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Simple Summary: Meningioma is the most common primary intracranial tumour. However, the
histopathological diagnosis remains simplistic and to some extent insufficient compared to other
brain tumours. Surgery is the primary treatment, and radiation therapy is secondary treatment
for tumours that recur. Traditional chemotherapy has so far been ineffective, as these tumours are
resistant, and research on meningioma biology is lacking compared to other tumour types. The
tumoral microenvironment (TME) plays a key role in understanding various cancers. In meningiomas,
however, the TME is poorly understood. It is unknown how the brain immune cells contribute to
meningioma behaviour and aggressiveness, and the relationship between meningioma cells and TME
involved in treatment resistance also needs to be investigated. It is therefore necessary to explore
if the literature holds any evidence regarding meningioma-brain crosstalk in order to identify the
gaps of knowledge. The sparse amount of available literature on the subject necessitates a scoping
review approach.

Abstract: Background: In recent years, it has become evident that the tumoral microenvironment
(TME) plays a key role in the pathogenesis of various cancers. In meningiomas, however, the
TME is poorly understood, and it is unknown if glia cells contribute to meningioma growth and
behaviour. Objective: This scoping review investigates if the literature describes and substantiates
tumour-brain crosstalk in meningiomas and summarises the current evidence regarding the role
of the brain parenchyma in the pathogenesis of meningiomas. Methods: We identified studies
through the electronic database PubMed. Articles describing glia cells and cytokines/chemokines in
meningiomas were selected and reviewed. Results: Monocytes were detected as the most abundant
infiltrating immune cells in meningiomas. Only brain-invasive meningiomas elicited a monocytic
response at the tumour—brain interface. The expression of cytokines/chemokines in meningiomas has
been studied to some extent, and some of them form autocrine loops in the tumour cells. Paracrine
interactions between tumour cells and glia cells have not been explored. Conclusion: It is unknown
to what extent meningiomas elicit an immune response in the brain parenchyma. We speculate that
tumour-brain crosstalk might only be relevant in cases of invasive meningiomas that disrupt the
pial-glial basement membrane.

Keywords: meningioma; inflammation; immune cells; tumour microenvironment; microglia;
macrophage
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1. Introduction

Meningiomas are the most common primary intracranial tumour [1]. According to
WHO 2016 guidelines, meningiomas are classified as either grade I, grade II (atypical) or
grade III (malignant), depending on mitotic rate, brain invasion and specific histological
features. Treatment strategies span from watchful waiting to complete/partial surgical
resection and/or radiation therapy [1]. Most meningiomas are benign and associated with
a good prognosis [2]. However, the treatment options for recurrent or unresectable tumours
are very limited, as they are resistant to traditional chemotherapy [3]. Recent research
on the treatment of various cancer types focuses on immune checkpoint inhibitors and
other types of immunotherapy [4]. The tumoral microenvironment (TME), the stromal
contribution and the role of immune cells are all critical regulators of cancer progression in
the brain. The TME is created by tumour cells, which orchestrate the cellular and molecular
events that take place in the surrounding tissue [5]. The TME contains a substantial
proportion of non-neoplastic cells, such as pericytes; endothelial cells; fibroblasts; immune
cells; and cells distinctive for brain tissue, including microglia, astrocytes and stem-like
cells [6-8]. These cells create a complex interplay of tumour-immune cell interactions in
the TME [4]. In search of efficient immunotherapy for glioblastomas, recent research has
unfolded the interesting mechanism of crosstalk between glioblastoma cells and glial cells
from the brain parenchyma, which impacts tumour malignancy and serves as a basis for
future potential therapeutic strategies. This crosstalk can be mediated by either soluble
messengers across the glia limitans or by direct cell interactions. The interaction between
the blood-brain barrier (BBB), the glia limitans and meningiomas has not yet been studied,
and the TME in meningiomas is poorly understood. Thus, it remains unknown to what
extent a possible reciprocal tumour-brain crosstalk takes place in meningiomas and how it
affects the pathophysiology [9]. We (unpublished results) and others [10-12] have studied
inflammatory cells in meningiomas, but the brain parenchymal responses have not been
reviewed. In this review, we aim to analyse the literature on meningioma cells and glial
cells (microglia and astrocytes) to describe tumour—brain crosstalk in meningiomas. On
the basis of knowledge on tumour-brain crosstalk in other primary brain tumours [3], we
address two aspects of crosstalk in meningiomas:

(1) Attraction and activation of glial cells from the parenchyma to the tumour site;
(2) Reciprocal exchange of substances and cell—cell interactions between glial cells and
tumour cells that impact on meningioma growth and behaviour.

We analyse these qualities in order to explore if the literature holds any evidence
regarding meningioma-brain crosstalk with emphasis on interactions mediated by soluble
messengers. In addition, we identify gaps of knowledge, necessary to elaborate the role of
parenchymal glial cells in meningioma pathogenesis. The complex and diverse nature of
tumour-brain crosstalk coupled with the sparsity of the literature necessitate a scoping
review approach.

2. Methods

A broad systematic search strategy was used to maximise the capture of relevant
information on the topic. Search terms included the cells of interest (meningiomas, as-
trocytes and microglia) and molecules that mediate reciprocal tumour-brain crosstalk in
other primary brain tumours (cytokines and chemokines) [13]. On the 16th of February
2021, a systematic search was carried out through an online search in PubMed using the
MeSH database. The MeSH terms “meningioma”, “astrocytes”, “microglia”, “chemokines”,
“receptors, chemokine” and “cytokines” were used. The MeSH term “receptors, cytokine”
did not add any articles to the search and was therefore not included. Thus, our search was
as follows:

(meningiomal MeSH Terms]) AND (astrocytes/MeSH Terms]) OR (meningioma[MeSH
Terms]) AND (microglia[MeSH Terms]) OR (meningioma[MeSH Terms]) AND (recep-
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tors, chemokine[ MeSH Terms]) OR (meningioma[MeSH Terms]) AND (“chemokines”[MeSH
Terms]) OR (meningiomalMeSH Terms]) AND (cytokines|[MeSH Terms])

Additional relevant references from the obtained literature were reviewed. With
exception of case reports, clinical trials and letters to the editor, we included all English-
written studies based on original data for title and abstract screening, regardless of year
of publication. As no articles directly assessed the topic of our review, our inclusion and
exclusion criteria were dynamic, as new ideas emerged. Articles related to peritumoral
oedema, tumour angiogenesis, systemic inflammatory markers and tumour genetics were
excluded. A PRISMA flowchart was made including reasons for exclusion of the literature
(Appendix A).

3. Results
3.1. Microglia/Macrophage Infiltration in Meningiomas

Several studies reported the infiltration of tumour-associated microglia/macrophages
(TAMs) in meningiomas [9,11,12,14,15]. The degree of infiltration was variable, but a ma-
jority of the studies reported them as the most abundant immune cell type in meningiomas
with a mean content spanning from 18% to 44% [9,15-17]. Immunohistochemical studies
identified TAMs as single cells or scattered groups of cells, with higher density near blood
vessels or hypoxic and necrotic areas [9,14]. The morphology showed significant hetero-
geneity, including round, rod-shaped, ameboid and ramified TAMs [15]. Studies reported
conflicting results regarding the association between the number of TAMs, tumour size and
WHO grade [9,11]. The mechanisms of TAM infiltration were poorly investigated with only
a few studies. The chemokine monocyte chemoattractant protein 1 (MCP-1) is expressed in
meningiomas, and the degree of TAM infiltration correlated with MCP-1 expression. Thus,
MCP-1 might play a role in the mechanism of TAM infiltration [18,19]. As microglia and
blood-derived macrophages share similar immune regulatory mechanisms and express
several common surface markers, it remains a challenge to discriminate between the two
cell types [20]. There are emerging markers to distinguish microglia (P2Ry112, TMEM119)
from macrophages (CD163, CD68), but further studies are needed to evaluate their relia-
bility in humans [21-23]. Therefore, it is not clear whether the TAMs in meningiomas are
blood-derived macrophages, migrated microglia or a combination of the two.

