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The tumour immune microenvironment
is enriched but suppressed in vestibular

schwannoma compared to meningioma:
therapeutic implications for NF2-related

schwannomatosis
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Abstract

Currently there are no therapeutic agents that are effective against both vestibular schwannoma and meningioma,
the two most common tumour types affecting patients with the rare tumour predisposition syndrome NF2-
related schwannomatosis. This study aimed to characterise the similarities and differences in the tumour immune
microenvironments of meningioma and vestibular schwannoma to identify potential therapeutic targets viable

for both tumour types. Publicly available bulk Affymetrix expression data for both meningioma (n=22) and
vestibular schwannoma (n=31) were used to compare gene expression and signalling pathways, and deconvolved
to predict the abundance of the immune cell types present. Publicly available single cell RNA sequencing data

for both meningioma (n=6) and vestibular schwannoma (n=15) was used to further investigate specific T cell

and macrophage subtypes for their signalling pathways, gene expression, and drug targets for predicted drug
repurposing in both tumour types. Immune cells comprised a larger proportion of the vestibular schwannoma
tumour microenvironment compared to meningioma and included a significantly higher abundance of
alternatively activated macrophages. However, these alternatively activated macrophages, alongside other immune
cell subtypes such as CD8+T cells and classically activated macrophages, were predicted to be more active in
meningioma than vestibular schwannoma. Despite these differences, T cells and tumour associated macrophages
of both vestibular schwannoma and meningioma shared drug-target kinases amenable to drug repurposing

with Food and Drug Administration (FDA) drugs approved for other conditions. These include bosutinib,

sorafenib, mitoxantrone, and nintedanib which are yet to be clinically investigated for vestibular schwannoma or
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meningioma. Drug repurposing may offer an expedited route to the clinical translation of approved drugs effective
for treating both meningioma and vestibular schwannoma to benefit NF2-related schwannomatosis patients.

Keywords NF2, NF2-related schwannomatosis, Tumour microenvironment, Inflammation, Vestibular schwannoma,
Meningioma, Skull base neoplasm, Tumour associated macrophages, CD8 T cells, TAM

Introduction

The rare tumour predisposition syndrome NF2-related
schwannomatosis (NF2-SWN) is characterised by the
development of multiple central and peripheral nervous
system tumours. Over 95% of those with NF2-SWN
develop bilateral vestibular schwannoma (VS), which are
neoplasms formed of over-proliferating Schwann cells
in the eighth cranial nerve [35]. Additionally, NF2-SWN
patients have a lifetime incidence of around 80% for
meningioma, developing from tumourigenic arachnoid
cap or dural border cells of the meningeal membranes
[14, 35, 42].

With heterogeneity in the natural history of NF2-
SWN, its symptomatic presentation is also highly varied
and related to genetic severity [18]. Patients commonly
experience sensorineural hearing loss, tinnitus, ver-
tigo, and balance dysfunction due to the presence of VS
tumours, alongside less frequent symptoms from addi-
tional tumour burden such as seizures, weakness and
wasting, pain, and loss of vision [11, 35]. Despite this,
management options for people with NF2-SWN are cur-
rently limited to monitoring by MRI, surgical excision,
radiotherapy, and for some cases, the off-label use of the
anti-angiogenesis drug, bevacizumab [28, 36, 39], and
more latterly a potential role for brigatinib in NF2-related
meningioma [37]. However, there are no approved drug
options available to these patients and, for reasons yet
to be fully understood, bevacizumab is ineffective for
meningioma treatment [27, 33]. Therefore, there is an
urgent need to identify new therapeutic targets for the
treatment of NF2-SWN patients, especially using agents
that are effective across the different tumour-types.

The majority of studies co-investigating VS and menin-
gioma have focussed on therapeutic testing in vitro, in
vivo, and in clinical trials without first investigating simi-
larities and differences between these tumour types [6,
21, 31, 43]. The few studies that have directly assessed VS
and meningioma indicate similarities in NF2 gene patho-
genic variants and in gene expression related to angio-
genesis and tumour suppression (PDGFD, CDHI and
SLIT2) [30, 48]. Despite the increasing evidence of the
role of immune cells in both meningioma and VS growth,
[14, 19, 38, 50] as of yet no studies have compared the
tumour immune microenvironments of meningioma and
VS.

This study directly evaluated the similarities and differ-
ences between VS and meningioma, with a focus on the
immune compartment of the tumour microenvironment.

Utilising publicly available bulk and single cell transcrip-
tomic datasets, this study provides a foundation for the
pre-clinical testing of 10 FDA and National Institute for
Health and Care Excellence (NICE)-approved therapeu-
tics for the treatment of both meningioma and VS, with
the potential for fast-tracking to the clinic as valuable
NF2-SWN treatments.

Materials and methods

Affymetrix microarray data

For controls, VS, and meningioma samples, publicly
available Affymetrix microarray data from GSE54934
were extracted from Gene Expression Omnibus (GEO).
Clinical information on patient samples are found in
Supplementary Table 1, the GSE54934 GEO repository
and associated publication [49]. Microarray data pre-
processing required performing Robust Multichip/multi-
array Analysis (RMA) using the R Bioconductor package,
‘affycoretools’ with subsequent annotation using the
U219 array database ‘pd.hugene.1.0.st.v1’ [7, 29]. Differ-
ential gene expression analysis was conducted in R using
the ‘limma’ package with empirical Bayes to analyse six
groups: control vestibular and eighth cranial nerve n=2,
VS tissue (sporadic n=28 and NF2-SWN # =3), control
meningeal tissue # =3, and meningioma tissue (sporadic
n =20 of which n =18 World Health Organisation (WHO)
grade 1 and n=2 WHO grade 2, and NF2-SWN WHO
grade 1 meningioma n=2) [40]. The Benjamini—-Hoch-
berg method was used to control p for false discovery
rate (FDR) [5]. Differentially expressed genes (DEG) were
considered when the FDR-adjusted p<0.01 with a fold
change of>2 or <-2. Principal component analysis (PCA)
was performed on all six groups. Where multiple probes
were present for each gene the expression was averaged
to reduce probe set variation per case. Hierarchical clus-
tering of the six groups by relative mean gene expression
used one minus Pearson’s correlation.

Affymetrix gene expression deconvolution

To deconvolve the bulk Affymetrix gene expression data
into predicted immune cell proportions, CIBERSORTx
was utilised on meningioma and VS (including both spo-
radic and NF2-SWN cases) [34, 44]. The validated LM22
signature matrix for the tumour immune microenviron-
ment was applied to the annotated Affymetrix RMA gene
expression data for GSE54934 in transcripts per million
[8]. Batch correction was enabled in ‘bulk mode’ in abso-
lute at 1000 permutations, using the associated LM22
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Fig. 1 Vestibular schwannoma have more immune rich gene expression profiles than meningioma. Data acquired from GSE54934 from Gene Expression
Omnibus. A Volcano plots of differentially expressed genes (DEG) between VS (sporadic n=28 and NF2 n=3) and control vestibular nerve (n=2) or me-
ningioma (sporadic n=20 and NF2 n=2) and control meningeal tissue (n=3). DEGs defined as p <0.01 with fold change of <-2 or > 2. B Co-overexpressed
or co-underexpressed genes in VS and meningioma versus their respective control tissues. C Principal component analyses (PCA) for gene expression
dimensionality reduction displaying all VS, meningioma and control samples. D Volcano plot of DEGs from direct meningioma and VS comparison. E The
number of significant signalling pathways identified in VS or meningioma compared to nerve, or VS and meningioma direct comparison using Ingenuity
Pathway Analysis (IPA). p < 0.05. F Gene expression associated with immune profile, macrophage, inflammatory profile, T cell, and metabolism determined
using IPA and literature search. One-minus Pearson correlation for hierarchical clustering. Genes named by Human Gene Nomenclature. Abbreviations:

meningioma (Men.), vestibular schwannoma (VS), sporadic (Sp.), control (Ctrl), principal component (PC), not significant (NS)

Source Gene Expression Profile (GEP) file. Relative abun-
dance for each cell type was compared between menin-
gioma and VS cases. The normality of distribution of the
data were determined by Shapiro—Wilk test, followed by
Mann—Whitney U test with Benjamini—Hochberg adjust-
ment to control for FDR. Statistical significance was con-
sidered when the FDR-corrected p <0.05.

Single cell RNA sequencing data

Publicly available single-cell RNA sequencing (RNA-seq)
data from six sporadic meningioma (=2 WHO grade
1, n=3 grade 2, and n=1 grade 3) and 15 sporadic VS
were obtained from GEO repositories GSE183655 and
GSE216783 respectively, where patient clinical infor-
mation is described in Supplementary Table 1 and can
be found in the GEO repositories and associated publi-
cations [4, 10]. Data were pre-processed using python
package Scanpy to compute per-cell and per-gene qual-
ity control to remove cells of poor quality and doublets,
leaving mitochondrial genes in the data to help identify
changes in mitochondrial function (however, poor qual-
ity cells with>20% mitochondrial gene expression were
removed) [51]. Data were normalised with log plus one
transformation, with PCA for dimensionality reduction
on the top 1500 highly variable genes, and Python pack-
age Harmonypy was utilised for dataset integration batch
correction by individual sample [23].

