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Abstract 
Tumour-associated macrophages (TAMs) are regarded as potential therapeutic targets due 

to “pro-tumoral” and “anti-tumoral” phenotypes. Human meningiomas contain considerable 

number of TAMs, but their clinical impact is sparsely investigated in these tumours. The 

aim of this study was therefore to investigate the presence, morphology, and distribution 

of TAMs in human meningiomas, and relate these findings to histopathology, meningi-

oma subtypes, World Health Organization (WHO) grade, risk of recurrence, and overall 

survival. In this study, 147 WHO grade 1 and 2 primary meningiomas prepared as tissue 

micro arrays were included. Standard immunohistochemistry, with the antibodies Iba1 as 

a pan-marker for “all TAMs”, iNOS for M1 and Arginase 1 for M2 TAMs, was performed to 

investigate their infiltration in the meningioma tissue. The immunostainings were scanned 

and analysed digitally. TAMs were found in most of the meningiomas with varying amount 

of ramified and amoeboid appearances. The quantity of total TAMs (Iba1-stained) was 

found to be significantly higher in the age group ≥ 60 years compared with the younger 

age group. M2 cell dominated over M1 cell quantity, and a higher quantity of M2 TAMs 

was found in skull-base compared with non-skull base tumours. Meningothelial subtypes 

had a higher quantity of M2 TAMs compared with transitional and atypical ones. Further-

more, the M1/M2-ratio was higher in meningiomas linked to the convexities compared with 

tumours in the basal. No relations between TAMs and histological WHO grade or prognosis 

(time to recurrence and overall survival) were found. TAMs were common in our series of 

meningiomas. However, their infiltration showed no clinicopathological significance. Due to 

their complex dynamic characteristics and shifting phenotypes, the investigation of these 

immune cells is demanding. Therefore, the TAMs’ definite role in human meningiomas in 

relation to clinicopathological parameters and prognosis need to be further investigated.

Introduction
Meningiomas are mostly benign neoplasms which arise from arachnoid cap cells [1]. Com-
prising over one-third of primary CNS (central nervous system)-tumours, meningiomas are 
the most common primary intracranial tumour type in adults with an incidence rate of 9.73 
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per 100 000, twice as common in women than in men, and rare in children [2]. These tumours 
occur mainly in the elderly population, and the incidence increases with age [3]. Meningio-
mas are graded according to the CNS WHO criteria based on histopathological and molec-
ular genetic features [4]. About 80% of meningiomas are considered benign, whilst a limited 
proportion present with clinical aggressive behaviour with higher relapse rates and invasion 
of the adjacent brain tissue [3]. Primary treatment of meningiomas are surgery and radiation 
whereas systemic therapy like immunotherapy is undergoing trials [5–8].

Various immune cells such as lymphocytes, plasma cells, NK-cells, and macrophages/
microglia, have been identified in the meningioma tissue. These cells, together with vascular 
endothelial cells and fibroblasts, constitute a complex tumour microenvironment which pro-
motes and regulates tumour development and growth [9–12]. TAMs (tumour associated mac-
rophages), which are macrophages in tumour tissue, are known to be activated into different 
phenotypes like classical and alternative macrophages, respectively M1 and M2 phenotypes 
[13,14]. The macrophage states provide the basis for the established concept of M1 and M2 
model. In this model, M1 TAMs are thought to be inflammatory or anti-tumoral and thereby 
hindering tumour growth/development, and M2 macrophages are believed to be immunosup-
pressive or pro-tumoral and enhancing tumour growth/development [13,15]. In other tumour 
types, M2 TAMs have been associated with poorer prognosis and shorter time to recurrence, 
whilst M1 TAMs have been linked to better prognosis [13,16–18].

In meningiomas, the clinicopathological role of TAMs in relation to tumour growth, 
development and prognosis has been previously investigated [11,12,19,20]. However, the 
knowledge of TAMs and M1/M2 cells in relation to meningioma growth needs to be further 
explored [21]. The aim of this study was therefore to investigate the presence, morphology, 
and distribution of TAMs in human meningiomas, and relate these findings to histopathol-
ogy, meningioma subtypes, WHO grade, risk of recurrence, and overall survival.