3.2. Classical (M1) or Alternative (M2) Microglia/Macrophage Activation in Meningiomas

TAMs differentiate into a classical (pro-inflammatory, M1) or alternative (anti-inflam-
matory, M2) phenotype. However, polarisation more likely represents an overlapping
continuum of phenotypes rather than separate categories [24-26]. The polarisation of
TAMs towards an M1 or M2 phenotype depends on the cytokine milieu and the local TME.
Conversely, the polarisation state reciprocally affects the TME, as M1/M2 TAMs secrete
pro- and anti-inflammatory substances, respectively. The polarisation state of TAMs can
be recognised by detecting surface proteins and secreted substances associated with the
M1/M2 phenotypes (Figure 1) [27]. Very few studies have investigated the immune pheno-
type of TAMs in meningiomas, but emerging research points to an important association
between the polarisation state of TAMs and tumour progression [28]. Proctor et al. [9]
found that infiltration of TAMs increased with WHO grade, and the M1:M2 cell ratio was
significantly decreased in WHO grade II compared to grade I tumours, but the relationship
between the post-operative outcome and the TME dynamics in regard to the extent of
inflammation remains to be explored.

In meningiomas carrying the monosomy 22/del(22q), TAMs are polarised towards the
pro-inflammatory M1 phenotype [17], and the M1/M2 ratio generally seems to decline with
increasing WHO grade and in recurrent meningiomas also [9,29]. Thus, while evidence
regarding the prognostic value of the number of TAMs is conflicting, the M1/M2 ratio
might have significant importance in meningioma growth and behaviour.
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Figure 1. Surface and secretory markers associated with M1/M2 polarisation state of microglia [13,27,30-33].

3.3. Glial Response at the Tumour—Brain Interface

According to the small available number of studies, there were variable degrees of
gliosis in the brain parenchyma adjacent to meningiomas [34-37]. The brain-meningioma
interface of benign meningiomas is demarcated by a pial-glial basement membrane, which
is typically absent in atypical and anaplastic variants [36]. Grund et al. 2009 [35] found
a microglial/macrophagic response at the tumour-brain interface in a subset of invasive
meningiomas, which correlated with the degree of malignancy and with loss of the pial-
glial basement membrane. The response was of two different kinds; the majority of cases
had a wall of mononuclear cells separating the tumour from the brain, while a minor
subset showed activated microglia in the brain parenchyma [35]. Astrocytes could be
found in the subjacent compressed brain tissue or deep in the tumour between the lobules,
probably due to the entrapment of vessels with the surrounding astrocytes [36,37]. The
astrocytes eventually appeared to disappear from the tumour-brain interface [34], as
invasive meningiomas progressively disrupted the pial-glial basement membrane.

3.4. Cytokine Expression in Meningiomas

A substantial number of studies have investigated the expression of cytokines in
meningiomas with different methods, including rt-PCR, immunohistochemistry, Western
blot and flow cytometry. From these studies, it is evident that meningiomas express a
wide range of cytokines, chemokines and growth factors with pro- and anti-inflammatory
properties. The roles of these substances in the course of meningioma progression remain
largely unexplored. Table 1 summarises the current knowledge on cytokine/cytokine
receptor expression in meningiomas.
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Table 1. Overview of cytokines and cytokine receptors expressed in meningiomas ranging from
WHO grade I-III. Cytokines are key mediators of crosstalk in other primary brain tumours. A
better understanding of the cytokine microenvironment is essential to explore the role of the brain
parenchyma in the pathogenesis of meningiomas. “+” indicates that the receptor has been detected
in meningioma tumour cells. Abbreviations: n.a. = not applicable.

Cytokine n. Positive Meningiomas/Total =~ Cytokine Receptors +/n.a.
Type 1 Cytokine Family
IL-2 0/51[38],0/9[39],0/11 [40] IL-2R n.a.
IL-3 11/11 [40] IL-3R n.a.
IL-4 0/11 [40],0/5[38],0/9 [39] IL-4R +[41,42]
IL-5 0/11[40],1/5[38] IL-5R n.a.
11/11 [40],1/5[38],10/10 [43],

IL-6 9/9[39], 0/2 [44], 10/10 [45] IL-6R + 1431
IL-7 0/11 [40] IL-7R n.a.
G-CSF 28/30 [46] G-CSFR + [46]
GM-CSF 1/51[38],27/30 [46] GM-CSFR + [46]

Type 2 Cytokine Family
IFN-y 11/11 [40] IFN-yR n.a.
IL-10 1/5[38] IL-10R n.a.
OSM 2/2[44],10/10 [43] OSM-R + [43]
LIF 2/2[44],10/10 [43] LIF-R + [43]
TNF Cytokine family
TNF-x 3/5[38],0/11 [40] TNFR1 n.a.
TNF-$ 6/11 [40] TNFR1 n.a.
IL-1 Family
IL-1x 0/11[40],5/5 [38] IL-1R n.a.
IL-1B8 5/11 [40],3/5[38],9/9 [39] IL-1IR n.a.
Other Cytokines
TGF-« 22/26 [47] EGFR + [47-49]
TGF-1 8/11 [40],3/5[38], 3/6 [50] TGF-BRI-III + [51]
TGE-B2 9/11 [40],5/5[38], 6/6 [50] - -
TGE-B3 11/11[40],5/5[38], 6/6 [50] - -
HGE/SF 5/14 [52] MET + [52,53]
Chemokines
IL-8 11/11 [40], 14/35 [54] CXCR1/2 + [54]
CCL2/MCP-1 16/16 [18] CCR2 n.a.
CXCL1/2/3 27/27 [54] CXCR1/2 + [54]
CXCL9 10/36 [54] CXCR3 + [54]
CXCL10 15/36 [54] CXCR3 + [54]
CXCL11 22/22 [55] CXCR3 + [54]
CXCL12/SDF-1 22/22 [55],6/6 [56],29/55 [54] CXCR4/CXCR7 + [25,55-57]
CXCL13 1/35 [54] CXCR5 + [54]
CXCL16 27/27 [58],28/28 [59] CXCR6/tmCXCL16 (+)/+ [58,59]
CX3CL1 27/27 [58] CX3CR1 + [58]

3.5. Microenvironmental Impact on Meningioma Growth and Behaviour

Cytokines can stimulate or inhibit meningioma proliferation in vitro [43,45,54,59-61].
While TGF-8 [62], IL-6 [45,61] and OSM [43] inhibit meningioma cell growth, SDF-1 [54,60]
and CXCL16 [59] increase proliferation in cultured meningioma cells. In addition, the
expression of cytokines appeared to correlate with malignancy grade [46,63] and tumour
recurrence [53,64—68]. TGF-$3 levels seemed to decline with increasing WHO grade [63]. In
contrast, G-CSE, GM-CSF and osteopontin (OPN) levels correlated positively and signifi-
cantly with increasing WHO grade [46,64]. In terms of tumour recurrence, lower TGF-3
expression and higher expression of OPN, HGF/SE, MIP and MMP-9 were found to corre-
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late significantly with the recurrence of meningiomas [53,64—67]. However, the independent
predictive value of HGF/SF expression was not associated with tumour recurrence accord-
ing to Kérja et al. [68]. In summary, the cytokine milieu modulates tumour cell growth and
varies among different malignancy grades in recurrent vs. non-recurrent meningiomas.

3.6. Sources and Targets of Cytokines in Meningiomas

The majority of the studies on cytokines in the meningioma TME focused on the effect
on tumour cells upon receptor binding, and, thus, little is known regarding other potential
cellular sources and targets of cytokines in the TME. Some cytokines/chemokines, e.g.,
IL-6, CXCL12 and TGF-£, show a formation of autocrine loops in meningioma cells. Such
loops have been demonstrated as a signalling mechanism that impact tumour behaviour
(Figure 2) [43,45,59,61]. Some chemokine/chemokine receptor pairs have also been de-
tected in endothelial cells and in TAMs [58], implying that paracrine signalling also takes
place in the TME. It has not been investigated whether microglia and astrocytes contribute
to the cytokine milieu in meningiomas or if and how the TME reciprocally affects these
glia cells.