Unsupervised Leiden clustering defined 19 cell clus-
ters in the normalised dataset. These were condensed or
further subclustered into biological cell types annotated
according to semi-supervised naming by DecoupleR
package, using Over Representation Analysis and Rank
Genes Groups (RGG) to indicate cell type by the top 5%
of genes expressed [3]. Final annotated cell type clusters
were visualised by Uniform Manifold Approximation and
Projection (UMAP). RGG was employed using the Wil-
coxon method with Benjamini—-Hochberg FDR adjust-
ment for single cell-based DEG analysis of genes between
meningioma and VS cell types of interest, namely macro-
phages and T cells. DEGs were determined when p <0.05
with fold change of<-2 or>2. Relative abundance of cell
types was compared between meningioma and VS using
Shapiro Wilk normality test followed by Mann—Whitney
U test with Benjamini-Hochberg adjustment, where sig-
nificance was determined at p<0.05. Pseudo-bulk data

of meningioma T cells, meningioma macrophages, VS
T cells or VS macrophages was generated per single cell
RNA-seq sample, with PCA computed, and pseudo-bulk
DEG analysis completed using DESeq2 package applying
the Wald test with Benjamini-Hochberg FDR adjustment
with significance when p<0.05 with fold change of<-2
or=2.

Ingenuity pathway analysis

FDR-adjusted p for DEG lists with their absolute fold-
changes were loaded into Ingenuity Pathway Analysis
(IPA) (Qiagen) for Affymetrix and pseudo-bulk data.
The defaults for the ‘Core analysis’ function were applied
to retrieve significantly dysregulated canonical path-
ways and pathway categories enriched in VS or menin-
gioma against their control tissues from Affymetrix, as
well as the direct comparison between pseudo-bulk VS
and meningioma for T cells and macrophages according
to the Ingenuity Pathway Knowledge Base (IPKB). The
‘Analysis Match’ function was used for drug repurposing
hypothesis generation by filtering for the Library of Inte-
grated Cellular Signatures (LINCS) program for drug/
control expression data. LINCS data was sorted by lowest
z-score compared to sporadic VS/control and sporadic
meningioma/control to identify FDA/NICE approved
drugs from the top 200 LINCS studies that were pre-
dicted to induce gene expression changes that could
revert VS and meningioma toward the gene expression
of their control tissues. Direct chemical-protein inter-
actions between significantly different (Wald test with
Benjamini-Hochberg FDR adjustment p<0.05 with fold
change<-2 or=2) and non-significantly different IPA-
annotated kinases and the list of FDA/NICE approved
drugs according to the IPKB were established.

Results

Vestibular schwannoma exhibit stronger immune-based
gene signatures than meningioma

Initially the GSE54934 dataset was used to investi-
gate similarities and differences in bulk gene expression
between VS and meningioma, which contained n=28
sporadic VS, n=3 NF2-SWN VS and n=2 control ves-
tibular nerve as well as #n=20 sporadic meningioma,
n=2 NF2-SWN meningioma and n=3 control menin-
geal tissue (clinical characteristics by sample are found in
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Supplementary Table 1). DEGs were identified between
the tumour samples and their control tissues (vestibular
nerve and meningeal tissue, respectively) (Fig. 1A). DEG
analysis identified 250 and 68 significantly overexpressed
genes in the VS and meningioma tumour samples
respectively compared to their control tissues, includ-
ing six significantly co-overexpressed genes: COLIA,
ERBB2, SLFN12, SLIT2, PDGFD and CDH1I (Fig. 1A, B,
and Supplementary Table 2). Additionally, when com-
pared against their control tissues, VS and meningioma
had 727 and 794 significantly under-expressed genes
respectively, including 175 overlapping significantly co-
underexpressed genes (Supplementary Table 2). These
significantly co-over and co-underexpressed genes indi-
cated similarities in meningioma and VS verses their
control tissues as these genes were enriched in pathways
involved in cellular stress, neuronal/nervous system sig-
nalling, growth factor signalling, and growth, prolifera-
tion, and development (Supplementary Table 3).

Next, a direct comparison of the bulk gene expression
signatures between meningioma and VS tumours was
completed. Overall, meningioma and VS samples clus-
tered separately by principal component 1 on PCA indi-
cating identifiable gene expression differences between
the two tumour types (Fig. 1C), with a total of 1932 (5%)
significant DEGs between meningioma and VS relating
to 179 significantly different IPA pathways (Fig. 1D, E).
The top three IPA pathways significantly dysregulated
between meningioma compared to VS were associated
with axonal guidance, myelination, and fibrosis (Supple-
mentary Fig. 1).

However, similarities remained between meningioma
and VS including the 18,072 genes (95%) that were not
significantly differentially expressed between the two
tumour types (Fig. 1D). There were 37 IPA pathways
significantly dysregulated in the tumours when com-
pared against their control tissues, but importantly these
were not significantly different when directly comparing
meningioma and VS (Fig. 1E and Supplementary Fig. 2).
These represented pathways that may be amenable to
drug targeting effective for both meningioma and VS and
include apelin and G protein-coupled receptor signalling,
calcium and neurotransmitter signalling, nitric oxide sig-
nalling, adherens junction remodelling, and vesicle trans-
port (Supplementary Fig. 2).

To investigate specific immune microenvironment-
related genes, the bulk expression of genes of inter-
est between meningioma, VS and their control tissues
were assessed in Fig. 1F. NF2-SWN and sporadic cases
of each tumour type showed overall similar profiles in
the expression of the immune microenvironment genes.
Differences in the expression of genes relating to innate
immunity (such as NLRP3, IL-18 and IL-1B) between
meningioma and VS were identified, with VS having a
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more immune-rich, inflammatory profile than menin-
gioma overall (Fig. 1F). Despite this, there was a noted
increase in FOXP3 expression in meningioma compared
to the control tissues and VS tumours, and genes associ-
ated with T cell exhaustion in VS (TOX and TCF?).
Together, these data indicated similarities between
NF2-SWN meningioma or VS with their sporadic coun-
terparts, as well as similarities in cellular growth and
proliferation between meningioma and VS overall when
compared against their control tissues. However, differ-
ences between meningioma and VS were identified in the
tumour microenvironment relating to fibrosis, myelina-
tion, innate inflammation, and T cell activation states.

VS are composed of a larger immune compartment than
meningioma

Bulk Affymetrix gene expression was deconvolved to pre-
dict the relative abundance of cells within the immune
compartment of VS and meningioma tumour microen-
vironments. Most of the predicted lymphoid populations
were significantly more abundant in the immune cell
compartment of meningioma compared to VS (plasma
cells, mast cells, natural killer (NK) cells and T cells). In
contrast, myeloid populations such as dendritic cells,
neutrophils, monocytes, and macrophages were pre-
dicted to be significantly increased in VS compared to
meningioma (Supplementary Figs. 3 and 4). T cells were
further subclassified based on their specific expression
profiles. CD4 T cells were predicted to make up signifi-
cantly more of the immune compartment of VS than
meningioma. However, T regulatory, CD8 and other T
cells were significantly increased within the meningioma
immune compartment compared to that of VS (Supple-
mentary Fig. 4). These data indicated that meningioma
and VS were enriched in different T cell subtypes. NF2-
SWN and sporadic forms of both tumour types showed
similar predicted abundance of immune cells from the
bulk deconvolution (Supplementary Fig. 4).

While bulk deconvolution was limited to the immune
compartment of the tumours (as per the use of the
validated, non-specific LM22 CIBERSORTx signa-
ture matrix) and could not consider the abundance of
tumour/stromal components, the use of single cell RNA-
seq overcomes this limitation by providing cell counts
and gene expression profiles at the single cell level. There-
fore, GSE216783 VS and GSE183655 meningioma datas-
ets were used to investigate similarities and differences in
single cell gene expression between VS and meningioma,
which contained n=15 sporadic VS (including n=12 VS
with known pathogenic variants in NF2), and n=6 spo-
radic meningioma (including #=3 meningioma with
22q loss), respectively (where full clinical characteristics
by sample are found in Supplementary Table 1). After
integrating and preprocessing the single cell RNA-seq
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GSE183655 meningioma and GSE216783 VS datasets
together, PCA revealed no distinct clustering of menin-
gioma from VS, indicating similarities in the overall
expression profiles of cells in the whole tumour microen-
vironments (Fig. 2A). The unique cell populations within
the tumour microenvironments of meningioma and VS
(visualised by UMAPs in Supplementary Fig. 5A), were
annotated with a combination of the semi-supervised
package DecoupleR and manually by common marker
genes from the literature and DecoupleR (Supplementary
Fig. 5B-C) [3]. Final integrated, annotated populations
were visualised by UMAP (Fig. 2B).

