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Abstract Introduction Vestibular schwannomas (VS) are histologically benign tumors arising
from cranial nerve VIII. Far from a homogenous proliferation of Schwann cells,
mounting evidence has highlighted the complex nature of the inflammatory microen-
vironment in these tumors.
Methods A review of the literature pertaining to inflammation, inflammatory
molecular pathways, and immune-related therapeutic targets in VS was performed.
Relevant studies published up to June 2020 were identified based on a literature search
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Introduction

Vestibular schwannomas (VS) are slow growing, World Health
Organization (WHO) grade-I tumors that form on the vestibu-
locochlear nerve. These tumors are rare, with an annual inci-
denceof15to20/millionandareusuallysporadic, but also form
part of the schwannoma predisposition syndromes, Neurofi-
bromatosis type2 (NF2) and LZTR1 schwannomatosis.1–3 These
tumors display a wide variation in their natural history; the
majority have an indolent growth pattern characterized by
either no growth or very slow growth over prolonged follow-
up, whereas a significant minority demonstrate early, persis-
tent growth.4–6 Previously, VS were considered to be a largely
homogenous proliferation of Schwann’s cells with bland inter-
vening stroma, but it is nowunderstood that there is a complex
microenvironment characterized byan inflammatory cell infil-
trate thatmay correlatewith tumor progression.7–9Analyses of
VStissuehavedemonstratedgreater levelsof inflammatorycell
infiltration in growing as opposed to static VS and there is
evidence that inflammatory cells account for a substantial
proportion of cells in growing VS.6,10 This has led to the
suggestion that tumor inflammation promotes growth,
although we are yet to determine if immune infiltrates are
fueling tumor cell proliferation or eliminating tumor cells and
maintaining growth control in more active tumors. These
developments in VS pathobiology create new avenues for
translational research, both in terms of the early identification
of growing tumors, and the development of targeted therapeu-
tic agents.

In this review we describe and synthesize the key evi-
dence in this evolving field of research and how it may
impact on the care of patients with VS in the future. Through
a literature search of the terms “inflammation” and “vestib-
ular schwannoma” in the PubMed and MEDLINE databases
and through review of other sources including the reference
lists of published articles, relevant studies pertaining to the

inflammatory microenvironment in VS were identified.
Studies published up to and including June 2020 were
included and the findings were synthesized into a narrative
review of the topic.

The Inflammatory Microenvironment in VS:
Evidence Emerges

It has been known since 1920 and the time of Nils Antoni that
there are inflammatorycells inVS, especiallywithin the loosely
cellular so called Antoni B areas.11,12 It was not until recently,
however, that the clinical significance of these inflammatory
cell infiltrates in VS began to be elucidated.7,8,10 In an early
publication addressing this issue, semiquantitative analysis of
inflammatory cell infiltration in VSwas reported, and demon-
strated that higher levels of inflammation in resected VS
correlated with longer symptom duration.8 A further clinico-
pathological study expanded this work and demonstrated that
within larger VS and tumors with an elevated growth index
(tumor maximum diameter/patient age), there was a signifi-
cantly greater infiltration of both CD45þ (a pan-leucocyte
marker) andCD68þ (amonocyte/macrophagemarker) inflam-
matory cells. Although tumor growth index is an imprecise
measure of VS growth, this was nonetheless the first study to
link macrophage influx specifically to VS growth.7,13

In several malignant tumors, inflammation has been
implicated in the initiation of tumor growth and the main-
tenance of an inflammatory microenvironment that can
promote dysregulated cellular proliferation, angiogenesis
and metastasis.14 ►Table 1 provides a summary on the
terminology used in this review with regard to the tumor
microenvironment. Tumor-associated macrophages (TAM)
have been shown to be pivotal in the generation of a
protumorigenic inflammatory microenvironment, and in
many cancers their presence has significant treatment and
prognostic implications. In breast and pancreatic cancer, for

in the PubMed andMEDLINE databases and the findings were synthesized into a concise
narrative review of the topic.
Results The VS microenvironment is characterized by a dense infiltrate of inflamma-
tory cells, particularly macrophages. Significantly higher levels of immune cell infiltra-
tion are observed in growing versus static tumors, and there is a demonstrable
interplay between inflammation and angiogenesis in growing VS. While further
mechanistic studies are required to ascertain the exact role of inflammation in
angiogenesis, tumor growth, and Schwann cell control, we are beginning to under-
stand the key molecular pathways driving this inflammatory microenvironment, and
how these processes can be monitored and targeted in vivo.
Conclusion Observational research has revealed a complex and heterogeneous tumor
microenvironment in VS. The functional landscape and roles of macrophages and other
immune cells in the VS inflammatory infiltrate are, however, yet to be established. The
antiangiogenic drug bevacizumab has shown the efficacy of targeted molecular therapies
in VS and there is hope that agents targeting another major component of the VS
microenvironment, inflammation, will also find a place in their future management.

