cancers

Article

Proliferative Potential, and Inflammatory Tumor
Microenvironment in Meningioma Correlate with Neurological
Function at Presentation and Anatomical Location—From
Convexity to Skull Base and Spine

Johannes Wach 1*@, Tim Lampmann ', Agi Giiresir !, Hartmut Vatter !, Ulrich Herrlinger 2, Albert Becker 3,

Silvia Cases-Cunillera 3, Michael Holzel 4, Marieta Toma ° and Erdem Giiresir

check for
updates

Citation: Wach, J.; Lampmann, T.;
Giiresir, A.; Vatter, H.; Herrlinger, U.;
Becker, A.; Cases-Cunillera, S.;
Holzel, M.; Toma, M.; Giiresir, E.
Proliferative Potential, and
Inflammatory Tumor
Microenvironment in Meningioma
Correlate with Neurological Function
at Presentation and Anatomical
Location—From Convexity to Skull
Base and Spine. Cancers 2022, 14,
1033. https://doi.org/10.3390/
cancers14041033

Academic Editors: Alfredo Conti,

Valeria Barresi and Giiliz Acker

Received: 8 January 2022
Accepted: 16 February 2022
Published: 18 February 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1

Department of Neurosurgery, University Hospital Bonn, 53127 Bonn, Germany;
tim.lampmann@ukbonn.de (T.L.); agi.gueresir@ukbonn.de (A.G.); hartmut.vatter@ukbonn.de (H.V.);
erdem.gueresir@ukbonn.de (E.G.)

Division of Clinical Neurooncology, Department of Neurology, University Hospital Bonn,

53127 Bonn, Germany; ulrich.herrlinger@ukbonn.de

Department of Neuropathology, University Hospital Bonn, 53127 Bonn, Germany;
albert_becker@uni-bonn.de (A.B.); cases_92@hotmail.com (S.C.-C.)

Institute of Experimental Oncology, University Hospital Bonn, 53127 Bonn, Germany;

michael. hoelzel@ukbonn.de

Institute of Pathology, University Hospital Bonn, 53127 Bonn, Germany; marieta.toma@ukbonn.de
*  Correspondence: johannes.wach@ukbonn.de; Tel.: +49-228-287-16521

Simple Summary: The World Health Organization (WHO) classification grades meningiomas exclu-
sively due to their histopathological features. Meningiomas are predominantly benign intracranial
entities, and surgical resection represents the therapy of choice. However, risk of progression and
tailored scheduling of follow-up appointments are significantly influenced by various items, such as
immunohistochemistry (e.g., MIB-1 index). Emerging evidence focuses attention on the anatomic
location of meningiomas, especially regarding the differentiation between skull base and non-skull
base meningiomas. In the present study, we therefore investigated demographic, histopathological,
and laboratory variables regarding their association with the anatomic location. We found that spinal
meningiomas have a significantly lower proliferative activity, less density of macrophage infiltrates,
and a longer time to tumor progression. Moreover, increased MIB-1 indices are significantly associ-
ated with location-specific baseline symptoms (e.g., convexity: seizure burden, medial skull base:
decreased vision, spinal: ambulatory ability). Therefore, anatomic location might be considered as a
future subclassification in the grading of the prognosis of meningiomas.

Abstract: Emerging evidence emphasizes the prognostic importance of meningioma location. The
present investigation evaluates whether progression-free survival (PFS), proliferative potential, World
Health Organization (WHO) grades, and inflammatory burden differ between anatomical locations
(skull base, non-skull base, and spinal) meningiomas. Five-hundred-forty-one patients underwent
Simpson grade I or II resection for WHO grade 1 or 2 meningiomas. Univariable analysis revealed
that spinal meningioma patients are significantly older, had a worse baseline Karnofsky Performance
Status (KPS), higher acute-phase protein levels, lower incidence of WHO grade 2, lower mitotic
counts, lower MIB-1 index, and less CD68* macrophage infiltrates. Multivariable analysis identified
WHO grade 2 (OR: 2.1, 95% CI: 1.1-3.7, p = 0.02) and cranial location (OR: 3.0, 95% CI: 1.8-4.9,
p=0.001) as independent predictors of diffuse CD68" macrophage infiltrates. The mean PFS in
cranial meningiomas was 115.9 months (95% CI: 107.5-124.3), compared to 162.2 months (95% CI:
150.5-174.0; log-rank test: p = 0.02) in spinal meningiomas. Multivariable Cox regression analysis
revealed cranial location as an independent predictor (HR: 4.7, 95% CI: 1.0-21.3, p = 0.04) of shortened
PFS. Increased MIB-1 indices >5% were significantly associated with location-specific deficits at
presentation, such as decreased vision and seizure burden. Spinal meningiomas have a significantly
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longer PFS time and differ from the cranial meningiomas regarding MIB-1 index and density of
tumor-associated macrophages.

Keywords: anatomic location; macrophages; meningioma; MIB-1 index; tumor progression

1. Introduction

Meningiomas are predominantly benign tumors, which account for 36.4% of all central
nervous system (CNS) neoplasms [1,2]. Gross total microsurgical resection is the initial
therapy of choice for World Health Organization (WHO) grade 1 and 2 meningiomas,
which account for 97-99% of all meningiomas [3,4]. Moreover, MR-imaging features, blood-
based markers, adjuvant radiotherapy, and neuropathological characteristics are intensively
discussed regarding the prediction of meningioma progression [5-8].

Immunohistochemical methods such as the Molecular Immunology Borstel (MIB-1)-1 in-
dex are increasingly debated as predictors of progression-free survival in meningiomas [9-12].
MIB-1 index is an immunohistochemical method to detect nuclear structures that are exclu-
sively visible in cells during the proliferation and facilitates the determination of the growth
fraction within a neoplastic tissue sample. Antibodies can identify the Ki-67 antigen, which
is present in the nucleus of cells during the G1, S, and G2 phases of the mitosis as well
as cell division cycle [13-15]. Furthermore, we recently developed a novel scoring sheet
using FibrinOgen, C-Reactive protein, Gender, and peritumoral Edema (FORGE score)
as a tool to preoperatively estimate the MIB-1 index and the probability of PFS in cranial
meningiomas [16,17]. Moreover, it was found that pro-tumor M2 macrophages are more
common in both recurrent and WHO grade 2 cranial meningiomas [18]. However, the
emerging role of inflammatory burden and macrophage infiltrates is unclear in the sub-
group of spinal meningiomas so far. Anatomical location and the differentiation between
skull base and non-skull base meningiomas were also found to be of paramount importance
regarding tumor progression and proliferative potential [19,20]. Furthermore, patients
with meningiomas present with various symptoms, which result from the compression of
adjacent nervous structures and are dependent from the anatomic location. For instance,
it has been revealed that patients with convexity meningiomas are more likely to present
with seizures as baseline symptom compared to skull base meningiomas, whereas skull
base meningiomas result in a higher frequency of headaches, anosmia, ocular deficits, and
auditory deficits [21]. Moreover, degree and type of meningioma symptomatology have a
significant influence on the quality of life [22].

Against this backdrop, we investigated our institutional series of Simpson grade I or
II treated WHO grade 1 and 2 cranial and spinal meningiomas regarding demographic,
clinical symptoms, proliferative potential, and macrophage infiltrates. Furthermore, those
characteristics were investigated with regard to the probability of progression-free survival
and the association with location-specific clinical deficits.

2. Materials and Methods
2.1. Study Design

Between January 2009 and July 2019, 880 patients underwent surgery for cranial WHO
grade 1 and 2 meningioma in the institutional neurosurgical center. One-hundred-thirty
patients were surgically treated for spinal WHO grade 1 and 2 meningioma between
January 2000 and July 2020. A retrospective analysis of patient data was performed after
institutional review board approval had been obtained.

2.2. Patient Selection

The inclusion criteria of this study were histopathologically confirmed meningioma,
an age greater than 18 years, the availability of neuropathology reports, including MIB-1
index and mitotic count, preoperative systemic inflammatory parameters (fibrinogen or
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C-reactive protein), and treatment via a Simpson grade I or II resection. Patients who
underwent a Simpson grade >III resection were excluded because partially or subtotally
resected tumors do not necessarily contain the “hotspot area”, which displays the part
of the tumor with the highest proliferative activity [23]. Furthermore, a homogeneous
study cohort regarding extent of resection enables a sufficient analysis of progression-free
survival. Neurofibromatosis type 2 associated meningiomas were excluded due to their
differences regarding pathology and growth potential [24].

2.3. Data Recording

Clinical data including age, sex, neurological functioning, presence of symptomatic
epilepsy, Modified McCormick (MMS) scale in spinal meningiomas, comorbidities, Karnof-
sky Performance Status (KPS), body mass index (BMI), anatomic location, WHO grading
based on postoperative neuropathological investigation, immunohistochemical analysis,
extent of meningioma resection based on Simpson grading system according to the Euro-
pean Association of Neuro-Oncology (EANO) (Simpson grade I-III = gross total resection,
Simpson grade IV = subtotal resection, and Simpson grade V = biopsy), and postoperative
follow-up data were saved into a computerized database (SPSS, version 27 for Windows,
IBM Crop., Armonk, NY, USA) [16,25]. Modified McCormick scale was dichotomized into
“good” (I +II) and “poor” (III-V) as described previously [26]. Anatomical location was di-
chotomized into cranial and spinal meningioma. Cranial meningiomas were further catego-
rized into: (1) medial skull base tumors: olfactory groove, planum ethmoidale-sphenoidale,
parasellar, tuberculum sellae, clival-petroclival, and foramen magnum meningiomas;
(2) lateral skull base: lateral and middle sphenoid wing meningiomas, temporal fossa,
spheno-orbital meningiomas, meningiomas of the petrous bone and occipital fossa;
(3) non-skull base tumors: convexity, parasagittal, falx, tentorium, cerebellar convexity,
pineal region, and intraventricular meningiomas [27]. A laboratory values collection was
performed using the laboratory information software Lauris (version 17.06.21, Swisslab
GmbH, Berlin, Germany). Collection of venous blood samples was routinely performed
at a constant timepoint within 24 h prior to the surgical resection of cranial or spinal
meningiomas. This standardized and constant time point makes it feasible to analyze
the probabilities of progression-free survival. The routine laboratory protocol includes
the following measures: complete blood count, kidney tests, liver tests, and coagulation
profile (INR, aPTT). The baseline values of plasma fibrinogen were calculated by the Clauss
method, which includes adding a standard and high concentration of thrombin (Dade®
thrombin reagent, Siemens Healthineers, Erlangen, Bavaria, Germany) to platelet poor
plasma. Reference curves were used to determine the fibrinogen concentrations. The serum
C-reactive protein values were obtained by turbidimetric immunoassays with a CRPL3
reagent (Roche, Basel, Switzerland) [16,17,28]. Surgical adverse events were also recorded.
Surgical site infections (SSI) were identified using postoperative clinical notes based on
the centers for disease control and prevention definition of infection (infection involving
superficial incisional, deep incisional, and/or organ/space SSI). Definition of SSI was not
limited to a period of 30 days after surgery. Hence, any SSI diagnosed at any time in the
follow-up period were included. Furthermore, wound dehiscences without evidence of
an SSI were not considered [29]. Furthermore, postoperative CSF fistulas and postopera-
tive (intracerebral, subdural, and epidural) hemorrhage requiring revision surgery were
also recorded.

