modiolus, though sensory structures appear normal. 
	In the normally aging human population, SGN counts are known to demonstrate a clear decline per decade of life, with no significant gender or inter-aural differences19,20. Here, SGN cell bodies in 51 ears from 34 patients identified as candidates for inclusion in this study were quantified and compared with the age-based mean for normal SGN cell death expected for decade of life, published by Makary et al19 (Figure 2.2A). 
Figure 2.2. Patients with severe neural degeneration show abnormally low SGN counts with respect to age. SGNs quantified by cochlear segment in 51 ears from 34 patients. A, Gray circles: published age-based mean with standard deviation and linear regression (Makary et al., 2011); black squares: patients with SGN counts greater than one standard deviation below the age-based mean; white squares: all other patients. B, schematic of cochlear segments, as in Makary et al., 2011. C: Heat map of 30 ears from 23 patients exhibiting total neuronal loss (%) greater than one standard deviation below the age-based mean; each line represents a single ear.


SGNs are traditionally quantified by splitting the cochlear spiral into four segments of relatively equal length, in order to capture the critical apical-to-basal gradient (Figure 2.2B). After segment-specific quantification of SGN cell bodies in all identified patients, 30 ears from 23 patients demonstrated total SGN counts greater than one standard deviation below the mean SGN count expected for decade of life given normal presbycusis (Figure 2.2C). Clinical characteristics for these patients, including otologic diagnoses and cause of death, are summarized in Table 2.1. 
Table 2.1. Summary of clinical characteristics among patients with SGN counts greater than one standard deviation below the mean expected for age, despite a normal complement of sensory cells (n=30 ears belonging to 23 patients). Patients listed from youngest to oldest. Sex, F(emale) or M(ale); ear: R(ight) or L(eft).


Table 2.1 (Continued)
	Patient
	Age
	Sex
	Ear
	Primary otologic diagnosis
	Cause of death

	1
	11
	F
	R
	Neuroaxonal dystrophy
	Respiratory arrest

	
	
	
	L
	
	

	2
	18
	M
	L
	Severe neural degeneration
	Craniopharyngioma

	3
	19
	M
	R
	Fibrous sclerosis of middle ear
	Renal failure

	
	
	
	L
	
	

	4
	30
	M
	R
	Sclerosteosis
	Postoperative complications of cranial decompression

	5
	32
	M
	R
	Histiocytosis
	Thyroid carcinoma with metastasis

	6
	39
	M
	R
	Exostosis of external auditory canal
	Malignant lymphoma

	7
	41
	F
	R
	Severe atrophy of cochlear nerve, etiology undetermined
	Epipharyngeal carcinoma

	8
	56
	M
	R
	Presbycusis
	Bacterial endocarditis

	9
	59
	F
	R
	Acute otitis media
	Intracranial hemorrhage

	10
	59
	M
	L
	Hypoplastic dysmorphic modiolus
	Ruptured aortic aneurysm

	11
	61
	M
	R
	Mohr-Tranebjaerg syndrome
	Unknown

	
	
	
	L
	
	

	12
	62
	M
	R
	Chronic otitis media
	Unknown

	
	
	
	L
	
	

	13
	63
	M
	L
	Otosclerosis
	Intracranial hemorrhage

	14
	64
	M
	L
	Primary neural degeneration
	Chronic respiratory insufficiency

	15
	67
	M
	R
	High-tone hearing loss
	Acute urinary failure

	16
	67
	M
	L
	Presbycusis
	Hepatic failure with gastrointestinal hemorrhage

	17
	70
	M
	R
	Otosclerosis
	Malignant lymphoma

	
	
	
	L
	
	

	18
	71
	F
	L
	Primary neural degeneration
	Intracerebral hemorrhage

	19
	71
	M
	R
	Neural presbycusis	
	Necrotizing bronchopneumonia

	
	
	
	L
	
	

	20
	76
	F
	R
	Presbycusis
	Coronary thrombosis

	21
	78
	M
	R
	Presbycusis
	Cardiopulmonary arrest

	
	
	
	L
	Meniere’s, presbycusis
	

	22
	79
	M
	R
	Presbycusis
	Cardiovascular accident

	23
	99
	F
	L
	Presbycusis
	Unknown





Among the 30 ears with severe primary neuronal degeneration, neuronal loss in Segment I, which encompasses the basal turn and encodes frequencies between 8-20 kHz, mimicked total neuronal loss most closely (Figure 2.2C). However, a linear mixed effects regression model showed that the rate of increase in hearing thresholds with total neuronal loss in Segment I was not significantly different than that exhibited in any other cochlear segment (p=0.43) (Figure 2.3).


Figure 2.3. Relationship between hearing thresholds (dB HL) and total neuronal loss (% of age-based mean) does not vary significantly across cochlear length within patients with severe neural degeneration (n=30 ears). Cochlear length analyzed in four segments (see inset). Solid lines, linear regressions per cochlear segment; shaded areas, 95% confidence intervals for slope; data points, individual observations color-coded by cochlear segment. Conditional f test with Kenward-Rogers correction for degrees of freedom shows that the slopes of these lines are significantly different from zero (p<0.001), but not significantly different from one another (p=0.43).

Despite no detectable difference in slope, substantial threshold elevation was more likely to accompany neuronal loss in Segment I than loss in any other segment, as reflected in the y-intercept (p=0.02 when compared with y-intercept for Seg II; p<0.001 when compared with y-intercepts for Segs III-IV; sequential Bonferroni-adjusted for multiple comparisons). 
Segment I corresponds with the cochlear base, a region particularly vulnerable to myriad forms of damage throughout the lifetime44. Even when inner hair cells are intact, normally aging cochleae often demonstrate significant outer hair cell loss in the basal turn, which contributes to elevated high-frequency thresholds common in older adults26. To quantify the effect of hair cell loss on threshold elevation, cytocochleograms reporting the presence or absence of individual hair cells in each cochlear segment were examined. Cytocochleograms were available for ten of the 30 ears included in this analysis; however, mean reported hair cell loss was negligible in each cochlear segment (Seg I, 2.3% of hair cells lost; Seg II, 2.8%; Seg III, 0.4%; Seg IV, 3.4%). Given only ten observations, hair cell loss could not be reliably controlled for in the existing model. However, nontrivial threshold elevation in Segment I, even in the case of neuronal loss no different than is typical for age, suggests the contribution of other cell types to the observed high-frequency hearing loss.

Primary neuronal loss correlates significantly with elevated audiometric thresholds and poor word recognition 
	In 30 ears from 23 patients with severe neural degeneration, a linear mixed effects regression model was used to correlate audiometric thresholds at each of six individual audiometric test frequencies with total neuronal loss as a percentage of the mean expected for age (Figure 2.4A). 
 Figure 2.4. Primary neuronal loss correlates significantly with elevated audiometric thresholds and poor word recognition scores. Confidence intervals are represented as shaded areas around regression lines and are measures of 95% precision for predicted slopes and intercepts. A, linear mixed regression model correlating total neuronal loss (% of age-based mean) with audiometric thresholds (dB HL) within patients at each individual test frequency (n=30 ears). Solid lines, linear regressions per audiometric test frequency (Freq); data points, individual threshold observations color-coded by audiometric test frequency. Conditional f test with Kenward-Rogers correction for degrees of freedom reveals that slopes of these lines are significantly different than zero (p<0.001), but not significantly different from one another (p=0.10). B, averaging across all six audiometric test frequencies yields a mean threshold increase of 6.0 dB HL per 10% total neuronal loss; shaded area, 95% confidence interval. C, total neuronal loss (% of age-based mean) correlates with poor word recognition (n=15 ears). Mean word recognition score decreases by 6.8% per 10% total neuronal loss (r = -0.644).

For each ear, all recorded hearing thresholds, color-coded to represent the audiometric test frequency at which each threshold was recorded (0.25-8 kHz), were graphed in a vertical line along the y-axis at the single point along the x-axis representing the percentage of total neuronal loss observed in that patient. Regression lines and 95% confidence intervals for slope were then calculated and compared across thresholds recorded at each individual audiometric test frequency (Supplementary Figure 2.1). In this way, overall relationships among patients for thresholds recorded at each audiometric test frequency can be examined as a function of total neuronal loss.
A significant increase in hearing thresholds was observed as neuronal loss increased over all six audiometric test frequencies (p<0.001). As observed in Figure 2.3, the model suggests a qualitatively different relationship between the rate of threshold increase with neuronal loss at higher audiometric test frequencies and that observed at lower frequencies; however, omnibus tests for differences in slope, corrected for multiple comparisons, show that the hypothesis of a differing relationship among these lines approaches, but does not reach statistical significance (p=0.10). Predicted means and Bonferroni-adjusted contrasts at each audiometric test frequency per ten percent neuronal loss are provided in Supplementary Tables 2.1 and 2.2. As the rate of increase in hearing threshold over total neuronal loss does not significantly differ among audiometric test frequencies, these relationships can be collapsed into a single linear model (Figure 2.4B). In this way, averaging across all six audiometric test frequencies yields a mean threshold increase of 6.0 dB HL per 10% total neuronal loss. 
Word recognition scores, reported as a percentage of correctly repeated words after being read a word list in quiet, were available for 15 of 30 ears of interest (12 patients). Word recognition among these patients declined significantly as total neuronal loss increased (Figure 2.4C). Linear regression revealed a 6.8% decline in word recognition score per 10% increase in total neuronal loss (r = -0.644).

Thresholds relevant to word recognition rise with neuronal loss among patients with severe neural degeneration
To further explore the observation that elevated thresholds at high frequencies may reflect the involvement of factors outside neuronal pathology (Figure 2.3), threshold data was grouped into that belonging to low frequencies (0.25-2 kHz) and high frequencies (4-8 kHz) and regressed with regard to total neuronal loss using a linear mixed effects regression model (Figure 2.5). 
Figure 2.5. High-low grouping of audiometric test frequencies reveals a significant interaction between total neuronal loss (% of age-based mean) and hearing thresholds (dB HL) (n=30 ears). Low frequencies, 0.2-2 kHz (6.8 dB HL mean threshold increase per 10% total neuronal loss); high frequencies, 4-8 kHz (4.8 dB HL mean threshold increase per 10% total neuronal loss); p=0.007. Solid lines, linear regressions per low or high frequency grouping; shaded areas, 95% confidence intervals. UCL, upper confidence limit; LCL, lower confidence limit.

Such classification is justified as low frequencies predominantly influence word recognition21,22. In fact, on a clinical audiogram, normal hearing thresholds at frequencies up to and including 2 kHz are covered by the belly of a down-sloping area colloquially referred to as the “speech banana”23,24. Among low-frequency observations, mean hearing thresholds increase by 6.8 dB HL per 10% total neuronal loss, while among high-frequency observations, mean hearing thresholds increase by 4.8 dB HL per 10% total neuronal loss. The difference in rate of threshold increase between low-frequency and high-frequency observations is statistically significant (p=0.007). As in Figure 2.4A, 95% confidence intervals for the low- and high-frequency groupings exhibit little overlap below 40% total neuronal loss, after which they share significant overlap, becoming nearly equivalent as loss approaches 100% (Supplementary Table 2.3). Additionally, as observed in Figure 2.4A, a significant elevation in the y-intercept for high-frequency observations, apparent even without corresponding neuronal loss, highlights the contribution of threshold-elevating factors that lie outside the influence of neuronal loss.
	Pure tone average (PTA), defined as the average of the two or three lowest thresholds at audiometric test frequencies between 0.5-2 kHz, is used in the otology clinic as a reliable approximation of speech reception and speech detection thresholds21,27. A linear mixed effects regression model was used to describe the relationship between pure tone average and total neuronal loss as a percentage of the age-based mean in normal presbycusis (33 ears, published in Makary et al., 2011; Figure 2.6A) and ears with severe neural degeneration (30 ears; Figure 2.6B). 

Figure 2.6. Relationship between pure tone average (dB HL) and total neuronal loss (% of age-based mean) in severe neural degeneration. A, normal presbycusis (n=33 ears, published in Makary et al., 2011); B, severe neural degeneration (n=30 ears). In patients with severe neural degeneration, mean hearing thresholds increase by 6.9 dB HL per 10% total neuronal loss. Shaded area, 95% confidence interval; UCL, upper confidence limit; LCL, lower confidence limit.

After controlling for age, sex, and time between most recent audiogram and death, PTA rises with neuronal loss among patients with severe neuronal loss, but not among patients with normal presbycusis, suggesting that the threshold elevation accompanying this loss must be attributable to factors other than normal aging. However, the variance in both of these datasets is too large to indicate a statistically significant difference and warrants future study involving more patients. As expected based on the “low” frequency grouping in Figure 2.4, mean PTA among patients with severe neural degeneration is observed to increase by an average of 6.9 dB HL per 10% total neuronal loss. 

Discussion
We present the largest quantitative study to date of severe neural degeneration in the human inner ear. As cellular structures within the cochlea cannot be biopsied or visualized during life, approaching auditory neuropathy from a histopathological perspective provides important evidence for the cellular substrates of clinical assessments. Our model suggests that mean hearing thresholds in ears with severe primary neural degeneration increase by 6.0 dB HL per 10% total neuronal loss (Figure 2.4B). This is a new and highly significant quantitative relationship. 
However, though the positive relationship between these variables is clear, a simple linear increase in hearing thresholds is not well explained by animal models of excitotoxic, physical, or drug-induced neuropathy. For example, after noise exposure in mice, Kujawa and Liberman observed a temporary elevation of audiometric thresholds followed by a return to normal values, despite widespread synaptopathy11. Schuknecht and Woellner, who pierced the auditory nerves of cats with needles to damage up to 50% of AN fibers, observed only mild effects of this trauma on a behavioral audiogram28. More recently, Lobarinas et al. used carboplatin to induce large amounts of IHC death in trained chinchillas, observing aberrant responses in the behavioral audiogram only when IHC loss exceeded 80%29. However, significant threshold elevation is known to accompany multiple forms of auditory neuropathy regardless of hair cell loss in humans, including cochlear nerve hypoplasia, a diagnosis of gradable severity thought to represent most cases of unilateral auditory neuropathy in humans6,7. 
Importantly, despite the fact that the hair cells of patients presented in this study are morphologically intact and present in numbers normal for age, no evidence exists as to whether or not these cells were functional in life. It is well known that functional and chemical changes can long precede morphologic changes in the cochlea11,37. Though the defining characteristic of this patient population is severe neural degeneration, diseases thought to be primarily neurodegenerative often affect the function of and communication between neighboring supporting or interconnected cells that form corresponding parts of a less-than-functional system45.
In everyday life, the most significant functional consequence for a patient with auditory neuropathy is poor speech perception, regardless of whether he or she demonstrates elevated audiometric thresholds7. A classic complaint from such a patient is that they “can hear, but cannot understand,” and this claim is documented in the written medical records of at least two patients included in this study. For these patients, perceiving speech in noisy environments can be a nearly insurmountable task, perhaps due to loss of SGNs with low spontaneous firing rates and high sound thresholds, which confer important dynamic range to the response patterns of the auditory nerve and are selectively lost as a result of traumatic noise exposure30. In our model, the slope of the regression line representing decline in word recognition with increasing neuronal loss is -0.68 (Figure 2.4C), a slope opposite and nearly identical to that for PTA with increasing neuronal loss (+0.69, Figure 2.6). This is an important finding, as PTA closely agrees with speech reception thresholds21,22 even in the case of severe neural pathology. 
Our models have implications for patient counseling. If a patient presents with elevated PTA, demonstrates poor word recognition, and complains of difficulty hearing speech in noise, auditory neuropathy should be included in a differential diagnosis. After functional testing of the AN and OHCs to confirm the diagnosis, if severe degeneration is suspected, total neuronal loss could potentially be approximated using PTA (Figure 2.6). This is relevant for timing of a possible cochlear implant surgery, which relies on an array of intracochlearly inserted electrodes to electrically stimulate the remaining neurons. Word recognition is currently the most important criterion for assessing cochlear implant candidacy, by which patients scoring below 60% qualify for this prosthesis. Our data suggest that for people with severe primary neuronal degeneration, the 40% drop in word recognition that precedes cochlear implant candidacy corresponds with a 58.8% loss of SGNs. This is important for patient counseling because auditory rehabilitation after cochlear implantation is correlated with the number of surviving cochlear neurons31. Our findings also highlight the need to develop clinically relevant imaging tools that enable cellular-level resolution of structures within the inner ear32,33, as there is currently no way to confirm a diagnosis of primary neural degeneration or verify predicted loss in vivo.
An important limitation of this study is the fact that our models do not account for damage to the stria vascularis, a segment of stratified epithelium in the cochlear duct that contains small blood vessels and is responsible for maintaining the endocochlear potential. Much like neural presbycusis, damage to the stria vascularis accumulates over time and has been documented to contribute to hearing loss and metabolic presbycusis in humans and animals34-36. However, unlike neural presbycusis, there has been no comprehensive, age-based quantification of expected strial pathology in humans against which to make reliable comparisons. 
Additionally, though postmortem quantification of SGN cell bodies in the cochlea has been traditionally used to assess AN viability, such quantification may not yield the most accurate representation of the functional consequences of AN pathology37. The synapse between the SGN and IHC is the most vulnerable element in the inner ear and can be irreparably lost after transient acoustic trauma11, but SGN cell bodies can take decades to die, surviving even following loss of their peripheral axons38. This observation is important when considering potential therapeutic approaches to acquired forms of auditory neuropathy. If the failure of lost synapses to regenerate after acoustic trauma can be attributed to impaired neurotrophic signaling in the organ of Corti39, viral overexpression of important neurotrophic factors, such as neurotrophin 3, has the potential to successfully regenerate these synapses, as recently shown40. In that case, the fact that SGN cell bodies remain alive in the modiolus decades after losing functional connections to sensory cells provides a fascinating avenue for therapeutic innovation.

Methods
All human temporal bones analyzed for this study were stored in the archival collection at Massachusetts Eye and Ear and handled according to protocols approved by the associated Human Studies Committee. Informed consent regarding participation in the National Temporal Bone Registry was obtained from all individuals prior to death. Sample collection and human specimen storage was conducted in accordance with Massachusetts Eye and Ear protocols and the Helsinki Declaration. Temporal bones were fixed in 10% neutral buffered formalin or Heidenhain Susa solution, decalcified in ethylenediaminetetraacetic acid, embedded in celloidin, and serially sectioned (20 μm) according to published protocols20. Every tenth section was mounted on a glass slide, stained with hematoxylin and eosin, and visualized under a light microscope. 51 bones from 34 patients identified for inclusion in this study (age range 11-99 years, median 67 years) were documented to have a population of IHCs and OHCs normal for age as verified by light microscopy, and a qualitatively abnormal population of spiral ganglion neurons, which we subsequently quantified. Cytocochleograms were available for ten of 30 patients.
SGN counts were conducted according to the method originally described by Schuknecht and followed by subsequent investigators19,20,41. In every tenth section of each cochlear turn, SGNs in which a nucleus was visible were manually counted. Total neuronal counts per cochlea were then estimated by multiplying SGN counts by 10 to account for intervening sections, and by 0.91 to correct for dual-counting of nuclei spanning section boundaries, in accordance with the most recent recommendations42. Totals were compared to published reference values for total cochlear neuronal populations observed in age-matched patients with typical age-related cochlear neuronal degeneration19. Bones with total neuronal counts more than one standard deviation below the expected mean for normal, age-related cochlear neuronal degeneration (30 ears from 23 patients) were included in subsequent linear regression models. Otologic diagnoses recorded for these patients varied (Table 2.1), ranging from neuronal atrophy or advanced presbycusis (16 ears, 14 patients) to near-complete auditory neuropathy due to Mohr-Tranebjaerg syndrome (2 ears, 1 patient). 
The most recent clinical audiogram recorded prior to the death of each patient, comprising pure tone detection thresholds at 250, 500, 1000, 2000, 4000, and 8000 Hz, was included in regression models. Pure tone average (PTA), defined at our institution as the average of the two lowest pure tone thresholds at test frequencies between 0.5 and 2 kHz21,27, was also noted. No significant differences to any model parameters were observed when a three-point average (average of three lowest pure tone thresholds between 0.5 and 2 kHz) was used. Word recognition scores, recorded as a percentage of correctly repeated words after being read a word list in quiet, were available for 15 of 30 ears (12 patients) of interest.
Linear mixed effects regression models were used to estimate the relationship between audiometric test frequencies and neuronal damage as a percentage of the published age-based mean19, in total and after dividing the cochlear spiral into four segments of relatively equal length. All models included controls for linear age, sex, and time interval between each patient’s most recent audiogram and date of death. For omnibus tests of differences in slope, conditional F-tests with Kenward-Rogers correction for degrees of freedom were performed. Computations were carried out and graphs generated in R43. For all analyses, p<0.05 was considered statistically significant.