A. Autocrine loops stimulating meningioma C. Autocrine loops with unknown impact on
proliferation meningioma behaviour
' CXCL1-3,
SDF-1 CXCL9-13,
N GM-CSF
Q LIF G-CSF Vs O oxcus O
\%4 IL-8 v CX3cL
CXCR4 [ " Gcsm GM-CSFR  C-MET
iy /GP130 e SR ¢, QXCR1-7 %, CX3CR1
AR B oAN NERRNERREAARER fi ARAARAR AAnAAAA Afnnnn R B R A [y
‘”,J]‘-J:JA Js F.W@“W.U‘“‘”‘“‘M4.9 UJU'QUU,UM FEEEEEEISS SEYTIE S (T M uuu I J,‘ |
|
B. Autocrine loops inhibiting meningioma D. Cytokines expressed in meningiomas,
proliferation where corresponding receptors have not been IL-1B
detected L1a IFN-y
OosM
fhe- v v TNF.
. -a
Y .Y O0SMR CCL2/MCP-1 'TNF-B
+ TGF-BR IL-6-R | /GP130 \4

Figure 2. Simultaneous expression of cytokine/cytokine receptor pairs in meningiomas, suggestive of autocrine loops. Some
of these autocrine loops showed impact on meningioma growth in vitro. (A) SDF-1/CXCR4 and CXCL16/TM-CXCL16
signalling stimulated meningioma proliferation and growth. (B) TGF-8/TGF-8R, IL-6/IL-6R and OSM/OSM-R signalling
inhibited meningioma proliferation and growth (C) Loops of which the consequence on meningioma proliferation/growth
have not been investigated in vivo. (D) Cytokines expressed in meningiomas, where corresponding receptors have not

been detected.

4. Discussion
4.1. Meningioma—Brain Crosstalk: Current Research Knowledge Base

This study provides an overview of the existing evidence of reciprocal crosstalk be-
tween tumour cells and the brain parenchyma in meningiomas. Meningiomas express
several factors, which are known to have chemotactic properties on microglia in glioblas-
toma multiforme (e.g., CCL2, CX3CL1, SDF-1, G-CSF and GM-CSF) [18,26,56,69]. We
inferred that brain invasion in meningioma is mandatory to elicit an immune response in
the brain parenchyma; however, direct invasion is only seen in a minor subset of cases.
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Monocytes infiltrate all meningiomas diffusely [9], but only a subset of the brain-invasive
meningiomas had a monocytic response at the tumour-brain interface. Meningiomas
are located outside the blood-brain barrier [70] and usually supplied from the external
carotid artery [71], and, thus, it seems plausible that the diffuse monocytic infiltrates in
meningiomas represent blood-derived macrophages, while the monocytic response at the
tumour-brain interface may comprise microglia. Tumour-associated astrocytes, however,
disappeared during the course of brain invasion [34]. This is in contrast to a wide range
of other CNS pathologies, such as stroke and glioblastomas, which are associated with
reactive astrogliosis with increased astrocyte proliferation and GFAP levels [13,72,73]. In
specimens with brain invasion, focal absence of a pial basal membrane correlated with
the absence of subpial astrocytes [34]. The authors interpreted the finding as “astrocytic
disappearance” after invasion and suggested that astrocyte survival was dependent on
adherence to an intact basal membrane. Loss of astrocytes would then be a result of a
degraded basal membrane. In analogy, breaches of the basal membrane are considered
hallmarks of malignancy in cancers [74]. Degradation of the basal membrane could be
mediated by matric metalloproteases, which are expressed by tumour cells in invasive and
aggressive meningiomas [75,76]. Both the known co-expression of MMP-9 with MIF-1 [65]
and immune regulatory T-cells would further allow brain invasion by attenuation of the
microglial response [77]. Although brain invasion in meningioma does not necessarily
lead to the diagnosis of WHO grade III meningioma, brain infiltration still appears to be
associated with aggressive tumour behaviour [2,10,78-80].

The pia limitans (pial-glial basement membrane) is found in the perivascular space,
composed of astrocytic end feet connected with inducible tight junctions and constitute the
last frontier before the brain parenchyma [81,82]. Joost et al. 2019 [83] have investigated the
pia limitans and found that the microglia participate in the formation of the glia limitans
in human post-mortem brain tissue. Since microglia are reported to contribute to the
formation of the perivascular glia limitans under inflammatory conditions, it renders them
ideally positioned to control or respond to leukocyte infiltration and soluble signalling [83].
The pia limitans could very well be compromised by meningioma, especially invasive
WHO grade II and III, but is yet unexplored.

In summary, the few available studies indicate that the pial-glial basement membrane
hinders a microglial response in the brain parenchyma, but it may simultaneously support
and ensure survival of the subpial astrocytes.

The TAMs were predominantly of the pro-tumoral M2 type, and the M1/M2 ratio
decreased with increasing WHO grade [9,84]. This suggests a reciprocal crosstalk between
tumour cells and TAMs [84]. The phagocytes at the tumour—brain interface, which are
likely to represent resident microglia, have not been studied or well characterised yet. Thus,
the activation state of these cells remains unknown.

Microglia/astrocyte—tumour interactions in primary brain tumours are mediated by
several factors, including cytokines and chemokines and neurotrophic, morphogenic and
metabolic factors [13]. These factors are expressed in meningiomas, but the roles of these
substances were mainly extrapolated from research conducted on glioma—parenchymal
crosstalk. Autocrine signalling plays a role in meningioma behaviour, but it is unknown
how paracrine signalling between tumour cells and glia cells takes place. Interleukins are
important regulators of brain inflammation [13], and it is interesting to note that the pattern
of cytokine expression in meningiomas largely resembles gliomas [38]. Cytokines in the
glioma microenvironment mediate interactions between tumour cells and glial cells [13],
and it is likely that these cytokines mediate similar crosstalk in meningiomas. The relation-
ship between inflammatory cell infiltration, the expression of cytokines and its association
with meningioma brain invasion has not been investigated yet. It is noteworthy that other
cells in the TME also might interact with the brain parenchyma. For instance, mast cells,
which are known to infiltrate meningiomas, have been suggested to participate in neuroin-
flammation directly and through microglia stimulation in a range of CNS pathologies [85].
These interactions, however, are out of scope for this review. The TME in meningiomas may
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have several possible targets for immunotherapy and tolerogenic therapy, but further basic
research in this field is needed. Programmed Cell Death Protein 1 (PD-1/PD-1L) expression
is the best documented immunosuppressive mechanism in meningiomas [77,86,87] but has
only been evaluated in the treatment of other brain tumours rather than meningiomas [88].
Taking the M1/M2 ratio into account may be beneficial in the grading and prognostica-
tion of meningiomas, and rendering the ratio towards a tumoricidal M1 expression could
perhaps resemble a therapeutic target for WHO grade II and III meningiomas. Targeting
cytokines involved in the meningioma-brain crosstalk is also a subject of debate; however,
the effect of a single cytokine can be pleiotropic depending on the concentration and ex-
posure time, and most single cytokines, notably of the IL-1 family, can have either pro- or
anti-tumoral effects [89], which is why a better understanding of the crosstalk is needed in
order to suggest any targets. Furthermore, the role of radiation in modulating the inflam-
matory response and the TME in meningiomas would be of great interest and is highly
topical for targeted and immuno-therapeutic treatments for other types of cancer [90].

4.2. Research Gaps and Future Research Recommendations

In this work, we defined two preconditions necessary for reciprocal tumour-brain
crosstalk: (1) attraction and activation of glial cells from the parenchyma to the tumour
site and (2) the reciprocal exchange of substances between glial cells and tumour cells that
impact meningioma growth and behaviour.