A B
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Average abundance of tumour/stromal components
(meningeal, Schwann, endothelial, fibroblasts and other
cells) and immune compartment (macrophages, T cells
and NK cells) was assessed for meningioma and VS
(Fig. 2C). The majority of the cells comprising menin-
gioma were neoplastic meninge-derived cells (52%)
referred to as “meningeal cells’, whereas only 19% of
the cells identified in the VS tumours were neoplas-
tic Schwann cells (Fig. 2C, D). No significant differ-
ences were noted in the abundance of endothelial cells
between the two tumour types, however VS contained a
significantly greater proportion of fibroblasts. Regarding
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Fig. 2 VSare composed of a larger immune compartment than meningioma. Single cell RNA sequencing data acquired from GSE183655 and GSE216783
from Gene Expression Omnibus containing meningioma (n=6) and VS samples (n=15), respectively. A Principal component analysis (PCA) of menin-
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types in meningioma and VS cases. Shapiro Wilk normality test followed by Mann-Whitney U test with Benjamini-Hochberg adjustment where signifi-
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Fig. 3 CD4+T-cells are activated and CD8+T-cells are suppressed in VS compared to meningioma. Single cell RNA sequencing data acquired from
GSE183655 and GSE216783 from Gene Expression Omnibus containing meningioma (n=6) and VS samples (n=15), respectively. A Principal component
analysis (PCA) of pseudo-bulk data of VS and meningioma samples'T cells. B DEG volcano plot of pseudo-bulk VST cells compared to meningioma T cells
where DEG were defined using the Wald test with Benjamini-Hochberg adjustment, significance as p < 0.05 and fold change > 2 or < 2. CUMAP of CD4 +,
CD8+and T regulatory (Treg) cells. D Relative abundance of T cell subtypes: CD4+, CD8+and Treg cells. Shapiro Wilk normality test followed by Mann-
Whitney U test with Benjamini—-Hochberg adjustment where significance was determined at p <0.05. E Top 10 significantly dysregulated IPA pathways
from pseudo-bulk VS CD4+, CD8+and Treg cells compared to meningioma. Abbreviations: Differentially expressed genes (DEG), meningioma (Men.),
vestibular schwannoma (VS), principal component (PC), not significant (NS), Ingenuity Pathway Analysis (IPA), no data available (ND)

the relative proportion of the immune compartments,
meningioma were composed of a smaller immune com-
partment (41%) than VS (74%) (Fig. 2C, D). In contrast,
immune cells (and specifically macrophages) primarily
comprised the bulk of the cells present in VS, signifi-
cantly more than in meningioma. The relative abundance
of tumour microenvironment cell types by individual
meningioma and VS samples in the GSE183655 and
GSE216783 datasets are shown in Supplementary Fig. 6.
Vestibular schwannoma and meningioma samples
were categorised by clinical information by GSE216783
and GSE183655 dataset authors Barrett (2024) [4] and
Choudhury and Raleigh (2022) [10] respectively, for skull
base location, 22q status, immune-enriched or other
meningioma subtype and sex. By cell type abundance,
meningioma subcategories were not significantly dif-
ferent from one another (Supplementary Fig. 7A-D: no
difference between skull base and non-skull base menin-
gioma, 22q+and 22q- meningioma, immune-enriched
and other methylation group meningioma, nor male
and female meningioma). Interestingly, when compar-
ing VS against categorised meningioma, the cell type
abundance of VS was more similar to immune-enriched
meningioma than other methylation group meningioma
(Supplementary Fig. 7C). When enumerating signifi-
cantly over- and under-expressed genes between VS and
categorised meningioma (Supplementary Fig. 8A-E), this
similarity was reinforced as there were fewer significant
DEGs between VS and immune-enriched meningioma
(2737 over- and 1588 under-expressed DEGs) compared
to VS versus other methylation group meningioma (4189
over- and 2195 under-expressed DEGs). After accounting
for inter-tumoural variation by removing DEGs that were
found between all VS and all meningioma, the top 10 sig-
nificant IPA signalling pathways that were enriched in the
remaining relevant DEGs (Supplementary Fig. 8D) were
established (Supplementary Table 4). These included
immune-relevant pathways related to cytokine storms,
Th1 and Th2 activation, neutrophil degranulation, classi-
cal activation of macrophages, and alternative activation
of macrophages which were upregulated in VS com-
pared to other methylation type meningioma. However,
immune-relevant pathways were not found in the top 10
IPA signalling pathways significantly different between
VS and immune enriched meningioma, instead find-
ing differences in cell cycle-relevant pathways (mitotic

prometaphase, metaphase, anaphase, checkpoints) thus
indicating more similarity in their immunological signal-
ling and tumour immune microenvironment.

VS CD4 +T cells are more active than in meningioma,
whereas VS CD8+T cells are less active

Due to the differences noted in T cell subtypes predicted
from the bulk data deconvolution, T cell subtypes were
explored in the single cell RNA-seq data in the first
instance. Firstly, gene expression dimensionality reduc-
tion by PCA of the total T cells revealed separation of
the meningioma and VS samples (Fig. 3A) indicating
differences in T cell global gene expression profiles. Fur-
thermore, there were 1259 significant DEGs (269 over-
expressed and 990 under-expressed) between the T cells
of VS compared to meningioma (Fig. 3B). Specific T
cell subtypes (CD4+, CD8+and Treg cells) in the inte-
grated meningioma-VS dataset were visualised by UMAP
(Fig. 3C). These populations were present in both menin-
gioma and VS tumours (Supplementary Fig. 9A). This
was confirmed when enumerating the relative abundance
of T cell subtypes in VS and meningioma, with significant
differences noted in CD8+ T cells (Fig. 3D). However, as
noted previously, the variability in the meningioma sam-
ples’ immune compositions was greater than that of the
VS likely due to the ‘immunogenic’ or tumour/stromal
subtypes of meningioma.

Interestingly, differences in the gene expression pro-
files between VS and meningioma in the subtypes of T
cells were identified, as well as in their significantly dys-
regulated signalling pathways. Notably, T regulatory
cells (Treg cells) in VS displayed significantly increased
expression of mitochondrial (MT-) related genes com-
pared to meningioma. Genes involved in protein synthe-
sis, transport, and RNA degradation were enriched in the
top 10 significantly under-expressed genes in VS CD4 +,
CD8 +and Treg cells compared to meningioma (Supple-
mentary Fig. 10). Interestingly, pathway analysis based on
DEGs revealed CD4+ T cells in VS compared to menin-
gioma were predicted to be significantly more active in
their signalling pathways, including those involved in
cell surface interactions, activation, and cytokine release
(Fig. 3E). In contrast, CD8+T cells showed a distinct
suppression in their signalling pathways in VS compared
to meningioma, including those pathways involved in cell
signalling, stress responses, and senescence.
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Fig. 4 VS classically activated TAMs and alternatively activated TAMs showed predicted suppression compared to meningioma TAMs. Single cell RNA
sequencing data from the macrophage cluster only, original data acquired from GSE183655 and GSE216783 from Gene Expression Omnibus containing
meningioma (n=6) and VS samples (n=15), respectively. A Principal component analysis (PCA) of pseudo-bulk data of VS and meningioma samples'mac-
rophages. B DEG volcano plot of pseudo-bulk VS macrophages compared to meningioma macrophages where DEGs were defined using the Wald test
with Benjamini-Hochberg adjustment, significance as p<0.05 and fold change >2 or < 2. C UMAP of myeloid subtypes: transitioning monocytes (trans.
monos.), classically activated TAMs (class. act. TAMs) and alternatively activated TAMs (alt. act. TAMs). D Relative abundance of transitioning monocytes,
classically activated TAMs, and alternatively activated TAMs between meningioma and VS. Shapiro Wilk normality test followed by Mann-Whitney U test
with Benjamini-Hochberg adjustment where significance was determined at * p <0.05, ** p<0.01. E Top 10 significantly dysregulated IPA pathways from
pseudo-bulk VS myeloid subtypes compared to meningioma. Abbreviations: Differentially expressed genes (DEG), meningioma (Men.), tumour associ-
ated macrophage (TAM), vestibular schwannoma (VS), principal component (PC), not significant (ns), Ingenuity Pathway Analysis (IPA), no data available

(ND)

Classically and alternatively activated TAMs in VS are less
active than in meningioma

From the single cell RNA-seq data, the macrophages of
meningioma and VS were also compared for their gene
expression, subtypes, and enriched signalling pathways.
Firstly, gene expression dimensionality reduction by PCA
of the macrophages revealed separate clustering of the
meningioma from the VS samples, thus indicating dif-
ferences in gene expression between the macrophages of
the two tumour types (Fig. 4A). This was confirmed with
DEG analysis revealing there were 3856 significant DEGs
(1430 overexpressed and 2426 under-expressed) between
the macrophages of VS compared to meningioma
(Fig. 4B). The myeloid subtypes (transitioning mono-
cytes, alternatively activated tumour associated macro-
phages (TAM), and classically activated TAMs) in the
meningioma-VS integrated dataset, which were found in
both the meningioma and VS samples, were visualised by
UMAP (Fig. 4C and Supplementary Fig. 9B).

When calculating the relative abundance of macro-
phage subtypes by activation states, there was no sig-
nificant difference between VS and meningioma for
transitioning monocytes and classically activated TAMs
(Fig. 4D). However, the tumour microenvironment of VS
contained a significantly higher relative abundance of
alternatively activated TAMs compared to meningioma
(p=0.003).

Differences in the gene expression profiles between
VS and meningioma in their macrophage subtypes
were identified, but also in their significantly dysregu-
lated signalling pathways. There was an overlap in five
of the top 10 significantly under-expressed genes and
two of the top 10 significantly overexpressed genes in
VS transitioning monocytes and VS alternatively acti-
vated TAMs compared to meningioma (Supplementary
Fig. 11). These seven similarly expressed genes (namely
RPL17, GABARAP, EEF1G, RNASEK, NME2, PTP4Al,
and FKBP2) are involved in protein synthesis, protein
transport, RNA degradation, ATP homeostasis, tyrosine
phosphate-driven signalling, and T cell immunosuppres-
sion. This strong overlap in significant gene expression
profiles indicated that the transitioning monocytes were
closer in functional activity to the alternatively activated

TAMs than the classically activated TAMs. However,
pathway analysis revealed that both classically and alter-
natively activated TAMs in VS compared to meningioma
were significantly less active in their signalling pathways
(Fig. 4E). As such, macrophages may have different func-
tions in meningioma and VS, with different influences on
their tumour microenvironments.