► tumor immunology
► immunotherapy
► immunomodulation
► angiogenesis
► antiangiogenic
► bevacizumab
► biomarkers
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example, higher TAM density correlates with both a worse
prognosis and a higher probability of distantmetastases.15,16

Closer to home for the neurosurgeon, TAMmay play a role
in the progression of central nervous system (CNS) tumors,
both malignant and benign. TAM are a feature of the glio-
blastoma microenvironment and numerous studies have
demonstrated an association between a higher proportion
of tumor-promoting, M2 (see below for definition) macro-
phages and a worse prognosis in affected patients.17,18

Studies of meningioma have similarly shown that TAM
comprise up to a quarter of all cells in the tumor mass.19

The presence of a higher proportion of tumor promoting, M2
macrophages may also be associated with a higher histologi-
cal grade in meningioma.20 Furthermore, recurrent menin-
giomas may be characterized by an increased population of
M2 macrophages compared with primary tumors.19,21

Macrophageswere traditionally understood to play a central
role in inflammation, acting to phagocytose pathogens, and
arise in response to microbial agents and proinflammatory
cytokines. However, it is now clear that macrophages are not
ahomogenous,monolithiccell population, and that theyexhibit
a differential response depending on their stimuli.20 The
concept of macrophage polarity broadly dichotomizes macro-
phages into M1 “classically activated” macrophages and M2
“alternatively activated” macrophages that have widely
divergent functions in the setting of cancer (►Fig. 1).22 M1
macrophages are observed to attack tumor cells in the manner
of the traditional antigen presenting macrophage, stimulating

cytotoxic T-cells, phagocytosing tumor cells, and secreting
proinflammatory cytokines.23 Conversely, M2 macrophages
are considered to encourage tumor growth, attenuating the
cytotoxic T-cell response, facilitating angiogenesis, and promot-
ing break down of the extracellular matrix to facilitate tumor
invasion and metastasis.24 Macrophages are induced to an M1
phenotype by exposure to interferon-γ and lipopolysaccha-
ride.25 In contrast, exposure to immunomodulatory cytokines,
such as interleukin (IL)-4 and IL-13, is thought to drive macro-
phages towardtheprotumorigenicM2phenotype.24Although it
is now recognized that this dichotomy is overly simplistic with
macrophage activity better conceptualized as a continuum, it
nonetheless remains of clinicopathological relevance, with
many cancers demonstrating a positive prognostic association
with greater M1 and lower M2 TAM abundance,
respectively.26,27

In VS, a higher infiltration of CD163 expressing M2 macro-
phages have been observed within fast-growing tumors com-
pared with slow-growing tumors.10 Macrophage colony-
stimulating factor (M-CSF) may play a role in inducing the
macrophage M2 polarization and elevated expression of this
cytokine has been observed as a feature of rapidly growing
VS.10,28 An association between CD163þ macrophage infiltra-
tion and shorter progression-free survival has also been dem-
onstrated in NF2 associated VS.29 In a study of VS patients who
underwent initial subtotal resection (STR), higher TAM density
in the resected tumor was associated with tumor recurrence
and poorer postoperative facial nerve function. In apparent

Table 1 A refresher of terminology relevant to the vestibular schwannoma microenvironment

Terminology Description

Macrophage These tissue resident cells, derived from circulating monocytes, serve numerous functions but their
primary role is to phagocytose infective organisms and serve as antigen presenting cells. Their
importance in the immune response to tumors is increasingly understood. There is a broad spectrum of
macrophage activity, outlined in ►Fig. 1

Innate immunity A nonspecific, direct response to antigens of rapid onset, mediated by macrophages, the hallmark of
innate immunity, as well as neutrophils and natural killer cells. Both the innate and adaptive responses are
involved the immunologic response to tumor development

Adaptive immunity A highly specific response to antigenic stimuli, facilitated by antigen presenting cells and mediated by B-
and T-lymphocytes. Less rapidly responsive than the innate response, but allows for the generation of
immunological “memory” and faster responses with second exposure