Next, we used this framework to investigate if the literature described such elements
of crosstalk in meningioma biology. Based on our search, it is still uncertain to what extent
these preconditions are present. Microglia play a central role in tumour-brain crosstalk
in other primary brain tumours [13,21]. To explore if meningiomas elicit an inflammatory
response in the brain parenchyma, it is essential to establish whether the mononuclear
cells in the TME constitute native microglia, blood-derived macrophages or a combination
of the two. Functional differences exist between the two cell populations, at least in
glioblastoma multiforme [84], underlining the relevance of discriminating between the two
cell types. This is a challenge due to the heterogeneity of microglia and the similarities
between microglia and macrophages. The P2RY12 receptor and TMEM119 have recently
been outlined as specific microglia markers [27]. The activation of glial cells probably
takes place at the tumour-brain interface of invasive meningiomas, and, therefore, future
studies should focus on the brain parenchyma adjacent to invasive meningiomas. First, the
tumour—brain interface needs further characterisation by immunohistochemical techniques.
Second, the possible reciprocal interactions between tumour cells and glia cells should
be explored.

One of the main barriers to understanding meningioma biology is the lack of in vitro
models that faithfully mimic in vivo conditions [91]. Limitations in existing in vitro models
include cell culture conditions that differ significantly from the TME and changes in tumour
cell physiology due to immortalisation [91]. Co-cultures of brain organoids with cells from
glioblastomas have recently successfully modelled glioblastoma growth in vitro, provid-
ing a path towards more accurate in vitro models of meningiomas [91,92]. Genetically
based and xenograft mouse models, which recapitulate meningiomas in vivo, overcome
many of the limitations of in vitro models. Such models have been used to investigate
microglia/astrocyte—glioblastoma interactions [91,93,94]. Nonetheless, available in vivo
models of meningiomas are associated with several shortcomings. Genetically engineered
mouse models of meningiomas are less scalable, more costly, lack tumour heterogeneity
and are associated with non-specific effects of the genetic alterations. Available xenograft
models have the advantage of using actual human tumour cells but are costly and techni-
cally complicated. In addition, the use of immunocompromised mice implies abnormal
tumour immunology and microenvironment [31,91]. Organotypic brain slice cultures
enable the evaluation of interactions between tumour cells and the brain parenchyma with
a preserved cytoarchitecture of the brain. The main limitation of this method is the short
duration of viable cultures, which is problematic when modelling slow growing tumours,
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such as meningiomas [31]. In summary, expanding the knowledge on interactions between
tumour cells and the brain parenchyma is dependent on the improvement of preclinical
models that successfully mimic the complexity of the TME.

5. Limitations of This Review

Meningioma-brain crosstalk has not been directly assessed before, which, of course,
imposes possible limitations. Choosing search terms that successfully cover our topic
poses a challenge. We chose search terms to cover tumour cells, glia cells and cytokines, as
they are key mediators of crosstalk in other brain tumours [13]. There are, however, other
potential mediators of tumour-brain crosstalk that were not incorporated in our search
strategy, leading to the risk of selection bias. Moreover, applying microglia/astrocyte—
glioblastoma interactions as a proxy of tumour-brain crosstalk should be carried out with
caution, as meningiomas and glioblastomas are tumours of different origin and biology. A
major limitation is the low number of available studies on meningioma-brain interactions.
Hence, a systematic review was not feasible, and we synthesised the available information
with a scoping review. Given that the scope of this review is largely unexplored, some
sections are based on very few studies, and the included studies have not undergone a
quality assessment. This in combination constitutes a potential risk of overinterpreting
the results. Other limitations include that we only searched the PubMed database, did not
include unpublished results and only included research published in the English language.

6. Conclusions

The role of the brain parenchyma in the pathogenesis of meningiomas is largely
unexplored. In this scoping review, we summarised and disseminated research findings
that might elucidate whether tumour crosstalk with the brain parenchyma plays a role in
meningioma growth and behaviour. It is still questionable to what extent meningiomas
elicit an immune response in the brain. Furthermore, the extent and type of immune
response seem to vary amongst tumours. Phagocytes are frequently detected as the
most abundant infiltrating immune cells in meningiomas, but it seems reasonable that
these are blood-derived macrophages rather than resident microglia. As the pial-glial
basement membrane might protect the brain parenchyma adjacent to meningiomas from
inflammation, it is possible that tumour-brain crosstalk is of the highest significance in
meningiomas with disruption of this membrane. We suggest that future research should
focus on the inflammatory response at the tumour—brain interface of invasive meningiomas,
as these cells are more likely to represent activated glia cells from the brain parenchyma.
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Appendix A. PRISMA Flow Diagram
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Figure A1. A systematic search was carried out through an online search in PubMed using the MeSH database. Additional
relevant references from the obtained literature were reviewed. With exception of case reports, clinical trials and letters to
the editor, we included all English-written studies based on original data for title and abstract screening, regardless of year
of publication. As no articles directly assessed the topic of our review, our inclusion and exclusion criteria were dynamic, as
new ideas emerged. A PRISMA flowchart was made including reasons for exclusion of the literature.

References

1. Buerki, R.A,; Horbinski, C.M.; Kruser, T.; Horowitz, PM.; James, C.D.; Lukas, R.V. An Overview of Meningiomas. Futur. Oncol.
2018, 14, 2161-2177. [CrossRef]

2. Louis, D.N,; Perry, A.; Reifenberger, G.; von Deimling, A.; Figarella-Branger, D.; Cavenee, W.K.; Ohgaki, H.; Wiestler, O.D.;
Kleihues, P,; Ellison, D.W. The 2016 World Health Organization Classification of Tumors of the Central Nervous System: A
Summary. Acta Neuropathol. 2016, 131, 803-820. [CrossRef]

3. Preusser, M.; Brastianos, PK.; Mawrin, C. Advances in Meningioma Genetics: Novel Therapeutic Opportunities. Nat. Rev. Neurol.
2018, 14, 106-115. [CrossRef] [PubMed]

4. Garzon-Muvdi, T; Bailey, D.D.; Pernik, M.N.; Pan, E. Basis for Inmunotherapy for Treatment of Meningiomas. Front. Neurol.
2020, 11, 1-11. [CrossRef]

5. Whiteside, T.L. The Tumor Microenvironment and Its Role in Promoting Tumor Growth. Oncogene 2008, 27, 5904-5912. [CrossRef]

6.  Quail, D.F; Joyce, ].A. Perspective the Microenvironmental Landscape of Brain Tumors. Cancer Cell 2017, 31, 326-341. [CrossRef]


http://doi.org/10.2217/fon-2018-0006
http://doi.org/10.1007/s00401-016-1545-1
http://doi.org/10.1038/nrneurol.2017.168
http://www.ncbi.nlm.nih.gov/pubmed/29302064
http://doi.org/10.3389/fneur.2020.00945
http://doi.org/10.1038/onc.2008.271
http://doi.org/10.1016/j.ccell.2017.02.009

Cancers 2021, 13, 4267 11 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

Charles, N.A.; Holland, E.C.; Gilbertson, R.; Glass, R.; Kettenmann, H. The Brain Tumor Microenvironment. Glia 2012, 514,
502-514. [CrossRef]

Locarno, C.V.; Simonelli, M.; Carenza, C.; Capucetti, A.; Stanzani, E.; Lorenzi, E.; Persico, P.; Della, S.; Passoni, L.; Mavilio, D.;
et al. Immunobiology Role of Myeloid Cells in the Immunosuppressive Microenvironment in Gliomas. Immunobiology 2020, 225,
e151853. [CrossRef]

Proctor, D.T.; Huang, J.; Lama, S.; Albakr, A.; Van Marle, G.; Sutherland, G.R. Tumor-associated Macrophage Infiltration in
Meningioma. Neuro-Oncol. Adv. 2019, 1, vdz018. [CrossRef]

Bierikowski, M.; Preusser, M. Prognostic Role of Tumour-infiltrating Inflammatory Cells in Brain Tumours: Literature Review.
Curr. Opin. Neurol. 2015, 28, 647-658. [CrossRef]

Strik, H.M.; Stoll, M.; Meyermann, R. Immune Cell Infiltration of Intrinsic and Metastatic Intracranial Tumours. Anticancer Res.
2004, 24, 37-42. [PubMed]