VS and meningioma share potential drug repurposing
candidates

Considering the common co-occurrence of VS and
meningioma tumours in NF2-SWN patients, repurposing
known FDA/NICE approved drugs that could be effec-
tive for both types of tumours would be highly valuable.
LINCS is a gene expression database for small mole-
cule-treated cell lines designed to characterise the gene
expression changes induced by specific drug treatments,
including FDA and NICE approved agents. By match-
ing the gene expression profiles of LINCS’s drug-treated
cells to the gene expression difference between a tumour
and its control tissue (by filtering on lowest IPA z-score),
potential therapeutics to revert tumours to a control tis-
sue state can be identified.

From the top 200 drug treatment LINCS studies with
the lowest IPA z-scores when compared against menin-
gioma/control and VS/control Affymetrix data, only 10
compounds were approved by FDA and NICE (Table 1).
Notably, nine of the 10 drugs primarily target kinases and
receptor tyrosine kinases (RTK) (with the exception of
mitoxantrone that targets topoisomerase) thus highlight-
ing kinases as potential therapeutic targets within VS and
meningioma amenable to drug repurposing. A number
of the 10 drugs have been or are currently under clini-
cal investigation for VS and meningioma in NF2-SWN
patients (crizotinib, lapatinib, and everolimus), sporadic
VS (crizotinib, lapatinib, and everolimus) and sporadic
meningioma (everolimus, trametinib, sunitinib, and gefi-
tinib) with trial information noted in Table 1. However,
there remains considerable potential for the validation
of the yet clinically untested drugs as potential VS and
meningioma treatments, as well as their potential impact
on the immune microenvironment.
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FDA/NICE drug Additional LINCS target(s) IPA z-score Clinical trials
names VS Meningioma NF2-SWN VS Meningioma
Crizotinib PF02341066, ALK, ROS1 -51.58 -44.1 NCT04283669 NCT04283669 None
Xalkori
Bosutinib SKI-606 RTKs -50.91 -36.92 None None None
Sorafenib BAY-439006, VEGFR, PDGFR, RAF  -50.83 -46.82 None* None None
Nexavar
Mitoxantrone CL-232325, Topo-isomerase -48.93 -39.64 None None None
DHAQ,
Novantron,
Novantrone
Nintedanib BIBF-1120, VEGFR, FGFR, PDGFR  -48.80 -51.58 None None None
Vargatef
Lapatinib GW-572016, HER2, EGFR -44.55 -46.14 NCT00863122 NCT00973739 None
Tykerb
Everolimus RADO001, mTOR -44.51 -39.18 NCT01345136, NCT01880749 NCT01880749,
Afinitor NCT01490476, NCT06126588*
NCT01880749, NCT02333565"
NCT01419639 NCT00972335*
Trametinib GSK-1120212,  MEK1, MEK2 -43.80 -35.35 None None NCT03631953*
JTP-74057 NCT03434262"
Sunitinib Sutent, RTKs -42.30 -37.94 None None NCT00589784
SU11248
Gefitinib /D1839, Iressa  EGFR -40.56 -39.00 None None NCT00025675

* Has been in Phase 0 study in NF2-SWN peripheral schwannoma EudraCT: 2011-001789-16

Clinical trial status: Active,Terminated, Completed
#Treatment in combination study

The presence and expression of drug-target kinases
that were specifically noted to have direct chemical-pro-
tein interactions with the 10 FDA/NICE-approved drugs
in IPA were investigated. There were 11 kinases that were
not significantly differently expressed between meningi-
oma and VS present in the T cells (RAF1, RET, PDGFRA,
SRC, STK24, CSK, MAP2K2, HCK, AXL, MSTIR, and
ERBB?2) (Fig. 5A). Additionally, there were eight kinases
that were not significantly differently expressed between
meningioma and VS present in the macrophages (LCK,
PDGFRB, FGFRI1, FLT1, CSK, MEK, MAP2K2, and
ERBB2) (Fig. 5B). Interestingly, three of these drug-
target kinases overlapped between T cells and macro-
phages, namely MAP2K2 (also named MEK?2), ERBB2
(also named HER2), and CSK. All the kinases presented
in Fig. 5 were known drug targets identified for 7/10 of
the FDA/NICE-approved drug repurposing candidates
noted in Table 1, with the exception of mitoxantrone
(which targets topoisomerase and is not known to tar-
get kinases), everolimus and gefitinib. As such, despite
everolimus being a highly investigated agent in NF2-
SWN, VS and meningioma tumours, from these analyses
in IPA there was no similarity in potential kinase targets
in meningioma and VS for everolimus.

Few drug-target kinases were significantly differently
expressed between meningioma and VS T cells and
macrophages. The T cells in meningioma showed five

additional drug-target kinases that were significantly
increased in expression compared to VS (CSFIR, LYN,
ABL, MAP2KI, and BRAF), whereas VS had only one
drug-target kinase, KDR (Fig. 5A). The macrophages in
meningioma had one drug-target kinase that was signifi-
cantly increased in expression compared to VS (FLT3),
whereas VS had two drug-target kinases, FGFR2 and
FGFR3 (Fig. 5B). As such, the overall strong similarities
of the expression of these drug-target kinases within the
T cells and macrophages of meningioma and VS types
may implicate kinases as potential targets to modulate
the immune tumour microenvironments of both tumour

types.

Discussion

The aim of this study was to address similarities and dif-
ferences between meningioma and VS to aid with ther-
apeutic repurposing for NF2-SWN patients who have
synchronous tumour burden. To address this, bulk and
single cell gene expression data were explored with a
particular focus on the immune compartment. Despite
having different tumourigenic cell origins (Schwann
or meninge-derived cells), the tumour microenviron-
ments of VS and meningioma presented similarities in
the broad types of immune cells present. However, VS
were composed of a proportionally larger immune com-
partment than meningioma and were found to contain



Gregory et al. Acta Neuropathologica Communications (2025) 13:256 Page 12 of 17

1
A [ Tcas || g ,
5 |
" Drug e
£ l
WV Kinase S |
= |
___IPAKnown = P
Interaction
r- 757 — r 7 \N"— T = — —/|— — A
P —— = = — = = 1 | sofafénib trametinib [
| | 4 !
| | MAP2K2 |
7 |
m I | |
L sTRe——sosilind |
l l l W‘/& l
L = = = = = = = .
| dant |
r— - — — — — R e . ’ |
géfitinib L&
= = MSFIR  ERBB2 '
é evefolimus | -g |
(] © |
b I |en
mitoxantrone | > crizotinib  lapatinib |
Lo 4 L a
B r—-— - - - - - - - - - - - - — 1
| Macrophages || [ !
g |
' Drug S FUT3 |
{ oo
¥ Kinase S |
= |
__ IPAKnown
- L e e e e e e e s e i e i e it ol
Interaction
r— - - - 7 - — —\ - = - - — — — 1
F— == - - - = 1 | |
! FGFR2 ! l nintédanib sorafénib fhitinib |
| | |
FGFR3 | | . |
| | | |
L — = = - < W . |
e T e 08k  MET ERBB2 MAPRK2 |
(0]
gefitinib s |
o) | ©
E= evefolimus | s : 1 PR |
= b bosuinib  crigofinib lagatinib trafetinib
< S |
mitoxantrone | L |
O T S p | B = = = = = = = e = = e = e = = |

Fig.5 TheT cells and macrophages of VS and meningioma share similar drug-target kinases. Pseudo-bulk from single cell RNA sequencing data from T
cells and macrophage clusters analysed in Ingenuity Pathway Analysis (IPA). Original data acquired from GSE183655 and GSE216783 from Gene Expres-
sion Omnibus containing meningioma (n=6) and VS samples (n=15), respectively. IPA connectivity map of significantly different (Wald test with Ben-
jamini-Hochberg FDR adjustment p <0.05 with fold change <-2 or>2) and non-significantly different kinases with 10 FDA/NICE approved drugs in AT
cells and B macrophages of VS and meningioma. Abbreviations: Meningioma (Men.), vestibular schwannoma (VS)
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more alternatively activated TAMs. Nevertheless, the
alternatively and classically activated TAMs in VS had
significant signalling pathway suppression compared
to meningioma. Interestingly, the activity of the signifi-
cant pathways in the specific T cell subtypes differed in
the two tumour types; CD4+ T cells displayed increased
activity, however CD8 + T cells were predicted to be sup-
pressed in VS compared to meningioma. Despite differ-
ences in their immune compartments, similarities were
identified in the kinases present in the immune cells of
meningioma and VS. Overall, these data indicate key
similarities and differences in the tumour microenviron-
ments of meningioma and VS which may shed light on
potential common therapeutic avenues to reduce tumour
growth.

As CD8+T cells were predicted to be more active in
meningioma than VS, this could mean meningioma are
more amenable to T cell targeted immunotherapy. Clini-
cal trials are currently underway for checkpoint inhibi-
tors in meningioma patients (nivolumab and ipilimumab;
NCT02648997, NCT03279692, and NCT03173950, pem-
brolizumab NCT03016091, avelumab NCT03267836)
which include targeting the PD-1/PD-L1 axis previously
suggested for VS [20, 45, 46]. Interestingly, there has been
one case to date of a VS showing reduced growth rate
after treatment with anti-PD-1 antibody pembrolizumab
indicating that benefits from immune checkpoint inhibi-
tion could be found for both VS and meningioma [24].