2.4. Histopathology

Neuropathological grading was performed according to the 2016 WHO criteria [3].
All pathology reports were reviewed again to reconfirm that diagnosis was in line with
these requirements. Immunohistochemistry was performed as described previously for
paraffin-embedded biopsy tissue specimens [30,31]. The MIB-1 labeling index was deter-
mined using the following antibody: Anti-KI67 (Clone 2B11+PD7/26, DAKO, Glostrup,
Denmark). Visualization was performed with diaminobenzidine, and neuropathological
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assessment was carried out by an expert neuropathologist (including AJB). The MIB-1
index was examined in randomly selected high-power microscopic fields. The proportions
of stained and unstained nuclei in the neoplastic cells were determined. Furthermore,
semiquantitative investigation and scoring of CD68~ stainings using anti-CD68 antibod-
ies to detect macrophages was performed (Clone KP1, dilution 1:1000, DAKO, Glostrup,
Denmark) [16,17]. Semi-quantitative scoring was performed by a senior neuropathologist
and tumor specimen were investigated for the absence, focal, or diffuse staining of CD68
macrophages. The further histopathological workflows were as previously described [32].

2.5. Follow-Up

Imaging and clinical follow-up workflow includes the first postoperative MRI scans at
3 months after surgical treatment as well as on an annual basis for the ongoing years. Earlier
clinical and imaging examinations were scheduled in case of new or progredient neuro-
logical deficits as well as radiological signs of meningioma progression [16,17]. Recurring
meningiomas, which regrow at the local cavity of the primary surgery, were considered for
analysis. The time to meningioma progression was defined as the time interval between the
initial tumor resection and the initiation of a subsequent treatment based on radiological
progression (e.g., secondary surgery or radiotherapy). Any radiological tumor progression
without clinical importance, thus not resulting in any type of adjuvant therapy, was not
considered. Furthermore, tumors growing at a location other than the primary meningioma
site were not included for analysis [33].

2.6. Statistical Analysis

Data were organized and analyzed using SPSS for Windows (v27.0; IBM Crop,
Armonk, NY, USA). Medial skull base, lateral skull base, non-skull base, and spinal
meningiomas were analyzed regarding demographics, laboratory data, histopathology,
location-specific neurologic deficits, and immunohistopathology using Fisher’s exact test
(two-sided) and an analysis of variance (ANOVA). Cranial and spinal meningiomas were
compared using Pearson’s chi-squared test (two-sided) and independent ¢-test after nor-
mal distribution was determined. Multivariable binary logistic regression analysis was
performed to identify variables predicting increased MIB-1 index (>5%) and density of
CD68* macrophage infiltrates. Dichotomizations of serum CRP (<1.37 mg/L/>1.37 mg/L)
and plasma fibrinogen (<2.85 g/L/>2.85 g/L) in the prediction of MIB-1 were performed
according to previously identified cut-off values for cranial meningiomas [16,17]. Age was
dichotomized using the median-split [34]. Visualization of the results was supported by
Prism 8 for macOS (Version 8.4.3, GraphPad Software, San Diego, CA, USA). Kaplan-Meier
charts and log-rank tests of PFS were calculated. Uni- and multivariable Cox regression
analyses were performed to investigate the PFS.

3. Results
3.1. Patient Characteristics

Five-hundred-and-forty-one patients underwent Simpson Grade I or II resection for
intracranial or spinal meningioma. The results of the selection process are summarized in
Figure 1.

Four-hundred-and-eighteen (418/541; 77.3%) patients had a cranial meningioma,
whereas 123 (123/541; 22.7%) had a spinal meningioma. The median age (range) in the
entire study cohort was 61.0 (23-91) years. Patients with a spinal meningioma were
significantly older and presented with a poorer baseline KPS compared to the cranial
meningioma patients. Furthermore, they had higher serum CRP and plasma fibrinogen
levels compared to the cranial ones at the preoperative baseline laboratory examination.
Regarding histopathology, WHO grade 2 meningiomas are scarce in the group of spinal
meningiomas and both MIB-1 labeling index and number of mitotic figures are decreased
compared to cranial meningiomas. Moreover, reduced density of CD68" macrophage
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infiltrates was observed in the cohort of spinal meningiomas. Patient characteristics and
further stratification by anatomic location are summarized in Tables 1 and 2.

-

Figure 1. Flow chart illustrating the selection process of cranial und spinal meningioma patients in a

single-center series.

Table 1. Patient characteristics among the groups of WHO grade 1 and 2 meningioma (1 = 541). Sta-
tistical analysis was performed using independent t-test and Pearson’s chi-squared test (two-sided).

Variable Cranial (n = 418) Spinal (1 = 123) p-Value
Sex
Female 290 (69.4%) 95 (77.2%) 0.09
Male 128 (30.6%) 28 (22.8%)
Age
0.001
Mean +/— SD 60.7 +/—13.6 65.6 +/— 124
Baseline KPS
0.001
Mean +/— SD 89.8 +/—11.5 82.1+/—11.0
BMI
0.12
Mean +/— SD 273+/—59 283+/—-5.1
Serum CRP
0.04
Mean +/— SD 35+/—8.0 55+/-9.8
Plasma fibrinogen
0.003
Mean +/— SD 3.0+/—-08 34+/-08
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Table 1. Cont.
Variable Cranial (n = 418) Spinal (n = 123) p-Value
WHO grade
1 344 (82.3%) 114 (92.7%) 0.005
2 74 (17.7%) 9(7.3%)
Mitotic count
0.002
Mean +/— SD 19+/-28 11+/-12
MIB-1 index
0.007
Mean +/— SD 54+/-3.0 43+/—-24
CD68* staining (1 = 376)
Focal 80 (27.8%) 44 (50.0%) 0.001
Diffuse 208 (72.2%) 44 (50.0%)
CD68~ staining (1 = 165) 130 (31.1%) 35 (28.5%) 0.27

Table 2. Patient characteristics stratified by four major anatomic locations. Statistical analysis was

performed using ANOVA and Fisher s exact test (two-sided).

Non-Skull

Medial

Variable Base ]];:::TL Sik;;)l Skull Base (:}11111;;) p-Value
(n = 200) B (n=125) B
Sex
Female 136 (68.0%) 60 (64.5%) 95 (76.0%) 95 (77.2%) 0.07
Male 64 (32.0%) 33 (35.5%) 30 (24.0%) 28 (22.8%)
Age
0.001
Mean +/— SD 621+/—136 59.6+/—132 595+/—137 656+/—124
Baseline KPS 0.001
Mean +/— SD 899+/—114 913+/-98 884+/—125 821+/—11.0
BMI
0.18
Mean +/— SD 27.6 +/— 6.1 262 +/—4.8 274 +/—6.2 283 +/—5.1
Serum CRP
0.03
Mean +/— SD 43 +/—109 25+/—31 29+/—38 55+/—98
WHO grade
1 157 (78.5%) 79 (84.9%) 108 (86.4%) 114 (92.7%)  0.007
2 43 (21.5%) 14 (15.1%) 17 (13.6%) 9 (7.3%)
Mitotic count
0.02
Mean +/— SD 22+/-3.0 14+/-20 1.5+/—27 1.1+/-12
MIB-1 index
0.001
Mean +/— SD 62+/—3.5 47 +/—2.1 46+/—2.1 43+/—24
CD68 staining
(n = 376)
Focal 42 (25.0%) 18 (32.7%) 20 (27.5%) 44 (50.0%) 0.001
Diffuse 111 (75.0%) 37 (67.3%) 60 (72.5%) 44 (50.0%)

3.2. MIB-1 Index in Different Anatomic Locations of Meningioma

Mean +/— MIB-1 index in cranial meningiomas was 5.4 +/— 3.0,and 4.3 +/— 2.4 in

spinal meningiomas, respectively (p = 0.007). Figure 2 displays the MIB-1 indices stratified
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by four locations. Non-skull base meningiomas had a significantly higher mean +/— SD
MIB-1 index at 6.2 +/— 3.5. Further comparisons of mean MIB-1 labeling indices among
the four groups of anatomic locations are presented in Table 3.

MIB-1 Index of meningiomas stratified by anatomic location
p<0.001

"p<0.001 p=0.76 p=0.32

20— I A L1l k L1 l 1

MIB-1 index (%)
{

1 1 1
= = = &
S° »° S el
N NS NS
2 \@ \2
\;oo &2 5%
F ~

Figure 2. Violin plots displaying the MIB-1 indices in descending order among the anatomic locations.
Violin plots shows mean and distribution of MIB-1 index. The thick horizontal black lines are the
median values. p-values of the Student ’s ¢-test are reported.

Table 3. Comparison of mean MIB-1 labeling indices among anatomic locations of meningioma.