Data Availability
The temporal bones and patient records analyzed in the current study are publicly available to trained researchers and can be accessed through the National Temporal Bone, Hearing, and Balance Pathology Resource Registry at Massachusetts Eye and Ear, established by the National Institute on Deafness and Other Communication Disorders (NIDCD) of the National Institutes of Health (NIH).
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Abstract
Vestibular schwannomas are the most common neoplasms of the cerebellopontine angle, making up 6-8% percent of all intracranial growths. Though these tumors cause sensorineural hearing loss in up to 95% of affected individuals, the molecular mechanisms underlying this hearing loss remain elusive. This article outlines the steps established in our laboratory to facilitate the collection and processing of various primary human tissue samples for downstream research applications integral to the study of vestibular schwannomas. Specifically, this work describes a unified methodological framework for the collection, processing, and culture of Schwann and schwannoma cells from surgical samples. This is integrated with parallel processing steps now considered essential for current research: the collection of tumor and nerve secretions, the preservation of RNA and the extraction of protein from collected tissues, the fixation of tissue for the preparation of sections, and the exposure of primary human cells to adeno-associated viruses for application to gene therapy. Additionally, this work highlights the translabyrinthine surgical approach to collect this tumor as a unique opportunity to obtain human sensory epithelium from the inner ear and perilymph. Tips to improve experimental quality are provided and common pitfalls highlighted.

Introduction
Vestibular schwannomas (VSs) are the most common neoplasms of the cerebellopontine angle, diagnosed in 1 in every 100,000 individuals. Though non-metastatic, these tumors severely affect a patient’s quality of life1-6. Affected individuals commonly live with hearing loss, tinnitus, and a feeling of aural fullness. Symptoms become increasingly debilitating as the tumor grows, causing balance problems, facial paralysis, and impairment of other cranial nerve functions. Life-threatening complications due to brainstem compression may also ensue7.
Management options for VS are essentially limited to watchful waiting for static tumors and stereotactic radiation therapy or surgical resection for growing tumors8. The surgical removal of these tumors in research-affiliated hospitals presents the opportunity to acquire and analyze fresh tumor tissue collected during patient surgeries. One specific surgical approach to VS, the translabyrinthine resection, can even offer access to valuable human sensory epithelium from the inner ear and perilymph.
Because VSs arise from a peripheral sensory nerve (i.e., the vestibular nerve), it is important to compare VS-associated observations with those derived from an appropriate control nerve, such as the human great auricular nerve (GAN). Healthy GANs are regularly sacrificed during parotidectomies or neck dissections and can be used as robust models for healthy Schwann cell physiology9.
Because there are no FDA-approved drugs for the treatment or prevention of sporadic VS, it is imperative that researchers elucidate the underlying molecular mechanisms of the disease to identify therapeutic targets. Proteins that have been shown to play a role in VS pathogenesis include merlin, vascular endothelial growth factor (VEGF), cyclooxygenase 2 (COX-2), nuclear factor kappa B (NF-κB), tumor necrosis factor alpha (TNFα), epidermal growth factor receptor (EGFR), and related signaling molecules10-17.
Recent advances have expanded and improved protocols for the collection, processing, culture, and downstream investigation of primary human vestibular schwannomas and healthy nerve tissues18,19. However, most existing protocols are designed to accommodate the preparation of such tissues for a single downstream research application (i.e., cell culture alone). This article presents a unified methodological framework for the simultaneous processing of a single primary human VS or GAN sample for multiple downstream applications: cell type-specific culture, protein extraction, RNA preservation, tumor secretion collection, and tissue fixation. This work also details the surgical collection and processing of human cerebrospinal fluid (CSF) and perilymph during translabyrinthine VS resection, as these closely related tissues may serve as important sources of biomarkers for VS. Finally, this protocol presents steps for the viral transduction of primary human VS cells in culture as a novel application of this tissue for use in gene therapy.

Protocol
Written informed consent for the collection of all samples was obtained prior to surgery, and the experiments were carried out according to the Code of Ethics of the World Medical Association (Declaration of Helsinki). All sections of the study protocol were approved by the Institutional Review Board of Massachusetts Eye and Ear.

NOTE: Sections 1-7 below are designed to be performed sequentially upon the receipt of a primary human VS or GAN sample from the operating room. Processing should always begin with section 1. Then, as a rule, RNA should be preserved first (section 2), followed by the preparation of tissue for the collection of secretions (section 3) and protein extraction (section 4). Tissue to be cultured (section 5 for VS, section 6 for GAN) can sit in supplemented culture medium while sections 2, 3, and 4 are performed. The fixation of tissue for sectioning (section 7) is very short and can be performed during any centrifugation step. Section 8 (perilymph processing) and section 9 (CSF processing) can be carried out upon the receipt of perilymph or CSF from the operating room during a translabyrinthine VS resection. Section 10 (viral transduction) can be performed on growing VS or Schwann cells in culture.

Preparation for and receipt of a surgical sample
NOTE: The following steps are to be performed in a sterile environment, such as a tissue culture hood or laminar flow hood. Familiarity with basic sterile technique is expected.

1.1. Preparation of medium for primary human VS or Schwann cell culture
1.1.1. Thaw a 50-mL aliquot of frozen fetal bovine serum (FBS) in s 37 °C water bath.
1.1.2. Add 5 mL of penicillin/streptomycin mix to a 500-mL bottle of DMEM/F-12, resulting in a final dilution of 1:100.
1.1.3. Add the 50 mL of thawed FBS to the 500-mL bottle of DMEM/F-12, resulting in a final dilution of 1:10.
1.1.4. Write the date, researcher’s initials, and supplemental information (e.g., 1% P/S, 10% FBS) on the bottle.
1.1.5. Place the new culture medium in the refrigerator (4 °C).

1.2. Receipt and cleansing of VS or GAN sample
1.2.1. In the operating room, place the freshly harvested VS or GAN sample into sterile saline in a specimen container. Transport the sample on ice from the operating room to a laminar flow hood in the laboratory. Note: Sample sizes and weights vary significantly between patients based on the size of the relevant tumor or the amount of excised nerve.
1.2.2. Remove stock-solution aliquots of hyaluronidase (25,000 U/mL) and collagenase (3,200 U/mL) from the freezer and let the enzymes thaw at room temperature (required for step 5.1.4 or 6.1.6, depending on whether the specimen is a VS or a GAN). Note: The resuspension of lyophilized enzymes is described in detail on the product information sheets. Collagenase can be resuspended in any calcium-free balanced salt solution and hyaluronidase in a solution of 0.02 M phosphate buffer (pH 7.0), 77 mM NaCl, and 0.01% of 1 mg/mL bovine serum albumin. The specific activity for each lyophilized enzyme varies with the lot and should be verified prior to resuspension.
1.2.3. Using a series of three 1.5-mL tubes filled with 1.4 mL of 1X sterile PBS, wash the VS or GAN specimen three times. Carefully transfer the specimen from tube to tube with sterile forceps. Close each tube once it contains the specimen, and shake gently to wash. Note: To avoid flooding the 1.5-mL tubes, less than 1.4 mL of PBS can be used per tube if the tumor piece is large.
1.2.4. Put the sample into a dry 60-mm petri dish and use forceps to remove all dead tissue (i.e., cauterized portions, which are usually white or opaque in color) and areas with prominent blood vessels. 
1.2.5. Use forceps or a scalpel blade to divide the sample into separate pieces for RNA preservation, protein extraction, secretion collection, fixation, and cell culture (see sections 2-6, below).
1.2.6. Transfer the piece of the specimen designated for cell culture (section 5/6) to a new 60-mm culture dish containing 5-8 mL of cold, supplemented DMEM/F-12 medium (alternatively, the lid of the first culture dish can be used for this step). 
Note: The amount of DMEM/F-12 medium needed (from step 1.1) will depend on the size of the tumor or nerve, but it should fall between 5 and 8 mL. This piece can sit in culture medium while the subsequent steps are performed.

RNA preservation of VS and GAN tissue (also valid for human sensory epithelium)
2.1. Under the laminar flow hood, transfer 1-1.2 mL of RNA stabilization solution to a new 1.5-mL tube.
2.2. After washing the specimen with PBS (step 1.2.3), briefly dip the small piece of tissue designated for RNA preservation (approximately 3 mm3 of VS or a 5-mm length of GAN) into the RNA stabilization solution. Ensure that the specimen is completely immersed in the solution.
2.3. Prepare and label a new 1.5-mL tube. Retrieve the specimen from the RNA stabilization solution, transfer it to the new tube, and store it in a -80 °C freezer.

Collection of the VS and GAN secretions 
3.1. Day 1
3.1.1. After washing the specimen with PBS (step 1.2.3.), place the piece of VS or GAN designated for the collection of secretions into an empty 1.5-mL tube. 
3.1.2. Prepare two additional 1.5-mL tubes and pipette 500 µL of DMEM* (not supplemented with FBS) into each tube. Note: The first tube of DMEM will be used to collect the tumor secretions, and the second tube of DMEM will serve as a matched control. Secretions can be collected in DMEM, any other typical culture medium not supplemented with serum, or PBS.
3.1.3. Place one of the DMEM-containing tubes onto a calibrated digital scale. Tare the scale, such that when the tube sits atop the scale, it reads 0 mg. 
3.1.4. Remove the tube of DMEM from the scale, place the piece of specimen designated for the collection of secretions into the tube, and weigh it. Note the result, which will represent the weight of the tissue alone.
3.1.5. Under a laminar flow hood, adjust the volume of DMEM in the tube to 100 µL per 10 mg of specimen.
3.1.6. Place the tube containing the tissue sample and its matched control (DMEM alone) into the incubator (37 °C, 5% CO2) for a period consistent with the plans for this experiment. Incubate the tissue for at least 72 h to collect biologically useful quantities of tumor or nerve secretions15. 

3.2. Day 4
3.2.1. After incubation for 72 h, remove the secretion-containing medium from the specimen (i.e., tissue-conditioned medium) using a 1-mL pipette. To prevent repeated freeze-thaw cycles, aliquot the medium into new tubes according to the planned downstream analyses (e.g., to run an ELISA with 4 wells requiring 50 µL each, aliquots of 210 µL can be prepared). 
3.2.2. If required, freeze the tissue piece remaining in the original tube (already labeled on Day 1) at -80 °C for additional analyses, such as DNA extraction, at a later date.
3.2.3. Store the tissue, secretions, and control DMEM in a -80 °C freezer until the downstream applications are initiated (e.g., ELISAs, LC-MS/MS, cytokine arrays, etc.).

Protein extraction from VS or GAN tissue 
4.1. Preparation of fortified RIPA buffer
4.1.1. Add one tablet of phosphatase inhibitor and one tablet of protease inhibitor to 10 mL of RIPA buffer in a 15-mL tube; this is fortified RIPA buffer. Note: Store the RIPA buffer at 4 °C and add the tablets just prior to use.

4.2. Protein extraction
4.2.1. Transfer 210 µL of fortified RIPA buffer (step 4.1.1.) to a new 1.5-mL tube.
4.2.2. After washing the specimen with PBS (step 1.2.3.), transfer the small piece of tissue designated for protein extraction (approximately 3 mm3 of VS or a 5-mm length of GAN) to the RIPA buffer-containing tube and place it on ice for at least 10 min. If studying phosphorylated forms of proteins, supplement the RIPA buffer with protease and phosphatase inhibitors14. In the meantime, steps for other components of the tissue processing, such as fixation (section 7), can be carried out.
4.2.3. Pre-cool the centrifuge to 4 °C. 
4.2.4. Using a plastic pestle, homogenize the tissue in the RIPA buffer-containing tube. Sonicate the tissue for 10-15 s at 20% amplitude. Ensure that the specimen remains on ice, even during sonication.
4.2.5. Centrifuge for 10 min at 15,000 x g and 4 °C. 
4.2.6. Aliquot the supernatant in 50-µL increments into new 0.5-mL tubes (depending upon the intended downstream applications, any increment size can be chosen).
4.2.7. Store the aliquots of protein lysate in a -80 °C freezer until the downstream applications are initiated (e.g., ELISAs or Western blots)20,21.

5. Primary human VS culture
5.1. Day 1
5.1.1. Separate the VS tissue designated for cell culture (which has been sitting in culture medium, as described in step 1.2.6.) into approximately 1-mm3 pieces using a pair of forceps in each hand.
5.1.2. Aspirate the tumor piece-containing medium with a 10-mL serological pipette and transfer all contents to a 15-mL conical tube.
5.1.3. Centrifuge for 3 min at 1,000 x g and 25 °C.
5.1.4. Prepare disintegration medium in a new 60-mm culture dish by combining 4.7 mL of supplemented DMEM/F-12 medium with 250 µL of collagenase (final concentration: 160 U/mL) and 50 µL of hyaluronidase (final concentration: 250 U/mL), for a final volume of 5 mL. Note: Both enzymes should be stored in a -20 °C freezer but thawed prior to the preparation of this medium (step 1.2.2).
5.1.5. After centrifugation, the tumor pieces will form a pellet at the bottom of the conical tube. Carefully pipette off and discard the supernatant.
5.1.6. Add 2 mL of the freshly made enzyme-containing disintegration medium (step 5.1.4) to the tumor pellet. Pipette up and down several times to mobilize the tissue and transfer the tumor-piece containing medium to the 60-mm culture dish.
5.1.7. Place the culture dish into the incubator (37 °C, 5% CO2) for 18 h.

5.2. Day 2
5.2.1. Warm DMEM/F-12 medium supplemented with 10% FBS and 1% penicillin/streptomycin (prepared in step 1.1.) in a 37 °C water bath.
5.2.2. Remove the petri dish containing the VS culture from the incubator (step 5.1.7). Using a 22-gauge needle attached to a 5-mL syringe, aspirate the culture-containing medium and transfer it to a new 15-mL conical tube. 
5.2.3. Centrifuge for 5 min at 1,000 x g and 37 °C.
5.2.4. In the meantime, use sterile forceps to place the required number of poly-D-lysine- and laminin-coated glass coverslips into a 24-well culture plate. Note: The number of wells to be cultured depends on the size of the specimen; approximately 24-32 wells can be cultured from a 1-cm3 tumor, so for most smaller tumors, planning for 8-16 wells of cultured cells is appropriate.
5.2.5. After centrifugation, discard the supernatant (i.e., enzyme-enriched medium) and resuspend the residual cell pellet in fresh, supplemented DMEM/F-12 medium, pre-warmed in step 5.2.1. Note: The volume in which to resuspend the pellet is determined by the number of wells planned in step 5.2.4., estimating 1 mL of medium per planned well. 
5.2.6. Aspirate 2 mL of the resuspended cell medium (step 5.2.5.) using a 5-mL serological pipette. Deposit 1 mL of the tumor cell-containing medium into each prepared well of the 24-well plate.
5.2.7. Continue aspirating and depositing tumor cell-containing medium (aspirating in increments of 2 mL, from which 1 mL is deposited into each planned well) until the tumor cell suspension is equally divided between all prepared wells. 
5.2.8. Place the 24-well plate into the 37 °C incubator overnight. 

5.3. Day 3
5.3.1. If significant debris is noted on the bottom of the wells, carefully change the medium in each well to new supplemented DMEM/F-12 culture medium, taking care not to dislodge adherent cells. If not, return the plate to the incubator and change the medium for the first time on Day 5.

5.4. Days 5-7 and afterwards
5.4.1. Change the medium every 3 days. Note: Primary human VS and GAN cells are generally maintained in culture until their use in downstream applications, at or around 14 days of age. Culture purity decreases after this19.

Primary human GAN culture
6.1. Day 1
6.1.1. Under a dissecting microscope, isolate fascicles from the tissue designated for the GAN culture (which has been sitting in culture medium, as outlined in step 1.2.6.). 
6.1.1.1. Isolate the fascicles from the epineurium and fibrous sheath by pulling on the perineurium using no. 5 forceps while clasping the epineurium with no. 3 forceps. 
6.1.2. Once the fascicles are sufficiently isolated from the surrounding epineurium, transfer them to a new culture dish containing 2 mL of fresh supplemented medium. 
6.1.3. Cut the fascicles into 1- to 2-mm segments using the scalpel blade. 
6.1.4. Pipette the small fascicle pieces and surrounding medium into a 15-mL tube containing 3 mL of fresh supplemented culture medium, such that the total volume in the 15-mL tube becomes 5 mL. 
6.1.5. Centrifuge the specimen for 3 min at 1,000 x g and 25 °C.
6.1.6. In the meantime, make a Schwann cell culture medium in a new 60-mm petri dish by combining 4.7 mL of supplemented DMEM/F-12 medium, 250 µL of collagenase, and 50 µL of hyaluronidase, for a final volume of 5 mL. Note: Store both enzymes at -20 °C; thaw them at room temperature before preparing this medium (step 1.2.2).
6.1.7. After the centrifugation of the specimen, the fascicles will condense into a small pellet in the conical tube. Discard the supernatant.
6.1.8. Add 2 mL of the freshly made enzyme-containing disintegration medium (step 6.1.6) to the nerve pellet. Pipette up and down several times to mobilize the tissue and transfer it to a new 60-mm culture dish.
6.1.9. Place dish in the incubator (37 °C, 5% CO2) for 20-22 h. Note: This is a longer incubation than is needed for VS samples (step 5.1.7).

6.2. Day 2
6.2.1. Warm supplemented DMEM/F-12 medium in a 37 °C water bath.
6.2.2. Using a 22-gauge needle attached to a 5-mL syringe, aspirate the cell culture-containing medium and transfer it to a new 15-mL conical tube. 
6.2.3. Centrifuge for 5 min at 1,000 x g and 37 °C.
6.2.4. Discard the supernatant and resuspend the sample in new, pre-warmed, supplemented DMEM/F-12 culture medium.
6.2.5. Use sterile forceps to place the required number of coated coverslips into the wells of a 24-well culture plate. Note: Calculating two wells of cultured cells per 1-cm nerve specimen promotes robust culture growth.
6.2.6. Add 1 mL of the culture-containing medium to each designated well in the 24-well plate.
6.2.7. Place the 24-well plate into the incubator at 37 °C and 5% CO2. 

6.3. Day 3
6.3.1. If significant debris is noted in the wells, carefully replace the medium with new supplemented DMEM/F-12 culture medium, taking care not to dislodge adherent cells. If not, return the plate to the incubator and change the medium for the first time on Day 5.

6.4. Days 5-7 and afterwards
6.4.1. Change the medium every 3 days or twice a week.

VS & GAN tissue fixation 
7.1. Pipette 1-1.2 mL of 4% paraformaldehyde (PFA; CAUTION) into a new 1.5-mL tube.
7.2. After washing the tumor or nerve with PBS (step 1.2.3.), transfer a small piece of tissue (approximately 3 mm3 of VS or a 5-mm length of GAN) into 4% PFA and place the tube on a shaker at 4 °C. Ensure that the specimen is completely immersed in the solution.
7.3. After at least 2 h of fixation, retrieve the tube from the shaker and proceed with further processing (e.g., embedding in paraffin or optimal cutting temperature compound (OCT) for subsequent immunohistochemistry or immunofluorescence)22-24. Alternatively, the tissue can be snap-frozen, as previously described)25,26.