Cytokine Circulating protein mediators of intercellular signaling. Their secretion by leukocytes plays a central role
in the regulation of the immune system and they can be broadly divided into pro and anti-inflammatory
cytokines. Proinflammatory cytokines act to recruit leukocytes to sites of injury/insult and induce antigen
presentation. Anti-inflammatory cytokines act to attenuate the inflammatory response

Chemokine A subset of cytokines, acting specifically as chemotactic factors for leukocytes

Immunomodulation An alteration of the immune response, which can be induced externally by therapeutic agents. Examples
of this in clinical practice include drugs for rheumatoid disease and inflammatory bowel disease, directed
against proinflammatory cytokines, as well as immune checkpoint inhibitors, now in widespread use in
the treatment of melanoma

Merlin An acronym for moesin–ezrin–radixin–like protein, a tumor suppressor protein centrally implicated in
vestibular schwannoma development. It mediates contact mediated inhibition of growth but has also
been shown to act as an inhibitor of nuclear factor-κB, a proinflammatory transcription factor

Angiogenesis The formation of new blood vessels from preexisting vasculature. This process is largely mediated by
vascular endothelial growth factor (VEGF). VEGF expression is higher in faster growing vestibular
schwannomas (VS), and anti-VEGF therapeutic agents are established in the treatment of neurofibro-
matosis type-2–associated VS
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contrast to earlier results, however, higherM2/M1macrophage
ratiocorrespondedtoa lower rateofpostoperative recurrence.30

The precise function of macrophages following their
infiltration into VS is yet to be determined and the discordant
findings of the previously cited study serves to highlight the
necessity for further research to aide our mechanistic un-
derstanding of the VS microenvironment. From a pragmatic
perspective, however, the size of VS correlates with outcome
and as it stands macrophage infiltration seems to correlate
with tumor size and tumor growth rate.1–5,7 The mecha-
nisms underlyingmacrophage infiltration and their function
within the tumor may represent promising therapeutic
targets and are explored further below.

Molecular Pathways and Chemical Mediators

It has been known since the 1980s that VS tissue elicits a cell-
mediated immune response in the blood of affected patients,
as measured through indirect leukocyte migration assays.31 It
is only recently, however, that the mediators of this immune
cell migration have started to be elucidated. A comparative
analysis of resected VS tissue and normal vestibular nerve
demonstrated increased expression of proinflammatory cyto-
kines IL-1, IL-6, tumor necrosis factor-α (TNF-α), and the
leukocyte adhesion molecule, intercellular adhesion mole-
cule-1 (ICAM-1), in the resected tumors.32 Furthermore, a
recent analysis of 60 specimens from patients with sporadic
and NF2 associated VS found upregulation of the C-X-C che-
mokine receptor type 4 (CXCR4) on VS Schwann’s cells when
compared with Schwann’s cells derived from normal control
nerves.33 As well as expression on the tumors themselves, VS
tissue has been shown to secrete proinflammatory cytokines
which are ototoxic in a murine cochlear explant model, and
TNF-α is a mediator of this ototoxicity.34

At the subcellular level, key transcription factors involved
in potentiating the inflammatory processes in VS have been
identified. Nuclear factor-κB (NF-κB) is a master immune
regulator, that is activated by proinflammatory cytokines
such as TNF-α and IL-1 and which controls expression of
numerous inflammation related genes. It has been implicat-
ed in the maintenance of cancer-related inflammation in
several malignancies and in VS tissue specimens NF-κB levels
have been shown to be upregulated.35,36 In human
Schwann’s cells, NF-κB activity is inhibited by merlin, the
tumor suppressor protein whose loss is pivotal to the devel-
opment of VS and in derived VS cell lines pharmacological
targeting of NF-κB has decreased cellular proliferation
rates.35,37 Following its activation, NF-κB induces the secre-
tion of multiple proinflammatory cytokines and there is,
therefore, a potential for an autocrine positive feedback loop
in VS, whereby IL-1 and TNF-α activate NF-κB, leading to
further potentiation of these candidate proinflammatory
cytokine levels (►Fig. 2).