. Mean 95% CI of the
Variable Mean +/— SD Difference Difference p-Value

Non-skull base 6.2+/—35
vs. 1.48 0.83-2.13 0.001

lateral skull base 47 +/-21

Non-skull base 6.2+/—35
Vs. 1.57 0.96-2.18 0.001

medial skull base 46+/—21

Non-skull base 6.2+/—35
vs. 1.85 1.20-2.50 0.001

spinal 43+/—24

lateral skull base 47 +/-21
vs. 0.09 —0.65-0.47 0.76

medial skull base 46+/—21

lateral skull base 47 +/-21
vs. 0.37 —0.25-0.99 0.24

spinal 43+/-24

medial skull base 46+/—21
vs. 0.29 —0.28-0.85 0.32

spinal 43+/-24

The median (range) MIB-1 index was 5% (1-20) in the study cohort. Multivariable
binary logistic regression analysis, including age (>60/ <60), sex (female/male), serum
CRP (£1.37 mg/L/>1.37 mg/L), plasma fibrinogen (<2.85 g/L/>2.85 g/L), WHO grade
(1/2), and meningioma location (cranial/spinal), was performed to identify variables pre-
dicting an increased MIB-1 index (>5%). Cranial meningioma (OR: 2.42, 95% CI: 1.51-3.86,
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p <0.001) and WHO grade 2 (OR: 2.54, 95% CI: 1.40-4.60, p = 0.002) were identified as
independent predictors of an increased MIB-1 index compared to spinal and WHO grade 1
meningiomas. Figure 3 displays the results of the multivariable analysis.

Factors associated with increased MIB-1 index (>5%) distes osds ratiofs5% contidence nervl - valve
135 088207 017
Fibrinogen<2.85-  |—0—
CRP<1.37 I . I 1.33 0.91-1.93 0.14
Malesex = |- 121 0.811.82 036
Age<60 - |9 1.00 070144 099
Cranial location - —— 2402 151386 0.01
WHO grade 2 ~ —— 2.54 1.40-4.60 0.002
| I
0 2 4

Adjusted Odds Ratio

Figure 3. Forest plots from multivariable binary logistic regression analysis: cranial meningioma
location, and WHO grade 2 are independent predictors of increased MIB-1 indices. p-values in italics
and bold outline statistically significant results.

3.3. Density of CD68* Macrophage Infiltrates

CD68* staining was observed in 88 (71.5%) of the spinal meningioma group, and in
288 (68.9%) of the cranial meningiomas. Diffuse CD68* staining was observed in 44 (50.0%)
of the spinal meningiomas, whereas in the cranial meningioma group 208 patients had
diffuse CD68" macrophage infiltrates, respectively (Pearson s chi-squared test (two-sided):
p =0.001). We conducted a multivariable binary logistic regression analysis to determine
independent variables to be associated with diffuse CD68* macrophage infiltrates. Multi-
variable analysis was performed with consideration of age (>60/ <60), sex (female/male),
WHO grade (1/2), and meningioma location (cranial/spinal). The multivariable analysis
revealed the variables “WHO grade 2” (OR: 2.05, 95% CI: 1.13-3.70, p = 0.02), and “cranial
meningioma” (OR: 2.95, 95% CI: 1.77-4.91, p < 0.001) to be independent predictors for an
increased density of CD68" macrophage infiltrates. Figure 4 summarizes the results of the
multivariable analysis.

Factors associated with diffuse infiltrates of CD68 * macrophages |adjusted 0dds Ratio[95% Confidence Interval| p - value
1.30 0.70-1.83 0.63
Male sex = —e—
73-1.7 .
Ages60 4 o— 114 073178 0.56
Cranial location — —e—A 2.95 1.77-49 0.001
WHO grade 2 — —— 2.05 1.13:3.70 0.02
1 T
0 2 4

Adjusted Odds Ratio

Figure 4. Forest plots from multivariable binary logistic regression analysis: cranial meningioma
location, and WHO grade 2 are independent predictors of increased density of CD68" macrophage
infiltrates. p-values in italics and bold outline statistically significant results.
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Furthermore, Figure 5 displays two representative cases of the differences regarding
MIB-1 index and density of CD68" macrophages in different anatomical meningioma
locations. The first case is a right-sided frontal convexity meningioma (Figure 5A-C) with
both an increased MIB-1 index (10%) and diffuse infiltrates of CD68* macrophages. The
second case (Figure 5D-F) is a thoracic meningioma with a low MIB-1 index (2%) and only
focal staining of CD68" macrophages.

A LT n

Figure 5. Representative images of two benign (meningothelial) meningiomas with fundamentally
different Ki-67-labeling indices and macrophage infiltrates (A-F). (A) On the hematoxylin and eosin
(HE) staining, meningothelial meningioma with high differentiation becomes apparent. Insert:
note the whirl-like meningiomal structures that seem to become particular in the higher power
magnification; cellularity is somewhat increased by non-meningioma, i.e., macrophagocytic cells.
(B) Ki67-positive nuclei are substantially augmented in this tumor, both diffusely and in sometimes
clustered distribution (black arrows). Insert demonstrates Ki67-positive nuclear clusters in the tumor.
(C) The distribution of CD68~ positive macrophage infiltrates overlaps strongly with the areas of
increased Ki67-labeling. The pattern of macrophage localization is overall diffuse-like with some
interspersed clusters (black arrows). Insert: clustered macrophages in this meningioma. (D) Another
meningioma with lobar growth pattern, syncytium-like appearance, and occasional Psammoma
bodies (HE; black arrow). (E) Only a few Ki67-positive nuclei are present in this tumor, some of
them accentuated in the periphery of Psammoma bodies (black arrow). CD68~ positive macrophage
infiltrates are largely absent in solid meningioma compartments (black arrow in F1), as well as
sparsely but not diffusely present in some areas (asterisk in F1); only occasional macrophages occur
in the vicinity of Psammoma bodies (note the unspecifically higher background staining in F2 in
areas harboring Psammoma bodies; bar graphs in A-E are according to 100 um and 50pum in F1 and
F2 (inserts in A-C magnification as in F1).
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3.4. Anatomic Meningioma Location in the Prediction of Progression-Free Survival

MR-imaging follow-up was available in 465 patients (465/541; 86.0%). The mean
(range) imaging follow-up time was 31.5 (3-169) months. Simpson grade II resections were
performed in 132 (132/218; 60.6%), 67 (67/123; 53.7%), and 76 (76/200; 38.0%) patients
in the group of skull base, spinal, and non-skull base meningiomas, respectively (results
of the Pearson s chi-squared analysis (two-sided): skull base vs. spinal: p = 0.33; skull
base vs. non-skull base: p = 0.001, spinal vs. non-skull base: p = 0.005). The mean PFS
time in the entire population was 145.7 months (95% CI: 134.9-156.6). Mean PFS times in
the spinal meningioma group (n = 103), medial skull base meningioma group (n = 108),
lateral skull base meningioma group (n = 81), and non-skull base meningioma group
(n =173) were 162.2 (95% CI: 150.5-174.0) months, 125.3 (95% CI: 117.0-133.5) months,
116.7 (95% CI: 104.3-129.2) months, and 88.7 (95% CI: 80.4-97.1) months, respectively
(log-rank test: p = 0.07; see Figure 6A). In general, cranial meningiomas had a mean time
to tumor progression of 115.9 (95% CI: 107.5-124.3) months compared to 162.2 (95% CI:
150.5-174.0) months in the spinal meningioma group. Based on the Kaplan-Meier method
using log-rank test, spinal meningioma was significantly associated with enhanced PFS
compared to cranial meningioma (p = 0.024, see Figure 6B).

Spinal - 1.0
] i

Medial skull base E \ ST N —— Cranial

~~ Lateral skull base 'a' - Spinal
Non-skullbase g 08 -+ Censored data
<+ Censored data fh_'
=
=
@
log-rank test: p = 0.07 @ log-rank test: p=0.024
o
O 04
a
—
o
E 02
=1
]
a
[
a 00
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Figure 6. Kaplan-Meier curves of progression-free survival stratified by anatomic meningioma loca-
tion. (A) Comparison of spinal (orange line), medial skull base (blue line), lateral skull base (red line),
and non-skull base (green line). (B) Kaplan—Meier analysis of probability of time to meningioma pro-
gression stratified by cranial (blue line) versus spinal (orange line) meningioma. Censored data
(= progression-free at last clinical examination) are represented by vertical dashes within all
progression-free survival curves. The time axis is right-censored at 200 months. p-values of the
log-rank test are reported.

Univariable Cox regression analysis revealed a significant association between cranial
meningioma and tumor progression (hazard ratio (HR): 4.56, 95% CI: 1.07-19.37, p = 0.04).
Univariable analysis showed also significant associations for both Simpson grade II resec-
tion (HR: 2.68, 95% CI: 1.19-6.00, p = 0.02) and WHO grade 2 (HR: 4.95, 95% CI: 2.31-10.62,
p = 0.001) with shortened time to meningioma progression.

Multivariable Cox regression analysis of PFS with consideration of age (>60/<60), sex
(female/male), KPS (<90/>90), meningioma location (cranial /spinal), Simpson grade (II/1),
and WHO grade (2/1) was performed. The analysis demonstrated cranial meningioma
as an independent statistically significant predictor for shortened PFS (HR: 4.71, 95% CI:
1.04-21.3, p = 0.04). Male sex (HR: 2.44, 95% CI: 1.06-5.64, p = 0.04), poor baseline KPS
<90 (HR: 2.37, 95% CI: 1.05-5.33, p = 0.04), Simpson grade II (HR: 2.89, 95% CI: 1.24-6.76,
p =0.01), and WHO grade 2 (HR: 4.08, 95% CI: 1.84-9.05, p = 0.001) were also significant
predictors for meningioma progression in this group of Simpson grade I or II resected WHO
grade 1 and 2 meningiomas. Table 4 summarizes the results of the uni- and multivariable
Cox regression analysis of PFS.
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Table 4. Uni- and multivariable Cox regression analysis of progression-free survival in WHO grade 1

and 2 meningiomas.