Domingues, P.; Gonzélez-Tablas, M.; Otero, A.; Pascual, D.; Miranda, D.; Ruiz, L.; Sousa, P; Ciudad, J.; Gongalves, ].M.; Lopes,
M.C,; et al. Tumor Infiltrating Immune Cells in Gliomas and Meningiomas. Brain. Behav. Immun. 2016, 53, 1-15. [CrossRef]
[PubMed]

Matias, D.; Bal¢a-Silva, J.; da Graga, G.C.; Wanjiru, C.M.; Macharia, L.W.; Nascimento, C.P.; Roque, N.R.; Coelho-Aguiar,
J.M.; Pereira, C.M.; Dos Santos, M.F,; et al. Microglia/astrocytes—glioblastoma Crosstalk: Crucial Molecular Mechanisms and
Microenvironmental Factors. Front. Cell. Neurosci. 2018, 12, 235. [CrossRef]

BO, L.; Merk, S.J.; Nyland, H. An Immunohistochemical Study of Mononuclear Cells in Meningiomas. Neuropathol. Appl.
Neurobiol. 1992, 18, 548-558. [CrossRef] [PubMed]

Asai, J.; Suzuki, R.; Fujimoto, T.; Suzuki, T.; Nakagawa, N.; Nagashima, G.; Miyo, T.; Hokaku, H.; Takei, A. Fluorescence
Automatic Cell Sorter and Immunohistochemical Investigation of CD68-positive Cells in Meningioma. Clin. Neurol. Neurosurg.
1999, 101, 229-234. [CrossRef]

Morantz, R.A.; Wood, G.W.,; Foster, M.; Clark, M.; Gollahon, K. Macrophages in Experimental and Human Brain Tumors. Part 2:
Studies of the Macrophage Content of Human Brain Tumors. J. Neurosurg. 1979, 50, 305-311. [CrossRef]

Domingues, P.H.; Teodésio, C.; Otero, A.; Sousa, P; Ortiz, ].; de Macias, M.C.G.; Gongalves, ].M.; Nieto, A.B,; Lopes, M.C.; de
Oliveira, C.; et al. Association Between Inflammatory Infiltrates and Isolated Monosomy 22/del(22q) in Meningiomas. PLoS ONE
2013, 8, 74798. [CrossRef]

Sato, K.; Kuratsu, J.; Takeshima, H.; Yoshimura, T.; Ushio, Y. Expression of Monocyte Chemoattractant Protein-1 in Meningioma.
J. Neurosurg. 1995, 82, 874-878. [CrossRef]

Nalla, A.K.; Gogineni, V.R.; Gupta, R.; Dinh, D.H.; Rao, ].S. Suppression of uPA and uPAR Blocks Radiation-induced MCP-1
Mediated Recruitment of Endothelial Cells in Meningioma. Cell Signal. 2011, 23, 1299-1310. [CrossRef]

Utz, S.G,; See, P; Mildenberger, W.; Thion, M.S; Silvin, A.; Lutz, M.; Ingelfinger, F; Rayan, N.A; Lelios, I; Buttgereit, A.; et al.
Early Fate Defines Microglia and Non-parenchymal Brain Macrophage Development. Cell 2020, 181, 557-573.e18. [CrossRef]
Prinz, M.; Jung, S.; Priller, J. Microglia Biology: One Century of Evolving Concepts. Cell 2019, 179, 292-311. [CrossRef] [PubMed]
Van Wageningen, T.A.; Vlaar, E.; Kooij, G.; Jongenelen, C.A.M.; Geurts, ].].G.; van Dam, A M. Regulation of Microglial TMEM119
and P2RY12 Immunoreactivity in Multiple Sclerosis White and Grey Matter Lesions is Dependent on Their Inflammatory
Environment. Acta Neuropathol. Commun. 2019, 7, 206. [CrossRef] [PubMed]

Satoh, J.; Kino, Y.; Asahina, N.; Takitani, M.; Miyoshi, J.; Ishida, T.; Saito, Y. TMEM119 Marks a Subset of Microglia in the Human
Brain. Neuropathology 2016, 36, 39—49. [CrossRef] [PubMed]

Wolf, S.A.; Boddeke, HW.G.M.; Kettenmann, H. Microglia in Physiology and Disease. Annu. Rev. Physiol. 2017, 79, 619-643.
[CrossRef]

Wu, S.-Y. The roles of microglia macrophages in tumor progression of brain cancer and metastatic disease. Front. Biosci. 2017, 22, 4573.
[CrossRef]

Graeber, M.B.; Scheithauer, B.W.; Kreutzberg, G.W. Microglia in Brain Tumors. Glia 2002, 40, 252-259. [CrossRef]

Jurga, A.M.; Paleczna, M.; Kuter, K.Z. Overview of General and Discriminating Markers of Differential Microglia Phenotypes.
Front. Cell. Neurosci. 2020, 14, 198. [CrossRef]

Guadagno, E.; Presta, I.; Maisano, D.; Donato, A.; Pirrone, C.K.; Cardillo, G.; Corrado, S.D.; Mignogna, C.; Mancuso, T.; Donato,
G.; et al. Role of Macrophages in Brain Tumor Growth and Progression. Int. . Mol. Sci. 2018, 19, 1005. [CrossRef]

Pinton, L.; Solito, S.; Masetto, E.; Vettore, M.; Cane, S.; Della Puppa, A.; Mandruzzato, S. Inmunosuppressive Activity of
Tumor-Infiltrating Myeloid Cells in Patients with Meningioma. Oncoimmunology 2018, 7, €1440931. [CrossRef]

Orihuela, R.; McPherson, C.A.; Harry, G.J. Microglial M1/M2 Polarization and Metabolic States. Br. J. Pharmacol. 2016, 173,
649-665. [CrossRef]

Pasqualini, C.; Kozaki, T.; Bruschi, M.; Nguyen, T.H.H.; Minard-Colin, V.; Castel, D.; Grill, J.; Ginhoux, F. Modeling the Interaction
Between the Microenvironment and Tumor Cells in Brain Tumors. Neuron 2020, 108, 1025-1044. [CrossRef] [PubMed]

Vilhardt, F.; Haslund-Vinding, J.; Jaquet, V.; McBean, G. Microglia Antioxidant Systems and Redox Signalling. Br. J. Pharmacol.
2017, 174, 1719-1732. [CrossRef]

Haslund-Vinding, J.; McBean, G.; Jaquet, V.; Vilhardt, F. NADPH oxidases in oxidant production by microglia: Activating
Receptors, Pharmacology and Association with Disease. Br. |. Pharmacol. 2017, 174, 1733-1749. [CrossRef]


http://doi.org/10.1002/glia.21264
http://doi.org/10.1016/j.imbio.2019.10.002
http://doi.org/10.1093/noajnl/vdz018
http://doi.org/10.1097/WCO.0000000000000251
http://www.ncbi.nlm.nih.gov/pubmed/15015573
http://doi.org/10.1016/j.bbi.2015.07.019
http://www.ncbi.nlm.nih.gov/pubmed/26216710
http://doi.org/10.3389/fncel.2018.00235
http://doi.org/10.1111/j.1365-2990.1992.tb00825.x
http://www.ncbi.nlm.nih.gov/pubmed/1488087
http://doi.org/10.1016/S0303-8467(99)00052-9
http://doi.org/10.3171/jns.1979.50.3.0305
http://doi.org/10.1371/journal.pone.0074798
http://doi.org/10.3171/jns.1995.82.5.0874
http://doi.org/10.1016/j.cellsig.2011.03.011
http://doi.org/10.1016/j.cell.2020.03.021
http://doi.org/10.1016/j.cell.2019.08.053
http://www.ncbi.nlm.nih.gov/pubmed/31585077
http://doi.org/10.1186/s40478-019-0850-z
http://www.ncbi.nlm.nih.gov/pubmed/31829283
http://doi.org/10.1111/neup.12235
http://www.ncbi.nlm.nih.gov/pubmed/26250788
http://doi.org/10.1146/annurev-physiol-022516-034406
http://doi.org/10.2741/4573
http://doi.org/10.1002/glia.10147
http://doi.org/10.3389/fncel.2020.00198
http://doi.org/10.3390/ijms19041005
http://doi.org/10.1080/2162402X.2018.1440931
http://doi.org/10.1111/bph.13139
http://doi.org/10.1016/j.neuron.2020.09.018
http://www.ncbi.nlm.nih.gov/pubmed/33065047
http://doi.org/10.1111/bph.13426
http://doi.org/10.1111/bph.13425