Another molecular cascade which has been implicated in
driving intratumoral inflammation in VS is the cyclooxygen-
ase 2 (COX-2) pathway. COX-2 is an enzyme found to be
upregulated at sites of inflammation and acts to metabolize
arachidonic acid.38 COX-2 has been found to be overex-

pressed in a wide variety of tumors, including meningiomas,
and this also holds true for VS; analysis of over 1,000 resected
VS found that 99% of tumors demonstrated immunopositiv-
ity for COX-2.39,40 The most interesting observation, howev-
er, was that COX-2 positivity was found to be positively
associated with tumor size and cellular proliferation index,
as quantified byMIB1 expression, onmultivariate analysis.39

Inhibitors of COX-2 have been found to attenuate VS cellular
proliferation in vitro.41 Analogous to the situation with NF-
κB, COX-2 is known to stimulate macrophages to produce
proinflammatory cytokines such as IL-1 and IL-6, which are
themselves activators of both COX-2 and NF-κB. This once
again raises the possibility of a proinflammatory positive
feedback loopwithin VS (►Fig. 2), and in other neurosurgical
conditions, such as intracranial aneurysms formation, there
is evidence that such feedback loops occur.42

Inflammation and Angiogenesis in VS: The
Chicken or the Egg?

The growth of any tumor is dependent on new blood vessel
formation or angiogenesis, and VS angiogenesis is now
established as a key driver of tumor growth targetable
with the agent bevacizumab. In many solid tumors, it is
recognized that TAM abundance and vascular density are
closely associated and previous tissue studies in both

Fig. 1 Macrophage polarity. Typically, monocytes/macrophages can
be polarized to an M1 phenotype by Toll like receptor (TLR) ligands
such as lipopolysaccharide (LPS), interferon-g (IFN-g), or tumor
necrosis factor-a (TNF-a), and secrete proinflammatory cytokines to
be antitumorigenic. Alternatively, they can be polarized to an M2
phenotype by vascular endothelial growth factor (VEGF), Interleukin-4
(IL-4) and IL-13, which secrete anti-inflammatory cytokines to be pro-
tumorigenic. CD14 and CD68 act as cell surface markers for macro-
phages, common to M1 and M2 types. Although this dichotomous
polarity is somewhat of an oversimplification, the concept of pro and
anti-tumoral activity of macrophages is highly clinically relevant.
Readers interested in exploring this topic in more detail are directed
to an excellent review by Mantovani et al.
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sporadic, and NF2-related VS have similarly demonstrated a
close association between tissue microvessel density, tissue
vascular permeability, and TAM density in these
tumors.7,43–45 Previous VS tissue studies have documented
expression of both the proangiogenic cytokine, vascular
endothelial growth factor (VEGF) and its receptor VEGFR-1,
but until recently the cellular origin of these proteins and
their relationship to inflammation in VS had not been
studied. In a recent tissue study of resected sporadic and
NF2-related VS, it was demonstrated that VS TAM were a
source of both VEGF and VEGFR1’s expression (►Fig. 3).6

VEGF isknown topromote vasodilatation, increase vascular
permeability, and induce angiogenesis.46,47 There is, however,

a growing body of evidence that VEGF also acts as a potent
chemoattractant for circulating VEGFR1 expressing mono-
cytes and that once these cells are in the tumor, VEGF serves
to drive monocytes toward the proangiogenic and tumor-
promoting M2 macrophage phenotype.47–51 Tumor hypoxia
and thehypoxia-sensing transcription factorHIF1α are known
to be key drivers of angiogenesis and proangiogenic cytokine
production, and HIF1α expression has been demonstrated in
VS. In other tumors, TAMs preferentially localize within hyp-
oxic regions, and low oxygen conditions promote HIF1α
expression within these cells, driving them toward a specific
proangiogenic activation profile.45 Alongside stimulating an-
giogenesis, HIF1α is thought to induce the recruitment of

Fig. 2 Overview of biology of vestibular schwannoma (VS). (A) An axial T1-W Post-Gd MRI of a VS. (B) Magnified image depicting a schematic
representation of the tumor microenvironment and the cell populations implicated in the VSmicroenvironment (C) Schematic representation of
a positive feedback loop of inflammation in VS. Cytokines bind to cell surface receptors of Schwann’s cells, activating the transcription factor NF-
κB which demonstrably upregulates TNF-α, IL-1β, IL-6 and COX-2 expression. The cytoskeleton tumor suppressor protein merlin blocks NF-κB
activity. COX-2 production is upregulated by NF-κB. Dashed line illustrates the purported positive feedback loop perpetuating the inflammation
within VS. COX, cyclooxygenase; Gd, gadolinium; IL, Interleukin; MRI, magnetic resonance imaging; NF, nuclear factor; TNF, tumor necrosis
factor; W, weighted.
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monocytes through regulating the expression of key chemo-
kines, such as C-X-C motif chemokine 12 (CXCL12), and its
receptor CXCR4 and also directly influence the polarization of
TAMs into protumorigenic M2 phenotypes.