Univariable Multivariable
Variable
HR 95% CI p-Value HR 95% CI p-Value
Age
(>60 vs, <60) 1.15 0.54-2.49 0.70 1.05 0.48-2.32 0.90
Sex 200 0.91-4.39 0.08 244  1.06-5.64 0.04
(male vs. female)

Karnofsky Performance
Status (<90 vs. >90) 2.00 0.94-4.26 0.07 237  1.05-5.33 0.04
Location (Cranial vs. spinal)  4.56  1.07-19.37 0.04 4.71 1.04-21.3 0.04
Simpson grade (II vs. I) 2.68 1.19-6.00 0.02 2.89 1.24-6.76 0.01
WHO grade (2 vs. 1) 495 2.31-10.62 0.001 4.08 1.84-9.05 0.001

3.5. Clinical Implications of MIB-1 Index in Different Anatomical Locations

Meningiomas in close proximity to the optic nerve and optic tract, non-skull base
meningiomas (i.e., convexity, parasagittal, and falx), and spinal meningiomas were ana-
lyzed regarding the association between MIB-1 index and corresponding location-specific
clinical dysfunctions at presentation.

Sixty-seven meningiomas in close proximity to the optic nerve and optic tract were
identified. The following (in descending order of frequency) anatomical meningioma
locations affected the optic nerve and were included in the analysis: sphenoid wing
(n = 34), olfactory groove (n = 15), planum sphenoidale (1 = 8), tuberculum sellae (1 = 5),
and spheno—orbital meningioma (1 = 5). Twenty-four (24/37; 64.9%) of the patients with
reduced vision at presentation had an MIB-1 index >5%, compared to 10 (10/30; 33.3%)
patients with an MIB-1 index <5% (p = 0.01).

Non-skull base meningiomas were evaluated regarding the association between MIB-1
index and epilepsy at presentation. Fifty (50/149; 33.6%) non-skull base meningioma
patients with an MIB-1 index >5% had symptomatic epilepsy at presentation, compared
to 9 (9/51; 17.6%) of the group with an MIB-1 index <5% (p = 0.03). Furthermore, 23
(23/116; 19.8%) skull base meningioma patients with an MIB-1 index >5% presented
with symptomatic epilepsy, whereas 11 (11/102; 11.8%) of the skull base meningiomas
patients with an MIB-1 index <5% had symptomatic epilepsy at presentation (p = 0.08).
Among all cranial meningioma patients with an MIB-1 index >5%, symptomatic epilepsy
at presentation was observed in 73 cases (73/265; 27.5%), and 21 (21/153; 13.7%) cranial
meningioma patients with an MIB-1 index <5% had symptomatic epilepsy at baseline,
respectively (p = 0.002).

Spinal meningiomas were investigated concerning the correlation between MIB-1
index and neurological functioning at presentation using the modified McCormick scale.
Thirty (30/79; 38.0%) spinal meningioma patients with an MIB-1 index >5% had a poor
MMS (III-V) at presentation, compared to 10 (10/44; 22.7%) patients with an MIB-1 index
<5% (p = 0.08). Figure 7 summarizes the results of the analysis regarding the value of the
MIB-1 index regarding location-specific clinical dysfunctions.
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Figure 7. Grouped bar charts with percentages. Relative frequency of specific clinical dysfunctions at
presentation stratified by anatomical location. Portion of meningioma patients having an MIB-1 index
<5% is displayed by the blue bars, whereas the orange bars represent meningioma patients with an
MIB-1 index >5%. p-values of the Pearson’s chi-squared test (two-sided) are reported. Significant
p-values are marked with an asterisk.

3.6. Postoperative Course and Postoperative Complications

Surgical site infections were observed in 16 cases (3.8%) in the cranial meningioma
group, whereas only one SSI was found in the spinal meningioma group. The rates of
revision surgeries due to postoperative hemorrhage or postoperative fistula were also
higher in cranial meningiomas compared to spinal meningiomas. Spinal meningiomas had
a significantly lower baseline KPS at admission, but the KPS did not differ among cranial
and spinal meningiomas at 3- and 12-month follow-ups after surgery for meningioma.
Mean (+/— SD) length of stay for surgical therapy of a cranial meningioma was 11.0 days
(+/— 8.1), whereas spinal meningioma patients stayed for 13.1 days (+/—12.7%). New onset
symptomatic epilepsy within the first 3 months after surgery was observed in 24 patients
(6.0%) of the cranial meningioma group. Mean (+/— SD) MIB-1 labeling index in patients
with new postoperative symptomatic epilepsy was 6.5 (+/ — 2.8), whereas mean (+/— SD)
MIB-1 index in patients without symptomatic epilepsy in the first 3 months after surgery
was 5.3 +/— 3.0 (p = 0.07). MIB-1 labeling indices were further investigated with regard to
the postoperative ambulatory mobility in spinal meningioma patients at 3 months after
surgery. The Modified McCormick scale was available in 80 patients at the 3-month follow-
up examination. Eight spinal meningioma patients (8/33; 24.2%) with an MIB-1 index >5%
had a poor MMS (IlI-V), and 4 (4/47; 8.5%) spinal meningioma patients with an MIB-1
index < 5% had a poor MMS (IlI-V), respectively (p = 0.05). Further details are summarized
in the Table 5.
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Table 5. Complications requiring revision surgery, length of stay and postoeprative course of physical
status among cranial and spinal WHO grade 1 and 2 meningiomas (1 = 541). Statistical analysis was
performed using independent t-test and Pearson’s chi-squared test (two-sided).

Variable (szilasl) (:zir;;;) p-Value
Surgical site infections 16 (3.8%) 1 (0.8%) 0.16
Postoperative hemorrhage 12 (2.8%) 2 (1.6%) 0.66
Postoperative CSF fistula 12 (2.8%) 3 (2.4%) 0.80
New onset epilepsy 24 (6.0%) -
Pulmonary embolism 5 (1.2%) 1(0.8%) 0.72
Length of stay (in days)
Mean +/— SD 11.0+/—-8.1 13.1+/—127 0.08
Baseline KPS
Mean +/— SD 89.8 +/—11.5 82.1+/—11.0 0001
KPS at 3 months
Mean +/— SD 88.7 +/— 179 88.1+/—10.0 081
KPS at 12 months
Mean +/— SD 87.8 +/—20.5 89.6+/—9.1 054

4. Discussion

Known predictors for meningioma progression are the male sex, a young age at
histopathological confirmation, poor Karnofsky Performance Status at diagnosis, WHO
grade 2 or 3, increased mitotic count, Simpson grade > III, and involvement of cranial
nerves [35]. Increased MIB-1 indices are inversely associated with the time to tumor progres-
sion and correlate with the WHO grade of meningiomas [12,36,37]. Spinal meningiomas
are suggested to grow more slowly compared to cranial meningiomas [38]. The pathophys-
iological mechanism and clinical implications regarding recurrence or progression are still
not clearly understood. The present investigation demonstrates that spinal meningiomas
have a distinct growth potential and meningioma microenvironment.

Our results can be summarized into four main points. (1) MIB-1 indices reflecting the
proliferative activity and inflammatory tumor microenvironment are significantly lower
in spinal meningiomas compared to cranial meningiomas. Spinal meningioma location
is an independent predictor of a low MIB-1 index. (2) CD68~ staining depicting tumor-
associated macrophages are significantly reduced in spinal meningiomas compared to
cranial meningiomas. Spinal meningioma location and WHO grade 1 are independent
predictors of a reduced density of macrophage infiltrates. (3) Spinal location of meningioma
is significantly and independently associated with enhanced PFS. (4) High MIB-1 index
is associated with location-specific clinical dysfunction at presentation, i.e., higher rates
of seizure in convexity, parasagittal, and falcine meningiomas, and higher rates of cranial
nerve dysfunction/visual loss in meningiomas in close proximity to the optic nerve and
optic tract.

In the present investigation, we compared the demographic, laboratory, neuropatho-
logical, and immunohistochemical characteristics of cranial and spinal meningiomas. Num-
ber of mitotic figures and MIB-1 indices were significantly lower in spinal meningiomas
compared to cranial meningiomas. Multivariable binary logistic regression analysis identi-
fied the spinal location of meningioma and WHO grade 1 as independently and significantly
associated with low MIB-1 labeling indices (<5%). Already Roser et al. [38] revealed in
a retrospective single-center series of 26 spinal meningiomas that the proliferative activ-
ity of spinal meningiomas is significantly lower compared to intracranial meningiomas.
However, they could not find a significant difference regarding time to tumor progression
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between intracranial and spinal meningiomas. Maiuri et al. [27] also identified that spinal
meningiomas have lower MIB-1 indices compared to skull base or non-skull base menin-
giomas. However, this retrospective investigation included a spinal meningioma cohort
of 28 patients and only dichotomized MIB-1 indices were available. Proliferative activ-
ity is suggested to be inversely correlated with progesterone receptor expression. It was
found that intracranial meningiomas with higher progesterone receptor expression have
significantly lower MIB-1 indices [39-43]. Only a few studies have exclusively investigated
this interesting pathophysiological pathway for spinal meningiomas but could not find a
significant correlation of progesterone receptor expression with the MIB-1 index [38,44,45].
However, a recent study by Maiuri et al. [46] found a statistically significant increased
expression of progesterone receptors in medial skull base and spinal meningiomas in a
dichotomized comparison with lateral skull base and non-skull base meningiomas. In
a previous institutional series, we identified that plasma fibrinogen levels and serum C-
reactive protein are inversely associated with MIB-1 index in cranial meningiomas [16].
Univariable analysis showed that serum CRP values and plasma fibrinogen levels are also
increased in the spinal meningiomas compared to cranial meningiomas, which would have
been in line with the findings of a low FORGE-score in cranial meningiomas reflecting a
reduced proliferative activity and estimating a lower MIB-1 index. However, multivariable
analysis showed that serum CRP and plasma fibrinogen are not independently associated
with the MIB-1 labeling index in a cohort also investigating spinal meningiomas. The role
of systemic inflammatory burden is an emerging avenue in the treatment of meningiomas.
The simple association between quick-to-use biomarkers such as serum CRP and tumor
growth in meningiomas might be explained by the capability of human meningioma cells to
secrete interleukin-6, which has an autocrine inhibitory role in the regulation of neoplastic
cell growth [47]. Therefore, interleukin-6 secretion is inversely correlated with the growth
velocity of meningiomas and both serum CRP and plasma fibrinogen are linked to the
promotor of the interleukin-6 gene [48].