Collection and storage of human perilymph during translabyrinthine VS resection
8.1. Place three sterile 1.5-mL tubes on ice. Note: One tube will be kept as a backup in case of contamination.
8.2. Fill one 1.5-mL tube with approximately 1.2 mL of PBS solution that has been filtered twice using a 0.22-µm filter. Note: To collect perilymph during a translabyrinthine VS resection, the surgeon must first ensure that the surgical field is free of bone dust, blood, or saline. The surgeon can use a Schuknecht 21- or 24-gauge suction tube in the non-dominant hand for this purpose.
A typical place from which to extract perilymph is the lateral semicircular canal (however, the posterior semicircular canal or round window membrane can also be accessed, depending on the surgeon’s preference). The surgeon should carefully remove the labyrinthine bone with a diamond bur (while using continuous suction irrigation) to identify the blue line (i.e., the membranous labyrinth) of the semicircular canal. The semicircular canal is penetrated through the blue line using a long 27-gauge needle attached to a 1-mL tuberculin syringe. 
8.3. Ask the surgeon to gently aspirate a small amount of perilymph and then pass the syringe and attached needle to the surgical nurse. Note: Typically, a drop of perilymph or less is collected. If the observed volume is larger, the sample is likely contaminated with other fluid. 
8.4. Open the prepared, empty 1.5-mL tube and the tube filled with PBS directly prior to use. Be careful not to touch the inside of the tube lids while opening them.
8.5. Receive the syringe and attached needle from the surgical nurse and purge the fluid completely into the empty tube, taking care not to touch the tube itself with the needle.
8.6. Carefully detach the needle from the syringe. Do not contaminate the needle tip, and continue to hold it in one hand. Note: A very small volume of perilymph has been collected, so some fluid may remain in the long tip of the needle.
8.7. With the other hand, use the syringe itself (without the needle) to suck 0.2 mL of filtered PBS solution from the prepared tube into the body of the syringe.
8.8. Reattach the needle to the syringe. Fully evacuate the syringe into the tube containing perilymph, using the sterile PBS to flush the needle tip.
8.9. Close the perilymph- and PBS-containing tube and place it on ice.
8.10. Dispose of the needle in a sharps container.
8.11. Place the tube containing perilymph in the -80 °C freezer as soon as possible.

Collection and storage of human CSF
9.1. Place three (or more) sterile 1.5-mL tubes on ice. Note: One tube will be a backup in case of contamination or a sample volume that is larger than expected.
9.2. After opening the dura mater, ask the surgeon to collect CSF with a 3-mL syringe (without an attached needle). Note: To prevent contamination, CSF collection should take place immediately following the opening of the dura mater.
9.3. Ask the surgeon to hand the syringe to the surgical nurse.
9.4. Receive the syringe from the surgical nurse and fully evacuate the required volume of CSF into the tube(s).
9.5. Close the tube(s) and place them on ice.
9.6. Place the tube(s) in the -80 °C freezer as soon as possible. 

Viral transduction experiments for primary VS cells
10.1. Using the viral stock concentration as a reference, calculate the desired genome count (gc) number and multiplicity of infection (MOI) necessary for the proposed transduction experiment; virus stock can be diluted directly into supplemented culture medium. Note: Any viral vector suitable for primary cell transduction can be used; see Landegger et al. (2017) for a detailed comparison of six different adeno-associated virus serotypes27. Additionally, when culturing primary human cells, cell counts are not typically determined before plating onto coverslips. Primary VS cells do not respond well to trypsinization and passaging, so for a reliable MOI calculation, the number of adherent cells per well can be estimated using a phase contrast microscope. Alternatively, if cells are close to confluence, their numbers can be reliably estimated by using standard cell density values for a 24-well plate (e.g., 5 x 104 cells per well).
10.2. Under a laminar flow hood, prepare supplemented medium containing the desired amount of virus in a 15-mL conical laboratory tube, such that 1 mL of virus-containing medium is prepared for each well of cells to be transduced. Pipette the virus-containing medium up and down to mix gently but thoroughly.
10.3. Using sterile forceps, transfer the coverslips containing primary VS cells (step 5.2.8) from the original 24-well plate to a new 24-well plate. After the transfer of each individual coverslip, add 1 mL of virus-containing medium. Swirl the plate each time medium is added to ensure that the cells are coated evenly with the virus.
10.4. Incubate at 37 °C and 5% CO2 for the duration of the planned experiment. Note: Incubations ranging from 48-120 h have all shown promising transduction results27.

Representative Results
Primary human VS cells in culture, as established in section 5, can be treated as informative models for disease-associated processes in many downstream research applications (Figure 3.1.1). 



Figure 3.1.1. Brightfield images of primary human vestibular schwannoma cultures. Typical patterns in the organization of VS cells in culture can be identified. Scale bar = 200 μm.


Healthy Schwann cells cultured in section 6 provide a direct and instructive point of comparison. As outlined below, extensive data from VSs and GANs processed according to this unified methodological framework are available in multiple articles previously published12-15, 27. 
The successful transduction of primary VS cells with adeno-associated viruses for gene therapy is presented here for the first time (Figure 3.1.2). 

Figure 3.1.2: Representative immunofluorescent image of primary human vestibular schwannoma cultures after exposure to GFP-expressing Anc80 for 48 hours at a multiplicity of infection (MOI) of 250,000. Green = GFP; red = phalloidin/F-actin (stains cytoskeleton); blue = Hoechst (stains nuclei). Scale bar = 50 μm (A), 100 μm (B). 

Primary VS cells were transduced in culture with GFP-expressing Anc80, an ancestor of adeno-associated viruses28. Anc80 has been shown to be a maximally efficient vector for gene transfer in murine cochlear tissues in vitro and in vivo27. The effective transduction of primary human cells with this vector carries important implications for future forays into gene therapy for VS.

Discussion
This manuscript describes a unified methodological framework for VS research, outlining the simultaneous processing of human VS and GAN specimens for downstream research applications. As VS research enters the age of precision medicine, preparing the same sample in forms capable of answering numerous research questions will enable the discovery of molecular, cellular, genetic, and proteomic insights specific to individual patients.
The purity of human Schwann cell and VS cultures were thoroughly assessed over time by means of immunocytochemistry, using the ratio of cells positive for the S100 marker to those positive for the DAPI nuclear stain19. Accordingly, it is recommended to perform experiments on primary human Schwann cell cultures within the first two weeks after plating the cells, as the purity of these cells is the highest during this period; afterwards, fibroblast-like cells begin to predominate. Though VS cell cultures are also maximally pure at two weeks in culture, VS cells lack contact-mediated inhibition and will continue to proliferate at later stages. Additionally, a direct microarray comparison of protein expression from VS tissue (section 4) and VS cells in culture from the same tumors (section 5) successfully showed that VS cultures demonstrate a satisfactorily high level of biological similarity to their respective parent tumors19. The successful quantification of proteins of interest can be performed via Western blot of protein lysates generated in section 4 and the quantification of RNA transcripts via qRT-PCR of RNA extracted from tissues preserved with RNA stabilization solution (section 2)12-14. 
VS and GAN cells in culture can be exposed to chemically active substances, such as nonsteroidal anti-inflammatory drugs, small interfering RNAs (siRNAs), or natural organic compounds to elucidate disease-specific molecular mechanisms or to test a therapeutic target13,14,29. Compounds of interest can be directly added to cells in culture after appropriate dilutions in regular supplemented culture medium. To assess the effect of such substances on important aspects of cellular physiology, bromodeoxyuridine (BrdU) labeling for proliferation, terminal deoxynucleotidyl tranferase dUTP nick end labeling (TUNEL) for apoptosis, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction for metabolic viability are reliable assays that can be used with confidence on these cells19. Culture medium from treated cells can also be carefully aspirated, stored at -20 °C, and tested to quantify relative levels of secreted substances, such as prostaglandin E2, the secretion of which can be affected by drug treatment13. Additionally, tissue fixation (section 7) and subsequent embedding in OCT or paraffin provides a robust substrate for immunofluorescence assays13,14.
The tumor- or nerve-conditioned medium generated in section 3 provides a simple and effective way to assess VS-secreted soluble molecules and to extract extracellular vesicles. Cytokine arrays or ELISAs can be carried out on these secretions, as indicated in the manufacturers’ protocols, outlined in two published studies9,12. Extracellular vesicles can be purified from these secretions using ultracentrifugation, as detailed in a previous publication30. Alternatively, the secretions themselves can be used as patient-specific reagents for downstream research applications. For example, in an experiment that revealed a novel mechanism underlying VS-associated sensorineural hearing loss, secretions were collected from the VS tissue of patients with poor hearing and VS patients with good hearing after incubation in DMEM for 72 h (section 3). These tumor secretions were then applied to murine cochlear explants, and it was revealed that tumor secretions from VS patients with poor hearing caused more damage to cochlear explants than secretions from VS patients with good hearing15. Importantly, secretions collected at time points before 72 h did not result in substantial damage.
Human perilymph collected from patients undergoing translabyrinthine VS resection (section 8) represents an exciting new avenue for the discovery of VS biomarkers. Specimens collected according to section 8 were analyzed via liquid chromatography-tandem mass-spectrometry (LC-MS/MS) to map the proteome of human perilymph, and 15 candidate biomarkers of VS were successfully identified31. A similar analysis could be possible using human CSF collected from VS patients (section 9).
A significant consideration in VS research is the selection of appropriate control tissue. Previous studies have used the cochlear nerve, the vestibular nerve, and unrelated peripheral nerves (such as the sciatic nerve), to variable effect22,32. However, several reasons lead to the support of the use of GANs as maximally relevant controls15. Similar to the vestibular nerve, the GAN is a peripheral, sensory nerve with axons ensheathed by Schwann cells. Importantly, a literature search reveals that schwannomas have never been found to develop from the GAN, making neoplastic changes in this tissue improbable. Additionally, GANs are regularly sacrificed when accessing structures of the deeper neck, giving hospital-based researchers easy access to healthy specimens during routine neck dissections and parotidectomies. Although the cochlear nerve is often sacrificed during VS surgery and may be readily available, its close proximity to the vestibular nerves risks the sharing of the same microenvironment, which may demonstrate pre-tumorous molecular changes33. Other laboratories have also successfully utilized GANs as an adequate control for VS research, and it is recommended to continue this practice20-22,34.
One critical but often overlooked step within the cell type-specific culture protocols (sections 5 and 6) is the proper removal of non-viable tissue and blood vessels. Removal of these non-tumor tissues is crucial to generate robust cultures of maximal purity. Furthermore, when plating cell-containing culture medium onto coverslips, it is important to pay close attention to the amount of tissue transferred to each well. Achieving an even, mildly dense distribution of cells containing a few “chunks” of denser tissue in each well is particularly important for Schwann cells, which require a sufficient number of adherent cells to thrive. Coating the coverslips with poly-D-lysine and laminin also allows for the efficient growth of cells. Cells proliferate more robustly when the coverslips are coated in the laboratory, as compared to commercially available pre-coated products.
 	To ensure a high-quality protein and RNA extraction, verify that the tissue remains at temperatures below 4 °C throughout sections 2 and 4. Additionally, since the literature regarding the analysis of VS secretions is scarce (section 3), new projects might require further innovations and different lengths of incubation. 
As methods to address VS pathobiology continue to advance, the use of this streamlined combination of fundamental techniques will allow the maximum amount of information to be gleaned from a single human sample. The informed simultaneous processing of VS and GAN tissues will prove integral to the generation of effective pharmacological and genetic therapies against this debilitating tumor.
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Abstract
Vestibular schwannoma (VS) is the fourth most common intracranial tumor, arising from neoplastic Schwann cells of the vestibular nerve and often causing debilitating sensorineural hearing loss (SNHL) and tinnitus in patients. Previous research suggests that the abnormal upregulation of inflammatory pathways plays a highly significant, though infrequently described role in VS pathobiology, and that VS-associated SNHL is due not only to mechanical compression of the auditory nerve but also to intrinsic biological differences between tumors. We hypothesize that patients who present with poor hearing associated with VS experience a more robust inflammatory response to this tumor than VS patients who present with good hearing. To investigate this hypothesis, we conducted a comprehensive pathway analysis using gene expression data from the largest meta-analysis of microarray data ever published in VS, comprising 80 vestibular schwannoma tumors and 16 control nerves. We identified the NLRP3 inflammasome as a novel target worthy of further exploration in VS research and validated this finding at the gene and protein level in human VS tissue using qRT-PCR and immunohistochemistry. To date, NLRP3 inflammasome activation has not been reported in VS, and this finding may represent a new and potentially significant therapeutic avenue. Notably, we observe that overexpression of key components of the NLRP3 inflammasome is preferentially associated with tumors that produce increased hearing loss in VS patients. Therefore, therapeutic development for VS should include considerations for minimizing NLRP3-associated inflammation to best preserve hearing.

Introduction
	Vestibular schwannoma (VS) is the most common tumor of the cerebellopontine angle and an important cause of human genetic sensorineural hearing loss (SNHL). VSs can present unilaterally as sporadic tumors or bilaterally as hallmarks of a debilitating heritable syndrome, neurofibromatosis type 2 (NF2), associated with mutation of the NF2 gene1. Though these tumors are histologically benign, as they grow they can compress the auditory nerve and brainstem and lead to total loss of hearing, tinnitus, balance problems, and even death. There is no FDA-approved drug therapy for VS or NF2. While patients and physicians commonly take a watchful waiting approach initially, growing tumors are treated with surgical resection via craniotomy or stereotactic radiation therapy. Both can be associated with significant risks, including complete loss of hearing. Radiotherapy also increases the risk of malignant transformation in VS, especially in tumors associated with NF2 patients2-4.
	Previous research from our laboratory and others supports the abnormal upregulation of inflammatory pathways in VS pathogenesis. Specifically, cyclooxygenase 2 (COX-2), a prostaglandin-endoperoxidase synthase and major modulator of the human inflammatory response, is strongly detected in VS tissue samples and has been correlated with VS tumor proliferation rate5. COX-2 is known to be upregulated in both inflammation and cancer and mediates vital mechanisms associated with cellular proliferation and apoptosis in solid tumors6. Previously, our laboratory investigated the efficacy of anti-inflammatory medications that signal through COX-27 and the inflammatory mediator NF-κB8. We discovered that a variety of non-steroidal anti-inflammatory drugs (NSAIDs), including aspirin, successfully reduced the proliferation and viability of cultured primary human VS cells7. This finding, along with two large retrospective clinical studies that correlated aspirin intake with reduced growth of sporadic vestibular schwannoma in patients9,10, motivated our ongoing prospective, randomized clinical trial of aspirin in VS (NCT03079999).
	Historically, VS has been theorized to cause SNHL via mechanical compression of the auditory nerve, which runs adjacent to the vestibular nerve on which the tumor forms. Further investigation has illuminated additional intrinsic biological differences between VSs that cause debilitating SNHL and tumors that cause mild to no SNHL, including differential gene expression profiles11,12 and tumor-secreted factors, which contain pro-inflammatory cytokines such as TNFα that can directly cause cochlear damage13. Based on these data, we hypothesize that VSs that generate a more robust inflammatory response may be associated with poorer hearing in patients.
	The innate immune response is a coordinated physiological reaction to infection or injury and is driven in part by inflammatory cytokines without signal peptides, such as interleukin 1β (IL-1β) and IL-1814. These cytokines are converted from inactive precursors to active forms after cleavage by caspase-1, an enzyme which is itself activated via the assembly of multi-protein complexes called inflammasomes. Inflammasome complexes are generally comprised of caspase-1, a sensor protein, and an adaptor protein, usually the PYCARD-encoded ASC (apoptosis-associated Speck-like protein with caspase-recruitment domain). The most extensively studied inflammasome, known as the NLRP3 inflammasome, is made up of ASC, pro-caspase-1, and the protein product of the NLRP3 gene15. The NLRP3 inflammasome responds to a wide range of stimuli, and there are multiple models by which it is suggested to be activated. Effectively, pattern-recognition receptors (PRRs) such as tumor necrosis factor (TNF) receptors activate NF-κB, which induces increased transcription of NLRP3 and other pro-inflammatory genes15. Interestingly, macrophage exposure to TNFα, IL-1β, or overexpressed NLRP3 protein itself is sufficient to generate an inflammasome-mediated response, even in the absence of a traditional microbial priming signal16.
	Based on the results of our published meta-analysis of gene expression in 80 VSs and 16 control nerves17, we sought to explore potential activation of the NLRP3 inflammasome for the first time in VS. Through comprehensive pathway analysis of published microarray data, qRT-PCR, and immunohistochemical staining of patient tumor samples, we find that overexpression of multiple key genes associated with the NLRP3 inflammasome is observed in VS and that two associated proteins (NLRP3, IL-1β) are preferentially present in tumors that produce increased hearing loss in patients. Our study sets forth the NLRP3 inflammasome as a previously unexplored and potentially significant mechanistic player in the quest for therapeutic solutions for VS and NF2. 

Materials and Methods
Ingenuity Pathway Analysis
Ingenuity Pathway Analysis software, licensed to Massachusetts Eye and Ear (QIAGEN Inc., https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis), was used to perform a standard Core Analysis on published microarray data from 80 VS tumors and 16 control nerves17. In this analysis, we included all genes in the meta-analysis that reached significance (p<0.05) when compared to control nerves after Bonferroni correction for multiple hypothesis testing, a total of 405 genes (Supplementary Table 3.2.1). This gene list was uploaded to Ingenuity Pathway Analysis agnostic of meta-analytic p values or directionality of expression (upregulation or downregulation). 
Human Specimen Collection 
	To validate our Ingenuity Pathway Analysis findings, we conducted qRT-PCR on nine genes known to be associated with the NLRP3 inflammasome using RNA extracted from 45 primary human VS tissue samples freshly obtained from the operating room. Human great auricular nerve (GAN), harvested during routine parotidectomy or neck dissection surgery, was used as control tissue. All surgical VS and GAN specimens were collected according to protocols approved by the Human Studies Committee of Massachusetts General Hospital and Massachusetts Eye and Ear (Board Reference #14-148H). Written informed consent was obtained from all subjects prior to acquiring and processing tissue and all procedures were conducted in accordance with principles set forth in the Helsinki Declaration of 1975. Detailed methods for the surgical collection, downstream processing, and culture of human tissue specimens are previously published18,19. VS specimens were harvested from patients undergoing surgical tumor resection and GAN specimens from patients undergoing benign parotidectomy or neck dissection surgeries, during which the GAN is routinely sacrificed. Patients who received radiation therapy prior to surgery were excluded. After surgical resection, VS or GAN tissue was immediately placed in saline solution and transported to the laboratory as detailed in published protocols18,19. Patient audiograms and MRI scans were obtained from electronic health records following written informed consent. VSs from patients classified to have “good hearing” were associated with a pure tone average of ≤ 30 dB HL and a word recognition score of ≥ 70%, in accordance with the guidelines set forth by the American Academy of Otolaryngology-Head and Neck Surgery.
RNA Extraction and qRT-PCR
	RNA was immediately extracted from human VS and GAN tissue samples using RNeasy Mini Kit (Qiagen) and reverse-transcribed into cDNA with Taqman Reverse Transcription Reagent (Applied Biosystems), as previously described18. qPCR was then performed using an Applied Biosystems 7700 Sequence Detection System and TaqMan Primers (Applied Biosystems) for human AIM2, CASP1, IL18, IL1B, NAIP, NLRC4, NLRP3, and PYCARD, with reference gene ribosomal RNA 18S. Delta CT values were normalized to GAN and compared using one-way ANOVA in Figure 3.2.1.
Immunohistochemistry
	Sectioning and immunostaining of 22 VS tissue blocks, formalin-fixed and paraffin-embedded following patient surgeries, was performed by the Advanced Biomarkers Laboratory of the Histopathology Research Core at Massachusetts General Hospital (https://www.massgeneral.org/pathology/research/resourcelab.aspx?id=71&display=overview). Staining was performed for IL1β (Abcam, ab2015), NLRP3 (Abcam, ab214185), amyloid beta (BioLegend, 803001), S100 (Leica Biosystems, PA0900), and CD68 (Ventana, 790-2931). Stains for NLRP3, CD68, and amyloid beta were performed using an automated Discovery Ultra IHC Research Platform (Roche) optimized for those particular antibodies. For IL1β and S100, standard manual staining protocols, including deparaffinization in xylene, dehydration in EtOH, blocking of endogenenous peroxidase activity in H2O2 diluted in methanol, rinsing in phosphate-buffered saline (PBS), blocking in 10% normal goat serum, incubation with antibody, and washing in PBS, were performed according to best practices of the Histopathology Research Core. All tumors stained strongly positive for S100 (internal positive control) and negative for amyloid beta (internal negative control). Following staining, and while blinded to hearing status, neuropathologist A.S-R. ranked IL-1β and CD68 stains on a semiquantitative scale of 0-3 for intensity, where 1 represented light to no staining, 2 represented moderate positivity, and 3 represented strong positivity. Slides stained for NLRP3 were classified as positive or negative.