However, as noted by the smaller relative abundance,
potential mitochondrial dysfunction, and differences in
signalling pathway activity of macrophages in menin-
gioma, it is possible that immune cells may have more
of an active role in promoting faster tumour growth in
VS compared to meningioma. Meningioma tumours
with the highest level of immune infiltration (referred
to as the ‘immunogenic’ subtype) have been shown to
comprise WHO grade 1 and 2 tumours, with more pro-
liferative ‘tumourigenic’ subtypes displaying more clini-
cally aggressive characteristics [32]. In contrast, a greater
macrophage density has repeatedly correlated with faster
VS growth in histological, imaging and high dimensional
imaging mass cytometry single cell studies [13, 19, 25,
26]. Therefore, it may be necessary to use anti-tumouri-
genic and immune targeted drug combinations to have a
maximal effect on both meningioma and VS. However,
as serial MRIs were not available alongside the datasets
used in this study, stratification by tumour growth rate
was not possible and therefore further work is required
to understand the relative influence of specific immune
populations over the course of meningioma and VS
development.

VS and meningioma share potential drug repurpos-
ing candidates that have the potential to modulate the
immune microenvironment. However, it is important
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to note that the drug repurposing in this study was con-
ducted on sporadic VS and meningioma without avail-
able information on potential NF2 gene alterations—a
key limitation when assessing its specificity to NF2-SWN.
Despite this, ten drug candidates were predicted to be
effective for both tumour types: crizotinib, bosutinib,
sorafenib, mitoxantrone, nintedanib, lapatinib, everoli-
mus, trametinib, sunitinib, and gefitinib. These therapies
are already FDA/NICE approved for a variety of tumours
including lung cancer, leukaemia, carcinoma, prostate
cancer, breast cancer, melanoma, and neuroendocrine
tumours. Despite not being approved for meningioma or
VS, 6/10 of these drugs have been or are currently being
assessed in clinical trials for these tumours (Table 1). As
an example, a phase 0 trial by Ammoun et al. (2019) of
five NF2-SWN patients receiving the maximum tolerable
dose of sorafenib for 11 days saw an increase in macro-
phages and T cells in biopsied peripheral schwannoma
[1]. Although the short-term primary outcome of target
inhibition was negative, this demonstrates that sorafenib
has the potential to modulate the immune microenviron-
ment of NF2-SWN-related tumours as suggested in the
present study which may alter the growth rate of these
tumours over longer treatment windows.

In addition to the six aforementioned drugs, this study
identified four potentially viable therapeutics that remain
clinically untested that could be assessed in vitro or in
vivo before clinical trials: bosutinib, sorafenib, mitoxan-
trone, and nintedanib. Interestingly, 9/10 drugs target
kinases and RTKs, and for 7/10 drugs there were kinase
targets present that were not significantly different
between meningioma and VS T cells or macrophages,
such as MAP2K2, CSK, and ERBB2 (HER2 which was
also found to be co-overexpressed in both bulk VS and
meningioma samples in this study). Therefore, these 7
drugs (excluding gefitinib, mitoxantrone, and everoli-
mus) have the potential to modulate the tumour immune
microenvironment in a similar manner in both menin-
gioma and VS through targeting kinase-driven pathways.
These treatments may also reduce tumour growth in a
multifaceted manner, for example nintedanib may also
reduce COL1A1 expression (found in this study to be co-
overexpressed in meningioma and VS compared to their
control tissues), and reduce collagen secretion and fibril
assembly (thus impacting fibrosis-related pathways also
found to be dysregulated in VS in this study) [22].

However, it should be noted that there has been a lack
of translation of the 10 identified compounds to the
clinic which may indicate several limitations to repur-
posing these compounds, for example; a long time to
clinical translation is required, the targets are less effec-
tive in VS and meningioma than the approved condi-
tions, the LINCS database is limited to small molecules
and so prevented many antibody-based compounds from
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assessment in the present analysis, and differences in the
tumour microenvironments between VS and meningi-
oma may impact how effective these compounds are for
slowing tumour growth. Therefore, although drug repur-
posing offers the potential of clinical fast-tracking to cur-
rent patients, novel compounds specifically active toward
VS and meningioma immune targets may be required for
maximal patient benefit in the future.

The lack of significant difference in the abundance of
endothelial cells between meningioma and VS is of inter-
est due to the clinical difference noted in the efficacy of
the Vascular Endothelial Growth Factor (VEGEF)-targeted
monoclonal antibody bevacizumab that is commonly
used to treat NF2-SWN VS but ineffective for meningi-
oma [17, 27, 33, 41]. Despite not having dual efficacy for
VS and meningioma in these patients, the ability to avoid
contraindications when taking medications in patients
presenting with multiple tumour types is important and
bevacizumab does not appear to have adverse effects on
meningioma, instead resulting in stable disease [27, 33,
41]. Interestingly in the present study, IL1B was more
highly expressed in VS than meningioma and therefore
drugs such as anakinra and canakinumab, previously
suggested as a potential treatment for VS-induced sen-
sorineural hearing loss, [16] may be effective for hear-
ing loss and VS treatment without contraindications in
meningioma.

Although this study mainly assessed sporadic tumours,
VS from sporadic and NF2-SWN patients have previ-
ously been shown to have highly similar tumour immune
microenvironments showing strong similarities in signal-
ling pathways, gene expression, cell type abundance and
imaging mass cytometry staining [15, 25], further rein-
forced in this study (Supplementary Fig. 4). Interestingly,
the majority of sporadic VS harbour NF2 pathogenic
variants which are also common in non-skull base spo-
radic meningioma [9, 52]. In this study, the GSE216783
dataset contained 12/15 (80%) VS samples with known
NF2 pathogenic variants, and although the NF2 sta-
tus of the sporadic meningioma from GSE183655 were
unavailable, 3/6 (50%) of these were confirmed to have a
loss of 22q (the region in which the NF2 gene is located)
(Supplementary Table 1). Additionally, 4/6 (67%) of the
sporadic meningioma were non-skull base (n=3 con-
vexity, and n=1 parasagittal) and therefore were more
likely to harbour NF2 pathogenic variants than the two
skull-base meningioma (n=2 middle or posterior cra-
nial fossa) [4, 10, 52]. However, the similarities and
differences between meningioma from sporadic and
NF2-SWN patients have been debated. Although once
deemed more aggressive in NF2-SWN, [2] more recent
assessment of meningioma from sporadic and NF2-SWN
patients have shown these tumours to be similar in his-
tology, WHO grade, and natural history [12]. In a study
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of n=14 NF2-SWN meningioma and n=15 sporadic
NF2-altered meningioma, Teranishi et al. (2023) showed
similarly low NF2 gene expression, no distinct separa-
tion by PCA, and no significant difference between NF2-
SWN and NF2-altered sporadic meningioma in immune
infiltration score by CIBERSORTx [47]. However, Tera-
nishi et al. (2023) also noted NF2-SWN meningioma
were of a more ‘immunogenic’ subtype than sporadic
meningioma, finding that NF2-SWN meningioma had
greater CD45 +staining by immunohistochemistry,
higher PTPRC gene expression by bulk RNA-seq, and
more myeloid cells in NF2-SWN meningioma when
deconvolved by xCell [47]. As such, although there are
similarities between NF2-SWN and sporadic tumours,
the present study is limited by the predominant use of
sporadic samples due to the lack of publicly available
datasets containing both NF2-SWN VS and NF2-SWN
meningioma. Therefore, a study comprising matched
meningioma and VS from the same NF2-SWN patients
would be valuable in providing a more in-depth and high
dimensional spatial interrogation of these two tumour
types in the target patient group.

Concluding remarks

This study assessed meningioma and VS for their simi-
larities and differences focussing on the immune com-
partment of the two tumour types. While meningioma
and VS shared overall similarities in their broad immune
microenvironments, differences in the relative abundance
of their immune compartments and the predicted activ-
ity of their immune subtypes may mean these tumours
have varying success with potential immunotherapeu-
tics. However, rapid clinical translation by repurposing
FDA/NICE approved drugs such as bosutinib, sorafenib,
mitoxantrone, and nintedanib (which are yet to be clini-
cally assessed in VS or meningioma) in combination with
immunotherapies may offer a dual benefit to NF2-SWN
patients presenting with both meningioma and VS.

Supplementary Information
The online version contains supplementary material available at https://doi.or
g/10.1186/540478-025-02176-9.

[ Supplementary Material 1 J

Acknowledgements

The authors would like to thank Dr. David R. Raleigh for providing additional
clinical information of WHO grade, sex, DNA methylation group, 22q status,
age at surgery, and cranial location of the six meningioma samples in the
single cell RNA-seq dataset GSE183655. The authors would also like to thank
Dr Miguel Torres-Martin for providing the NF2-SWN status of the meningioma
and vestibular schwannoma samples in GSE54934. Finally the authors extend
their gratitude to Dr Bhuvic Patel for providing the age at surgery of the
patients in the GSE216783 dataset.


https://doi.org/10.1186/s40478-025-02176-9
https://doi.org/10.1186/s40478-025-02176-9

Gregory et al. Acta Neuropathologica Communications

Author contributions

Concept: GEG, APJ, ONP, DB and KC. Experimental design by GEG, MJH, LAHZ,
KC, ONP and DB. Data analysis by GEG, facilitated by LAHZ and MJH. Research
was supervised by DGE, ATK, PP, KC, ONP and DB. Manuscript written by GEG.
Manuscript was edited by all named authors; GEG, MJH, APJ, LAHZ, DGE, ATK,
PP, KNC, DB, and ONP.