Materials and methods

Collection of patient material and patient specimens
The material collection, patient selection, and histopathological evaluation has been described 
previously [22, 23]. Briefly summarized, a search in the electronic patient data files at Depart-
ment of Pathology (St. Olav’s University Hospital in Trondheim, Norway) was conducted 
to find patients operated for primary meningiomas in the time frame between 01.01.1991 to 
31.12.2000. The tumour specimens were fixed in formalin and embedded in paraffin shortly 
after operation. Subsequently, they were stored and later retrieved for review and graded 
according to the WHO 2016 classification [24]. All patients ≥18 years of age were evaluated 
for inclusion. A total of 147 meningioma cases were included in the current study with a 
maximum follow-up time of 18 years. Patients < 18 years of age, non-primary tumours, WHO 
grade 3, and spinal located meningiomas were excluded from this study (Fig 1). Patient data 
and tumour samples were accessed for research purposes during the year of 2007. In this 
retrospective study, authors had complete access of information to identify individual partici-
pants during and after data collection at all times.

Clinical data
The clinical data obtained were gender, date and age at surgery, localization of tumour, treat-
ment provided, preoperative symptoms, Simpsons resection grade, WHO performance status, 
date of recurrence, date and cause of death, and last observation of patients.

Time to recurrence (TTR) as disease recurrence or disease-related death, and overall 
survival (OS) as time to death irrespective of cause were defined as described in previous 

Competing interests: The authors have 
declared that no competing interests exist.



PLOS One | https://doi.org/10.1371/journal.pone.0319960  May 13, 2025 3 / 16

PLOS One TAMs in meningiomas

protocols [23,25,26]. TTR and OS were calculated by using time of diagnosis as a reference. 
Survival data was obtained from patient medical files and Norwegian Cause of Death Regis-
try. Surgical notes and radiological analyses (CT and MRI) were used to determine tumour 
localization. Simpson resection grade was determined and retrospectively assessed by surgical 
notes.

Tissue micro arrays (TMAs)
The construction of TMAs has been described in previous studies [27]. Shortly, this has been 
done by utilizing standardized haematoxylin/eosin sections of tumour specimens to define 
representative tumour tissue. Three cylinders from each biopsy were cut out, meaning each 
meningioma case was represented by three TMA extracted cores. Furthermore, the TMA 
sections were scanned by Olympus VS120S5 scanner at x 20 magnification and prepared for 
analysis by electronic images by Olympus OlyVia 3.3.

Immunohistochemical procedure for the antibodies Iba1, iNOS and 
Arginase 1
In this study, three different primary antibodies against macrophages were used: Iba1, iNOS 
and Arginase 1 (Table 1). They were utilized as surrogates for the pan-marker of “all TAMs”, 
M1 and M2 macrophages, respectively. Formalin fixed, paraffin embedded tissue sections of 

Fig 1.  Flow diagram of patient-selection.

https://doi.org/10.1371/journal.pone.0319960.g001

Table 1.  Key details regarding the antibodies used in this study.

Antibody Catalogue Clone Dilution Incubation Producer Supplier
Iba1 (“all” TAMs) Ab5076 Goat polyclonal Human Iba1 1:500 30 minutes in room temperature Abcam Abcam
iNOS (M1) SAB5500152 RbMab_SP16 1:50 Overnight at 4 °C Sigma Aldrich Merck
Arginase 1 (M2) 93668 RbMab_D4E3M 1:50 Overnight at 4 °C CST (Cell Signaling Technology) BioNordika