Results
	Using our published meta-analysis of 80 VS transcriptomes and 16 control nerve transcriptomes17, we first investigated the expression of nine genes generally known to be involved in NLRP3 inflammasome activation. CASP1, PYCARD, IL-18, NLRP3, NAIP, NLRC4, AIM2, NLRP1, and IL-1β expression levels in VS are quantified in Table 3.2.1, along with respective meta-analytic p values (compared to expression levels in control nerves).


Table 3.2.1. Meta-analysis of 80 VS transcriptomes highlights the NLRP3 inflammasome as a promising avenue for further exploration in VS research. Fold change in gene expression is presented relative to control nerve expression values for each dataset in the meta-analysis; FDR, false discovery rate; Bonf, following Bonferroni correction for multiple hypothesis testing. Details regarding microarray datasets 1 and 2 are available in Sagers et al., 201817. Seven of nine genes associated with the NLRP3 inflammasome are FDR-significant at p<0.05 and two of nine genes are significant (p<0.05) following Bonferroni correction for multiple hypothesis testing.

	Gene
	Dataset 1 Fold Change
	Dataset 2 Fold Change
	Meta-Analysis FDR
P-Val
	Meta-Analysis Bonf
P-Val

	CASP1
	5.549
	2.167
	5.17E-05
	0.011

	PYCARD
	2.874
	2.298
	7.49E-05
	0.021

	IL-18
	4.949
	1.497
	0.0003
	0.228

	NLRP3
	2.540
	1.728
	0.0004
	0.404

	NAIP
	2.116
	1.040
	0.0035
	1

	NLRC4
	2.690
	0.913
	0.0023
	1

	AIM2
	2.801
	0.787
	0.0068
	1

	NLRP1
	-2.138
	0.724
	0.1669
	1

	IL-1β
	-0.589
	0.607
	0.986
	1




	Seven of nine inflammasome-associated genes (CASP1, PYCARD, IL-18, NLRP3, NAIP, NLRC4, and AIM2) are significantly upregulated in VS at a false discovery rate (FDR) of p<0.05 compared to healthy control nerves, and two of the nine genes (CASP1, PYCARD) are significantly upregulated in VS after Bonferroni correction for multiple hypothesis testing (p<0.05). This observation of consistent and significant upregulation of genes relevant to the NLRP3 inflammasome in human VS tissue piqued our interest in the involvement of the NLRP3 inflammasome in VS and prompted further exploration.
In order to expand our analysis and investigate whether or not abnormal signaling associated with inflammatory pathways is present more globally in VS, we performed Ingenuity Pathway Analysis (QIAGEN Inc., https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis) on all genes in our 80-tumor meta-analysis that had demonstrated a significant difference in expression in VS when compared to control nerves after strict Bonferroni correction for multiple hypothesis testing (p<0.05), a total of 405 genes (Supplementary Table 3.2.117). Agnostic of directionality of expression and meta-analytic p value, we analyzed these 405 genes to investigate the top canonical pathways, diseases, biological functions, and gene association networks associated with these tumors. Table 3.2.2 lists the top canonical pathways associated with Bonferroni-significantly dysregulated genes in VS compared to control nerves.  


Table 3.2.2. Ingenuity Pathway Analysis indicates that inflammatory signaling pathways are the top canonical pathways dysregulated in VS. Pathways are ranked by p value from most significant to least significant.

	Top Canonical Pathways
	P-Value

	Neuroinflammation Signaling Pathway
	7.53 E -08

	Antigen Presentation Pathway
	3.52 E -07

	Th2 Pathway
	4.00 E -06

	Th1 and Th2 Activation Pathway
	8.34 E -06

	Role of NFAT in Regulation of the Immune Response
	8.87 E -06




All five top canonical pathways associated with the 405 genes most significantly dysregulated in VS were associated with inflammatory signaling. This finding makes logical sense given that our gene list is generated from microarrays performed on 80 human vestibular schwannoma tissue samples, the majority of which demonstrate a significant immune infiltrate20,21. Neuroinflammation-related signaling was ranked most highly, followed by antigen presentation pathways, Th2 and Th1 signaling, and the role of NFAT (nuclear factor of activated T-cells) in regulation of the immune response, which remains unexplored in VS.
	In order to confirm these findings using fresh tumor samples from our own laboratory, we collected VS tissue from consented patients undergoing routine tumor resection at Massachusetts General Hospital and Massachusetts Eye and Ear. To test our hypothesis that VSs associated with a more robust inflammatory response may be associated with poor hearing, we collected 15 tumor samples from patients with good hearing (GH; pure tone average ≤ 30 dB HL and word recognition score ≥ 70%), 15 tumor samples from patients with poor hearing (PH), and 7 control great auricular nerves (GANs). From these surgical tissue samples, we extracted RNA and performed qRT-PCR for the same nine genes presented in Table 3.2.1: CASP1, PYCARD, IL-18, NLRP3, NAIP, NLRC4, AIM2, NLRP1, and IL-1β. In support of our hypothesis, Figure 3.2.1 demonstrates a significant upregulation of NLRP3 and IL-1β expression in PH VSs compared to GH VSs and control nerves (which are not significantly different from one another), as well as a significant upregulation of NLRP3, IL-18, and NLRC4 expression in PH VSs compared to GH VSs and control nerves (one-way ANOVA, p=0.0014, p=0.0002, and p=0.0132, respectively). IL-1β and NAIP upregulation in VS showed a clear trend that approached, but did not achieve statistical significance.



Figure 3.2.1. qRT-PCR reveals significant upregulation of NLRP3, IL-18, and NLRC4 expression in PH VS as compared to GH VS and GAN controls (one-way ANOVA, p=0.0014, p=0.0002, and p=0.0132, respectively). Yellow, great auricular nerve controls (n=7); Blue, VSs associated with good hearing (n=15); Red, VSs associated with poor hearing (n=15).


	Given the clear and significant upregulation of multiple NLRP3 inflammasome-associated genes in tumors associated with poor hearing (Figure 3.2.1), we decided to evaluate NLRP3, IL-1β, and CD68 (a macrophage marker) at the protein level using immunohistochemical staining of formalin-fixed, paraffin-embedded VS tissue samples taken from 11 patients with good hearing and 11 patients with poor hearing. S100 was used as a positive control and amyloid beta as a negative control. Pure tone average and word recognition scores from these patients are viewable in Figure 3.2.2A, and representative immunohistochemistry from one GH VS and one PH VS in Figure 3.2.2B.
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Figure 3.2.2. A, Pure tone average (PTA, dB HL) and word recognition scores (WR, %) for 22 VS patients from whom formalin-fixed, paraffin-embedded VS tissue samples were obtained. Blue dots, hearing data associated with tumors from patients with good hearing (pure tone average ≤ 30 dB HL and word recognition score ≥ 70%); red dots, hearing data associated with tumors from patients with poor hearing. B, representative images of VS tissue stained for amyloid beta (AB, negative control), S100 (positive control), CD68, IL-1β, and NLRP3 in tumors from patients with good hearing (GH) and poor hearing (PH); scale bar, 100 μm. PH VSs show increased CD68, IL-1β, and NLRP3 staining compared to GH VSs.


After blinded semiquantitative scoring by a neuropathologist, VSs from patients with poor hearing demonstrated a consistent trend toward increased positivity for NLRP3, IL-1β, and CD68 staining compared to GH VSs, though statistical significance was not observed. Overall, 15 of 22 VSs (including 9/11 PH VS) stained strongly positive for NLRP3; 19 of 22 VSs (including all 11 PH VS) demonstrated moderate to high macrophage involvement; and 14 of 22 VSs (including 9/11 PH VSs) demonstrated moderate to high intensity staining for IL-1β.

Discussion
Though activation of the NLRP3 inflammasome has never before been described in association with VS, this protein complex has become the subject of growing interest due to its emerging role in inner ear biology. In the past two years, NLRP3 mutation has been associated with cochlear autoinflammation and hearing loss in conjunction with DFNA34-mediated hearing loss22,23; NLRP3 protein expression has been studied in mouse cochlear spiral ganglion neurons and associated with syndromic and non-syndromic deafness24; and NLRP3 inflammasome activation has been found to be triggered by age-related hearing loss and cytomegalovirus in the mouse inner ear and cochlear spiral ganglion neurons25,26. Polymorphisms in the interleukin-1 gene have also been associated with sudden sensorineural hearing loss and Meniere’s disease27.
Upon histological examination, it is known that the majority of VSs are observed to have a prominent immune infiltrate, differentially composed of macrophages, CD8+ lymphocytes, and CD4+ lymphocytes, with macrophages constituting the most prominent component in all cases20,21. Our histological data (Figure 3.2.2B), in which 19 of 22 VSs stained for CD68 demonstrated moderate to high macrophage involvement, lend additional credence to this finding. The development and function of this immune infiltrate remains generally understudied in VS. The microenvironment associated with other solid tumors is rich with various types of immune cells, and cytokines produced during inflammation by immune cells can paradoxically contribute to tumor proliferation and survival28,29. In other solid tumors, such as breast cancer, the tumor-associated macrophage population is generally dominated by M2-type macrophages, which demonstrate little cytotoxicity toward tumor cells, suppress T cell activation, and secrete growth factors to promote tumor cell proliferation30. Though not much is known regarding the role of immune cells in the VS microenvironment, a recent study in an NF2-floxed mouse sciatic nerve model unambiguously correlated the appearance of undifferentiated, non-myelinating Schwann cells at schwannoma formation sites with the presence of tumor-associated macrophages, at least a subset of which demonstrated M2 polarization31. This provides compelling evidence for the emerging theory that schwannoma formation and growth is galvanized by an unresolved inflammatory response31.
	If this theory is indeed correct, NLRP3 inflammasome activation and/or VS-associated macrophages could soon become important and novel therapeutic targets for sporadic and neurofibromatosis type 2 (NF2)-associated schwannomas. As Mangan et al. argue, when a disease presents not at birth but later in life, as VS and NF2 both do, the pathology we observe may be the result of years of sterile, NLRP3-activating danger signals that over time create an environment characterized by chronic inflammation15. Though there are currently no FDA-approved inhibitors of NLRP3, inhibitors of the NLRP3 inflammasome complex and related downstream factors, such as IL-1 signaling proteins, are clinically available. Pertinent to our current aspirin trial in VS, several fenamate NSAIDs approved for clinical use (N-phenyl-substituted anthranilic acid derivatives, such as flufenamic acid, meclofenamic acid, and mefenamic acid) not only block COX enzymes but also selectively and independently inhibit the NLRP3 inflammasome via reversible blockade of the volume-regulated anion channels in macrophages32.

Conclusions
	We introduce the NLRP3 inflammasome as a novel player in VS pathobiology and observe that VSs from patients with poor hearing are more likely to demonstrate increased NLRP3 and IL-1β activation than VSs from patients with good hearing at both the gene and protein levels. We suggest that future developers of therapeutics for VS and NF2 take the schwannoma-associated inflammatory response into serious consideration.
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Abstract
The computational repositioning of existing drugs represents an appealing avenue for identifying effective compounds to treat diseases with no FDA-approved pharmacotherapies. Here we present the largest meta-analysis to date of differential gene expression in human vestibular schwannoma (VS), a debilitating intracranial tumor, and use these data to inform the first application of algorithm-based drug repositioning for this tumor class. We apply an open-source computational drug repositioning platform to gene expression data from 80 patient tumors and identify eight promising FDA-approved drugs with potential for repurposing in VS. Of these eight, mifepristone, a progesterone and glucocorticoid receptor antagonist, consistently and adversely affects the morphology, metabolic activity, and proliferation of primary human VS cells and HEI-193 human schwannoma cells. Mifepristone treatment reduces VS cell viability more significantly than cells derived from patient meningiomas, while healthy human Schwann cells remain unaffected. Our data recommend a Phase II clinical trial of mifepristone in VS.

Introduction
Vestibular schwannoma (VS) is the fourth most common intracranial tumor and the most common tumor of the cerebellopontine angle, arising from neoplastic Schwann cells of the vestibular nerve. No drug is FDA-approved to treat VS. In 95% of patients, these tumors cause debilitating sensorineural hearing loss (SNHL) and tinnitus and can also lead to dizziness and facial paralysis. Bilateral VSs are the hallmark of neurofibromatosis type 2 (NF2), an autosomal dominant disorder caused by inactivation or loss of both alleles of the NF2 gene. If left untreated, growing VSs can compress the brainstem and lead to death. Mutations in the NF2 gene are identified in 100% of NF2-associated VSs and 66% of sporadically arising VSs1. Though mechanisms of VS-induced SNHL are multifactorial2,3, NF2-associated SNHL often correlates with VS size2,4. This observation suggests that slowing or inhibiting VS growth may not only prolong a patient’s time to surgical intervention, but also minimize or prevent associated SNHL, substantially improving quality of life. Current treatment options for VS are limited to surgical resection and radiation therapy, both of which carry substantial risks for patients, including facial nerve paralysis and loss of hearing. Identification of a drug with the potential to slow or halt VS growth, thereby preserving acoustic hearing and delaying life-threatening complications, represents a major unmet need. 
The computational repositioning of FDA-approved drugs, in which data-driven analyses of gene-compound interactions catalyze the pursuit of new indications for approved drugs, provides a transformative avenue for therapeutic innovation5. Using novel computational strategies to capitalize on emerging high-throughput genomic information, it is possible to identify safe drugs with evidence-based potential for repurposing in other conditions, which can eliminate the need for a Phase I safety trial and expedite Phase II efficacy trials. Computational drug repositioning represents an appealing approach for diseases with no approved pharmacotherapies, narrowing down a potentially infinite biochemical playing field to a few high-potential candidates. 
One approach for surveying drug-based perturbations relies on comparing the RNA-level gene expression profile specific to a given disease to large, pre-generated databases of multi-drug exposure profiles or known gene-drug interactions. The most commonly used tool to interrogate such data is the Broad Connectivity Map (CMAP)6, an online platform for matching differentially expressed gene sets from a disease of interest to a library of drug exposure profiles generated from human cell lines. CMAP relies on a modified Kolmogorov-Smirnov enrichment test to rank potentially effective compounds. The natural appeal of its resulting “connectivity score” has led to a large number of CMAP-relevant studies and expansion of these methodologies in targeted disease areas7-10. Such studies have led to several high-profile drug repositioning recommendations, such as the well-known case of the anticonvulsant topimarate for use in inflammatory bowel disease (IBD)11. Though gene expression data indicated that topimarate may be a sensible choice for repositioning in IBD, medical experts pushed back on this result because one of the most frequent severe adverse effects of topimarate is diarrhea, from which IBD patients already disproportionately suffer12. Therefore, a holistic evaluation of drug safety within the potential confounds of a new disease indication should never be neglected.
In order to identify an FDA-approved drug with potential for repositioning in VS, we conducted the largest meta-analysis of human VS transcriptomes to date and applied a computational drug repositioning algorithm to match differential gene expression patterns characteristic of VS with known interactions between genes and FDA-approved drugs. Then, after generating a shortlist of drugs with high potential for repositioning, we relied on the clinical expertise of neuro-otologists specializing in VS management to select mifepristone, a progesterone receptor antagonist approved for use in medical abortion, for further validation. We use primary human VS cells and immortalized human cell lines to validate mifepristone for repositioning in the treatment of this debilitating tumor. Mifepristone is known to cross the blood-brain barrier and carries a mild side effect profile even in long-term clinical trials. We recommend a Phase II clinical trial of mifepristone in VS.

Results
Computational drug repositioning based on differential gene expression reveals drugs with high potential for repurposing in VS
To identify FDA-approved drugs with potential for repositioning in VS, we conducted a computational screen using the open-source drug repositioning platform ksRepo, developed to screen expression profiles from any microarray or sequencing platform against any available database of gene-drug interactions13. ksRepo uses a modified Kolmogorov-Smirnov statistic to compare a ranked list of differentially expressed genes (DEGs) characteristic of a given disease with transcriptional signatures associated with drugs known to interact with those genes, as publicly stored in the Comparative Toxicogenomics Database (CTD)14. From that list of drugs, ksRepo selects for compounds with entries in DrugBank, a compendium of FDA-approved drugs15. The output is a list of FDA-approved drugs hypothesized to modulate genes with aberrant expression patterns in patients with disease (Figure 4.1.1A). 



Figure 4.1.1. Computational repositioning of FDA-approved drugs using ksRepo. A, ksRepo workflow schematic. B, Largest meta-analysis to date of genome-wide expression in VS (n=80 tumors), yielding 1,335 commonly dysregulated genes, 405 of which are significantly differentially expressed after Bonferroni correction (p<0.05); ksRepo recommends 8 drugs with high potential for repositioning in sporadic and NF2-associated VS. C, Drug classes of repositionable candidates from ksRepo analysis. D, Significant enrichment of anti-inflammatory, anti-neoplastic, and hormone-related drugs from 1,155 FDA-approved drugs after ksRepo analysis (***: p<0.001; black bars, percentage of all drugs in DrugBank that fall within each category; colored bars, percentage of drugs on our ksRepo-recommended shortlist that fall within each category).


We selected ksRepo for this specific analysis because it does not require input data to be generated via a specific platform (as CMAP does); allows us to choose the database we use (the CTD is manually curated, allowing for high-fidelity associations); affords us flexibility in selecting which drugs to test rather than relying on pre-compiled, pre-chosen gene signatures; and is compatible with gene-level meta-analysis. ksRepo was recently shown to be successful against a meta-analysis of DEGs from five independent prostate cancer datasets, from which this algorithm successfully predicted significance for five approved therapies in prostate cancer treatment13.
To provide robust input to ksRepo, we conducted the largest meta-analysis of primary human VS tissue to date, comprising genome-wide transcriptional microarray data from 80 tumors and 16 control nerves (Figure 4.1.1B). Combined analysis of expression data from two large published datasets, one publicly available (NCBI GEO, GSE39645)16 and one published and donated upon request17, yields 1,335 genes found to be commonly and concordantly dysregulated in VS, with 405 reaching significance after Bonferroni correction for multiple hypothesis testing (p<0.05). ksRepo takes the entire meta-analytic expression profile as input in order to screen a comprehensive picture of tumor-related gene expression against the known interactions of 1,155 FDA-approved drugs. As 16 of 80 VSs in the meta-analysis were harvested from patients with NF2, we also conducted a separate, parallel analysis comprising only NF2-associated tumors. ksRepo returned 36 drugs with potential for repositioning from the complete VS meta-analysis and 68 drugs from the analysis specific to NF2-associated tumors. Though there is no consensus frontline pharmacologic therapy for VS, ksRepo successfully identified multiple classes of drugs that have shown limited efficacy against this tumor, such as non-steroidal anti-inflammatory drugs (NSAIDs), glucocorticoids, tyrosine kinase inhibitors, and histone deacetylase inhibitors. 
Eight drugs appeared in both analyses and were prioritized for preclinical validation (Figure 4.1.1C). Out of all FDA-approved drugs, this group of eight demonstrates significant enrichment for anti-inflammatory drugs, hormone-related compounds, and anti-neoplastic agents (Figure 4.1.1D). Specifically, though anti-inflammatory drugs represent just 1.36% of all FDA-approved drugs, four of our eight drugs were classified as anti-inflammatory (50%). Similarly, hormone-related compounds demonstrated a 13.9-fold enrichment (37.5% of recommended drugs from 2.70% of all hormone-related drugs,), and anti-neoplastic agents a 10.2-fold increase (37.5% of recommended drugs from 3.68% of all anti-neoplastic drugs). After thorough theoretical and medical investigation of each of these eight drugs in relation to 1) its medical potential to slow or halt VS growth and 2) its potential to translate safely and effectively to VS patients, mifepristone emerged as the most promising lead candidate. 

Mifepristone reduces metabolic activity and proliferation of HEI-193 human schwannoma cells in culture
Mifepristone (RU486) is a progesterone and glucocorticoid receptor antagonist approved by the FDA for use in medical abortion. This steroid analog is able to cross the blood-brain barrier18 and has been shown to provide palliative benefits to patients with other intracranial tumors, such as glioblastoma multiforme18 and meningioma19. In vitro, mifepristone produces antiproliferative effects on cervical20, breast21, endometrial22, ovarian23, and prostate cancer cells24, regardless of progesterone receptor expression25. In human trials, mifepristone administration has been documented to improve quality of life for patients suffering from advanced thymic, renal, colon, leukemic, and pancreatic cancers26,27. Long-term administration of oral mifepristone is well tolerated by adults and carries only a mild toxicity profile28. Independently of our computational repositioning analysis, when gene expression data from our meta-analysis was input to Ingenuity Pathway Analysis (QIAGEN Inc., https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis), mifepristone was predicted as a significant upstream regulator of the resulting networks (p=4.26*10-5) and theorized to act upstream of inflammatory markers characteristic of VS, such as TNF and NFkB29,30 (Supplementary Figure 4.1.1). We did not perform further experiments to interrogate this hypothesis. 
	Administration of mifepristone to HEI-193 immortalized human schwannoma cells in culture produces a significant, dose-dependent response in metabolic activity (Figure 4.1.2A); a significant reduction in cell confluence (Figure 4.1.2B-C); and a dramatic decline in cellular proliferation (Figure 4.1.2D-F) without producing a significant increase in apoptosis (Figure 4.1.2G; Supplementary Figure 4.1.2). 