Cancers 2021, 13, 4267 12 of 14

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Zeltner, L.; Schittenhelm, J.; Mittelbronn, M.; Roser, F.; Tatagiba, M.; Mawrin, C.; Kim, Y.J.; Bornemann, A. The Astrocytic
Response Towards Invasive Meningiomas. Neuropathol. Appl. Neurobiol. 2007, 33, 163-168. [CrossRef]

Grund, S.; Schittenhelm, J.; Roser, F.; Tatagiba, M.; Mawrin, C.; Kim, Y.J.; Bornemann, A. The Microglial/macrophagic Response
at the Tumour-brain Border of Invasive Meningiomas. Neuropathol. Appl. Neurobiol. 2009, 35, 82-88. [CrossRef]

Nakasu, S.; Fukami, T.; Jito, J.; Matsuda, M. Microscopic Anatomy of the Brain-meningioma Interface. Brain Tumor Pathol. 2005,
22,53-57. [CrossRef]

Escalone Zapata, J. Astrocytes in Brain Tumours. Differentiation or Trapping? Histol. Histopathol. 1994, 9, 325-332.

Merlo, A.; Juretic, A.; Zuber, M; Filgueira, L.; Liischer, U.; Caetano, V.; Ulrich, J.; Gratzl, O.; Heberer, M.; Spagnoli, G.C. Cytokine
Gene Expression in Primary Brain Tumours, Metastases and Meningiomas Suggests Specific Transcription Patterns. Eur. J. Cancer
1993, 29, 2118-2125. [CrossRef]

Levy, E.L; Paino, ].E.; Sarin, P.S.; Goldstein, A.L.; Caputy, A.J.; Wright, D.C.; Sekhar, L.N. Enzyme-linked Immunosorbent Assay
Quantification of Cytokine Concentrations in Human Meningiomas. Neurosurgery 1996, 39, 823-829. [CrossRef]

Boyle-Walsh, E.; Hashim, I.A.; Speirs, V.; Fraser, W.D.; White, M.C. Interleukin-6 (IL-6) Production and Cell Growth of Cultured
Human Ameningiomas: Interactions with Interleukin-1 (IL-1p) and Interleukin-4 (IL-4) in vitro. Neurosci. Lett. 1994, 170,
129-132. [CrossRef]

Puri, S.; Joshi, B.H.; Sarkar, C.; Mahapatra, A.K.; Hussain, E.; Sinha, S. Expression and structure of interleukin 4 receptors in
primary meningeal tumors. Cancer 2005, 103, 2132-2142. [CrossRef]

Joshi, B.H.; Leland, P.; Asher, A.; Prayson, R.A.; Varricchio, F.; Puri, R.K. In Situ Expression of Interleukin-4 (IL-4) Receptors in
Human Brain Tumors and Cytotoxicity of a Recombinant IL-4 Cytotoxin in Primary Glioblastoma Cell Cultures. Cancer Res. 2001,
61, 8058-8061.

Schrell, UM.H.; Koch, H.U.; Marschalek, R.; Schrauzer, T.; Anders, M.; Adams, E.; Fahlbusch, R. Formation of Autocrine Loops in
Human Cerebral Meningioma Tissue by Leukemia Inhibitor Factor, Interleukin-6, and Oncostatin M: Inhibition of Meningioma
Cell Growth in vitro by Recombinant Oncostatin M. J. Neurosurg. 1998, 88, 541-548. [CrossRef] [PubMed]

Lilja, A.; Nordborg, C.; Brun, A ; Salford, L.G.; Aman, P. Expression of the IL-6 Family Cytokines in Human Brain Tumors. Int. |.
Oncol. 2001, 19, 495-499. [CrossRef] [PubMed]

Todo, T.; Adams, E.F,; Rafferty, B.; Fahlbusch, R.; Dingermann, T.; Werner, H. Secretion of Interleukin-6 by Human Meningioma
Cells: Possible Autocrine Inhibitory Regulation of Neoplastic Cell Growth. J. Neurosurg. 1994, 81, 394-401. [CrossRef]

Braun, B.; Lange, M.; Oeckler, R.; Mueller, M.M. Expression of G-CSF and GM-CSF in Human Meningiomas Correlates with
Increased Tumor Proliferation and Vascularization. J. Neurooncol. 2004, 68, 131-140. [CrossRef]

Halper, J.; Jung, C.; Perry, A.; Suliman, H.; Hill, M.P;; Scheithauer, B. Expression of TGF« in Meningiomas. J. Neurooncol. 1999, 45,
127-134. [CrossRef] [PubMed]

Arnli, M.B.; Backer-Grendahl, T.; Ytterhus, B.; Granli, U.S.; Lydersen, S.; Gulati, S.; Torp, S.H. Expression and Clinical Value of
EGEFR in Human Meningiomas. Peer] 2017, 2017, e3140. [CrossRef]

Wernicke, A.G.; Dicker, A.P.; Whiton, M.; Ivanidze, ]J.; Hyslop, T.; Hammond, E.H.; Perry, A.; Andrews, D.W.; Kenyon, L.
Assessment of Epidermal Growth Factor Receptor (EGFR) Expression in Human Meningioma. Radiat. Oncol. 2010, 5, 46.
[CrossRef]

Johnson, M.D.; Federspiel, C.F,; Gold, L.I.; Moses, H.L. Transforming Growth Factor-p and Transforming Growth Factor
[-Receptor Expression in Human Meningioma Cells. Am. J. Pathol. 1992, 141, 633—-642.

Johnson, M.D. Transforming Growth Factor Beta Family in the Pathogenesis of Meningiomas. World Neurosurg. 2017, 104, 113-119.
[CrossRef] [PubMed]

Moriyama, T.; Kataoka, H.; Kawano, H.; Yokogami, K.; Nakano, S.; Goya, T.; Uchino, H.; Koono, M.; Wakisaka, S. Comparative
Analysis of Expression of Hepatocyte Growth Factor and its Receptor, c-met, in Gliomas, Meningiomas and Schwannomas in
Humans. Cancer Lett. 1998, 124, 149-155. [CrossRef]

Martinez-Rumayor, A.; Arrieta, O.; Guevara, P.; Escobar, E.; Rembao, D.; Salina, C.; Sotelo, J. Coexpression of Hepatocyte Growth
Factor/scatter Factor (HGF/SF) and its Receptor cMET Predict Recurrence of Meningiomas. Cancer Lett. 2004, 213, 117-124.
[CrossRef] [PubMed]

Barbieri, F.; Bajetto, A.; Porcile, C.; Pattarozzi, A.; Massa, A.; Lunardi, G.; Zona, G.; Dorcaratto, A.; Ravetti, ].L.; Spaziante, R; et al.
CXC Receptor and Chemokine Expression in Human Meningioma: SDF1/CXCR4 Signaling Activates ERK1/2 and Stimulates
Meningioma Cell Proliferation. Ann. N. Y. Acad. Sci. 2006, 1090, 332-343. [CrossRef] [PubMed]

Wiirth, R.; Barbieri, F; Bajetto, A.; Pattarozzi, A.; Gatti, M.; Porcile, C.; Zona, G.; Ravetti, ].L.; Spaziante, R.; Florio, T. Expression
of CXCR7 Chemokine Receptor in Human Meningioma Cells and in Intratumoral Microvasculature. J. Neuroimmunol. 2011, 234,
115-123. [CrossRef]

Tang, T.; Xia, Q.J.; Chen, ].B.; Xi, M.R,; Lei, D. Expression of the CXCL12/SDEF-1 Chemokine Receptor CXCR7 in Human Brain
Tumours. Asian Pac. ]. Cancer Prev. 2012, 13, 5281-5286. [CrossRef]