The above evidence suggests that within growing VS, a
self-perpetuating cycle may arise, whereby TAM infiltration
drives VEGF production and angiogenesis, which in turn
promotes further monocyte infiltration and polarization
into protumorigeneic and proangiogenic M2-type TAM.52

The evidence for this hypothesis at present, however, is
observational and further in vivo mechanistic studies are
required to better establish the relationship between angio-
genesis and TAM infiltration in VS.

Immune Regulation and Evasion in VS

In many tumors, bothmalignant and benign, neoplastic tumor
cells are able to evade and suppress the immune response.53

One mechanism through which this immune suppression is
achieved is through the stimulation of so called regulatory

T-cells or Treg, which are characterized by the expression of the
transcription factor fork-head box P3 (Foxp3).53 Within the
tumor microenvironment, Treg help to establish an immuno-
suppresive phenotype and facilitate tumor cell immune eva-
sion through suppressing the proliferation and cytolytic
activity of CD4þ and CD8þ T-cells and inducing an immuno-
suppressive TAM phenotype. In many solid tumors, such as
melanoma and non–small cell lung cancer, heavy tumor infil-
tration of Treg cells is seen and there is a demonstrable
associationbetweenhigh tumoral Tregdensityandpoorpatient
prognosis.53 While Treg have also been demonstrated in histo-
logically benign tumors, such as neurofibroma, their role in VS
has only recently been investigated.54 Tamura et al demon-
strated expression of Foxp3þ regulatory T-cells (Treg) in
resected VS specimens and an association between increased
Foxp3þ Treg density and progressive tumor growth.29,55

Another mechanism by which tumor cells evade immu-
nosurveillance is through activation of immune checkpoint
pathways, such as the PD-L1/PD1 (Programmed death-ligand
1 [PD-L1]/Programmed cell death protein 1 [PD1]) signaling

Fig. 3 Relationship between hypoxia, angiogenesis and inflammation in VS. (A) Immunostains from a growing NF2-related VS demonstrating
macroscopic spatial colocalization between Iba1 (ionized calcium-binding adapter molecule 1, marker of active macrophages) and regions of
high CD31þ (expressed on endothelial cells, indicative of angiogenesis) microvessel density. Left: Iba1, red, immunoperoxidase, whole mount;
CD31, brown, immunoperoxidase, whole mount. (B) Higher magnification (�10 HPF) of the area framed in the whole mounts) demonstrating an
intratumoral region of high Iba1þ TAM density and high CD31þmicrovessel density respectively. Top: Iba1, red; bottom: CD31, brown
(immunoperoxidase, �10). (C) Higher magnification (�20 HPF) immunofluoresence images of the area framed in the whole mounts
demonstrating areas of cellular colocalization between Iba1 and VEGF (yellow). From left to right: Iba1 (red), VEGF (green) and VEGF-Iba1 (red-
green) (immunofluorescence, �20). HPF, high power field; NF2, neurofibromatosis type 2; VEGF, vascular endothelial growth factor; TAM,
tumor-associated macrophages; VS, vestibular schwannoma.
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axis. Programmed death-ligand 1 or PD-L1 (or B7 homolog 1)
is a transmembrane protein upregulated in several tumors
and is the target ligand for the T cell receptor PD-1.56 Binding
within the tumor microenvironment leads to several down-
stream effects on T-cell homeostasis including apoptosis and
reduced proliferation of activated cytotoxic T-cells. As a
result, there is diminished immune clearance of tumor cells,
and in many tumors PD-L1 positive tumor cells have demon-
strable resistance to cytolytic T-cell–mediated destruction.57

Similar to Treg, PD-1/ PD-L1 signaling has not been exten-
sively studied in VS. An early study demonstrated PD-L1
expression in 48 resected VS including surgically salvaged VS
tumors that had failed stereotactic radiosurgery.58 While
later studies have confirmed this expression and demon-
strated an association of higher PD-L1 expression with both
tumor progression and unfavorable facial nerve outcomes
following STR, other authors have demonstrated low rates of
PD-L1 expression in VS tumor cells.29,30,57 Larger studies are
therefore required to better understand the role of immune
checkpoint pathways in VS progression and growth.