The present investigation also identified spinal location as an independent predictor
of enhanced PFS. Spinal meningiomas are known to regrow less frequently compared
to cranial ones. A recent review of 19 series of spinal meningiomas, including different
Simpson grades and WHO grades, showed that the rate of recurrence ranges from 0% to
18% [45]. However, there are also investigations which showed no significant differences
regarding tumor progression between intracranial and spinal meningiomas despite signifi-
cantly lower MIB-1 indices in spinal meningiomas [38]. There are various theories debating
the beneficial prognostic value of meningioma location along the spinal canal. Salpietro
et al. [49] analyzed a retrospective series of 15 spinal meningiomas and suggested that
spinal tumors do not invade the pial surface compared to the cranial meningiomas.

Several studies suggest that the resection of the dural origin is not significantly asso-
ciated with reduced recurrence rates of spinal meningiomas [50,51]. However, our series
focused on the biological behavior of the tumor tissue, which made it necessary to include
only gross totally resected tumors in order to have a homogeneous cohort. In subtotally or
partially resected meningiomas, the investigated neuropathological specimen does not nec-
essarily reflect the areas with the highest proliferative potential [23]. Nakamura et al. [52]
along with our results show that Simpson grade I resected spinal and cranial meningiomas
have a significantly enhanced probability of PFS. Generally, Simpson grade I resection
is suggested as the benchmark treatment in terms of recurrence-free survival in cranial
meningiomas [53]. Despite gross total resection is the primary aim, surgical resection
should be tailored to the individual patient according to preservation of neurological func-
tion and prevention of surgical adverse events. However, a recent meta-analysis of spinal
meningiomas revealed no statistically significant differences between Simpson grade I or II
regarding tumor recurrence [54]. Hence, Simpson grade I resection in spinal meningiomas
must be considered carefully in preoperative treatment planning because of its strong asso-
ciation with cerebrospinal fluid fistulas following surgery, especially in ventrally located
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spinal meningiomas, which require complex dural reconstructions using artificial dura or
thoracolumbar fascia [54].

Overall, physicians might consider a tailored follow-up and adjuvant therapy regime
by considering both extent of resection as well as immunohistochemical data, such as MIB-1
labeling indices and CD68 staining for macrophages. A retrospective series comprising
239 surgically treated WHO grade 1 meningiomas showed a recurrence rate of 18.8% in
patients who underwent a gross total resection and had MIB-1 labeling index > 4.5%. Those
findings resulted in a similar risk for a meningioma recurrence as in patients who were
treated by a subtotal resection. Hence, those results outline the paramount importance
of a stringent follow-up of meningioma patients with an increased MIB-1 labeling index
despite maximum cytoreductive surgery [55]. Moreover, adjuvant radiation treatment
might be a potential therapy strategy in those patients with an increased MIB-1 labeling
index or after partial resection of meningiomas. Subtotal resection followed by adjuvant
radiation treatment of WHO grade 1 meningiomas has been shown to reduce the risk
of recurrence [56-59]. However, most institutions still prefer follow-up imaging after
subtotal resection [60]. Future scheduling of follow-up intervals might also benefit from a
novel comprehensive approach by considering the MIB-1 index. The consideration of the
MIB-1 index in the scheduling of follow-up intervals might be justified by the results of
a prospective trial, which revealed that the MIB-1 labeling index is a reliable marker for
the time to recurrence in WHO grade 1-3 meningiomas. This trial showed that patients
with a MIB-1 labeling index between 0% and 4%, 5% and 9%, and >10% had 2.4, 4.9, and
9.7 recurrences per 100 person-years, respectively. Additionally, a MIB-1 labeling index
>5% is a strong predictor for an early recurrence within the first two years after surgical
treatment [61]. However, future and ongoing trials also have a special focus on the treatment
effects of meningiomas and health-related quality of life is becoming more important. A
recent population-based cohort study performed a survey with 104 spinal meningioma
patients and had a response rate of 80.8%. The study revealed that before surgery, 48.8%
were unable to work, and after surgery, all patients returned to work. Hence, this study
strongly argues to consider surgical treatment in all patients with a spinal meningioma [62].
The results of this mentioned survey are in line with our results, which showed that the
KPS and the ambulatory mobility of spinal meningioma patients increased after surgery.
However, we also observed that spinal meningioma patients had a significantly lower
baseline KPS compared to cranial meningioma patients. Spinal meningioma patients might
have a lower baseline KPS because they are more often limited in their ambulatory ability
due to compression of the spinal cord and the mean age at diagnosis was also higher in
the spinal meningioma cohort. The lower baseline KPS and higher age at diagnosis of
spinal meningioma patients might also explain the slightly longer length of stay compared
to cranial meningioma patients. In addition, those patients often require a subsequent
inpatient rehabilitation treatment.

In the present investigation, we found that spinal meningiomas have a significantly
lower density of CD68* macrophage infiltrates. Multivariable binary logistic regression
analysis demonstrated that only spinal location and WHO grade 1 are independently asso-
ciated with a reduced density of CD68" macrophage infiltrates. In a recent immunohisto-
chemical investigation of 30 cranial meningiomas by Proctor et al. [18], it was demonstrated
that M2-macrophages have a pro-tumoral function and are predominantly present among
the infiltrating tumor-associated macrophages. Moreover, it was identified that WHO
grade 2 and recurrent meningiomas have significantly more M2-macrophages compared to
primary meningiomas and WHO grade 1 tumors. Hence, pro-tumoral M2 macrophages
are of paramount importance regarding the growth and recurrence of meningiomas. M1
macrophages might act tumoricidal by inducing inflammation via cytotoxic cytokine se-
cretion and the recruitment of leukocytes, which are immunostimulant and impede the
tumor growth [63-65]. Macrophage infiltrates account for 18% of all cells in meningiomas
and their amount increases as the neuropathological grade of the tumor increases [66,67].
The composition of immune cells infiltrating the meningioma microenvironment might
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be of paramount importance regarding progression of the tumor and clinical functioning,
such as seizure outcome and cranial nerve function. The present investigation and a previ-
ous institutional series showed that the MIB-1 index is significantly associated with both
baseline cranial nerve function in skull base meningiomas and the new onset of cranial
nerve deficits after surgery for frontobasal meningioma [32]. Furthermore, the burden
of symptomatic epilepsy might also be a relevant clinical endpoint in patients with an
increased MIB-1 index. Increased MIB-1 index was found to be significantly associated
with symptomatic epilepsy at presentation in patients having convexity, parasagittal, or
falcine meningiomas. MIB-1 index is an almost unknown variable among the determi-
nants of symptomatic epilepsy in meningioma patients. Only one recent retrospective
series investigating 384 meningioma patients revealed that an elevated MIB-1 index is an
independent predictor of postsurgical seizure persistence [68]. Seizure is known to have
a negative impact on health-related quality of life in meningioma patients [69]. Up to
25% of all meningioma patients present with seizure as the initial symptom [70]. Hence,
the association between MIB-1 labeling index and seizure is of paramount importance to
approach a novel target to improve both seizure burden and health-related quality of life
in meningioma patients. Concerning the association between MIB-1 index and baseline
neurological function in spinal meningiomas, we observed a trend towards a superior
neurological functioning in patients with a low MIB-1 index. However, statistical results
did not achieve a significance if threshold is set at <0.05. MIB-1 index significantly correlates
with the density of CD68" macrophages and the areas representing hotspots of increased
MIB-1 indices are significantly overlapped by diffuse infiltrates of CD68" macrophages [32].
Most of the macrophages within the infiltrates are suggested to be polarized to the M2
phenotype. However, meningiomas having a chromosome 22q deletion were found to
predominantly have M1 phenotype macrophages [71]. Besides the importance of the po-
larization of the macrophages, Han et al. [72] demonstrated that meningioma patients
with programmed death ligand-1 (PD-L1) expressing macrophages had a poorer survival
rate. Therefore, targeting PD-L1 expressing macrophages might be a potential pathway
in future immune therapy trials. PD-L1 expressing tumor cells might act in an inhibitory
way on the activation of T-cells by binding to the PD-1 surface receptor of both T- and
B-Cells [73]. Against this backdrop, there are several ongoing prospective trials analyzing
the anti-PD1 antibodies avelumab, nivolumab, or pembrolizumab as new treatment op-
tions for meningiomas [74]. However, it must be remembered that CD68 staining does not
enable a differentiation of the macrophage phenotypes. Furthermore, increased expression
of CD68 was also selectively observed in tumors of rare subtype of meningiomas, such
as the xanthomatous or histiocytic meningioma [75-77]. However, our study does not
include one of those mentioned subtypes of meningiomas and the results show that spinal
meningioma have a significantly reduced number of tumor-associated macrophages, which
might imply that those meningiomas are not the primary collective for ongoing and future
immunotherapeutic trials.

5. Conclusions

Spinal meningiomas show significantly lower MIB-1 indices reflecting a decreased
growth rate. Meningioma location along the spinal location is significantly and indepen-
dently associated with a reduced density of tumor-associated macrophages compared
to intracranial meningiomas. Moreover, anatomic location along the spinal location is
an independent prognostic factor for enhanced PFS. Ongoing and future trials targeting
the inflammatory burden and microenvironment of meningiomas might focus on cranial
meningiomas in order to slow tumor progression and improve the outcome of clinical
endpoints such as cranial nerve function and seizure burden.

Author Contributions: Conceptualization E.G. and ].W.; methodology E.G. and J.W.; data curation
T.L.,J.W. and E.G.; writing—original draft preparation J.W. and E.G.; writing—review and editing
A.G,AB,UH., HV, S.C.-C, M.T., M.H., ].W. and E.G.; visualization ].W. and E.G,; supervision E.G.,
J.W. and H.V. All authors have read and agreed to the published version of the manuscript.



Cancers 2022, 14, 1033 17 of 20

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Ethics Committee of the Medical Faculty and the
University Hospital of Bonn (code: 228/21).

Informed Consent Statement: Patient informed consent was not necessary according to the retro-
spective nature of the study and after approval of our Ethics Committee Approval.

Data Availability Statement: The data presented in this study are available on request form the
corresponding author. The data are not publicly available due to privacy and ethical restrictions.