Funding

This research was funded by NF2 BioSolutions UK and Europe and the Skull
Base Foundation. Additionally, this research is co-funded by the National
Institute for Health and Care Research (NIHR) Manchester Biomedical
Research Centre (BRC) (NIHR203308 and IS-BRC-1215-20007). The views
expressed are those of the author(s) and not necessarily those of the NIHR
or the Department of Health and Social Care. DB and KC are also funded by
The Medical Research Council (MRC, UK) grant MR/T016515/1. None of the
funding bodies were involved in the design of the study, or the collection,
analysis, interpretation of data, nor the writing of the manuscript.

Data availability

The datasets analysed during the current study are publicly available at the
Gene Expression Omnibus repositories GSE54934 [https://www.ncbi.nlm.nih.g
ov/geo/query/acc.cgi?acc=GSE54934], GSE183655 [https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE183655] and GSE216783 [https://www.ncbi.nl
m.nih.gov/geo/query/acc.cgi?acc=GSE216783].

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

"Division of Neuroscience, School of Biological Sciences, Faculty of
Biology, Medicine and Health, University of Manchester, Manchester
Academic Health Science Centre, Manchester, UK

°Geoffrey Jefferson Brain Research Centre, The Manchester Academic
Health Science Centre, Northern Care Alliance NHS Foundation Trust,
University of Manchester, Manchester, UK

The Lydia Becker Institute of Immunology and Inflammation, University
of Manchester, Manchester, UK

“Bioimaging Core Facility, Faculty of Biology, Medicine and Health,
University of Manchester, Manchester M13 9PT, UK

SEdwin L. Steele Laboratories, Department of Radiation Oncology,
MassaCtts General Hospital and Harvard Medical School, Boston,

MA 02114, USA

SBioinformatics Core Facility, University of Manchester, Manchester, UK
"Division of Evolution, Infection and Genomic Sciences, School of
Biological Sciences, Faculty of Biology, Medicine and Health, University of
Manchester, Manchester Academic Health Science Centre, Manchester,
UK

8Division of Cardiovascular Sciences, School of Biological Sciences, Faculty
of Biology, Medicine and Health, University of Manchester, Manchester
Academic Health Science Centre, Manchester, UK

“Department of Neurosurgery, Manchester Centre for Clinical
Neurosciences, Salford Royal Hospital, Northern Care Alliance NHS
Foundation Trust, Stott Lane, Salford M6 8HD, UK

"9nstitute of Fundamental Technological Research, Polish Academy of
Sciences, Pawinskiego 5B, 02-106 Warsaw, Poland

"'Division of Immunology, Immunity to Infection and Respiratory
Medicine, Faculty of Biology, Medicine and Health, University of
Manchester, Manchester, UK

Received: 22 July 2025 / Accepted: 25 October 2025
Published online: 23 December 2025

(2025) 13:256

Page 15 of 17

References

1. Ammoun S, Evans DG, Hilton DA, Streeter A, Hayward C, Hanemann CO
(2019) Phase 0 trial investigating the intratumoural concentration and activ-
ity of sorafenib in neurofibromatosis type 2. J Neurol Neurosurg Psychiatry
90:1184-1187. https://doi.org/10.1136/jnnp-2018-319713

2. Antinheimo J, Haapasalo H, Haltia M, Tatagiba M, Thomas S, Brandis A, Sainio
M, Carpen O, Samii M, Jaaskeldinen J (1997) Proliferation potential and histo-
logical features in neurofibromatosis 2-associated and sporadic meningio-
mas. J Neurosurg 87:610-614. https://doi.org/10.3171/jns.1997.87.4.0610

3. Badia-i-Mompel P, Vélez Santiago J, Braunger J, Geiss C, Dimitrov D, Mller-
Dott S, Taus P, Dugourd A, Holland CH, Ramirez Flores RO, Saez-Rodriguez J
(2022) decoupleR: ensemble of computational methods to infer biological
activities from omics data. Bioinform Adv. https://doi.org/10.1093/bioadv/vb
ac016

4. Barrett TF, Patel B, Khan SM, Mullins RDZ, Yim AKY, Pugazenthi S, Mahlokozera
T, Zipfel GJ, Herzog JA, Chicoine MR, Wick CC, Durakovic N, Osbun JW, Shew
M, Sweeney AD, Patel AJ, Buchman CA, Petti AA, Puram SV, Kim AH (2024)
Single-cell multi-omic analysis of the vestibular schwannoma ecosystem
uncovers a nerve injury-like state. Nat Commun 15:478. https://doi.org/10.10
38/541467-023-42762-w

5. BenjaminiY,Hochberg Y (1995) Controlling the false discovery rate: a practi-
cal and powerful approach to multiple testing. J R Stat Soc Ser B 57:289-300.
https://doi.org/10.1111/J.2517-6161.1995.TB02031.X

6. Bush ML, Oblinger J, Brendel V, Santarelli G, Huang J, Akhmametyeva EM,
Burns SS, Wheeler J, Davis J, Yates CW, Chaudhury AR, Kulp S, Chen C-S,
Chang L-S, Welling DB, Jacob A (2011) AR42, a novel histone deacetylase
inhibitor, as a potential therapy for vestibular schwannomas and meningio-
mas. Neuro Oncol 13:983-999. https://doi.org/10.1093/neuonc/nor072

7. Carvalho B (2015) pd.hugene.1.0.st.v1: Platform Design Info for Affymetrix
HuGene-1_0-st-v1. R package version 3.14.1. Bioconductor

8. Chen B, Khodadoust MS, Liu CL, Newman AM, Alizadeh AA (2018) Profiling
tumor infiltrating immune cells with CIBERSORT. Methods Mol Biol 1711:243.
https://doi.org/10.1007/978-1-4939-7493-1_12

9. ChenH, Xue L, Wang H, Wang Z, Wu H (2017) Differential NF2 gene status
in sporadic vestibular schwannomas and its prognostic impact on tumour
growth patterns. Sci Rep 7:5470. https://doi.org/10.1038/541598-017-05769-0

10.  Choudhury A, Magill ST, Eaton CD, Prager BC, Chen WC, Cady MA, Seo K,
Lucas C-HG, Casey-Clyde TJ, Vasudevan HN, Liu SJ, Villanueva-Meyer JE,
Lam T-C, Pu JK-S, Li L-F, Leung GK-K, Swaney DL, Zhang MY, Chan JW, Qiu
Z, Martin MV, Susko MS, Braunstein SE, Bush NAQO, Schulte JD, Butowski N,
Sneed PK, Berger MS, Krogan NJ, Perry A, Phillips JJ, Solomon DA, Costello JF,
McDermott MW, Rich JN, Raleigh DR (2022) Meningioma DNA methylation
groups identify biological drivers and therapeutic vulnerabilities. Nat Genet
54:649-659. https://doi.org/10.1038/s41588-022-01061-8

11. Evans DG, Huson SM, Donnai D, Neary W, Blair V, Newton V, Harris R (1992) A
clinical study of type 2 neurofibromatosis. Q J Med 84:603-618

12. Goutagny S, Bah AB, Henin D, Parfait B, Grayeli AB, Sterkers O, Kalamarides
M (2012) Long-term follow-up of 287 meningiomas in neurofibromatosis
type 2 patients: clinical, radiological, and molecular features. Neuro Oncol
14:1090-1096. https://doi.org/10.1093/NEUONC/NOS129

13.  Gregory GE, Haley MJ, Jones AP, Hannan CJ, Evans DG, King AT, Paszek P,
Pathmanaban ON, Couper KN, Brough D (2024) Alternatively activated mac-
rophages are associated with faster growth rate in vestibular schwannoma.
Brain Commun. https://doi.org/10.1093/braincomms/fcae400

14.  Gregory GE, Islim Al, Hannan CJ, Jones AP, Hammerbeck-Ward C, Rutherford
SA, Freeman SR, Lloyd S, Kalamarides M, Smith MJ, Couper K, McBain CA,
Jenkinson MD, Brough D, King AT, Evans DG, Pathmanaban ON (2023) The
clinical, genetic, and immune landscape of meningioma in patients with
NF2-schwannomatosis. Neuro-Oncol Adv 5:194-i104. https://doi.org/10.1093/
noajnl/vdac127

15.  Gregory GE, Jones AP, Haley MJ, Hoyle C, Zeef LAH, Lin I-H, Coope DJ, King
AT, Evans DG, Paszek P, Couper KN, Brough D, Pathmanaban ON (2023) The
comparable tumour microenvironment in sporadic and NF2 -related schwan-
nomatosis vestibular schwannoma. Brain Commun. https://doi.org/10.1093/
braincomms/fcad197

16.  Gregory GE, Munro KJ, Couper KN, Pathmanaban ON, Brough D (2023) The
NLRP3 inflammasome as a target for sensorineural hearing loss. Clin Immunol
249:109287. https://doi.org/10.1016/j.clim.2023.109287

17.  Hagel C, Stemmer-Rachamimov AO, Bornemann A, Schuhmann M, Nagel C,
Huson S, Evans DG, Plotkin S, Matthies C, Kluwe L, Mautner V-F (2012) Clinical
presentation, immunohistochemistry and electron microscopy indicate


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE54934
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE54934
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE183655
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE183655
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE216783
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE216783
https://doi.org/10.1136/jnnp-2018-319713
https://doi.org/10.3171/jns.1997.87.4.0610
https://doi.org/10.1093/bioadv/vbac016
https://doi.org/10.1093/bioadv/vbac016
https://doi.org/10.1038/s41467-023-42762-w
https://doi.org/10.1038/s41467-023-42762-w
https://doi.org/10.1111/J.2517-6161.1995.TB02031.X
https://doi.org/10.1111/J.2517-6161.1995.TB02031.X
https://doi.org/10.1093/neuonc/nor072
https://doi.org/10.1007/978-1-4939-7493-1_12
https://doi.org/10.1007/978-1-4939-7493-1_12
https://doi.org/10.1038/s41598-017-05769-0
https://doi.org/10.1038/s41588-022-01061-8
https://doi.org/10.1093/NEUONC/NOS129
https://doi.org/10.1093/braincomms/fcae400
https://doi.org/10.1093/noajnl/vdac127
https://doi.org/10.1093/noajnl/vdac127
https://doi.org/10.1093/braincomms/fcad197
https://doi.org/10.1093/braincomms/fcad197
https://doi.org/10.1016/j.clim.2023.109287

Gregory et al. Acta Neuropathologica Communications

20.