Figure 4.1.2. Mifepristone adversely affects HEI-193 cells in culture. A, Metabolic viability of HEI-193 cells decreases with increasing concentration of mifepristone after 72 h in culture. Individual data points represent metabolic activity as percentage of vehicle-treated control for seven independent experiments, performed in replicates of 3-5 wells per condition (vehicle-treated cells versus 35 μM mifepristone-treated cells, p=0.006; **: p<0.01).  B, Phase object confluence remains constant among cells treated for 72 hours with 35 μM mifepristone, while vehicle-treated cells exhibit normal proliferation. Error bars in the mifepristone-treated condition are smaller than the size of the symbol. C, 10X phase contrast images of vehicle-treated cells (top row) and cells treated with 35 μM mifepristone (bottom row) 6 h and 72 h post-treatment. D-F, The percentage of BrdU+ HEI-193 cells significantly declines after 72 h treatment with mifepristone (p=0.0007; ***: p<0.001): D, 25X epifluorescence image of cells treated with 0.1% DMSO vehicle, with BrdU in red and Hoechst stain in blue; E, Cells treated 
Figure 4.1.2 (Continued)
with 35 μM mifepristone, where the white box encloses a single BrdU+ cell; F, quantification of five replicate experiments. G, Activation of fluorescent caspase 3/7 detected via live-cell imaging over 100 h of mifepristone treatment reveals a slight but not significant elevation in caspase 3/7 activity between mifepristone-treated cells (70 μM and 35 μM) and vehicle-treated control cells; positive control is staurosporine (0.5 μM) and drug is applied 48 h after plating. Note that after 96 h in culture, normally proliferating vehicle-treated cells become overly confluent and begin to apoptose. H-I, Phalloidin staining of mifepristone-treated cells reveals crumpled f-actin morphology after 72 h: H, Cells treated with 0.1% DMSO vehicle; I, Cells treated with 35 μM mifepristone, where rhodamine phalloidin is red and Hoechst stain is blue. Center values in histograms are means; error bars are s.e.m.


Under mifepristone treatment, HEI-193 cells assume a long, thin, spindle-like shape (Figure 4.1.2C). This observation is reported in previous studies of mifepristone treatment of ovarian, breast, prostate, and nerve cells, where such morphological changes are attributed to dysregulated distribution of f-actin and tubulin proteins in the cytoskeleton31. Continuous, dynamic actin remodeling is characteristic of NF2-deficient schwannoma cells32, as the NF2 protein product, merlin, is known to selectively bind f-actin33. Phalloidin staining confirms the shrunken, crumpled appearance of f-actin in mifepristone-treated cells (Figure 4.1.2H-I). Enzyme-linked immunosorbent assay for progesterone in conditioned cell culture medium reveals higher levels of progesterone in medium collected from mifepristone-treated cells than from untreated cells, suggesting that mifepristone competes with progesterone for receptor binding (Supplementary Figure 4.1.3).

Mifepristone reduces metabolic activity and proliferation of primary human VS cells in culture, regardless of NF2 mutation 
Current, large-scale meta-analyses of drug toxicology, bioavailability, and efficacy in animal models reveal a shocking lack of predictive power when compared to human data34,35. Accordingly, the U.S. National Research Council has recommended the substitution of model animal testing with in vitro human cell-based assays and in silico modeling of diseases and networks36. We evaluated the effect of mifepristone applied directly to primary human VS cells. Fresh VS tissue samples from ten human patients undergoing tumor resection surgery were collected and schwannoma cells grown in the laboratory according to published protocols37,38. When we received research tissue in excess of the amount necessary for cell culture, we also performed single-gene sequencing of the NF2 gene (Figure 4.1.3A). 

Figure 4.1.3. Tumor size and NF2 mutation type show no relationship with mifepristone response. A, MRI scans of six VS patients whose primary tumor cells were treated with mifepristone after surgical resection (for scans of four additional, non-sequenced tumors, see Supplementary Figure 4.1.4). White rectangles, VSs; white circles, second (smaller) VSs in NF2 patients, who presented with bilateral VSs. Scale bars, 20 mm. Scans for VS 1 and VS 4 were conducted without the use of contrast agent due to patient intolerance. B, Schematic of NF2 gene (above) and resulting mRNA (below), describing mutation locus, mutation type, and resulting amino acid change for each tumor in A. Tumors 2 and 4 each contained two mutations in the NF2 gene, while for tumors 5 and 6, NF2 mutations were not found.

Four of six sequenced VSs exhibited novel mutations in the NF2 gene, a fraction consistent with published literature1 (Figure 4.1.3B; Supplementary Figure 4.1.4). 
	When applied to primary human VS cells, mifepristone produced a dose-dependent response in metabolic activity and a dramatic reduction in cellular proliferation (Figure 4.1.4A-B). Live-cell fluorescence imaging revealed a marked increase in cytotoxicity in primary cultures (Figure 4.1.4C-E). No correlation in drug response with tumor size or NF2 mutation type was observed.



Figure 4.1.4. Mifepristone adversely affects primary human VS cells and human-derived arachnoid cells in culture, but leaves primary human Schwann cells unaffected. A, Metabolic activity of primary VS cells declines with increasing concentrations of mifepristone; individual data points represent metabolic activity as percentage of vehicle-treated control for ten individual tumors, performed in replicates of 3-5 wells per condition (vehicle-treated cells versus 35 μM mifepristone-treated cells, p=0.002; **: p<0.01). B, Quantification of the significant decline in BrdU incorporation observed in primary VS cells treated with 35 μM mifepristone 
Figure 4.1.4 (Continued)
(p=0.0002; ***: p<0.001). C-E, Live cell fluorescence microscopy reveals a significant increase in cytotoxicity of VS cells under mifepristone treatment; representative data from a single tumor, quantified from nine replicate images per treated well, performed in quadruplicate for each treatment condition: C, Primary human VS cells imaged at 10X after treatment with 35 μM mifepristone for 72 hours, where cytotoxicity is indicated via green fluorescent signal; D, Vehicle-treated control cells (DMSO 0.1%); E, Quantification of cytotoxicity, reported as number of green objects per well after thresholding to exclude small cellular debris. F, Mifepristone reduces the metabolic viability of schwannoma cells more significantly than that of AC-CRISPR NF2(-/-) and AC-CRISPR NF2(+/+) human arachnoid cells. G, Mifepristone does not adversely affect the metabolic viability of primary human Schwann cells in culture (n=8, p=0.23). Center values in histograms are means; error bars are s.e.m.


Mifepristone produces a more significant effect on VS cells than arachnoid cells, but does not adversely affect healthy Schwann cells 
In a long-term clinical trial of mifepristone for unresectable meningioma, minor responses resulting in clinical benefit were noted in eight of 28 patients28, though a subsequent Phase III trial reported no difference between treatment and placebo39. To evaluate the effect of this drug on schwannoma cells in comparison to meningioma cells, we compared mifepristone-treated primary human VS and HEI-193 cells to immortalized human arachnoid cells in which the NF2 gene has been excised by CRISPR40. Primary VS cells responded more dramatically to mifepristone than arachnoid cells with or without the NF2 gene (Figure 4.1.4F), suggesting that schwannoma cells are more responsive than meningioma cells to this drug. 
Additionally, to ensure that mifepristone administration did not lead to adverse effects among healthy human Schwann cells, primary human Schwann cells were cultured from eight GANs harvested from patients undergoing parotidectomy for benign tumors or neck dissection37,38. Treatment of these cells with mifepristone did not cause appreciable changes in metabolic activity (Figure 4.1.4G). Preliminary testing of clinically reasonable concentrations of other drugs recommended by ksRepo, including adenosine monophosphate, gold sodium thiomalate, succimer, and methylprednisolone showed no effect on the metabolic activity of HEI-193 cells, though prednisolone produced modest effects when applied to primary human VS cells (Figure 4.1.5A-H).



Figure 4.1.5. Results of metabolic activity (MTT), proliferation (BrdU incorporation), and cell death (terminal dUTP nick end labeling, TUNEL) assays performed on HEI-193 and primary VS cells treated for 72 h with other drugs recommended by ksRepo. A, treatment with 25 μM prednisolone produces a modest effect on the metabolic activity of primary VS cells in culture; B, treatment with 25 μM prednisolone produces no effect on the proliferation of primary VS cells in culture; C, treatment with 25 μM prednisolone produces a 15.85% elevation in cell death among primary VS cells when compared to vehicle-treated controls; D, treatment with 25 μM prednisolone produces no significant effect on HEI-193 cell metabolic activity; E, treatment with 27 μM methylprednisolone produces no significant effect on HEI-193 cell metabolic activity; F, treatment with 25, 50, and 100 μM succimer produces no significant effect on HEI-193 cell metabolic activity; G, treatment with 25, 50, 100, and 300 μM gold sodium thiomalate produces a significant effect on HEI-193 cell metabolic activity, but only at clinically unreasonable concentrations; H, treatment with 5, 10, and 15 μM adenosine monophosphate produces no significant effect on HEI-193 cell metabolic activity.

Discussion 
The in silico repositioning of mifepristone for human VS using pooled human transcriptomic data, as well as the preclinical validation of this drug on primary human cells, constitutes a powerful case for the computational identification of novel indications for FDA-approved drugs. Future work will include more detailed pathway analyses of the shared transcriptional responses elicited by all top compounds selected by ksRepo in order to unveil new druggable targets and elucidate additional mechanisms that may drive VS growth. Additionally, as computational drug screening matures, integrating gene expression data with gene mutation data, comprehensive proteomics, pathway analyses, and human exposure data will allow us to refine the quality of algorithm-recommended results, decreasing the odds of false positives and false negatives. 
Despite the fact that there is no approved pharmacotherapy for VS, ksRepo successfully identified a variety of drug classes that have shown variable degrees of promise when used against this tumor. Specifically, ksRepo’s recommendation of the NSAID drugs celecoxib, nimeluside, piroxicam, and indomethacin highlights the finding that NSAIDs are cytostatic against VS in vitro30, and in vivo, retrospective studies show that aspirin intake correlates with decreased tumor volume41,42. Accordingly, a prospective, randomized clinical trial for aspirin (a drug that did not survive Bonferroni correction for multiple hypothesis testing after ksRepo identification) in VS is set to begin this year. Similarly, the recommendation of prednisolone and methylprednisolone supports the fact that glucocorticoids are the only treatment consistently used with any measure of success against VS-associated sudden SNHL, by mechanisms that remain unknown43.
Given the success of tyrosine kinase and histone deacetylase inhibitors in the treatment of other solid neoplasms44, it is not surprising that ksRepo spotlights four of these drugs for potential efficacy in VS. Gefitinib is an EGFR/tyrosine kinase inhibitor that showed early promise in the treatment of VS in vitro45; a retrospective human study of its analog, erlotinib, in NF2 patients did not result in a measurable reduction in tumor volume overall, though three patients reported hearing improvement46. Additionally, ksRepo’s recommendation of histone deacetylase inhibitors belinostat, vorinostat, and panobinostat reflects the preclinical success of AR-42, a novel histone deacetylase inhibitor that is the subject of an active clinical trial47,48. 
Mifepristone belongs to a surprising class of drugs consistently recommended by ksRepo, comprising compounds specific to receptors for the sex hormones estrogen and progesterone, including norgestimate, levonorgestrel, raloxifene, and tamoxifen. The existing VS literature contains conflicting reports regarding estrogen and progesterone receptor expression in these tumors, even when measured using nearly identical methods49-52. It is unclear what role sex hormone-related signaling might play in VS development or progression. However, a robust body of clinical literature dating back to Harvey Cushing documents the fact that VSs often present during pregnancy or accelerate growth during this period, indicating a potential correlation between sex hormone receptor-mediated signaling and rate of VS growth53,54. 
Our approach is limited by the fact that ksRepo does not take into account bevacizumab, a monoclonal antibody targeting vascular endothelial growth factor A (VEGF-A). As a biologic drug designed to target a single protein, bevacizumab may not conform well to a drug repositioning approach focusing on genome-wide expression differences, and our 80-tumor meta-analysis reveals that VEGF-A is not significantly upregulated in VSs when compared to GAN controls (Bonferroni-corrected meta-analytic p=1). Regardless, though no human trial of any drug has shown outstanding results against VS, the most promising effects have been associated with bevacizumab. In six retrospective studies conducted among NF2 patients, bevacizumab decreased tumor volume by at least 20% and was associated with a measurable hearing response in most patients55. A recent open-label Phase II trial reported radiological responses in six of 14 NF2-associated tumors, with an accompanying hearing response in five56. However, the effect of this antibody is often transient, and when generalized across all studies, seems to produce a response in only approximately 50% of patients55. Interestingly, bevacizumab does not seem to be clinically effective against NF2-associated meningiomas, in which VEGF pathway upregulation may not be the driving force behind angiogenesis57, supporting the hypothesis that this drug may act on tumor vasculature but not VS cells. Uncomfortable administration and serious adverse events observed among long-term users, such as hypertension, renal failure, and hemorrhage, make this drug untenable for multi-year administration, and patients generally resort to surgery58. 
A drug like mifepristone, which successfully crosses the blood-brain barrier18, drastically inhibits human VS cell proliferation, and is documented to have a mild adverse effect profile even when taken daily for up to 13 years28 could potentially be administered throughout a patient’s lifetime, prolonging time to surgery or eliminating the need for resection. Few prospective clinical trials are conducted in the primarily surgical management of this debilitating tumor. However, mifepristone is safe, approved for human use, associated with no serious adverse effects known to be compounded by VS, and deserving of further attention in a devastating disease with no FDA-approved therapy. We recommend a Phase II clinical trial of mifepristone in VS.