Acknowledgments: The graphical abstract of this manuscript was created using BioRender.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

Ostrom, Q.T.; Gittleman, H.; Fulop, J.; Liu, M.; Blanda, R.; Kromer, C.; Wolinsky, Y.; Kruchko, C.; Barnholtz-Sloan, ].S. CBTRUS
Statistical Report: Primary Brain and Central Nervous System Tumors Diagnosed in the United States in 2008-2012. Neuro Oncol.
2015, 17 (Suppl. S4), iv1-iv62. [CrossRef] [PubMed]

Domingues, PH.; Sousa, P.; Otero, A Gongalves, ].M.; Ruiz, L.; de Oliveira, C.; Lopes, M.C.; Orfao, A.; Tabernero, M.D. Proposal
for a new risk stratification classification for meningioma based on patient age, WHO tumor grade, size, localization, and
karyotype. Neuro Oncol. 2014, 16, 735-747. [CrossRef] [PubMed]

Louis, D.N.; Perry, A.; Wesseling, P.; Brat, D.J.; Cree, I.A.; Figarella-Branger, D.; Hawkins, C.; Ng, HK,; Pfister, SM,;
Reifenberger, G.; et al. The 2021 WHO Classification of Tumors of the Central Nervous System: A summary. Neuro Oncol. 2021,
23,1231-1251. [CrossRef] [PubMed]

Alexiou, G.A.; Gogou, P.; Markoula, S.; Kyritsis, A.P. Management of meningiomas. Clin. Neurol. Neurosurg. 2010, 112, 177-182.
[CrossRef]

Kalasauskas, D.; Kronfeld, A.; Renovanz, M.; Kurz, E.; Leukel, P,; Krenzlin, H.; Brockmann, M.A.; Sommer, C.J.; Ringel, F; Keric, N.
Identification of High-Risk Atypical Meningiomas According to Semantic and Radiomic Features. Cancers 2020, 12, 2942. [CrossRef]
Barresi, V.; Lionti, S.; Caliri, S.; Caffo, M. Histopathological features to define atypical meningioma: What does really matter for
prognosis? Brain Tumor Pathol. 2018, 35, 168-180. [CrossRef]

Barrett, O.C.; Hackney, J.R.; McDonald, A.M.; Willey, C.D.; Bredel, M.; Fiveash, ]J.B. Pathologic Predictors of Local Recurrence in
Atypical Meningiomas Following Gross Total Resection. Int. ]. Radiat. Oncol. Biol. Phys. 2019, 103, 453-459. [CrossRef]

Chen, X.; Wang, G.; Zhang, ].; Zhang, G.; Lin, Y; Lin, Z.; Gu, J.; Kang, D.; Ding, C. A Novel Scoring System Based on Pre-operative
Routine Blood Test in Predicting Prognosis of Atypical Meningioma. Front. Oncol. 2020, 10, 1705. [CrossRef]

Vranic, A.; Popovic, M.; Cor, A.; Prestor, B.; Pizem, J. Mitotic Count, Brain Invasion, and Location Are Independent Predictors
of Recurrence-Free Survival in Primary Atypical and Malignant Meningiomas: A Study of 86 Patients. Neurosurgery 2010, 67,
1124-1132. [CrossRef]

Oya, S.; Kawai, K.; Nakatomi, H.; Saito, N. Significance of Simpson grading system in modern meningioma surgery: Integration
of the grade with MIB-1 labeling index as a key to predict the recurrence of WHO Grade I meningiomas. . Neurosurg. 2012, 117,
121-128. [CrossRef]

Kim, M.S,; Kim, K.H.; Lee, E.H.; Lee, YM.; Lee, S.-H.; Kim, H.D.; Kim, Y.Z. Results of immunohistochemical staining for cell cycle
regulators predict the recurrence of atypical meningiomas. J. Neurosurg. 2014, 121, 1189-1200. [CrossRef] [PubMed]

Liu, N; Song, S.Y; Jiang, J.B.; Wang, T.].; Yan, C.X. The prognostic role of Ki-67/MIB-1 in meningioma: A systematic review with
meta-analysis. Medicine 2020, 99, e18644, discussion 44. [CrossRef] [PubMed]

Wach, J.; Brandecker, S.; Giiresir, A.; Schuss, P; Vatter, H.; Giiresir, E. The impact of the MIB-1 index on facial nerve outcomes in
vestibular schwannoma surgery. Acta Neurochir. 2020, 162, 1205-1213. [CrossRef] [PubMed]

Gerdes, J.; Schwab, U.; Lemke, H.; Stein, H. Production of a mouse monoclonal antibody reactive with a human nuclear antigen
associated with cell proliferation. Int. J. Cancer 1983, 31, 13-20. [CrossRef] [PubMed]

Scholzen, T.; Gerdes, J. The Ki-67 protein: From the known and the unknown. J. Cell Physiol. 2000, 182, 311-322. [CrossRef]
Wach, J.; Lampmann, T.; Giiresir, A.; Schuss, P; Vatter, H.; Herrlinger, U.; Becker, A.; Holzel, M.; Toma, M.; Giiresir, E. FORGE: A
Novel Scoring System to Predict the MIB-1 Labeling Index in Intracranial Meningiomas. Cancers 2021, 13, 3643. [CrossRef]
Wach, J.; Lampmann, T.; Giiresir, A.; Vatter, H.; Becker, A.; Holzel, M.; Toma, M.; Giiresir, E. Combining FORGE Score and
Histopathological Diagnostic Criteria of Atypical Meningioma Enables Risk Stratification of Tumor Progression. Diagnostics 2021,
11,2011. [CrossRef]

Proctor, D.T.; Huang, J.; Lama, S.; Albakr, A.; Van Marle, G.; Sutherland, G.R. Tumor-associated macrophage infiltration in
meningioma. Neurooncol. Adv. 2019, 1, vdz018. [CrossRef]

Meling, T.R.; Da Broi, M.; Scheie, D.; Helseth, E. Skull base versus non-skull base meningioma surgery in the elderly. Neurosurg.
Rev. 2019, 42, 163-173. [CrossRef]


http://doi.org/10.1093/neuonc/nov189
http://www.ncbi.nlm.nih.gov/pubmed/26511214
http://doi.org/10.1093/neuonc/not325
http://www.ncbi.nlm.nih.gov/pubmed/24536048
http://doi.org/10.1093/neuonc/noab106
http://www.ncbi.nlm.nih.gov/pubmed/34185076
http://doi.org/10.1016/j.clineuro.2009.12.011
http://doi.org/10.3390/cancers12102942
http://doi.org/10.1007/s10014-018-0318-z
http://doi.org/10.1016/j.ijrobp.2018.09.019
http://doi.org/10.3389/fonc.2020.01705
http://doi.org/10.1227/NEU.0b013e3181eb95b7
http://doi.org/10.3171/2012.3.JNS111945
http://doi.org/10.3171/2014.7.JNS132661
http://www.ncbi.nlm.nih.gov/pubmed/25148008
http://doi.org/10.1097/MD.0000000000018644
http://www.ncbi.nlm.nih.gov/pubmed/32118704
http://doi.org/10.1007/s00701-020-04283-z
http://www.ncbi.nlm.nih.gov/pubmed/32152754
http://doi.org/10.1002/ijc.2910310104
http://www.ncbi.nlm.nih.gov/pubmed/6339421
http://doi.org/10.1002/(SICI)1097-4652(200003)182:3&lt;311::AID-JCP1&gt;3.0.CO;2-9
http://doi.org/10.3390/cancers13143643
http://doi.org/10.3390/diagnostics11112011
http://doi.org/10.1093/noajnl/vdz018
http://doi.org/10.1007/s10143-018-0976-7

Cancers 2022, 14, 1033 18 of 20

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Cornelius, ].E; Slotty, PJ.; Steiger, H.J.; Hanggi, D.; Polivka, M.; George, B. Malignant potential of skull base versus non-skull base
meningiomas: Clinical series of 1663 cases. Acta Neurochir. 2013, 155, 407-413. [CrossRef]

Wu, A.; Garcia, M.A.; Magill, S.T.; Chen, W.; Vasudevan, H.N ; Perry, A.; Theodosopoulos, P.V.; McDermott, M.W.; Braunstein, S.E.;
Raleigh, D.R. Presenting Symptoms and Prognostic Factors for Symptomatic Outcomes Following Resection of Meningioma.
World Neurosurg. 2018, 111, e149—€159. [CrossRef] [PubMed]

Kim, S.R.; Shin, Y.S.; Kim, J.H.; Choi, M.; Yoo, S.H. Differences in Type Composition of Symptom Clusters as Predictors of Quality
of Life in Patients with Meningioma and Glioma. World Neurosurg. 2017, 98, 50-59. [CrossRef] [PubMed]

Coons, S.W.; Johnson, P.C. Regional heterogeneity in the proliferative activity of human gliomas as measured by the Ki-67 labeling
index. J. Neuropathol. Exp. Neurol. 1993, 52, 609-618. [CrossRef]

Antinheimo, J.; Haapasalo, H.; Haltia, M.; Tatagiba, M.; Thomas, S.; Brandis, A.; Sainio, M.; Carpen, O.; Samii, M.; Jddskeldinen, J.
Proliferation potential and histological features in neurofibromatosis 2-associated and sporadic meningiomas. J. Neurosurg. 1997,
87, 610-614. [CrossRef] [PubMed]

Goldbrunner, R.; Minniti, G.; Preusser, M.; Jenkinson, M.D.; Sallabanda, K.; Houdart, E.; von Deimling, A.; Stavrinou, P,;
Lefranc, F.; Lund-Johansen, M.; et al. EANO guidelines for the diagnosis and treatment of meningiomas. Lancet Oncol. 2016, 17,
e383-e391. [CrossRef]

Wach, J.; Banat, M.; Schuss, P.; Giiresir, E.; Vatter, H.; Scorzin, ]J. Age at Diagnosis and Baseline Myelomalacia Sign Predict
Functional Outcome After Spinal Meningioma Surgery. Front. Surg. 2021, 8, 682930. [CrossRef]