22.

23.

24.

25,

26.

27.

28.

29.

30.

32.

neurofibromatosis type 2-associated gliomas to be spinal ependymomas.
Neuropathology. https://doi.org/10.1111/].1440-1789.2012.01306.x

Halliday D, Emmanouil B, Pretorius P, MacKeith S, Painter S, Tomkins H, Evans
DG, Parry A (2017) Genetic severity score predicts clinical phenotype in NF2. J
Med Genet 54:657-664. https://doi.org/10.1136/jmedgenet-2017-104519
Hannan CJ, Lewis D, O'Leary C, Donofrio CA, Evans DG, Roncaroli F, Brough D,
King AT, Coope D, Pathmanaban ON (2020) The inflammatory microenviron-
ment in vestibular schwannoma. Neuro-Oncol Adv. https://doi.org/10.1093/n
oajnl/vdaa023

Jones AP, Haley MJ, Gregory GE, Hannan CJ, Simmons AK, Bere LD, Lewis DG,
Oliveira P, Smith MJ, King AT, Evans DGE, Paszek P, Brough D, Pathmanaban
ON, Couper KN (2024) High-dimensional imaging of vestibular schwannoma
reveals distinctive immunological networks across histomorphic niches in
NF2-related schwannomatosis

Karajannis MA, Mauguen A, Maloku E, Xu Q, Dunbar EM, Plotkin SR, Yaffee

A, Wang S, Roland JT, Sen C, Placantonakis DG, Golfinos JG, Allen JC, Vitanza
NA, Chiriboga LA, Schneider RJ, Deng J, Neubert TA, Goldberg JD, Zagzag D,
Giancotti FG, Blakeley JO (2021) Phase 0 clinical trial of Everolimus in patients
with vestibular schwannoma or meningioma. Mol Cancer Ther 20:1584-1591.
https://doi.org/10.1158/1535-7163.MCT-21-0143

Kntppel L, Ishikawa Y, Aichler M, Heinzelmann K, Hatz R, Behr J, Walch A,
Béachinger HP, Eickelberg O, Staab-Weijnitz CA (2017) A novel antifibrotic
mechanism of Nintedanib and Pirfenidone. Inhibition of collagen fibril
assembly. Am J Respir Cell Mol Biol 57:77-90. https://doi.org/10.1165/rcmb.2
016-02170C

Korsunsky I, Millard N, Fan J, Slowikowski K, Zhang F, Wei K, Baglaenko Y,
Brenner M, Loh P, Raychaudhuri S (2019) Fast, sensitive and accurate integra-
tion of single-cell data with harmony. Nat Methods 16:1289-1296. https://doi
.0rg/10.1038/541592-019-0619-0

Kouzel Martinez F, Graffeo CS, Carlstrom LP, Link MJ (2021) Growth arrest of a
refractory vestibular schwannoma after anti-PD-1 antibody treatment. BMJ
Case Rep 14:€241834. https://doi.org/10.1136/bcr-2021-241834

Lewis D, Donofrio CA, O'Leary C, Li K, Zhu X, Williams R, Djoukhadar I, Agushi
E, Hannan CJ, Stapleton E, Lloyd SK, Freeman SR, Wadeson A, Rutherford SA,
Hammerbeck-Ward C, Evans DG, Jackson A, Pathmanaban ON, Roncaroli F,
King AT, Coope DJ (2021) The microenvironment in sporadic and neurofibro-
matosis type Il-related vestibular schwannoma: the same tumor or different?
A comparative imaging and neuropathology study. J Neurosurg 134:1419-
1429. https://doi.org/10.3171/2020.3.JNS193230

Lewis D, Roncaroli F, Agushi E, Mosses D, Williams R, Li K, Zhu X, Hinz R,
Atkinson R, Wadeson A, Hulme S, Mayers H, Stapleton E, Lloyd SKL, Freeman
SR, Rutherford SA, Hammerbeck-Ward C, Evans DG, Pathmanaban O, Jackson
A, King AT, Coope DJ (2019) Inflammation and vascular permeability correlate
with growth in sporadic vestibular schwannoma. Neuro Oncol 21:314-325. ht
tps://doi.org/10.1093/neuonc/noy 177

Lou E, Sumrall AL, Turner S, Peters KB, Desjardins A, Vredenburgh JJ, McLen-
don RE, Herndon JE, McSherry F, Norfleet J, Friedman HS, Reardon DA (2012)
Bevacizumab therapy for adults with recurrent/progressive meningioma: a
retrospective series. J Neurooncol 109:63-70. https://doi.org/10.1007/51106
0-012-0861-0

Lu VM, Ravindran K, Graffeo CS, Perry A, Van Gompel JJ, Daniels DJ, Link MJ
(2019) Efficacy and safety of bevacizumab for vestibular schwannoma in neu-
rofibromatosis type 2: a systematic review and meta-analysis of treatment
outcomes. J Neurooncol 144:239-248. https://doi.org/10.1007/511060-019-0
3234-8

MacDonald JW (2022) Affycoretools: Functions useful for those doing
repetitive analyses with Affymetrix GeneChips (R package version 1.68.1.).
Bioconductor

Martinez-Glez V, Franco-Hernandez C, Alvarez L, De Campos J, Isla A, Vaquero
J, Lassaletta L, Casartelli C, Rey J (2007) Meningiomas and schwannomas:
molecular subgroup classification found by expression arrays. Int J Oncol. htt
ps://doi.org/10.3892/ijo_00000174

Mercado-Pimentel ME, Miller C, Rolph DN, Villalobos EF, Dunn AM, Mohan
PM, Igarashi S, Liu X, Yrun-Duffy M, Patel NK, Read CM, Francis RH, Lane Al,
Murugesh S, Jacob A (2017) Inhibiting p21-activated kinase induces cell
death in vestibular schwannoma and meningioma via mitotic catastrophe.
Otol Neurotol 38:139-146. https://doi.org/10.1097/MAO.0000000000001247
Nassiri F, Liu J, Patil V, Mamatjan Y, Wang JZ, Hugh-White R, Macklin AM, Khan
S, Singh O, Karimi S, Corona RI, Liu LY, Chen CY, Chakravarthy A, Wei Q, Mehani
B, Suppiah S, Gao A, Workewych AM, Tabatabai G, Boutros PC, Bader GD, de
Carvalho DD, Kislinger T, Aldape K, Zadeh G (2021) A clinically applicable

(2025) 13:256

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

Page 16 of 17

integrative molecular classification of meningiomas. Nature 597:119-125. htt
ps://doi.org/10.1038/541586-021-03850-3

Nayak L, Iwamoto FM, Rudnick JD, Norden AD, Lee EQ, Drappatz J, Omuro A,
Kaley TJ (2012) Atypical and anaplastic meningiomas treated with bevaci-
zumab. J Neurooncol 109:187-193. https://doi.org/10.1007/511060-012-088
6-4

Newman AM, Liu CL, Green MR, Gentles AJ, Feng W, XuY, Hoang CD, Diehn
M, Alizadeh AA (2015) Robust enumeration of cell subsets from tissue expres-
sion profiles. Nat Methods 12:453. https://doi.org/10.1038/NMETH.3337
Plotkin SR, Messiaen L, Legius E, Pancza P, Avery RA, Blakeley JO, Babovic-
Vuksanovic D, Ferner R, Fisher MJ, Friedman JM, Giovannini M, Gutmann

DH, Hanemann CO, Kalamarides M, Kehrer-Sawatzki H, Korf BR, Mautner V-F,
MacCollin M, Papi L, Rauen KA, RiccardiV, Schorry E, Smith MJ, Stemmer-
Rachamimov A, Stevenson DA, Ullrich NJ, Viskochil D, Wimmer K, Yohay K,
Huson SM, Wolkenstein P, Evans DG (2022) Updated diagnostic criteria and
nomenclature for neurofibromatosis type 2 and schwannomatosis: an inter-
national consensus recommendation. Genet Med. https://doi.org/10.1016/j.g
im.2022.05.007

Plotkin SR, Stemmer-Rachamimov AO, Barker FG, Halpin C, Padera TP, Tyrrell A,
Sorensen AG, Jain RK, di Tomaso E (2009) Hearing improvement after bevaci-
zumab in patients with neurofibromatosis type 2. N Engl J Med 361:358-367.
https://doi.org/10.1056/NEJM0a0902579

Plotkin SR, Yohay KH, Nghiemphu PL, Dinh CT, Babovic-Vuksanovic D, Merker
VL, Bakker A, Fell G, Trippa L, Blakeley JO (2024) Brigatinib in NF2-related
schwannomatosis with progressive tumors. N Engl J Med 390:2284-2294. htt
ps://doi.org/10.1056/NEJM0a2400985