Methods
GEO Dataset Processing
The NCBI GEO dataset used in this study is GSE39645, an Affymetrix Human Gene 1.0 ST chip-based gene expression study of VS which contained data from 28 patients with sporadic VS, 3 patients with NF2-associated VS, and 8 control nerve samples16. Data for GSE39645 was accessed through the NCBI GEO portal and analyzed using the integrated GEO2R tool59. As input for GEO2R, we classified each sample within a GEO series as either normal tissue or VS tissue. The GEO2R analysis was performed on both the full dataset (sporadic and NF2 combined), and a subset of samples containing only NF2-syndromic schwannomas. GEO2R provides a list of probes and corresponding gene symbols ranked according to their degree of differential expression (as calculated using the limma package in R60), and includes p-values and t-statistics for differential expression. Following GEO2R analysis, all results were imported into R61 and probe-level differential expression was consolidated to gene-level differential expression using a custom pipeline: t-statistic values were converted to Cohen’s d statistic values and standard error values62. Resulting values were combined by gene using a fixed effects meta-analysis (as implemented in the meta.summaries function from the rmeta package in R63. Probes without gene annotations were removed from gene-level consolidation. Following consolidation, significantly differentially expressed genes were taken to be those with a Bonferroni-corrected significance of less than 0.05.
Additional VS Dataset Processing
Raw Affymetrix Human Genome U219 gene expression data (.CEL files) for 36 patients with sporadic VS, 16 patients with NF2 syndrome-associated VS, and 7 control nerves were generously donated by Agnihotri et al17. CEL files were loaded into R using the justRMA function from the affy package in R64. justRMA is an automated tool that both performs normalization using the Robust Multi-Array Average method65 and also automatically annotates all probes in the normalized dataset using the Org.Hs.eg.db annotation database package66. Normalization was performed on the full dataset and the NF2-associated schwannomas, as above. Mirroring the GEO2R analysis, each normalized dataset was analyzed using limma and consolidated to gene-level differential expression using the custom pipeline described above. As above, significantly differentially expressed genes were taken to be those with a Bonferroni-corrected significance of less than 0.05.
Meta-Analysis of 80 VS Samples and ksRepo Prediction
To robustly determine differential expression between VS and normal tissues, gene-level data from GSE3964516 and Agnihotri et al.17 were meta-analyzed by first removing genes that were not measured in both the Affymetrix Human Gene 1.0 ST chip and the Affymetrix Human Genome U219 chip, and subsequently combining Cohen’s d and standard error values using a fixed-effects meta-analysis (again using meta.summaries). Meta-analysis was performed for the full GSE39645 and Agnihotri datasets, as well as for NF2-associated tumors exclusively. Following meta-analysis, the remaining genes were ranked according to their meta-analytic p-values to generate a gene list for further analysis using ksRepo (package available for download at https://github.com/adam-sam-brown/ksRepo, and described in Brown et al13. ksRepo is a gene-based drug repositioning method that uses a modified Kolmogorov-Smirnov (KS) statistic to identify promising drug repositioning opportunities. ksRepo requires a database of compound-gene interactions, which are compared with the ranked meta-analytic gene lists from above. For this analysis, the ksRepo built-in Comparative Toxicogenomics Database (CTD) dataset was selected. The CTD provides a curated resource that links small chemical entities to genes (e.g., gene or protein expression influences) from the scientific literature on numerous model organisms and humans14. ksRepo contains a subset of the CTD, containing human-derived interactions between 1,268 unique drugs and 18,041 unique human genes. Drugs in the CTD subset were chosen based on case-insensitive matches between CTD names and names/synonyms for FDA-approved drugs downloaded from DrugBank15. The ksRepo output provides both the resampled p-value and FDR value. For the full dataset ksRepo analysis and the NF2-only ksRepo analysis, significant compounds were those for which the FDR was less than 0.05.
Human Specimen Collection and Primary Cell Culture
Surgical VS and GAN specimens were collected and processed according to protocols approved by the Human Studies Committee of Massachusetts General Hospital and Massachusetts Eye and Ear (Board Reference #14-148H). Written informed consent was obtained from all subjects prior to inclusion in this study and all procedures were conducted in accordance with the Helsinki Declaration of 1975. Detailed methods for human surgical specimen collection, processing, and culture are previously published37,38. VS specimens were harvested from patients undergoing surgical tumor resection, and GAN specimens from healthy patients undergoing parotidectomy for benign tumors or neck dissection surgery, during which the GAN is routinely sacrificed. Patients who had received radiation therapy prior to surgery were excluded. After surgical resection, VS or GAN tissue was immediately placed in saline solution, transported to the laboratory, and cultured according to published protocols. All downstream procedures were performed on primary cell cultures or collected culture medium up to but not exceeding two weeks of age in culture to ensure maximal Schwann or schwannoma cell purity37.
HEI-193 and Arachnoid Cell Culture
HEI-193 cells are derived from an NF2 patient with spontaneous bilateral vestibular schwannomas and a history of meningioma; these cells express a splice variant of the merlin protein (encoded by the NF2 gene), but neither typical isoform67. HEI-193 cells were cultured in DMEM/F12-containing medium with 10% fetal bovine serum and 1% penicillin and streptomycin mix. Immortalized NF2-null and NF2-expressing arachnoid AC-CRISPR cell lines derived from primary human autopsy specimens were obtained via generous gift from Dr. Vijaya Ramesh at Massachusetts General Hospital40. NF2-null and NF2-expressing arachnoid cells were cultured in DMEM with 15% fetal bovine serum and 1% penicillin and streptomycin mix. All cell lines were maintained in an incubator at 37 degrees Celsius with 5% carbon dioxide and treated with drugs 24-36 hours after seeding at between 15,000-25,000 cells per well in 24-well plates. Phase contrast photos of healthy and drug-treated cultures were taken at 10X magnification on an IncuCyte S3 instrument (Essen Bio).
Drug Preparation and Treatment
Primary VS and GAN cultures were treated with mifepristone (Sigma Aldrich, lot #WXBC0031V). Fifteen, 25, 35, and 70 μM mifepristone were prepared by suspending the appropriate amount of drug (in powder form) in dimethyl sulfoxide (DMSO). The resulting drug suspension was diluted in culture medium to the concentration of interest, and drug-containing medium was applied to primary VS, GAN, and HEI-193 cells such that the amount of DMSO applied to cells in culture did not exceed 0.1% (24-well plate, 1 mL medium per well). Cultures were incubated with drug-containing medium or 0.1% DMSO vehicle for 72 hours and then processed for downstream applications. 
Proliferation Assay
5’bromo-2’-deoxyuridine (BrdU) was added to label proliferating cells in culture 2 hours before fixation in 4% formalin (paraformaldehyde). Cell membranes were permeabilized with 10 minutes of incubation in 1% Triton X-100 and nuclear membranes with 20 minutes in 2N hydrochloric acid (HCl). Cells were blocked in 5% normal horse serum (NHS) and 1% Triton X-100 and incubated with a primary antibody against BrdU (#OBT0030G, AbD Serotec) overnight, followed by incubation with fluorescent anti-rat immunoglobulin G (AlexaFluor, Life Technologies). Cells were stained with Hoechst 33342 (Invitrogen) and phalloidin/f-actin (ThermoFisher Scientific) and coverslips mounted on slides with VectaShield (Vector Laboratories). The ratio of BrdU-positive to Hoechst-positive nuclei was determined by sampling three random fields of view using a Leica epifluorescence microscope. Manual counts were performed by J.E.S., who was blinded to treatment conditions.
Metabolic Activity Assay
The metabolic activity of primary VS and HEI-193 cells was assessed using the colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Life Technologies) according to manufacturer’s instructions. Optical density (OD) of each well at 570 nm was read using a spectrophotometer. The average OD value of cells exposed to vehicle (0.1% DMSO) was set to 100% and used to normalize OD values of cells treated with drugs; metabolic activity was then reported as percent change. All statistical testing was performed on raw OD values (see Statistical Analysis).
Flow Cytometry
Apoptotic cell death was assessed using an Annexin V/propidium iodide (PI) staining kit (Miltenyi Biotec). Briefly, HEI-193 cells were seeded into T25 flasks and treated with mifepristone or DMSO vehicle in culture medium for 24 hours as described above. Adherent cells were collected by trypsinization, and non-adherent (floating) cells were collected from culture medium. Cells were centrifuged, washed in PBS, and incubated in 1X annexin binding buffer, annexin V-fluorescein isothiocyanate (FITC), and propidium iodide (PI) according to the manufacturer’s recommendations. Stained cells were immediately analyzed using a Cytomics FC500 flow cytometer. Data were analyzed using CXP Analysis software (version 2.2, Coulter). 
Cell Cycle Analysis
Harvested HEI-193 cells were washed in PBS and fixed in cold 70% ethanol at -20°C for 18-72h. Before staining with propidium iodide (PI), cells were centrifuged and washed again in cold PBS. 2 x 106 or fewer cells were incubated with 500 µl staining solution (0.1% Triton X-100 (Sigma), 2 mg/ml RNase A (Qiagen), and 1 µg/ml PI (Miltenyi Biotec) in PBS) for 15 minutes at 37°C. In order to exclude DNAse activity, RNase A was boiled for 5 minutes and cooled down before its addition to staining solution. Cells were analyzed on a Cytomics FC500 flow cytometer using CXP Analysis software (version 2.2, Coulter).
Enzyme-linked Immunosorbent Assay 
Cell-conditioned medium was collected from mifepristone-treated and untreated HEI-193 cells after 72-hour incubation with the drug. Enzyme-linked immunosorbent assay (ELISA) was performed on each sample in triplicate to assess the quantity of progesterone in cell-conditioned medium, according to the manufacturer’s protocol (Enzo Life Science, #ADI-900-011). 
Cytotoxicity and Cell Confluence Assays
Cytotoxicity and cell confluence were measured using live-cell, time-lapse phase contrast and fluorescence imaging acquired at 10X by an IncuCyte S3 instrument (Essen Bioscience). Cytotoxicity was measured by incorporation of IncuCyte Cytotox Reagent (Essen Bioscience), applied according to manufacturer’s instructions; the reagent fluoresces when it binds DNA after compromise of membrane integrity. Nine images were acquired per well every 2 hours for 72 hours, and cytotoxicity at each time point is reported as number of fluorescent objects per well, after thresholding to avoid the inclusion of small cellular debris. Phase object confluence was measured using time-lapse phase contrast imaging acquired at 10X by the same instrument, analyzing 9 images per well every 2 hours for 72 hours, and is reported as percent confluence per square millimeter of well space.
Ingenuity Pathway Analysis
Ingenuity Pathway Analysis software (Qiagen) was used to perform standard Core Analysis on all genes in our meta-analysis that reached significance (p<0.05) after Bonferroni correction for multiple hypothesis testing. Relevant upstream regulators for the resulting networks were identified and analyzed using publicly available Ingenuity Pathway Analysis documentation (Qiagen).
gDNA Extraction
Genomic DNA (gDNA) was extracted from six vestibular schwannoma tissue samples using the DNeasy Blood and Tissue Kit (Qiagen) following manufacturer’s specifications. The concentration of double-stranded DNA in each sample was evaluated using a Qubit dsDNA BR Assay Kit. A minimum measurement of 50 ng/μl was required for each sample to be included with HaloPlex target enrichment.
Library Preparation and Targeted Capture 
A library of DNA restriction fragments from all coding exons, introns, and UTRs (5’ and 3’) of the NF2 gene was prepared using a HaloPlex HS target enrichment kit (Agilent Technologies), following the manufacturer’s instructions. The total region size was 95.045 kbp with an actual analyzed target of 89.408 kbp bases, which required 2581 amplicons to achieve this 94.07% coverage with maximum validation stringency. Enrichment was performed according to the supplier’s protocol by the Ocular Genomics Institute at Massachusetts Eye and Ear (Boston, MA, USA). 
NF2 Gene Sequencing
Targeted enrichment sample sequencing was performed on an Illumina MiSeq NGS platform (Illumina, Inc.) by the Next Generation Sequencing Core of the Massachusetts Eye and Ear Ocular Genomics Institute. The purified and individually tagged amplicon libraries for each sample were pooled equimolarly, and a percentage of an internal control (ECD) was added to validate the DNA sequencing and to help balance the overall lack of sequence diversity. The sample pool was then placed in a MiSeq Reagent kit version 2 500-cycle cartridge (Illumina) containing sequencing reagents, and sequencing was performed on the Illumina MiSeq instrument by using a MiSeq Reagent Kit v2 flow cell (Illumina). Raw data were processed and variants prioritized according to best practices of the core facility. 
Statistical Analysis
Throughout this paper, though figures present metabolic activity and cellular proliferation data as percentage of vehicle-treated control, all statistical analyses were performed on raw data, in accordance with good statistical practice in pharmacology68. Specifically, in Figure 4.1.2A, Figure 4.1.2F, Figure 4.1.4A-B, and Figure 4.1.4G, raw vehicle-treated and mifepristone-treated cell data are compared using two-way (“randomized block”) ANOVA, selected to minimize within-experiment variation by “blocking” treatment data with control data while meeting the equal-variance assumptions required by ANOVA68. In Figure 4.1.2A, comparison between control group and mifepristone-treated group (35 μM) was conducted using randomized block ANOVA on mean optical density values per treatment condition measured in eight independent experiments (p=0.006, F=42.46, DF=1). For Figure 4.1.2F, randomized block ANOVA was performed between the ratio of BrdU+ to Hoescht+ cells per treatment condition in five independent experiments (p=0.0007, F=88.25, DF=1). For Figure 4.1.4A, comparison between control group and mifepristone-treated group (35 μM) was conducted using randomized block ANOVA on mean optical density values per treatment condition measured in ten independent experiments (p=0.002, F=23.02, DF=1). In Figure 4.1.4B, randomized block ANOVA was performed between the ratio of BrdU+ to Hoescht+ cells per treatment condition in seven independent experiments (p=0.0002, F=68.47, DF=1). In Figure 4.1.4G, randomized block ANOVA was performed on mean optical density values per treatment condition measured in eight independent experiments (p=0.230, F=1.255, DF=1).
Data Availability
The results of the 80-sample combined VS meta-analysis, 16-sample NF2-specific VS meta-analysis, and ksRepo results derived therefrom are available from FigShare at https://figshare.com/s/fe986f484aa8103d4942. Raw data from the NF2 gene sequencing analysis are available from FigShare at https://figshare.com/s/53760106b86aa64b00c1. 
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Abstract
Neurofibromatosis type 2 (NF2) is an inherited disorder characterized by bilateral vestibular schwannomas (VS) that arise from neoplastic Schwann cells (SCs). NF2-associated VSs are often accompanied by meningioma (MN), and the majority of NF2 patients show loss of the NF2 tumor suppressor. mTORC1 and mTORC2-specific serum/glucocorticoid-regulated kinase 1 (SGK1) are highly expressed and activated in MN with loss of NF2. In a recent high-throughput kinome screen in NF2-null human arachnoidal and meningioma cells, we showed activation of EPH RTKs, c-KIT, and SFK members independent of mTORC1/2 activation. Subsequently, we demonstrated in vitro and in vivo efficacy of combination therapy with the dual mTORC1/2 inhibitor AZD2014 and the multi-kinase inhibitor dasatinib. For these reasons, we investigated activated mTORC1/2 and EPH receptor-mediated signaling in sporadic and NF2-associated VS. Using primary human VS cells and a mouse allograft model of schwannoma, we evaluated the dual mTORC1/2 inhibitor AZD2014 and the tyrosine kinase inhibitor dasatinib as monotherapies and in combination. Escalating dose-response experiments on primary VS cells grown from 15 human tumors show that combination therapy with AZD2014 and dasatinib is more effective at reducing metabolic activity than either drug alone and exhibits a therapeutic effect at a physiologically reasonable concentration (~100 nM). In vivo, while AZD2014 and dasatinib each inhibit tumor growth alone, the effect of combination therapy exceeds that of either drug. Co-targeting the mTOR and EPH receptor pathways with these or similar compounds may constitute a novel therapeutic strategy for VS, a condition for which there is no FDA-approved pharmacotherapy.

Introduction
	Vestibular schwannoma (VS) is the most common tumor of the cerebellopontine angle and the fourth most common intracranial tumor in humans. VSs are formed from neoplastic Schwann cells of the vestibular nerve and can arise sporadically or as part of a debilitating tumor syndrome known as neurofibromatosis type 2 (NF2) that can include multiple schwannomas, meningiomas, and ependymomas1. The majority of VS patients generally report sensorineural hearing loss and tinnitus, with others experiencing dizziness, loss of balance, or facial nerve paralysis. Though VSs are histologically benign tumors (WHO grade I), if left unchecked, they can grow to dangerous size and compress the brainstem, which can lead to death. There is no FDA-approved drug therapy for VS or NF2. Options for management include watchful waiting, surgical intervention to remove the tumor, or radiotherapy to prevent further growth. The latter two options can lead to devastating complications such as facial paralysis and total deafness. Radiotherapy has also been shown to increase the risk of VS malignancy, especially for NF2-associated tumors2-4. Therefore, development of non-invasive medical therapies to keep VS growth in check represents a major unmet medical need. No effort to identify a therapeutically useful and well tolerated drug has been fully successful, though recent efforts to reframe the problem of drug development for VS and NF2 are beginning to show more promising results in vitro5-8.
The vast majority of sporadically arising VSs and all NF2-associated VSs demonstrate inactivating mutations of the NF2 gene, which encodes the tumor suppressor protein merlin (moesin-ezrin-radixin-like protein, OMIM 607379). Merlin is a cytoskeletal linker protein and member of the ERM (ezrin, radixin, moesin) family that is thought to inhibit tumor growth via contact-dependent growth inhibition, decreased proliferation, and increased apoptosis9. Loss of merlin leads to the abnormal activation of an array of mitogenic signaling cascades that normally mediate cell adhesion, cell size, proliferation, motility, morphology, and survival. Key signaling pathways known to become deregulated following loss of merlin include hippo-YAP10, Ras/Rac11, cMET12, EGFR13, CD4414, mTORC1/215-17, and receptor tyrosine kinases (RTKs)18. Clinical trials repurposing FDA-approved drugs targeting these signaling pathways, such as lapatinib for EGFR inhibition19 and everolimus for mTORC1 inhibition20, have been met with limited success.
The protein kinase complexes containing mTOR (‘mechanistic target of rapamycin’), mTORC1 and mTORC2, direct numerous vital processes relevant to cell growth and proliferation and are often dysregulated in human tumors. Mutations in key proteins integral to signaling pathways upstream of mTORC1/2, such as PI3K, p53, and PTEN, can promote mTOR complex activation and are known to play a role in many genetic tumor syndromes21. Specifically, meningiomas with loss of the NF2 gene show activated mTORC1 signaling as well as an mTORC2-specific serum/glucocorticoid-regulated kinase 1 (SGK1) signaling axis15-17. Independent of mTORC1/2 activation, a high-throughput kinome screen conducted on NF2-null human arachnoidal and meningioma cells revealed activation of erythropoietin-producing hepatocellular (EPH) receptor tyrosine kinases (RTKs), c-KIT, and SRC family kinase (SFK) members5,22. Based on these results, a study administering combination therapy comprising the dual mTORC1/2 inhibitor AZD2014 and dasatinib, a multi-kinase inhibitor targeting SFKs, several EPH receptors and c-Kit23, was performed on NF2-deficient meningioma cells22. The combination of AZD2014 and dasatinib effectively controlled the growth of NF2-deficient meningioma in vitro and in vivo. Two clinical trials of AZD2014 for NF2-associated and sporadic meningioma are currently underway (NCT02831257, NCT03071874). 
For these reasons, we investigated the effects of AZD2014 and/or dasatinib in the context of the activated mTORC1/2 and EPH receptor-mediated signaling observed in sporadic and NF2-associated VS. We show that combination therapy is more effective at reducing the metabolic activity of primary human VS cells than either drug alone in vitro. In a mouse model of schwannoma, combined treatment with AZD2014 and dasatinib is more effective at inhibiting tumor growth than either monotherapy. Our study demonstrates that co-targeting the mTOR and EPH receptor pathways may constitute a novel therapeutic strategy for VS.

Materials and Methods
Human Specimen Collection and Primary Cell Culture
Surgical vestibular schwannoma (VS) and great auricular nerve (GAN) specimens were obtained from patients undergoing indicated procedures at Massachusetts General Hospital and Massachusetts Eye and Ear. The study was conducted in accordance with the Helsinki Declaration of 1975 and written informed consent was obtained from all subjects prior to inclusion. GAN (control) samples were obtained from patients undergoing benign parotidectomy unrelated to VS, during which this nerve is routinely sacrificed. Patients who had received radiation therapy prior to surgery were excluded. All VS and GAN samples were received and processed according to protocols approved by the Human Studies Committee of Massachusetts General Hospital and Massachusetts Eye and Ear (Board Reference #14-148H). Following surgical resection, VS or GAN tissue was immediately placed in saline solution, transported to the laboratory, and cultured. Our methods describing precise protocols for surgical specimen collection, processing, and primary cell culture are published in detail24,25. Mouse Nf2-/- Schwann cells used in our mouse allograft model were maintained in 10% Schwann cell medium containing Schwann cell growth supplement (SCGS, ScienCell).

Immunoblotting
	Protein lysates were prepared from fresh surgical VS and GAN specimens directly after receiving samples from the operating room. Briefly, on ice, total protein was extracted from tumor or nerve using RIPA lysis buffer supplemented with protease and phosphatase inhibitors (Roche Applied Sciences), as previously described26. The resulting lysate was isolated by centrifugation and stored at -80oC. Protein lysates were resolved by SDS-PAGE as previously described15. Commercial antibodies included pEPHA2(S897), c-KIT, pSRC/SFK(Y416), SRC, pAkt(S473), Akt, SGK1, pNDRG1(T346), pS6(S240/244) and S6 (Cell Signaling Technology); NDRG1 (Abcam); and EPHA2 (Santa Cruz Biotechnology). NF2/merlin polyclonal C26 antibody has been previously described27.  

CRISPR/Cas9 genome editing of immortalized human Schwann cells 
To generate isogenic NF2-expressing and NF2-null Schwann cells (SCs), we utilized an immortalized human SC line previously described16. Briefly, lentiviral packaging of the human NF2_sg1 single guide RNA (sgRNA) targeting NF2 exon 8, or an EGFP-targeting sgRNA used as a control that were cloned into the lenti-CRISPR backbone (a kind gift from the Zhang laboratory at the Broad Institute and MIT) was carried out as described28. Lentiviral transduction of human immortalized SCs was carried out by spin-infection followed by puromycin selection as previously described17. Single clones were picked, expanded, and genomic DNA was extracted for Sanger sequencing. Sanger sequencing of NF2 exon 8 in one clone revealed a homozygous 316bp deletion (cDNA: 803del316bp; aa: 285>fs X) leading to a truncated NF2 protein.

Drug Preparation and In Vitro Treatment
For in vitro studies, primary VS cultures were treated with AZD2014 (provided by AstraZeneca; Wilmington, DE; CAS No. 1009298-59-2)) and dasatinib (Selleckchem; CAS No. 302962-49-8). Drugs were dissolved in dimethyl sulfoxide (DMSO) with a final concentration of 0.1% on cells for drug treatment and vehicle controls. See figure legends for final drug concentrations and treatment times on cells. Dose-response experiments were performed on primary cells within two weeks of establishing viable cultures to ensure maximal schwannoma cell purity24.

In Vitro Cytotoxicity and Cell Confluence Assays
Following drug treatment, in vitro toxicity of primary VS cells was assessed using the colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Life Technologies), according to the manufacturer’s instructions. All drug treatments were assessed in 3-5 technical replicates per drug concentration per tumor. The optical density (OD) of each well was read at 570 nm using a spectrophotometer. The OD values of wells exposed to vehicle (0.1% DMSO) were averaged and set to 100% and used to normalize OD values of cells treated with drugs; metabolic activity was then reported as percent change from control. In accordance with good statistical practice in pharmacology, all statistical testing was performed on raw OD values (see Statistical Analysis).
Cell confluence was measured using live-cell, time-lapse phase contrast imaging acquired at 10X by an IncuCyte S3 instrument (Essen Bioscience). Nine images were acquired per well per tumor every 2 hours for the duration of the 72-hour drug treatment period. Phase object confluence, a measurement of cell confluence per square millimeter of well space, was then calculated using IncuCyte software (Essen Bioscience) and reported.

Animal Models and Treatment Protocol
	All animal procedures were performed following the guidelines of Public Health Service Policy on Humane Care of Laboratory Animals and approved by the Institutional Animal Care and Use Committee of the Massachusetts General Hospital. To reproduce the microenvironment of peripheral schwannomas, we implanted Nf2-/- mouse Schwann cells into the sciatic nerve of syngeneic immunocompetent FVB/C57BL/6 mice at 10-12 weeks old12,29. Both male and female mice were used in this study. All mice were bred and maintained at the Gnotobiotic Mouse Cox 7 Core at Massachusetts General Hospital (https://researchcores.partners.org/cox/about). Mouse Nf2-/- Schwann cell suspension (5 x 104 cells in 3 μL) was injected slowly (over 45-60 seconds) under the sciatic nerve sheath using a Hamilton syringe to prevent leakage. AZD2014 (15 mg/kg, diluted in 1% Tween 80 at the concentration of 5 mg/ml) and/or dasatinib (15 mg/kg diluted in 80 mM citric acid, at a concentration of 5 mg/ml.) was administered by oral gavage every day and continued until study endpoint. Tumor size was measured by caliper every 3 days until tumors reached 1 cm in diameter.  

Statistical Analysis
	Though metabolic activity and cellular proliferation data are presented as percentage of vehicle-treated control, all statistical analyses were performed on raw data, in accordance with good statistical practice in pharmacology. Significant differences in tumor growth between two groups were analyzed using the Student’s t test (two-tailed) or Mann-Whitney U test (two-tailed) with p<0.05 considered significant.

Results
mTOR and EPH receptor signaling is activated in primary human VS and human models of NF2-deficient schwannoma.
Immunoblotting of cells grown from an immortalized human SC line in which the NF2 gene has been deleted using CRISPR demonstrate loss of the NF2 protein product, merlin, as well as a marked increase in mTORC1 signaling (evidenced by upregulation of pS6), mTORC2 signaling (evidenced by upregulation of pNDRG1), and EPH receptor-mediated signaling (evidenced by upregulation of pEPHA2) compared to NF2-expressing control cells (Figure 4.2.1A). In primary human VS tumor samples, an increase in mTORC1 (pS6 readout) and mTORC2 (pSGK1 and pNDRG1 readouts) signaling was apparent in comparison with great auricular nerve (GAN) samples  (Figure 4.2.1B). 