Maiuri, F; Mariniello, G.; Guadagno, E.; Barbato, M.; Corvino, S.; Del Basso De Caro, M. WHO grade, proliferation index, and
progesterone receptor expression are different according to the location of meningioma. Acta Neurochir. 2019, 161, 2553-2561.
[CrossRef]

Wach, J.; Apallas, S.; Schneider, M.; Giiresir, A.; Schuss, P.; Herrlinger, U.; Vatter, H.; Giiresir, E. Baseline Serum C-Reactive Protein
and Plasma Fibrinogen-Based Score in the Prediction of Survival in Glioblastoma. Front. Oncol. 2021, 11, 653614. [CrossRef]
Mangram, A.J.; Horan, T.C.; Pearson, M.L.; Silver, L.C.; Jarvis, W.R. Guideline for Prevention of Surgical Site Infection, 1999.
Centers for Disease Control and Prevention (CDC) Hospital Infection Control Practices Advisory Committee. Am. J. Infect. Control.
1999, 27, 97-132; discussion 96; quiz 133-4. [CrossRef]

Majores, M.; Schick, V.; Engels, G.; Fassunke, J.; Elger, C.E.; Schramm, J.; Blumcke, I.; Becker, A.]. Mutational and immunohisto-
chemical analysis of ezrin-, radixin-, moesin (ERM) molecules in epilepsy-associated glioneuronal lesions. Acta Neuropathol. 2005,
110, 537-546. [CrossRef]

Majores, M.; von Lehe, M.; Fassunke, J.; Schramm, J.; Becker, A.].; Simon, M. Tumor recurrence and malignant progression of
gangliogliomas. Cancer 2008, 113, 3355-3363. [CrossRef]

Schneider, M.; Borger, V.; Giiresir, A.; Becker, A.; Vatter, H.; Schuss, P; Giiresir, E. High Mib-1-score correlates with new cranial
nerve deficits after surgery for frontal skull base meningioma. Neurosurg. Rev. 2021, 44, 381-387. [CrossRef] [PubMed]

Lemée, ].M.; Corniola, M.V.; Meling, T.R. Benefits of re-do surgery for recurrent intracranial meningiomas. Sci. Rep. 2020, 10, 303.
[CrossRef] [PubMed]

Haller, B.; Ulm, K.; Hapfelmeier, A. A Stimulation Study Comparing Different Statistical Approaches for the identification of
Predictive Biomarkers. Comput. Math. Methods Med. 2009, 2019, 7037230.

Apra, C.; Peyre, M.; Kalamarides. Current treatment options for meningioma. Expert Rev. Neurother. 2018, 18, 1-9. [CrossRef]
[PubMed]

Tang, Y.; Dundamadappa, S.K.; Thangasamy, S.; Flood, T.; Moser, R.; Smith, T.; Cauley, K.; Takhtani, D. Correlation of apparent
diffusion coefficient with Ki-67 proliferation index in grading meningioma. AJR Am. J. Roentgenol. 2014, 202, 1303-1308. [CrossRef]
Pavelin, S.; Becic, K.; Forempoher, G.; Mrklic, I.; Pogorelic, Z.; Titlic, M.; Andelinovic, S. Expression of Ki-67 and p53 in
meningiomas. Neoplasma 2013, 60, 480-485. [CrossRef]

Roser, F.; Nakamura, M.; Bellinzona, M.; Ritz, R.; Ostertag, H.; Tatagiba, M.S. Proliferation potential of spinal meningiomas. Eur.
Spine J. 2006, 15, 211-215. [CrossRef]

Metellus, P; Nanni, I.; Dussert, C.; Trinkhaus, M.; Fuentes, S.; Chinot, O.; Ouafik, L.H.; Fina, F; Dufour, H.; Figarella-Branger, D.; et al.
Prognostic implications of biologic markers in intracranial meningiomas: 120 cases. Neurochirurgie 2008, 54, 750-756. [CrossRef]
Pravdenkova, S.; Al-Mefty, O.; Sawyer, J.; Husain, M. Progesterone and estrogen receptors: Opposing prognostic indicators in
meningiomas. J. Neurosurg. 2006, 105, 183-202. [CrossRef]

Roser, F; Nakamura, M.; Bellinzona, M.; Rosahl, S.K.; Ostertag, H.; Samii, M. The prognostic value of progesterone receptor status
in meningiomas. J. Clin. Pathol. 2004, 57, 1033-1037. [CrossRef] [PubMed]

Roser, F.; Nakamura, M.; Ritz, R.; Bellinzona, M.; Dietz, K.; Samii, M.; Tatagiba, M.S. Proliferation and progesterone receptor
status in benign meningiomas are not age dependent. Cancer 2005, 104, 598-601. [CrossRef] [PubMed]

Wolfsberger, S.; Doostkam, S.; Boecher-Schwarz, H.G.; Roessler, K.; van Trotsenburg, M.; Hainfellner, J.A. Progesterone-receptor
index in meningiomas: Correlation with clinico-pathological parameters and review of the literature. Neurosurg. Rev. 2004, 27,
238-345. [CrossRef] [PubMed]

Barresi, V.; Alafaci, C.; Caffo, M.; Barresi, G.; Tuccari, G. Clinicopathological characteristics, hormone receptor status and matrix
metallo-proteinase-9 (MMP-9) immunohistochemical expression in spinal meningiomas. Pathol. Res. Pract. 2012, 208, 350-355.
[CrossRef] [PubMed]


http://doi.org/10.1007/s00701-012-1611-y
http://doi.org/10.1016/j.wneu.2017.12.012
http://www.ncbi.nlm.nih.gov/pubmed/29248774
http://doi.org/10.1016/j.wneu.2016.10.085
http://www.ncbi.nlm.nih.gov/pubmed/27794512
http://doi.org/10.1097/00005072-199311000-00008
http://doi.org/10.3171/jns.1997.87.4.0610
http://www.ncbi.nlm.nih.gov/pubmed/9322850
http://doi.org/10.1016/S1470-2045(16)30321-7
http://doi.org/10.3389/fsurg.2021.682930
http://doi.org/10.1007/s00701-019-04084-z
http://doi.org/10.3389/fonc.2021.653614
http://doi.org/10.1016/S0196-6553(99)70088-X
http://doi.org/10.1007/s00401-005-1088-3
http://doi.org/10.1002/cncr.23965
http://doi.org/10.1007/s10143-019-01222-0
http://www.ncbi.nlm.nih.gov/pubmed/31834543
http://doi.org/10.1038/s41598-019-57254-5
http://www.ncbi.nlm.nih.gov/pubmed/31941981
http://doi.org/10.1080/14737175.2018.1429920
http://www.ncbi.nlm.nih.gov/pubmed/29338455
http://doi.org/10.2214/AJR.13.11637
http://doi.org/10.4149/neo_2013_062
http://doi.org/10.1007/s00586-005-0937-z
http://doi.org/10.1016/j.neuchi.2008.07.005
http://doi.org/10.3171/jns.2006.105.2.163
http://doi.org/10.1136/jcp.2004.018333
http://www.ncbi.nlm.nih.gov/pubmed/15452155
http://doi.org/10.1002/cncr.21192
http://www.ncbi.nlm.nih.gov/pubmed/15952201
http://doi.org/10.1007/s10143-004-0340-y
http://www.ncbi.nlm.nih.gov/pubmed/15168138
http://doi.org/10.1016/j.prp.2012.02.013
http://www.ncbi.nlm.nih.gov/pubmed/22494536

Cancers 2022, 14, 1033 19 of 20

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Maiuri, F.; Del Basso De Caro, M.L.; de Divitiis, O.; Guadagno, E.; Mariniello, G. Recurrence of spinal meningiomas: Analysis of
the risk factors. Br. J. Neurosurg. 2020, 34, 569-574. [CrossRef]

Maiuri, F.; Mariniello, G.; de Divitiis, O.; Esposito, F.; Guadagno, E.; Teodonno, G.; Barbato, M.; Del Basso de Caro, M. Progesteron
Receptor Expression in Meningiomas: Pathological and Prognostic Implications. Front. Oncol. 2021, 11, 511218. [CrossRef]
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]

Wong, L.Y.E; Leung, R.Y.H.; Ong, K.L.; Cheung, B.M.Y. Plasma levels of fibrinogen and C-reactive protein are related to
interleukin-6 gene -572C>G polymorphism in subjects with and without hypertension. J. Hum. Hypertens. 2007, 21, 875-882.
[CrossRef]

Salpietro, EM.; Alafaci, C.; Lucerna, S.; Iacopino, D.G.; Tomasello, F. Do spinal menignomas penetrate the pial layer? Correlation
between magnetic resonance imaging and microsurgical findings and intracranial tumor interfaces. Neurosurgery 1997, 41,
254-257. [CrossRef]

Solero, C.L.; Fornari, M.; Giombini, S.; Lasio, G.; Oliveri, G.; Cimino, C.; Pluchino, F. Spinal meningiomas: Review of 174 operated
cases. Neurosurgery 1989, 25, 153-160. [CrossRef]

Klekamp, J.; Samii, M. Surgical results for spinal meningiomas. Surg. Neurol. 1999, 52, 552-562. [CrossRef]

Nakamura, M.; Tsuji, O.; Fujiyoshi, K.; Hosogane, N.; Watanabe, K.; Tsuji, T.; Ishii, K.; Toyama, Y.; Chiba, K.; Matsumoto, M.
Long-term surgical outcomes of spinal meningiomas. Spine 2012, 37, E617-E623. [CrossRef] [PubMed]

Nanda, A.; Bir, 5.C.; Maiti, TK.; Konar, S.K.; Missios, K.; Guthikonda, B. Relevance of Simpson grading system and recurrence-free
survival after surgery for World Health Organization Grade I meningioma. J. Neurosurg. 2017, 126, 201-211. [CrossRef]

Barber, S.M.; Konakondla, S.; Nakhla, J.; Fridley, ].S.; Xia, J.; Oyelese, A.A.; Telfeian, A.E.; Gokaslan, Z.L. Oncologic benefits of
dural resection in spinal meningiomas: A meta-analysis of Simpson grades and recurrence rates. J. Neurosurg. Spine 2019, 8, 1-11.
[CrossRef]