Razmkhah, M.; Arabpour, F.,; Taghipour, M.; Mehrafshan, A.; Chenari, N.; Ghaderi, A. Expression of Chemokines and Chemokine
Receptors in Brain Tumor Tissue Derived Cells. Asian Pac. |. Cancer Prev. 2014, 15, 7201-7205. [CrossRef]

Li, G.; Hattermann, K.; Mentlein, R.; Mehdorn, H.M.; Held-Feindt, J. The Transmembrane Chemokines CXCL16 and CX3CL1 and
Their Receptors are Expressed in Human Meningiomas. Oncol. Rep. 2013, 29, 563-570. [CrossRef]


http://doi.org/10.1111/j.1365-2990.2006.00792.x
http://doi.org/10.1111/j.1365-2990.2008.00960.x
http://doi.org/10.1007/s10014-005-0187-0
http://doi.org/10.1016/0959-8049(93)90046-I
http://doi.org/10.1097/00006123-199610000-00036
http://doi.org/10.1016/0304-3940(94)90256-9
http://doi.org/10.1002/cncr.21008
http://doi.org/10.3171/jns.1998.88.3.0541
http://www.ncbi.nlm.nih.gov/pubmed/9488310
http://doi.org/10.3892/ijo.19.3.495
http://www.ncbi.nlm.nih.gov/pubmed/11494026
http://doi.org/10.3171/jns.1994.81.3.0394
http://doi.org/10.1023/B:NEON.0000027751.87894.f0
http://doi.org/10.1023/A:1006365725033
http://www.ncbi.nlm.nih.gov/pubmed/10778728
http://doi.org/10.7717/peerj.3140
http://doi.org/10.1186/1748-717X-5-46
http://doi.org/10.1016/j.wneu.2017.03.058
http://www.ncbi.nlm.nih.gov/pubmed/28344175
http://doi.org/10.1016/S0304-3835(97)00469-2
http://doi.org/10.1016/j.canlet.2004.04.026
http://www.ncbi.nlm.nih.gov/pubmed/15312691
http://doi.org/10.1196/annals.1378.037
http://www.ncbi.nlm.nih.gov/pubmed/17384278
http://doi.org/10.1016/j.jneuroim.2011.01.006
http://doi.org/10.7314/APJCP.2012.13.10.5281
http://doi.org/10.7314/APJCP.2014.15.17.7201
http://doi.org/10.3892/or.2012.2164

Cancers 2021, 13, 4267 13 of 14

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.
73.
74.
75.
76.

77.

78.

79.

80.

81.

82.

83.

84.

Hattermann, K.; Bartsch, K.; Gebhardt, H.H.; Mehdorn, H.M.; Synowitz, M.; Schmitt, A.D.; Mentlein, R.; Held-Feindyt, J. “Inverse
signaling” of the Transmembrane Chemokine CXCL16 Contributes to Proliferative and Anti-apoptotic Effects in Cultured Human
Meningioma Cells. Cell Commun. Signal. 2016, 14, 26. [CrossRef]

Bajetto, A.; Barbieri, F.; Pattarozzi, A.; Dorcaratto, A.; Porcile, C.; Ravetti, J.L.; Zona, G.; Spaziante, R.; Schettini, G.; Florio, T.
CXCR4 and SDF1 Expression in Human Meningiomas: A Proliferative role in Tumoral Meningothelial Cells in vitro. Neuro.
Oncol. 2007, 9, 3—11. [CrossRef]

Hiittner, A.; Lei, T.; Fahlbusch, R.; Schrell, W.; Adams, E.F. Relationship between cAMP Induced Inhibition of Human Meningioma
Cell Proliferation and Autocrine Secretion of Interleukin-6. Life Sci. 1996, 58, 1323-1329. [CrossRef]

Johnson, M.D.; Okedjiji, E.; Woodard, A. Transforming Growth Factor-beta Effects on Meningioma Cell Proliferation and Signal
Transduction Pathways. J. Neurooncol. 2004, 66, 9-16. [CrossRef] [PubMed]

Ma, J.; Li, D.; Chen, Y.;; Zhang, Y.; Song, L.; Tian, K.; Yang, Y.; Chen, L.; Weng, J.; Cao, X; et al. Low Transforming Growth
Factor-f33 Expression Predicts Tumor Malignancy in Meningiomas. World Neurosurg. 2019, 125, e353-e360. [CrossRef]

Arikok, A.T,; Onder, E.; Seckin, H.; Kacar, A.; Fesli, R.; Oguz, A.S.; Alper, M. Osteopontin Expressions Correlate with WHO
Grades and Predict Recurrence in Meningiomas. Brain Tumor Pathol. 2014, 31, 94-100. [CrossRef]

Huang, Q.; Zhao, S.L,; Tian, X.Y.; Li, B.; Li, Z. Increased Co-expression of Macrophage Migration In-hibitory Factor and Matrix
Metalloproteinase 9 is As-sociated with Tumor Recurrence of Meningioma. Int. J. Med. Sci. 2013, 10, 276-285. [CrossRef]
[PubMed]

Tseng, K.Y,; Chung, M.H.; Sytwu, HK.; Lee, HM.; Chen, K.Y.; Chang, C.; Lin, C.K,; Yen, C.H.; Chen, J.H.; Lin, G.J.; et al.
Osteopontin Expression is a Valuable Marker for Prediction of Short-term Recurrence in WHO Grade I Benign Meningiomas. J.
Neurooncol. 2010, 100, 217-223. [CrossRef] [PubMed]

Arrieta, O.; Garcia, E.; Guevara, P; Garcia-Navarrete, R.; Ondarza, R.; Rembao, D.; Sotelo, J. Hepatocyte Growth Factor is
Associated with Poor Prognosis of Malignant Gliomas and is a Predictor for Recurrence of Meningioma. Cancer 2002, 94,
3210-3218. [CrossRef] [PubMed]

Kaérjd, V,; Sandell, PJ.; Kauppinen, T.; Alafuzoff, I. Does Protein Expression Predict Recurrence of Benign World Health Organiza-
tion Grade I Meningioma? Hum. Pathol. 2010, 41, 199-207. [CrossRef]

Radin, D.P; Tsirka, S.E. Interactions between Tumor Cells, Neurons, and Microglia in the Glioma Microenvironment. Int. J. Mol.
Sci. 2020, 21, 8476. [CrossRef]

Long, D.M. Vascular Ultrastructure in Human Meningiomas and Schwannomas. J. Neurosurg. 1973, 38, 409—419. [CrossRef]
Ansari, S.F,; Shah, K.J.; Hassaneen, W.; Cohen-Gadol, A.A. Vascularity of Meningiomas. Handb. Clin. Neurol. 2020, 169, 153-165.
[CrossRef]

Becerra-Calixto, A.; Cardona-Gémez, G.P. The Role of Astrocytes in Neuroprotection after Brain Stroke: Potential in Cell Therapy.
Front. Mol. Neurosci. 2017, 10, 88. [CrossRef]

Giovannoni, F.; Quintana, EJ. The Role of Astrocytes in CNS Inflammation. Trends Immunol. 2020, 41, 805-819. [CrossRef]
Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The Next Generation. Cell 2011, 144, 646—674. [CrossRef]

Nordqvist, A.C.; Smurawa, H.; Mathiesen, T. Expression of Matrix Metalloproteinases 2 and 9 in Meningiomas Associated with
Different Degrees of Brain Invasiveness and Edema. J. Neurosurg. 2001, 95, 839-844. [CrossRef]

Das, A.; Tan, W.-L.; Smith, D.R. Expression of Extracellular Matrix Markers in Benign Meningiomas. Neuropathology 2003, 23,
275-281. [CrossRef]

Du, Z.; Abedalthagafi, M.; Aizer, A.A.; McHenry, A.R.; Sun, H.H.; Bray, M.A.; Viramontes, O.; Machaidze, R.; Brastianos, PX.;
Reardon, D.A; et al. Increased Expression of the Immune Modulatory Molecule PDL1 (CD274) in Anaplastic Meningioma.
Oncotarget 2015, 6, 4704—4716. [CrossRef]