Proctor DT, Huang J, Lama S, Albakr A, Van Marle G, Sutherland GR (2019)
Tumor-associated macrophage infiltration in meningioma. Neuro-Oncol Adv
1:1-10. https://doi.org/10.1093/NOAINL/VDZ018

Ren'Y, Chari DA, Vasilijic S, Welling DB, Stankovic KM (2021) New develop-
ments in neurofibromatosis type 2 and vestibular schwannoma. Neuro-
Oncol Adv. https://doi.org/10.1093/noajnl/vdaa153

Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, Smyth GK (2015) Limma
powers differential expression analyses for RNA-sequencing and microarray
studies. Nucleic Acids Res 43:e47. https:.//doi.org/10.1093/NAR/GKV007

Shih KC, Chowdhary S, Rosenblatt P, Weir AB, Shepard GC, Williams JT, Shastry
M, Burris HA, Hainsworth JD (2016) A phase Il trial of bevacizumab and
everolimus as treatment for patients with refractory, progressive intracranial
meningioma. J Neurooncol 129:281-288. https://doi.org/10.1007/511060-01
6-2172-3

Smith MJ, Higgs JE, Bowers NL, Halliday D, Paterson J, Gillespie J, Huson SM,
Freeman SR, Lloyd S, Rutherford SA, King AT, Wallace AJ, Ramsden RT, Gareth
D, Evans R Cranial meningiomas in 411 neurofibromatosis type 2 (NF2)
patients with proven gene mutations: clear positional effect of mutations,
but absence of female severity effect on age at onset. https://doi.org/10.1136
/jmg.2010.085241

Spear SA, Burns SS, Oblinger JL, Ren 'Y, Pan L, Kinghorn AD, Welling DB, Chang
L-S (2013) Natural compounds as potential treatments of NF2-deficient
schwannoma and meningioma. Otol Neurotol 34:1519-1527. https://doi.org/
10.1097/MAO.0b013e3182956169

Steen CB, Liu CL, Alizadeh AA, Newman AM (2020) Profiling cell type abun-
dance and expression in bulk tissues with CIBERSORTx. pp 135-157

Tamura R, Morimoto Y, Sato M, Kuranari Y, Qishi Y, Kosugi K, Yoshida K, Toda M
(2020) Difference in the hypoxic immunosuppressive microenvironment of
patients with neurofibromatosis type 2 schwannomas and sporadic schwan-
nomas. J Neurooncol 146:265-273. https://doi.org/10.1007/511060-019-0338
8-5

Tamura R, Toda M (2022) A critical overview of targeted therapies for Vestibu-
lar Schwannoma. Int J Mol Sci 23:5462. https://doi.org/10.3390/ijms23105462
Teranishi Y, Miyawaki S, Nakatochi M, Okano A, Ohara K, Hongo H, Ishigami

D, Sakai Y, Shimada D, Takayanagi S, lkemura M, Komura D, Katoh H, Mitsui J,
Morishita S, Ushiku T, Ishikawa S, Nakatomi H, Saito N (2023) Meningiomas in
patients with neurofibromatosis type 2 predominantly comprise immu-
nogenic subtype'tumours characterised by macrophage infiltration. Acta
Neuropathol Commun 11:156. https://doi.org/10.1186/540478-023-01645-3
Torres-Martin M, Lassaletta L, Isla A, De Campos JM, Pinto GR, Burbano RR,
Castresana JS, Melendez B, Rey JA (2014) Global expression profile in low
grade meningiomas and schwannomas shows upregulation of PDGFD,
CDH1 and SLIT2 compared to their healthy tissue. Oncol Rep 32:2327-2334.
https://doi.org/10.3892/0r.2014.3526

Torres-Martin M, Lassaletta L, Isla A, De Campos JM, Pinto GR, Burbano RR,
Castresana JS, Melendez B, Rey JA (2014) Global expression profile in low


https://doi.org/10.1111/j.1440-1789.2012.01306.x
https://doi.org/10.1136/jmedgenet-2017-104519
https://doi.org/10.1093/noajnl/vdaa023
https://doi.org/10.1093/noajnl/vdaa023
https://doi.org/10.1158/1535-7163.MCT-21-0143
https://doi.org/10.1158/1535-7163.MCT-21-0143
https://doi.org/10.1165/rcmb.2016-0217OC
https://doi.org/10.1165/rcmb.2016-0217OC
https://doi.org/10.1038/s41592-019-0619-0
https://doi.org/10.1038/s41592-019-0619-0
https://doi.org/10.1136/bcr-2021-241834
https://doi.org/10.3171/2020.3.JNS193230
https://doi.org/10.1093/neuonc/noy177
https://doi.org/10.1093/neuonc/noy177
https://doi.org/10.1007/s11060-012-0861-0
https://doi.org/10.1007/s11060-012-0861-0
https://doi.org/10.1007/S11060-019-03234-8
https://doi.org/10.1007/S11060-019-03234-8
https://doi.org/10.3892/ijo_00000174
https://doi.org/10.3892/ijo_00000174
https://doi.org/10.1097/MAO.0000000000001247
https://doi.org/10.1038/s41586-021-03850-3
https://doi.org/10.1038/s41586-021-03850-3
https://doi.org/10.1007/s11060-012-0886-4
https://doi.org/10.1007/s11060-012-0886-4
https://doi.org/10.1038/NMETH.3337
https://doi.org/10.1016/j.gim.2022.05.007
https://doi.org/10.1016/j.gim.2022.05.007
https://doi.org/10.1056/NEJMoa0902579
https://doi.org/10.1056/NEJMoa0902579
https://doi.org/10.1056/NEJMoa2400985
https://doi.org/10.1056/NEJMoa2400985
https://doi.org/10.1093/NOAJNL/VDZ018
https://doi.org/10.1093/noajnl/vdaa153
https://doi.org/10.1093/NAR/GKV007
https://doi.org/10.1007/s11060-016-2172-3
https://doi.org/10.1007/s11060-016-2172-3
https://doi.org/10.1136/jmg.2010.085241
https://doi.org/10.1136/jmg.2010.085241
https://doi.org/10.1097/MAO.0b013e3182956169
https://doi.org/10.1097/MAO.0b013e3182956169
https://doi.org/10.1007/S11060-019-03388-5
https://doi.org/10.1007/S11060-019-03388-5
https://doi.org/10.3390/ijms23105462
https://doi.org/10.1186/s40478-023-01645-3
https://doi.org/10.3892/or.2014.3526
https://doi.org/10.3892/or.2014.3526

Gregory et al. Acta Neuropathologica Communications (2025) 13:256

grade meningiomas and schwannomas shows upregulation of PDGFD,
CDH1 and SLIT2 compared to their healthy tissue. Oncol Rep 32:2327-2334.
https://doi.org/10.3892/0R.2014.3526/HTML

50. de Vries M, Briaire-de Bruijn |, Malessy MJA, de Bruine SFT, van der Mey AGL,
Hogendoorn PCW (2013) Tumor-associated macrophages are related to
volumetric growth of vestibular schwannomas. Otol Neurotol 34:347-352. htt
ps://doi.org/10.1097/MAO.0b013e31827c9fbf

51. Wolf FA, Angerer P, Theis FJ (2018) SCANPY: large-scale single-cell gene
expression data analysis. Genome Biol 19:1-5. https://doi.org/10.1186/51305
9-017-1382-0/FIGURES/1

52. Youngblood MW, Duran D, Montejo JD, Li C, Omay SB, Ozduman K, Sheth
AH, Zhao AY, Tyrtova E, Miyagishima DF, Fomchenko El, Hong CS, Clark VE,

Page 17 of 17

Riche M, Peyre M, Boetto J, Sohrabi S, Koljaka S, Baranoski JF, Knight J, Zhu

H, Pamir MN, Avsar T, Kilic T, Schramm J, Timmer M, Goldbrunner R, Gong Y,
Bayri Y, Amankulor N, Hamilton RL, Bilguvar K, Tikhonova |, Tomak PR, Huttner
A, Simon M, Krischek B, Kalamarides M, Erson-Omay EZ, Moliterno J, Glinel

M (2020) Correlations between genomic subgroup and clinical features in a
cohort of more than 3000 meningiomas. J Neurosurg 133:1345-1354. https:/
/doi.org/10.3171/2019.8NS191266

Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.3892/OR.2014.3526/HTML
https://doi.org/10.3892/OR.2014.3526/HTML
https://doi.org/10.1097/MAO.0b013e31827c9fbf
https://doi.org/10.1097/MAO.0b013e31827c9fbf
https://doi.org/10.1186/S13059-017-1382-0/FIGURES/1
https://doi.org/10.1186/S13059-017-1382-0/FIGURES/1
https://doi.org/10.3171/2019.8.JNS191266
https://doi.org/10.3171/2019.8.JNS191266

	﻿The tumour immune microenvironment is enriched but suppressed in vestibular schwannoma compared to meningioma: therapeutic implications for ﻿NF2﻿-related schwannomatosis
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Affymetrix microarray data
	﻿Affymetrix gene expression deconvolution
	﻿Single cell RNA sequencing data
	﻿Ingenuity pathway analysis

	﻿Results
	﻿Vestibular schwannoma exhibit stronger immune-based gene signatures than meningioma
	﻿VS are composed of a larger immune compartment than meningioma
	﻿VS CD4 + T cells are more active than in meningioma, whereas VS CD8 + T cells are less active
	﻿Classically and alternatively activated TAMs in VS are less active than in meningioma
	﻿VS and meningioma share potential drug repurposing candidates

	﻿Discussion
	﻿Concluding remarks
	﻿References