Haddad, A.E; Young, ].S.; Kanungo, I; Sudhir, S.; Chen, J.S.; Raleigh, D.R.; Magill, S.T.; McDermott, M.W.; Aghi, M.K. WHO
Grade I Meningioma Recurrence: Identifying High Risk Patients Using Histopathological Features and the MIB-1 Index. Front.
Oncol. 2020, 10, 1522. [CrossRef] [PubMed]

Ohba, S.; Kobayashi, M.; Horiguchi, T.; Onozuka, S.; Yoshida, K.; Ohira, T.; Kawase, T. Long-term surgical outcome and biological
prognostic factors in patients with skull base meningiomas. J. Neurosurg. 2011, 114, 1278-1287. [CrossRef] [PubMed]

Soyuer, S.; Chang, E.L.; Selek, U.; Shi, W.; Maor, M.H.; DeMonte, F. Radiotherapy after surgery for benign cerebral meningioma.
Radiother. Oncol. 2004, 71, 85-90. [CrossRef]

Park, S.; Cha, Y.J.; Suh, S.H.; Lee, L].; Lee, K.S.; Hong, C.K,; Kim, J.W. Risk group-adapted adjuvant radiotherapy for WHO grade
I and II skull base meningioma. J. Cancer Res. Clin. Oncol. 2019, 145, 1351-1360. [CrossRef]

Oya, S.; Ikawa, F; Ichihara, N.; Wanibuchi, M.; Akiyama, Y.; Nakatomi, H.; Mikuni, N.; Narita, Y. Effect of adjuvant radiotherapy
after subtotal resection for WHO grade I meningioma: A propensity score matching analysis of the Brain Tumor Registry of Japan.
J. Neurooncol. 2021, 153, 351-360. [CrossRef]

Rogers, L.; Barani, I.; Chamberlain, M.; Kaley, T.].; 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]
Mirian, C.; Skyrman, S.; Bartek, J., Jr.; Jensen, L.R.; Kihlstrém, L.; Férander, P.; Orrego, A.; Mathiesen, T. The Ki-67 Proliferation
Index as a Marker of Time to Recurrence in Intracranial Meningioma. Neurosurgery 2020, 87, 1289-1298. [CrossRef] [PubMed]
Pettersson-Segerlind, J.; von Vogelsang, A.C.; Fletcher-Sandersjoo, A.; Tatter, C.; Mathiesen, T.; Edstrom, E.; Elmi-Terander, A.
Health-Related Quality of Life and Return to Work after Surgery for Spinal Meningioma: A Population-Based Cohort Study.
Cancers 2021, 13, 6371. [CrossRef] [PubMed]

Lisi, L.; Ciotti, G.M.; Braun, D.; Kalinin, S.; Curro, D.; Dello Russo, C.; Coli, A.; Mangiola, A.; Anile, C.; Feinstein, D.L.; et al.
Expression of iNOS, CD163 and ARG-1 taken as M1 and M2 markers of microglial polarization in human glioblastoma and the
surrounding normal parenchyma. Neurosci. Lett. 2017, 645, 106-112. [CrossRef] [PubMed]

Ma, J.; Liu, L.; Che, G.; Yu, N.; Dai, F; You, Z. The M1 form of tumor-associated macrophages in non-small cell lung cancer is
positively associated with survival time. BMC Cancer 2010, 10, 112. [CrossRef]

Biswas, 5.K.; Mantovani, A. Macrophage plasticity and interaction with lymphocyte subsets: Cancer as a paradigm. Nat. Immunol.
2010, 11, 889-896. [CrossRef]

Rossi, M.L.; Cruz Sanchez, F.; Hughes, ].T.; Esiri, M.M.; Coakham, H.B. Inmunocytochemical study of the cellular immune
response in meningiomas. J. Clin. Pathol. 1988, 41, 314-319. [CrossRef]

Grund, S.; Schittenhelm, J.; Roser, F,; Tatagiba, M.; Mawrin, C.; Kim, Y.J.; Bornemann, A. The microglial /macrophagic response at
the -brain border of invasive meningiomas. Neuropathol. Appl. Neurobiol. 2009, 35, 82-88. [CrossRef]

Gadot, R.; Khan, A.B.; Patel, R.; Goethe, E.; Shetty, A.; Hadley, C.C.; Bayley, ].C.; Harmanci, A.S.; Klisch, T.; Yoshor, D.; et al.
Predictors of postoperative seizure outcome in supratentorial meningioma. J. Neurosurg. 2021, 1, 1-10. [CrossRef]

Waagemans, M.L.; van Nieuwenhuizen, D.; Dijkstra, M.; Wumkes, M.; Dirven, C.M.; Leenstra, S.; Reijneveld, J.C.; Klein, M.;
Stalpers, L.]. Long-term impact of cognitive deficits and epilepsy on quality of life in patients with low-grade meningiomas.
Neurosurgery 2011, 69, 72-79. [CrossRef]

Lieu, A.S.; Howng, S.L. Intracranial meningiomas and epilepsy: Incidence, prognosis and influencing factors. Epilepsy Res. 2000,
38, 45-52. [CrossRef]


http://doi.org/10.1080/02688697.2019.1638886
http://doi.org/10.3389/fonc.2021.611218
http://doi.org/10.3171/jns.1994.81.3.0394
http://doi.org/10.1038/sj.jhh.1002233
http://doi.org/10.1097/00006123-199707000-00041
http://doi.org/10.1227/00006123-198908000-00001
http://doi.org/10.1016/S0090-3019(99)00153-6
http://doi.org/10.1097/BRS.0b013e31824167f1
http://www.ncbi.nlm.nih.gov/pubmed/22146282
http://doi.org/10.3171/2016.1.JNS151842
http://doi.org/10.3171/2019.8.SPINE19859
http://doi.org/10.3389/fonc.2020.01522
http://www.ncbi.nlm.nih.gov/pubmed/32983999
http://doi.org/10.3171/2010.11.JNS10701
http://www.ncbi.nlm.nih.gov/pubmed/21166572
http://doi.org/10.1016/j.radonc.2004.01.006
http://doi.org/10.1007/s00432-019-02891-6
http://doi.org/10.1007/s11060-021-03775-x
http://doi.org/10.3171/2014.7.JNS131644
http://doi.org/10.1093/neuros/nyaa226
http://www.ncbi.nlm.nih.gov/pubmed/32614441
http://doi.org/10.3390/cancers13246371
http://www.ncbi.nlm.nih.gov/pubmed/34944991
http://doi.org/10.1016/j.neulet.2017.02.076
http://www.ncbi.nlm.nih.gov/pubmed/28259657
http://doi.org/10.1186/1471-2407-10-112
http://doi.org/10.1038/ni.1937
http://doi.org/10.1136/jcp.41.3.314
http://doi.org/10.1111/j.1365-2990.2008.00960.x
http://doi.org/10.3171/2021.9.JNS211738
http://doi.org/10.1227/NEU.0b013e318212badb
http://doi.org/10.1016/S0920-1211(99)00066-2

Cancers 2022, 14, 1033 20 of 20

71.

72.

73.

74.

75.

76.

77.

Presta, I.; Guadagno, E.; Di Vito, A.; Malara, N.; Mignogna, C.; Maisano, D.; Donato, A.; Cardillo, G.; Del Basso De Caro, M.L.;
Donato, G. Innate immunity may play a role in growth and relapse of chordoid meningioma. Int. J. Immunopathol. Pharmacol.
2017, 30, 429-433. [CrossRef] [PubMed]

Han, S.J.; Reis, G.; Kohanbash, G.; Shrivastav, S.; Magill, S.T.; Molinaro, A.M.; McDermott, M.W.; Theodosopoulos, P.V.L.; Aghi,
M.K,; Berger, M.S; et al. Expression and prognostic impact of immune modulatory molecule PD-L1 in meningioma. J. Neurooncol.
2016, 130, 543-552. [CrossRef] [PubMed]

Arasanz, H.; Gato-Cafias, M.; Zuazo, M.; Ibafiez-Vea, M.; Breckpot, K.; Kochan, G.; Escors, D. PD1 signal transduction pathways
in T cells. Oncotarget 2017, 8, 51936-51945. [CrossRef] [PubMed]

Garzon-Muvdi, T,; Bailey, D.D.; Pernik, M.N.; Pan, E. Basis for Inmunotherapy for Treatment of Meningiomas. Front. Neurol.
2020, 11, 945. [CrossRef]

Ersoz, S.; Yilmaz, Z.S.; Eyuboglu, I.; Yazar, U. Xanthomatous Meningioma: A Case Report. Turk. Neurosurg. 2019, 29, 141-144.
[CrossRef]

Ishida, M.; Fukami, T.; Nitta, N.; Iwai, M.; Yoshida, K.; Kagotani, A.; Nozaki, K.; Okabe, H. Xanthomatous meningioma: A case
report with review of the literature. Int. J. Clin. Exp. Pathol. 2013, 6, 2242-2246.

Liu, L.; Stone, J.; Hoffpauir, ].T.; Xiong, Z. Histiocytic meningioma: A distinctive subtype of meningioma? Intractable Rare Dis. Res.
2014, 3, 57-59. [CrossRef]


http://doi.org/10.1177/0394632017730241
http://www.ncbi.nlm.nih.gov/pubmed/28885077
http://doi.org/10.1007/s11060-016-2256-0
http://www.ncbi.nlm.nih.gov/pubmed/27624915
http://doi.org/10.18632/oncotarget.17232
http://www.ncbi.nlm.nih.gov/pubmed/28881701
http://doi.org/10.3389/fneur.2020.00945
http://doi.org/10.5137/1019-5149.JTN.19561-16.1
http://doi.org/10.5582/irdr.2014.01007

	Introduction 
	Materials and Methods 
	Study Design 
	Patient Selection 
	Data Recording 
	Histopathology 
	Follow-Up 
	Statistical Analysis 

	Results 
	Patient Characteristics 
	MIB-1 Index in Different Anatomic Locations of Meningioma 
	Density of CD68+ Macrophage Infiltrates 
	Anatomic Meningioma Location in the Prediction of Progression-Free Survival 
	Clinical Implications of MIB-1 Index in Different Anatomical Locations 
	Postoperative Course and Postoperative Complications 

	Discussion 
	Conclusions 
	References