Ostrom, Q.T.; Cioffi, G.; Gittleman, H.; Patil, N.; Waite, K.; Kruchko, C.; Barnholtz-Sloan, J.S. CBTRUS Statistical Report: Primary
Brain and Other Central Nervous System Tumors Diagnosed in the United States in 2012-2016. Neuro. Oncol. 2019, 21, v1-v100.
[CrossRef]

Rogers, L.; Barani, I.; Chamberlain, M.; Kaley, T.J.; McDermott, M.; Raizer, J.; Schiff, D.; Weber, D.C.; Wen, P.Y.; Vogelbaum,
M.A. Meningiomas: Knowledge Base, Treatment Outcomes, and Uncertainties. A RANO Review. . Neurosurg. 2015, 122, 4-23.
[CrossRef]

Maier, A.D.; Bartek, J.J.; Eriksson, F.; Ugleholdt, H.; Juhler, M.; Broholm, H.; Mathiesen, T.I. Clinical and Histopathological
Predictors of Outcome in Malignant Meningioma. Neurosurg. Rev. 2020, 43, 643—653. [CrossRef]

Mundt, S.; Greter, M.; Fliigel, A.; Becher, B. The CNS Immune Landscape from the Viewpoint of a T Cell. Trends Neurosci. 2019, 42,
667-679. [CrossRef]

Quintana, EJ. Astrocytes to the Rescue! Glia Limitans Astrocytic Endfeet Control CNS Inflammation. . Clin. Investig. 2017, 127,
2897-2899. [CrossRef]

Joost, E.; Jordao, M.].C.; Mages, B.; Prinz, M.; Bechmann, I.; Krueger, M. Microglia Contribute to the Glia Limitans Around
Arteries, Capillaries and Veins Under Physiological Conditions, in a Model of Neuroinflammation and in Human Brain Tissue.
Brain Struct. Funct. 2019, 224, 1301-1314. [CrossRef]

Keane, L.; Cheray, M.; Blomgren, K.; Joseph, B. Multifaceted Microglia-key Players in Primary Brain Tumour Heterogeneity. Nat.
Rev. Neurol. 2021, 17, 243-259. [CrossRef]


http://doi.org/10.1186/s12964-016-0149-7
http://doi.org/10.1215/15228517-2006-023
http://doi.org/10.1016/0024-3205(96)00098-7
http://doi.org/10.1023/B:NEON.0000013461.35120.8a
http://www.ncbi.nlm.nih.gov/pubmed/15015765
http://doi.org/10.1016/j.wneu.2019.01.077
http://doi.org/10.1007/s10014-013-0152-2
http://doi.org/10.7150/ijms.5185
http://www.ncbi.nlm.nih.gov/pubmed/23372434
http://doi.org/10.1007/s11060-010-0164-2
http://www.ncbi.nlm.nih.gov/pubmed/20428925
http://doi.org/10.1002/cncr.10594
http://www.ncbi.nlm.nih.gov/pubmed/12115353
http://doi.org/10.1016/j.humpath.2009.06.020
http://doi.org/10.3390/ijms21228476
http://doi.org/10.3171/jns.1973.38.4.0409
http://doi.org/10.1016/b978-0-12-804280-9.00010-x
http://doi.org/10.3389/fnmol.2017.00088
http://doi.org/10.1016/j.it.2020.07.007
http://doi.org/10.1016/j.cell.2011.02.013
http://doi.org/10.3171/jns.2001.95.5.0839
http://doi.org/10.1046/j.1440-1789.2003.00512.x
http://doi.org/10.18632/oncotarget.3082
http://doi.org/10.1093/neuonc/noz150
http://doi.org/10.3171/2014.7.JNS131644
http://doi.org/10.1007/s10143-019-01093-5
http://doi.org/10.1016/j.tins.2019.07.008
http://doi.org/10.1172/JCI95769
http://doi.org/10.1007/s00429-019-01834-8
http://doi.org/10.1038/s41582-021-00463-2

Cancers 2021, 13, 4267 14 of 14

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Polyzoidis, S.; Koletsa, T.; Panagiotidou, S.; Ashkan, K.; Theoharides, T.C. Mast Cells in Meningiomas and Brain Inflammation. J.
Neuroinflamm. 2015, 12, 170. [CrossRef]

Han, S.J.; Reis, G.; Kohanbash, G.; Shrivastav, S.; Magill, S.T.; Molinaro, A.M.; McDermott, M.W.; Theodosopoulos, P.V.; Aghi,
M.K.; Berger, M.S.; et al. Expression and Prognostic Impact of Immune Modulatory Molecule PD-L1 in Meningioma. . Neurooncol.
2016, 130, 543-552. [CrossRef]

Li, Y.D.; Veliceasa, D.; Lamano, J.B.; Lamano, ].B.; Kaur, G.; Biyashev, D.; Horbinski, C.M.; Kruser, T.J.; Bloch, O. Systemic
and Local Immunosuppression in Patients with High-grade Meningiomas. Cancer Immunol. Immunother. 2019, 68, 999-1009.
[CrossRef]

McGranahan, T.; Therkelsen, K.E.; Ahmad, S.; Nagpal, S. Current State of Immunotherapy for Treatment of Glioblastoma. Curr.
Treat. Options Oncol. 2019, 20, 24. [CrossRef]

Baker, K.J.; Houston, A.; Brint, E. IL-1 Family Members in Cancer; Two Sides to Every Story. Front. Immunol. 2019, 10, 1197.
[CrossRef]

McKelvey, K.J.; Hudson, A.L.; Back, M.; Eade, T.; Diakos, C.I. Radiation, Inflammation and the Immune Response in Cancer.
Mamm. Genome 2018, 29, 843-865. [CrossRef]

Choudhury, A ; Raleigh, D.R. Preclinical models of meningioma: Cell culture and animal systems. Handb. Clin. Neurol. 2020, 169,
131-136. [CrossRef] [PubMed]

Linkous, A.; Balamatsias, D.; Snuderl, M.; Edwards, L.; Miyaguchi, K.; Milner, T.; Reich, B.; Cohen-Gould, L.; Storaska, A.;
Nakayama, Y.; et al. Modeling Patient-Derived Glioblastoma with Cerebral Organoids. Cell Rep. 2019, 26, 3203-3211.e5. [CrossRef]
[PubMed]

Juliano, J.; Gil, O.; Hawkins-Daarud, A.; Noticewala, S.; Rockne, R.C.; Gallaher, ].; Massey, S.C.; Sims, P.A.; Anderson, AR.A,;
Swanson, K.R.; et al. Comparative Dynamics of Microglial and Glioma Cell Motility at the Infiltrative Margin of Brain Tumours. J.
R. Soc. Interface 2018, 15, 20170582. [CrossRef]

Mawrin, C. Animal Models of Meningiomas. Chin. Clin. Oncol. 2017, 6, S6. [CrossRef]


http://doi.org/10.1186/s12974-015-0388-3
http://doi.org/10.1007/s11060-016-2256-0
http://doi.org/10.1007/s00262-019-02342-8
http://doi.org/10.1007/s11864-019-0619-4
http://doi.org/10.3389/fimmu.2019.01197
http://doi.org/10.1007/s00335-018-9777-0
http://doi.org/10.1016/B978-0-12-804280-9.00008-1
http://www.ncbi.nlm.nih.gov/pubmed/32553284
http://doi.org/10.1016/j.celrep.2019.02.063
http://www.ncbi.nlm.nih.gov/pubmed/30893594
http://doi.org/10.1098/rsif.2017.0582
http://doi.org/10.21037/cco.2017.05.03

	Introduction 
	Methods 
	Results 
	Microglia/Macrophage Infiltration in Meningiomas 
	Classical (M1) or Alternative (M2) Microglia/Macrophage Activation in Meningiomas 
	Glial Response at the Tumour–Brain Interface 
	Cytokine Expression in Meningiomas 
	Microenvironmental Impact on Meningioma Growth and Behaviour 
	Sources and Targets of Cytokines in Meningiomas 

	Discussion 
	Meningioma–Brain Crosstalk: Current Research Knowledge Base 
	Research Gaps and Future Research Recommendations 

	Limitations of This Review 
	Conclusions 
	PRISMA Flow Diagram 
	References