Figure 4.2.1. mTOR and EPH receptor signaling is activated in primary human VS and human models of NF2-deficient schwannoma. A. Immunoblotting of human NF2-null SC-CRISPR cells show loss of NF2 and increased pS6S240/244 (mTORC1 readout), pNDRG1T346 (mTORC2 readout) and pEPHA2S897 compared to NF2-expressing control. B. Four primary human vestibular schwannomas (VSs) demonstrate increased mTORC1 (pS6 readout) and mTORC2 (SGK1, pNDRG1 readouts) signaling compared to 2 normal human great auricular nerve samples (AN). C. Immunoblotting of 6 additional human VS tumors reveal activated pEPHA2 and pSrc/SFKY416 along with activated mTORC1/2 readouts. 


As a peripheral, sensory nerve, schwannomas of the GAN are exceptionally rare and GAN constitutes a maximally relevant control nerve against which to compare VS gene and protein expression25. We have previously shown that, similar to NF2 loss in AC and MN cells, NF2 deficiency in SCs also leads to constitutive activation of mTORC1 and mTORC2-SGK1 signaling15-17. Consistent with these results, we observe that NF2-associated primary VS tumors demonstrate robust activation of pS6 (mTORC1) compared with GANs, which are negative for pS6 (Figure 4.2.1B). In addition, VS tumors show increased SGK1, a direct phospho-target of mTORC2, along with pNDRG1, the downstream target of SGK1, compared to GAN, suggesting that mTORC1/mTORC2 signaling plays a significant role in VS pathobiology. Additionally, in a similar pattern to that observed in NF2-deficient AC and MN cells22, immunoblotting of six additional human VS tumors also demonstrated variable levels of pEPHA2 and pSrc/SFK and mTORC1/2 signaling, suggesting a potential therapeutic role for targeting EPH receptor/SFK signaling in VS (Figure 4.2.1C).

Combination AZD2014 and dasatinib therapy reduces the metabolic activity of primary human VS cells more consistently and significantly than either drug alone.
After establishing that mTORC1/2 signaling and EPH receptor/SFK signaling is consistently activated in human VS, we used AZD2014 to inhibit mTORC1/2 signaling and dasatinib to inhibit EPH receptor/SFK signaling in primary human VS cell cultures grown from surgical tumor samples. We assessed the metabolic activity of five independent VSs after treatment with AZD2014 alone (Figure 4.2.2A), five independent VSs after treatment with dasatinib alone (Figure 4.2.2B), and six independent VSs after treatment with equimolar concentrations of AZD2014 and dasatinib administered in combination (Figure 4.2.2C, D).

Figure 4.2.2. AZD2014 and dasatinib therapy in combination reduces the metabolic activity of primary human VS cells more consistently and significantly than either drug alone. A. Metabolic activity of primary VS cells cultured from 5 human tumors treated for 72h with increasing concentrations of AZD2014 alone (measured via MTT assay). B. Metabolic activity of primary VS cells cultured from 5 human tumors treated for 72h with increasing concentrations of dasatinib. C. Metabolic activity of primary human cells cultured from 6 human tumors treated for 72h with increasing concentrations of AZD2014 and dasatinib together. Treatment with combination therapy collapses the variance apparent when treating tumor cells with either drug alone. D. Dose-response curve showing metabolically inactive cell fraction from which IC50 can be determined (IC50 = 0.01081 µM). E. Live-cell imaging of primary VS cells treated with combination AZD2014 and dasatinib therapy every 2 hours for 72 hours shows a decrease in phase object confluence over time proportional to the expected dose-response. Veh, vehicle control (0.1% DMSO). All drugs were diluted to the concentration of interest in VS cell growth medium (DMEM/F12, 10% fetal bovine serum, 1% penicillin/streptomycin mix) and applied to primary VS cells (24-well plate, 1 mL drug-containing medium per well) for 72 hours. 

Patient demographic information, hearing status, and MRI scans are comprehensively included as supplementary material (Supplementary Table 4.2.1, Supplementary Figure 4.2.1). Though on average AZD2014 and dasatinib each reduced the metabolic viability of primary human VS cells in comparison to vehicle-treated cells, these drugs did so with considerable inter-tumor variability. Combination therapy with equimolar doses of AZD2014 and dasatinib effectively collapsed this variability, reducing the metabolic viability of primary human VS cells in a consistent, dose-dependent manner with an IC50 of 10.81 nM (Figure 4.2.2D). 
We then independently validated the dose-response curve observed in primary human VS cells treated with combination AZD2014 and dasatinib therapy by using live-cell imaging to capture a similar dose-dependent decrease in cell confluence over time. Sequential phase-contrast live-cell imaging was performed every 2 hours during a 72-hour treatment period, and the percentage of the area of each well covered by cells at the time of each scan was reported as phase object confluence. Figure 4.2.2E displays representative data from one tumor, in which live-cell imaging results align closely with the observed dose-dependent decrease in metabolic activity: primary VS cells treated with 1 nM of combination therapy appear nearly indistinguishable from vehicle-treated cells, while VS cells treated with 10 nM demonstrate approximately half of the maximum effect. Increasing the drug concentration above 100 nM does not seem to increase the efficacy of combination therapy.

Combined AZD2014 and dasatinib treatment significantly inhibits tumor growth in a mouse allograft schwannoma model. 
To evaluate the efficacy of AZD2014 and dasatinib in vivo, we first confirmed that the mTORC1/2 signaling pathways are activated in our Nf2-/- mouse allograft schwannoma model. Immunoblot data from mouse tumors demonstrated activated signatures of mTORC1 and mTORC2 pathway members (Figure 4.2.3A), matching our results in NF2-null SCs (Figure 4.2.1A) and human VS tumor samples (Figure 4.2.1B). Similarly, mouse tumors also demonstrated activated pEPHA2 and robustly activated pSrc/SFK (Figure 4.2.3B), consistent with the pattern observed in human VSs (Figure 4.2.1C). These data suggest that our model successfully recapitulates the drug-relevant mTORC1/2 pathway dysregulation observed in human VSs.



Figure 4.2.3. Combined AZD2014 and dasatinib treatment significantly inhibits tumor growth in a mouse allograft schwannoma model. A. Western blotting of in vivo mouse schwannomas from 2 independent Nf2-/- Schwann cell (SC)-implanted tumors show activated mTORC1 (pS6) and mTORC2 (pAktS473, SGK1, pNDRG1) signatures. B. Western blotting of mouse allograft schwannomas also show activated pEPHA2 and robustly activated pSrc/SFK. C. Growth curve of Nf2-/- tumor in the mouse schwannoma model, comparing tumor growth associated with vehicle-treated mice (ctrl, n=13); mice treated with AZD2014 alone (AZD, 15 mg/kg, n=16); mice treated with dasatinib alone (Das, 15 mg/kg, n=16); and mice treated with a combination of AZD2014 and dasatinib (Comb, n=14). D. Tumor growth delay, defined by the time required for tumors to reach 1 cm in diameter. Representative data from two independent experiments; mean ± SEM.


Next, we compared the efficacy of AZD2014 and dasatinib monotherapies with that of combination therapy (AZD2014 and dasatinib administered together). In our Nf2-/- mouse allograft schwannoma model, AZD2014 and dasatinib monotherapies each induced significant tumor growth delay (measured in number of days required for a tumor to grow to 1 cm in diameter). Combination therapy with AZD2014 and dasatinib resulted in the most dramatic tumor growth inhibition (p<0.001), a response significantly more effective than that produced by either monotherapy (Figure 4.2.3C-D).  

Discussion 
	Identification of a safe, effective, non-invasive drug therapy to treat sporadic and NF2-associated VS would prove transformative for patients with very limited options. Further, the identification of a therapeutic regimen that could potentially inhibit the growth of multiple tumor types associated with NF2 (VS and meningioma) constitutes an urgent unmet need. We provide evidence that AZD2014 and dasatinib, when administered together, can potently diminish the metabolic activity of primary human vestibular schwannoma cells and delay the growth of NF2-null tumors in a mouse allograft model of schwannoma, and that combination therapy in all cases is more effective than either drug alone. Moreover, this drug combination exhibits a therapeutically promising effect on VS cells at a physiologically reasonable concentration (~100 nM), a concentration effectively identical to that used to control the growth of NF2-null meningioma. 
	A previous study of Src inhibitors in merlin-deficient mouse Schwann cell lines also identified dasatinib as a potentially effective agent based on the results of a high-throughput drug screen30. Dasatinib is FDA-approved for treatment of acute lymphocytic leukemia and chronic myeloid leukemia with mutant Abl kinase expression, and is shown to inhibit oncogenic and invasive processes in blood cancers and solid tumors31. However, Fuse et al. ultimately decided to focus on a more specific Src inhibitor, saracatinib, in combination with the c-Met inhibitor cabozantinib, instead of further evaluating dasatinib, and did so without explicitly confirming target expression. Our study confirmed SFK/EPHA2 activation in human VS, and we decided to further evaluate dasatinib because it has the advantage of simultaneously inhibiting multiple signaling pathways that are activated in NF2 (SFK, EPH-RTKs) rather than SFKs alone. By inactivating multiple tumor-relevant pathways, the disease is less likely to compensate for the blockage of a single pathway and thus escape treatment. Though dasatinib has been associated with some toxicity in the clinic, we did not observe toxicity (body weight loss) in mice treated with AZD2014, dasatinib, or combination therapy. Additionally, dasatinib has been shown to have poor nerve penetrance32, which provides support for the safety of dasatinib use by NF2 patients. 
	Targeting abnormal activation of the mTOR and EPH receptor signaling pathways in VS with small molecule drugs also has high potential to be effective when combined with existing therapies, such as radiotherapy or treatment with bevacizumab, a monoclonal antibody targeting vascular endothelial growth factor A (VEGF-A). Bevacizumab treatment causes tumors to shrink in approximately 50% of VS patients; however, this response is often transient and many patients must discontinue treatment due to harmful adverse effects, such as renal failure33. Further experiments are necessary to evaluate the effect of AZD2014 and dasatinib therapy when combined with bevacizumab and/or radiotherapy.
Our results reinforce existing findings supporting mTORC1/2 activation in NF2-deficient VS and provide novel evidence for the abnormal activation of EPH receptor signaling in this tumor type. Co-targeting the mTOR and EPH receptor signaling pathways constitutes a compelling new therapeutic avenue for VS treatment and complements a similar finding in NF2-deficient meningioma22.
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Conclusion

[bookmark: _Toc5040171]Towards the Generation of More Reliable Disease Models and Therapeutics for Vestibular Schwannoma and Neurofibromatosis Type 2

The present dissertation consists of five first-author papers exploring statistical modeling for primary neural degeneration in histopathological cochlear sections; describing best practices by which to optimize the receipt, processing, and culture of primary human VS samples from the operating room; establishing the first foray into AAV-mediated gene therapy for VS and NF2; presenting a newly described role for the NLRP3 inflammasome in VS, particularly in tumors associated with poor patient hearing; and detailing the preclinical validation of two novel small molecule therapeutic strategies for the treatment of VS and NF2, a repurposed, FDA-approved progesterone receptor antagonist (mifepristone) and a combination therapy comprised of an mTOR inhibitor and a multi-kinase inhibitor (AZD2014 and dasatinib). A Phase II clinical trial of mifepristone for VS and NF2 has generated great interest among patients and is currently being designed at Massachusetts Eye and Ear.
Apart from primary VS cells, diverse, representative human cellular models of VS and NF2 on which to evaluate promising therapeutics are severely limited. For example, there is only one existing human VS cell line immortalized from the tumor of an NF2 patient that is available for use in research. This cell line, HEI-193, was generated from a patient with late-onset NF2 and bilateral VSs in 20021 and can hardly be considered representative of the disease. Though researchers initially assumed its truncated NF2 transcript could not produce a functional protein, in 2008 this line was indeed shown to express a functional isoform of the NF2 protein product, merlin2. Functional merlin expression makes this single line an innately flawed model by which to simulate the full phenotypic spectrum of NF2-associated VS. Current researchers are working to produce conditional NF2 knockout mouse models3 and cell lines in which NF2 transcripts are knocked down by small interfering RNA (siRNA), important steps toward understanding NF2 mutation and merlin deficiency4. Drug development for NF2 and associated VS will be greatly accelerated when the field has access to more reliable, expandable cellular models that functionally recapitulate the defining features of human disease, which can then be used to identify promising therapeutic targets in high-throughput screens.
In this dissertation I have only explored small molecule-based therapeutic approaches to VS and NF2, partially due to the simplicity of manufacturing, low cost of production, and non-invasive routes of administration associated with these therapies, which makes them more amenable for immediate translation to the clinic. However, other types of contemporary therapeutics also hold exciting promise. As future directions for research, I explore the relative strengths and weaknesses of gene therapy, next-generation antibody therapeutics, and siRNA-containing nanoparticle therapeutics targeting proteins associated with VS and NF2.

Gene Therapy for NF2
Because it is known that NF2 patients will definitely develop VSs over the course of their lives, delivery of a viral gene therapy for NF2 that replaces a mutated copy of NF2 with a wildtype copy could potentially be administered to young patients to prevent disease progression. Such preemptive treatment, accomplished in a single injection, may be able to slow the growth of these tumors and the associated hearing loss to a degree that would prevent patients from ever having to undergo invasive bilateral craniotomies for tumor resection. Gene therapy for biallelic RPE65 mutation-associated retinal dystrophy has recently been approved by the FDA (Luxturna, Spark Therapeutics), and gene therapy experiments using the synthetic AAV known as Anc80L65 have already shown great promise in restoring auditory function to mice with multiple genetic inner ear disorders5,6. Unfortunately, the NF2 gene is very large and likely unable to fit within any single AAV vector, which have a packaging capacity of approximately 5 kilobases7. Using an overlapping dual-vector approach could be one solution to this problem, as has been evaluated for various retinal proteins, such as mutation of the large gene ABCA4, which is associated with inherited macular degeneration8,9. However, in all cases, dual-vector administration seems to decrease transduction efficacy overall and therefore dull the physiological effect of the therapy. Additional complicated and unresolved issues regarding vector choice, delivery route, genetic sequences, administration times, promoter sequences, patient populations, and therapy costs will also have to be determined before gene therapy for NF2 can be adequately evaluated and safely move into clinical trials10. 
	
The Case for A Next-Generation Antibody 
As mentioned in the Introduction, there is no FDA-approved treatment for VS or NF2, and one of the only candidate therapeutics in current use is the monoclonal antibody bevacizumab (Avastin). Bevacizumab produces a measurable radiographic response in tumor volume in approximately 50% of human NF2 patients, accompanied in some cases by a transient stabilization of hearing11-13. Bevacizumab targets vascular endothelial growth factor A (VEGF-A), a glycosylated mitogen protein that promotes angiogenesis and cell migration throughout the body. This antibody is known for its poor tissue penetration in solid tumors due to its unwieldy size. Increased levels of VEGF-A have been correlated with increased rates of VS growth14, but patients often cannot abide this drug for long thanks to serious adverse effects, such as renal toxicity15. 
Rather than introducing new small molecules or gene expression vectors into a disease system, antibody therapeutics like bevacizumab have the ability to work using biological responses endogenous to and natural for the human immune system, thus reducing risks associated with unknown, novel delivery mechanisms. A next-generation antibody therapeutic, such as a bispecific antibody, could build on the success of bevacizumab and expand its potential therapeutic range. For example, one bispecific antibody recently developed to treat osteoporosis contains a binding site to block two complementary Wnt antagonists, thereby increasing bone mass in rodents and non-human primates16. Engineering a bispecific antibody to block not only VEGF-A but another deleterious VS-associated signaling factor, such as an inflammation-associated protein, could increase the population of patients that respond to antibody therapy and produce a more sustainable response. 
Bevacizumab is currently administered biweekly via intravenous injection and makes its way through the bloodstream to the VS across the presumably compromised blood-brain barrier, then is cleared at a rate of 2.65-3.65 mL/day/kg, with a half-life of 13 to 15 days17. A bispecific antibody would follow a similar route of administration and would be expected to act very similarly in terms of pharmacodynamic profile, though its potentially larger size could decrease clearance rates in vivo (or increase them if larger size makes the therapeutic less able to reach the tumor and bind its targets, causing it to remain in the blood and be cleared by the liver)18.
The most important consideration when generating a bispecific antibody for an intracranial tumor is most likely that of size. Bevacizumab is a 149 kDa protein and already considered uncomfortably large, but is able to cross the blood-brain barrier to reach VS. Because the blood-brain barrier is known to be compromised in VS, the increased size of a bispecific antibody may not be as a significant a problem as we assume. Other bispecific antibodies for solid tumors currently in Phase I and II clinical trials range between 50-300 kDa, so as long as the bispecific antibody does not more than double the size of bevacizumab, it should have a decent chance of effectively reaching its target19.
	
Delivery of Targeted siRNA via Tumor-Homing Nanoparticles
siRNA-mediated knockdown of RNA transcripts associated with proteins that promote VS cell proliferation or facilitate ototoxic effects is another interesting strategy by which tumor growth and associated SNHL could be kept in check. Effective delivery of a siRNA therapeutic to its site of interest remains the largest barrier to widespread translation of this technology, and when considering systemic siRNA administration, the development of reliable delivery methods that facilitate homing to the pathologic site of interest while avoiding accumulation in normal tissues is imperative. siRNA delivery is often facilitated by engineering nanoparticles with tumor homing-peptides on their surface to enclose the nucleic acid therapeutic, so that targeting siRNAs can be protected from serum nuclease degradation and shielded from the typical clearance mechanisms of the liver. In order to successfully downregulate expression of a protein target, siRNA must be selectively taken up by tumor cells, escape endosomal entrapment, and be incorporated into the RNA-induced silencing complex (RISC)20. Thanks to its small size, siRNA packaged into a tumor-targeted nanoparticle has a higher likelihood of crossing the blood-brain barrier than a large monoclonal antibody like bevacizumab.
In 2017, I worked with a rotating resident in our laboratory, Yin Ren, to deliver a targeted siRNA against TNFα to VS cells that Yin packaged into a tumor-homing nanoparticle21. TNFα is an ototoxic molecule known to be secreted by VSs associated with poor hearing and an important mediator of the inflammatory response22. As there is currently no siRNA technology in use against pathogenic molecules in VS, our approach was novel and feasible, as researchers are already beginning to employ this strategy against other solid tumors, such as breast cancer23. Additionally, for patients with VSs associated with NF2, a nucleic acid therapeutic may make more sense than a monoclonal antibody-based therapy because the effects of siRNA interference will last much longer than antibody neutralization. The syndromic presentation of NF2 is usually evident in early childhood; therefore, nanoparticle-mediated siRNA treatment could be administered as early, continuously, and non-invasively as possible, similarly to a gene therapy. In our study, VS cell-homing nanoparticles containing siRNA directed against TNFα were successfully and selectively taken up into primary human VS cells in a receptor-specific fashion, resulting in a significant reduction of TNFα protein secreted from VS cells in vitro21.
	
Conclusion
	I believe that VS and NF2 are on the cusp of a therapeutic revolution. As modern drug discovery technologies continue to accelerate, the field will become more able to accommodate the limitations on available tissue and financial investment associated with the study of rare diseases. Increasing the number and diversity of human NF2 disease models, whether through culturing tumor cells in three dimensions, generating new patient-derived cell lines, disrupting organ systems on chips, editing disease-associated genes, growing induced pluripotent stem cells from patient samples, or developing organoids to simulate key aspects of disease biology, will allow us to comprehensively evaluate a broad range of potential therapeutics and identify those most likely to succeed in clinical trials. We are limited only by our imagination.
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Supplementary Figure 2.1. Schematic demonstrating the configuration of the linear mixed model (Figure 2.4A). Four to six hearing threshold observations per patient (depending on which frequencies were clinically examined), color-coded by each individual audiometric test frequency, were graphed vertically on the y-axis at the point along the x-axis representing total neuronal loss for that patient (as percent of age-matched control). In this way, relationships among patients at individual audiometric test frequencies can be examined overall as a function of total neuronal loss.
	