Alongside the proposed relationship between TAM
infiltration, hypoxia, and angiogenesis, VEGF signaling
may similarly play a role in the development of an immu-
nosuppressive microenvironment in VS.29 In systemic
tumors VEGF-A/VEGFR signaling has a key role in inhibit-
ing dendritic cell maturation, stimulating Treg prolifera-
tion, and upregulating expression of PD-1/PD-L1 on CD8þ T
cells, Treg, and TAMs within the tumor microenviron-
ment.29 Our understanding of the interaction between
angiogenesis and immune regulation in VS is nascent
but is strengthened by recent demonstrations in NF2-
related VS that selective vaccination against the VEGFR1/2
receptor results in both microvascular changes and a
reduction in the number of Foxp3þ Treg cells within the
tumor microenvironment.55

Detecting VS Inflammation in the Clinic

Successful translation of immune-related therapeutic targets
intoVS clinical practicewill requireboth invivo animal studies
and early phase clinical trials.59Ofequal importance, however,
are diagnostic biomarkers which can be used to identify
tumors with a high inflammatory burden are likely to benefit
most from immunomodulatory therapy. There has been inter-
est in the use of novel positron emission tomography tracers
(PET) asmarkers of local intratumoral inflammation inVS. PET
imaging utilizing [68Ga]-pentixafor, a ligand targeted against
theCXCL12chemokine receptorCXCR4,hasbeenperformed to
provide real-time, in vivo evidence of active inflammation in
VS.33 In thelargest invivo imagingstudyof inflammation inVS,
thus far, use of an established translocator protein (TSPO) PET
tracer for macrophages [11C]-(R)PK11195 demonstrated that
compared with static tumors, growing sporadic VS displayed
higher specific binding of [11C]-(R) PK11195 (►Fig. 4).43,60

Perhaps more practical in the clinical environment than PET
is the role of magnetic resonance imaging (MRI) markers of
inflammation.Ktrans, adynamiccontrast-enhanced (DCE)MRI-
derived biomarker of vascular permeability, might have value

as an indirect measure of inflammation in VS, as it correlates
strongly with both binding of [11C]-(R)PK11195 and tissue
macrophage density. Previous studies in NF2-related VS have
shown that DCE-MRI based biomarkers can be used as early
predictive biomarkers of bevacizumab treatment response,
and there is hope that permeability metrics could serve as
future clinically applicable predictors of response to immune-
targeted therapies in these tumors.52,61

Arguably the “holy grail” of clinical biomarkers in VSwould
be a blood test which allows evaluation of the inflammatory
profile in any given tumor and prediction of future tumor
growth. In patients with extracranial malignancies, the pe-
ripheral blood neutrophil-to-lymphocyte blood ratio (NLR)
has shown utility as a marker of systemic subclinical inflam-
mation.62–64 In the CNS, an increased NLR has been shown to
be an independent prognostic indicator for poor outcome in
patients with glioblastoma.65,66 In VS, a study of 161 patients
demonstrated that the peripheral blood NLR was indepen-
dently predictive of tumor growth status.67 The cause of the
apparent systemic neutrophilia seen is incompletely under-
stood but tumoral induction of VEGF, IL-1β, and IL-6 secretion
have all been implicated.68 As such future prospective studies
of peripheral biomarkers of inflammation in VS should focus
on candidate cytokines and chemokines thought to be driving
immune cell chemotaxis into the tumors.

A Basis for New Therapies?

Given our nascent appreciation of the contribution of the
immune microenvironment to VS pathobiology, it is unsur-
prising that few therapeutic interventions aimed at targeting
this process in vivo have been trialed. There has been
considerable interest in aspirin, an anti-inflammatory and

Fig. 4 Imaging biomarkers of intratumoral inflammation in VS.
Representative imaging and histology from a patient with a static VS
(A); and a growing VS (B) is shown. From left to right: axial T1-W post-
Gd; parametric map of [11C]-(R)-PK11195 PET specific binding (BPND);
map of DCE-MRI derived Ktrans ; and immunostains demonstrating
Iba1 (Iba1 red, immunoperoxidase) TAM density in each tumor.
Within the growing VS there is demonstrably higher binding of the
inflammation PET tracer, [11C]-(R)-PK11195, and elevated Ktrans sug-
gesting indicating increased vascular density/permeability compared
with the static tumor. Comparative immunohistochemistry (Iba1 red,
immunoperoxidase) demonstrates that within the growing VS, there
is an abundance of intratumoral Iba1þ macrophages. DEC-MRI, dy-
namic contrast-enhanced magnetic resonance imaging; Gd, gadolin-
ium; PET, positron emission tomography; TAM, tumor-associated
macrophages; VS, vestibular schwannoma; W, weighted.
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known inhibitor of both COX-2 activity, andNF-κB activation,
as a pharmacological therapy to inhibit VS growth.41,69 To
date, however, there have been conflicting results from
observational studies aimed at determining if aspirin usage
is associated with a decreased rate of VS growth.69,70 This
questionwill be better addressed by the results of a currently
recruiting phase-II clinical trial, randomizing patients to
325-mg twice daily, or placebo, with tumor progression
the outcome measure (NCT03079999).

Treatments aimed at “reeducating” protumorigenic M2
macrophages toward an antitumor, cytotoxic M1 phenotype
have proven effective in in vitromodels of other malignancies,
although further work is required to validate their use in a
clinical setting.71,72 IL-1 and TNF-α antagonists arewell estab-
lished in the treatment of chronic inflammatory conditions,
such as rheumatoid arthritis and inflammatory bowel disease,
but their use in VSwould require extensive preclinical valida-
tion prior to their use in this patient cohort.73

Given the evidence, supporting the upregulation of PD-L1
within VS that have not responded to primary treatment
with SRS or surgery, there may be a rationale for immune
checkpoint inhibition strategies targeted against the immu-
nosuppressive activity of the PD-L1/PD-1 axis.30,58 Recom-
binant anti-PD-1 antibodies have been used to dramatic
effect in tumors with high levels of cytotoxic T-cell inhibi-
tion, such asmelanoma.74 There is also emerging evidence of
the efficacy of such therapies in a subset of glioma patients,
and they may represent a promising therapeutic avenue for
patients with VS, particularly those with tumors that recur
following surgery or SRS with high levels of PD-L1 expres-
sion.75 Remaining cognizant of the putative dual angiogenic
and immunosuppressive role of VEGF in VS, consideration
may be given to the coadministration of anti-VEGF therapy
and immune checkpoint inhibitors.55 The administration of
bevacizumab in glioblastoma led to prolonged increases in
cytotoxic T-cell activity, and this may aid in the creation of
immunologically active “hot” tumors that are more respon-
sive to immune checkpoint inhibition.76 This therapeutic
strategy has been pursuedwith some success in tumors with
high levels of immune evasion, such as renal cell carcinoma
and melanoma.77,78

Conclusion and Clinical Impact

In this review, we have outlined the current state of the
science underpinning our understanding of the VS immune
microenvironment. More than aberrant Schwann’s cells
alone, VS have a complex microenvironment, characterized
by an inflammatory and angiogenic milieu, that is likely to
play a critical role in tumor growth. Our challenge now is to
harness our increased understanding of the tumor microen-
vironment to bring tangible benefits to patients with VS.

In the near future, there is a clear rationale to justify the
addition of immune checkpoint inhibitors to bevacizumab in
progressive NF2-associated disease, where other treatment
options are limited or undesirable. Similarly, there may be a
selected group of sporadic VS patients who fail repeat
radiosurgery and warrant consideration of a comparable

strategy with or without the addition of subtotal tumor
resection. For the majority of sporadic VS patients, combin-
ing drug therapywith radiosurgeryor subtotal surgerymight
seem an example of “using a sledgehammer to crack a nut.”
However, over the coming decade, the development of
imaging biomarkers of tumor progression and early identifi-
cation of radiosurgery failure, may allow us to predict
patients for whom the addition of limited cycles of immune
checkpoint inhibitors and/or VEGF inhibition may be of
adjuvant benefit to prevent failure of primary treatment. It
is also plausible that targeted anti-inflammatoriesmay allow
a degree of hearing preservation in some conservatively
managed VS patients with recent hearing loss, given the
purported ototoxic role of TNF-α in VS-associated hearing
loss. It might also be possible to further improve surgical
facial nerve outcomes in large tumors by decreasing inflam-
mation perioperatively. As such, strategies for inhibiting
immune evasion, promoting immune-mediated tumor clear-
ance and/or targeting the inflammatory cytokine pathways
represent promising candidate treatments in VS.
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