Supplementary Table 2.1. Summary of predictions for the model depicted in Figure 2.4 by total neuronal loss (Total Loss %) and audiometric test frequency (Test Freq). Predicted means (Fit) are provided with lower and upper bounds of the 95% confidence interval (Lower, Upper).
	Total Loss (%) 
	Test Freq (Hz) 
	Fit 
	Lower 
	Upper 

	10
	250
	24.09 
	8.99 
	39.20 

	20
	250
	30.24 
	17.71 
	42.78 

	30
	250
	36.39 
	25.80 
	46.98 

	40
	250
	42.54 
	32.89 
	52.20 

	50
	250
	48.69 
	38.68 
	58.70 

	60
	250
	54.84 
	43.29 
	66.39 

	70
	250
	60.99 
	47.11 
	74.86 

	80
	250
	67.14 
	50.48 
	83.80 

	90
	250
	73.29 
	53.57 
	93.00 

	100
	250
	79.43 
	56.50 
	102.37 

	10
	500
	25.61 
	10.53 
	40.70 

	20
	500
	32.15 
	19.65 
	44.66 

	30
	500
	38.69 
	28.14 
	49.25 

	40
	500
	45.24 
	35.63 
	54.84 

	50
	500
	51.78 
	41.81 
	61.74 

	60
	500
	58.32 
	46.82 
	69.82 

	70
	500
	64.86 
	51.03 
	78.69 

	80
	500
	71.40 
	54.78 
	88.02 

	90
	500
	77.94 
	58.26 
	97.62 

	100
	500
	84.48 
	61.58 
	107.38 

	10
	1000
	28.33 
	13.25 
	43.41 

	20
	1000
	35.22 
	22.71 
	47.72 

	30
	1000
	42.10 
	31.55 
	52.65 



Supplementary Table 2.1 (Continued)

	Total Loss (%) 
	Test Freq (Hz) 
	Fit 
	Lower 
	Upper 

	40
	1000
	48.99 
	39.38 
	58.59 

	50
	1000
	55.87 
	45.91 
	65.83 

	60
	1000
	62.76 
	51.26 
	74.26 

	70
	1000
	69.64 
	55.82 
	83.47 

	80
	1000
	76.53 
	59.91 
	93.15 

	90
	1000
	83.42 
	63.74 
	103.10 

	100
	1000
	90.30 
	67.40 
	113.20 

	10
	2000
	27.04 
	11.95 
	42.12 

	20
	2000
	34.54 
	22.03 
	47.04 

	30
	2000
	42.04 
	31.49 
	52.59 

	40
	2000
	49.54 
	39.93 
	59.15 

	50
	2000
	57.04 
	47.08 
	67.01 

	60
	2000
	64.54 
	53.05 
	76.04 

	70
	2000
	72.05 
	58.22 
	85.87 

	80
	2000
	79.55 
	62.93 
	96.17 

	90
	2000
	87.05 
	67.37 
	106.73 

	100
	2000
	94.55 
	71.65 
	117.45 

	10
	4000
	45.02 
	29.94 
	60.10 

	20
	4000
	49.83 
	37.32 
	62.34 

	30
	4000
	54.64 
	44.08 
	65.19 

	40
	4000
	59.45 
	49.84 
	69.05 

	50
	4000
	64.25 
	54.29 
	74.22 

	60
	4000
	69.06 
	57.56 
	80.56 

	70
	4000
	73.87 
	60.04 
	87.70 

	80
	4000
	78.68 
	62.06 
	95.30 
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	90
	4000
	83.49 
	63.81 
	103.17 

	100
	4000
	88.30 
	65.40 
	111.20 

	Total Loss (%) 
	Test Freq (Hz) 
	Fit 
	Lower 
	Upper 

	10
	8000
	54.73 
	39.33 
	70.14 

	20
	8000
	58.96 
	46.16 
	71.75 

	30
	8000
	63.18 
	52.38 
	73.98 

	40
	8000
	67.40 
	57.60 
	77.19 

	50
	8000
	71.62 
	61.54 
	81.69 

	60
	8000
	75.84 
	64.28 
	87.39 

	70
	8000
	80.06 
	66.21 
	93.91 

	80
	8000
	84.28 
	67.65 
	100.91 

	90
	8000
	88.50 
	68.81 
	108.19 

	100
	8000
	92.72 
	69.80 
	115.63 





Supplementary Table 2.2. Summary of contrasts between audiometric test frequency-specific predictions for the model depicted in Figure 2.4. SE, standard error; df, degrees of freedom. P-value adjusted by sequential Bonferroni method for 15 tests.

	Contrast
	Estimate
	SE
	df
	t-ratio
	p-value

	250-500
	-2.79
	3.61
	141.05
	-0.774
	0.8810

	250-1000
	-6.62
	3.61
	141.05
	-1.836
	0.3421

	250-2000
	-7.32
	3.61
	141.05
	-2.030
	0.3094

	250-4000
	-16.59
	3.61
	141.05
	-4.599
	0.0001

	250-8000
	-24.02
	3.72
	141.05
	-6.449
	<.0001

	500-1000
	-3.83
	3.57
	140.99
	-1.074
	0.8546

	500-2000
	-4.53
	3.57
	140.99
	-1.270
	0.8253

	500-4000
	-13.80
	3.57
	140.99
	-3.865
	0.0017

	500-8000
	-21.23
	3.69
	141.08
	-5.756
	<.0001

	1000-2000
	-0.70
	3.57
	140.99
	-0.196
	0.8810

	1000-4000
	-9.97
	3.57
	140.99
	-2.791
	0.0538

	1000-8000
	-17.39
	3.69
	141.08
	-4.717
	0.0001

	2000-4000
	-9.27
	3.57
	140.99
	-2.595
	0.0836

	2000-8000
	-16.69
	3.69
	141.08
	-4.527
	0.0001

	4000-8000
	-7.43
	3.69
	141.08
	-2.014
	0.3094





Supplementary Table 2.3. Summary of predictions for model depicted in Figure 2.5 by total neuronal loss (Total Loss %) and audiometric test frequency, grouped by category (Low/High). Predicted means (Fit) are provided with lower and upper bounds of the 95% confidence interval for slope (Lower, Upper).
	Total Loss (%)
	Low/High
	Fit 
	Lower 
	Upper 

	10
	Low
	26.31 
	12.72 
	39.90 

	20
	Low
	33.08 
	21.83 
	44.33 

	30
	Low
	39.85 
	30.38 
	49.33 

	40
	Low
	46.63 
	38.01 
	55.24 

	50
	Low
	53.40 
	44.46 
	62.34 

	60
	Low
	60.17 
	49.83 
	70.51 

	70
	Low
	66.95 
	54.49 
	79.40 

	80
	Low
	73.72 
	58.73 
	88.70 

	90
	Low
	80.49 
	62.74 
	98.25 

	100
	Low
	87.27 
	66.60 
	107.93 

	10
	High
	49.41 
	35.21 
	63.61 

	20
	High
	53.98 
	42.21 
	65.75 

	30
	High
	58.56 
	48.64 
	68.48 

	40
	High
	63.13 
	54.12 
	72.15 

	50
	High
	67.71 
	58.38 
	77.04 

	60
	High
	72.29 
	61.52 
	83.05 

	70
	High
	76.86 
	63.92 
	89.81 

	80
	High
	81.44 
	65.87 
	97.01 

	90
	High
	86.01 
	67.57 
	104.45 

	100
	High
	90.59 
	69.13 
	112.06 





Supplementary Table 3.2.1. List of 405 genes significantly expressed in VSs compared to control nerves after Bonferroni correction for multiple hypothesis testing, analyzed in Ingenuity Pathway Analysis software (Qiagen).

	A2ML1
	AAED1
	ABCA13
	ABCC9
	ABHD17C
	ACKR1

	ADAM23
	ADH1B
	ADH1C
	ADIRF
	ADRBK2
	AGA

	AHR
	AKR1C1
	ALDH1A1
	ALLC
	ALPL
	ANPEP

	ANXA1
	ANXA5
	ANXA8
	ANXA9
	APH1A
	APH1B

	APOBEC3C
	ARHGEF6
	ARL4D       
	ARPC1B      
	ARPC3       
	ASIP        

	ASS1        
	ATP8B4      
	AVIL        
	AZI2        
	BDKRB1      
	BEGAIN      

	BIRC7       
	BNC2        
	C10orf11    
	C12orf5     
	C19orf33    
	C20orf194   

	C2orf47     
	C3AR1       
	C3orf38     
	C4orf33     
	C5orf15     
	CACNA1H     

	CADPS       
	CALCA       
	CASP1       
	CAV1        
	CCND1       
	CCND2       

	CCPG1       
	CD177       
	CD53        
	CD74        
	CD86        
	CDC14B      

	CDH2        
	CDK6        
	CDKN2A      
	CDO1        
	CENPV       
	CGGBP1      

	CHGA        
	CHP2        
	CHPF        
	CLDN1       
	CLDN20      
	CLTCL1      

	CMC1        
	CMTM3       
	CMTM6       
	CNPY3       
	CNTN3       
	COL23A1     

	COTL1       
	CPQ         
	CRABP1      
	CSF1R       
	CSF2RA      
	CTRB2       

	CXCL2       
	CXorf38     
	CXorf57     
	CYBA        
	CYP4B1      
	CYP4X1      

	DBR1        
	DCK         
	DEGS1       
	DEPDC1B     
	DGAT2       
	DNASE2      

	DSCAML1     
	DUSP6       
	EBF1        
	EBF2        
	EBPL        
	EGFL7       

	ELAVL2      
	ELAVL4      
	ENPP6       
	EPB41L3     
	ERMAP       
	ETV4        

	EVI2B       
	EXOC8       
	FAIM2       
	FAM107A     
	FAM110D     
	FAM129A     

	FAM198A     
	FAM198B     
	FAM212A     
	FAM21A      
	FAM21C      
	FCGR1A      

	FCGR2B      
	FDFT1       
	FGF18       
	FHDC1       
	FMNL3       
	FOXC1       

	FOXC2       
	FOXD1       
	FOXD2       
	FRMD4A      
	FYB         
	GAL         

	GALNT18     
	GAPT        
	GCAT        
	GFPT2       
	GFRA3       
	GIMAP2      

	GLI1        
	GLIPR1      
	GLRB        
	GNG3        
	GNG4        
	GPR162      

	GPR34       
	GPR4        
	GPRC5A      
	GPX1        
	GPX7        
	GSAP        

	GTF2IRD2    
	GTF3A       
	HEPN1       
	HIF3A       
	HLA-B       
	HLA-C       

	HLA-DMA     
	HLA-DMB     
	HLA-DPA1    
	HLA-DQA1    
	HLA-DRB1    
	HOXB3       

	HOXB4       
	HOXC5       
	HSD11B1     
	HSF4        
	HTRA2       
	ID1         

	IFIT2       
	IL17RB      
	INPPL1      
	INSIG1      
	IQCA1       
	IRX3        

	ITGA10      
	ITGAM       
	ITPA        
	KAZN        
	KCNA1       
	KCNIP3      

	KCNJ8       
	KCTD12      
	KIAA1033    
	KIAA1462    
	KIR2DS2     
	KLF5        

	KLF8        
	KLHL5       
	KLK1        
	KLK7        
	KRT14       
	KRT19       

	KRTAP1-1    
	KRTAP4-2    
	KRTAP4-5    
	KRTAP9-4    
	LACTB       
	LAMTOR2     

	LARP6       
	LCN2        
	LGALS9      
	LGI1        
	LGI2        
	LGI3        


Supplementary Table 3.2.1 (Continued)
	LGR5        
	LHFPL2      
	LMO7        
	LOXL3       
	LPCAT2      
	LRRN4CL     

	LY86        
	LYPD1       
	M6PR        
	MAN2A1      
	MANBA       
	MAPK8IP2    

	1-Mar
	MARCKS      
	MEF2A       
	MEOX2       
	MFAP5       
	MFSD11      

	MGAT4B      
	MIF4GD      
	MLLT4       
	MLPH        
	MMP14       
	MOXD1       

	MS4A6A      
	MTMR10      
	MYBL1       
	MYOF        
	NCALD       
	NCSTN       

	NEFH        
	NKD1        
	NNT         
	NPAT        
	NRAS        
	NTM         

	NTRK1       
	NUDT6       
	NUMBL       
	OLFML3      
	ONECUT2     
	OPN3        

	ORM1        
	OSBPL11     
	P2RY13      
	P2RY2       
	PALLD       
	PALM3       

	PALMD       
	PAQR5       
	PARP8       
	PARP9       
	PCDH11X     
	PDGFB       

	PDGFD       
	PDGFRL      
	PDZRN4      
	PEAR1       
	PELO        
	PHF11       

	PI16        
	PIGB        
	PIRT        
	PLA2G2A     
	PLA2G4A     
	PLCB4       

	PLD4        
	PLEKHF2     
	PLEKHH2     
	PLXNB1      
	POU4F1      
	PPP1R14A    

	PPP1R1A     
	PRCP        
	PRELP       
	PREX1       
	PRICKLE1    
	PRKAG1      

	PROS1       
	PRSS23      
	PRSS3       
	PTH1R       
	PTPN20B     
	PYCARD      

	PYGL        
	PYROXD1     
	QSOX1       
	RAB11FIP5   
	RAB31       
	RAB9A       

	RAI2        
	RAMP1       
	RANBP9      
	RASGEF1C    
	RASL11B     
	RASSF4      

	REC8        
	RECQL       
	REEP1       
	RELL1       
	RFX5        
	RNASE6      

	RNASET2     
	RP2         
	RPRM        
	RRAGC       
	RUNDC3B     
	RUNX1T1     

	RYR3        
	S100P       
	SAMD5       
	SCGN        
	SELPLG      
	SERTM1      

	SH3BP2      
	SHROOM1     
	SIPA1       
	SIX1        
	SLC15A3     
	SLC17A6     

	SLC22A2     
	SLC22A3     
	SLC25A48    
	SLC27A6     
	SLC2A1      
	SLC35E3     

	SLC43A1     
	SLC7A2      
	SLCO1C1     
	SLFN12      
	SLPI        
	SMG8        

	SMYD2       
	SNCG        
	SNED1       
	SORL1       
	SOX7        
	SOX9        

	SPAG5       
	SPTBN5      
	SPTLC3      
	SRR         
	SSTR2       
	ST3GAL6     

	STEAP2      
	STMN2       
	STS         
	STXBP6      
	SULT4A1     
	SYK         

	SYNGR3      
	TAGLN       
	TAGLN3      
	TBCC        
	TCEAL2      
	TGFB1       

	TGFBR2      
	THBS2       
	TJP2        
	TLE2        
	TM6SF1      
	TMEM132C    

	TMEM132E    
	TMEM135     
	TMEM140     
	TMEM176A    
	TMEM176B    
	TMEM19      

	TMEM35      
	TMEM65      
	TMEM74B     
	TMOD2       
	TMTC1       
	TNNT2       

	TREM2       
	TSHZ2       
	TSKU        
	TTI2        
	TUBA4A      
	TUBB2B      

	TWIST1      
	TYROBP      
	UAP1        
	UNC13A      
	UPRT        
	USP9X       

	VEGFB       
	VGF         
	VTI1B       
	WNK2        
	WWP1        
	XKR4        

	ZDHHC4      
	ZDHHC7      
	ZFP69       
	ZNF211      
	ZNF22       
	ZNF385D     

	ZNF431      
	ZNF684      
	ZSWIM6 
	
	
	








Supplementary Figure 4.1.1. Ingenuity Pathway Analysis (Qiagen highlights mifepristone as a significant upstream regulator of predicted regulatory networks generated after the analysis of all genes in the 80-tumor meta-analysis that were identified as significantly differentially regulated after Bonferroni correction for multiple hypothesis testing (p=4.26*10-5; see Supplementary Table 3.2.1). Dotted lines, theorized relationships; solid lines, known relationships.



Supplementary Figure 4.1.2. Flow cytometry for annexin V/propidium iodide staining and terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay reveal no significant differences in the apoptotic cell fraction or phase of cell cycle in mifepristone-treated cells versus vehicle-treated controls. A, Annexin V and propidium iodide labeling of HEI-193 cells treated with 35 μM mifepristone for 72 h reveals a slight but not significant increase in early apoptotic cells as compared to vehicle-treated controls (quantified in C). B, cell cycle analysis exhibits no significant differences in phase of cell cycle after 72 h mifepristone treatment (quantified in D). E-H, TUNEL assay reveals no statistically significant difference between the number of TUNEL-positive cells in the mifepristone-treated and vehicle-treated conditions (representative results; experiment repeated three times in duplicate, quantifying 
Supplementary Figure 4.1.2 (Continued)
three fields of view per treatment condition): E, DNAse-treated positive control; F, TUNEL stain on cells treated with 0.1% DMSO vehicle; G, TUNEL stain on cells treated with 35 μM mifepristone for 72 h.; green, TUNEL; blue, Hoechst stain; red, rhodamine phalloidin. H, quantification of TUNEL assay (n=3).











Supplementary Figure 4.1.3. Enzyme-linked immunosorbent assay (ELISA) on conditioned cell culture medium collected from HEI-193 cells treated with 35 μM mifepristone and 0.1% DMSO vehicle (n=6 from mifepristone-treated cells, 2 from vehicle-treated cells). Mifepristone-treated cells showed an increase in progesterone in culture medium, suggesting that the drug is effectively competing with progesterone for receptor binding (two-tailed unpaired T test, p=0.08).

















Supplementary Figure 4.1.4. Four additional MRI scans of VS patients whose primary tumor cells were treated with mifepristone after surgical resection. White rectangles, VSs; scale bars, 20 mm.


Supplementary Table 4.2.1. Patient demographic and tumor-relevant clinical information. VS, vestibular schwannoma (numbering consistent with main text figures); *, neurofibromatosis type 2 (NF2) patient; PTA, pure tone average; WR, word recognition score, measured as percent correct; ipsi, measured from ear ipsilateral to VS; contra, measured from ear contralateral to VS; longest lin dim, longest linear dimension of tumor, measured in mm; NT, not tested; NA, no clinical data made available to researchers. 

	VS
	Sex
	Age
	PTA (ipsi)
	WR % (ipsi)
	PTA (contra)
	WR % (contra)
	Longest Lin Dim (mm)

	*1
	F
	29
	32
	>90
	32
	>90
	30

	2
	F
	44
	35
	86
	35
	86
	25

	3
	F
	74
	5
	>92
	8
	98
	29

	4
	F
	51
	0
	>92
	22
	92
	19

	*5
	F
	18
	NT
(deaf)
	NT (deaf)
	2
	98
	29

	6
	F
	60
	NA
	NA
	NA
	NA
	NA

	7
	M
	60
	45
	54
	20
	92
	22

	8
	NA
	NA
	NA
	NA
	NA
	NA
	NA

	9
	NA
	NA
	NA
	NA
	NA
	NA
	NA

	10
	NA
	NA
	NA
	NA
	NA
	NA
	NA

	11
	M
	50
	35
	22
	10
	100
	25

	12
	M
	40
	50
	18
	13
	94
	40

	13
	M
	29
	40
	48
	20
	98
	23

	14
	F
	70
	>100 (deaf)
	NT (deaf)
	10
	96
	29

	15
	F
	46
	80
	NT (deaf)
	15
	100
	10

	16
	M
	70
	30
	62
	15
	88
	37

	17
	M
	52
	78
	0
	17
	95
	12

	18
	F
	54
	8
	96
	5
	98
	24

	19
	M
	54
	23
	92
	3
	98
	11

	20
	F
	52
	65
	48
	22
	100
	22

	21
	F
	48
	28
	50
	15
	92
	30

	22
	M
	61
	33
	88
	15
	98
	10

	23
	M
	81
	NT (deaf)
	NT (deaf)
	NT (deaf)
	NT (deaf)
	33

	24
	F
	70
	18
	98
	5
	100
	15
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	25
	F
	47
	30
	60
	10
	96
	15

	*26
	F
	21
	95
	NT (deaf)
	NT (deaf)
	NT (deaf)
	34
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Supplementary Figure 4.2.1. Available MRI scans from 20 of 26 VS patients with tumors used in this study. Numbers correspond to those provided in main text figures and to clinical information presented in Supplementary Table 1. T1 weighted scans with contrast are provided wherever available. Tumors avidly take up contrast and appear bright. Scans for VS 5 and VS 15 were performed without contrast dye due to patient intolerance. 
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