https://doi.org/10.1371/journal.pone.0319960.t001

https://doi.org/10.1371/journal.pone.0319960.g001
https://doi.org/10.1371/journal.pone.0319960.t001
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4 µm thickness were retrieved from a freezing-unit (stored in the freezer at -20 °C) and put 
into a heating cabinet for one hour at 60 °C. The tissue sections were deparaffinized by Tissue 
Clear. Subsequently, ethanol and water were utilized for rehydration. Heat Induced Epitope 
Retrival (HIER) was performed in a Pre-Treatment Link (DAKO, Glostrup, Denmark) for 
pre-treatment. The sections were immersed in EnVision FLEX Target Retrieval Solution 
(High pH 9 for Iba1, and Low pH 6 for iNOS and Arginase). DM 828 (for Iba1) and DM 829 
(for iNOS and Arginase) diluted 1:50 with dH2O. The temperature was raised to 97 °C for 20 
minutes and then cooled to 65 °C. The immunostaining was performed at room tempera-
ture by using Dako Autostainer Plus (DAKO). The sections were rinsed with Dako Wash 
Buffer (DAKO) S3006 1:10 between each step in the immunostaining process. The enzyme 
blocking was performed with Dako REAL Peroxidase Blocking Solution (DAKO S2023) for 
ten minutes. The primary antibodies were diluted with Dako REAL Antibody Diluent S2022 
and incubated for 30 minutes for Iba1, and overnight at 4 °C for iNOS and Arginase. For 
Iba1, Rabbit-anti-goat (biotinylated) EO466 from Agilent/Dako dilutions 1:200 in TBS (Tris 
buffered saline) was incubated for 30 minutes. LSAB-HRP K0675 from Agilent/DAKO ready 
to use was utilized and then incubated for ten minutes. For iNOS and Arginase, HRP Rabbit/
Mouse ENVision Polymer (from Dako REAL Envision DetectionSystem) was incubated for 
30 minutes, before sections were rinsed twice. All sections were incubated for ten minutes in 
DAB+ Chromogen (from Dako REAL EnVision Detection System) for visualization, rinsed 
twice in dH2O, removed from the autostainer, and coloured with contrast Haematoxylin for 
30 seconds. The sections were dehydrated and embedded in TissueClear before coverslip-
ping with TissueMount (Sakura). Spleen, lung, and liver were used as positive controls for 
Iba1, iNOS and Arginase, respectively. In the negative controls the primary antibodies were 
omitted.

Evaluation of specimens
For each case and each antibody, distribution, quantity, and morphology of the TAMs were 
assessed. The distribution of TAMs was classified as either “clustered” or “dispersed”. Quantity 
of TAMs was evaluated as 0 (no positive cells), 1 (sparse cells, <10% of cells in the area of one 
single TMA core), 2 (moderate of cells, 10–50% of cells in the area of one single TMA core), 
and 3 (abundant of cells, >50% of cells in the area of one single TMA core). Morphology of 
TAMs was recorded as “dominant amoeboid” (cells having a round shape), or “dominant ram-
ified” (cells having protrusions). The TMA sections were scanned using Olympus VS120S5 
scanning system, and analyses were consequently conducted by the investigators on electronic 
images. TMAs with insufficient tumour tissue, meaning < 50% remaining tumour tissue, 
were excluded from analyses. Quantity of TAMs was analysed by two of the authors (RM and 
SET), whilst distribution and morphology were assessed by one author (RM). These analyses 
were made by subjective estimates, whereas discrepancies were brought up for discussion and 
a consensus was made. The investigators (RM and SET) were blinded for any case-specific 
clinical data during investigation.

Digital quantification of Iba-1-, iNOS-, and Arginase-positive cells
Each core of the previously mentioned scanned TMA slides were individually saved as a sepa-
rate image file. Quantification of Iba1, iNOS, and Arginase positive cells was conducted using 
the open-source software QuPath [28]. The procedures in QuPath followed the methods out-
lined in Bankhead et al. with minor modifications to parameters [28]. Representative stained 
images for each immunostaining were analysed using colour deconvolution. Tissue was 
detected using the “Create thresholder” tool, with settings including averaging all channels, a 
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threshold of 218, sigma of 2.5, resolution of 2.76 µm/px, and a minimum and maximum area 
threshold of 5000 µm².

For Iba1-stained TMAs, cell detection was performed with the Stardist extension in 
QuPath, a convolutional neural network-based method detailed in the paper of Uwe Schmidt 
et al. and was employed using the “HE heavy augment” pretrained model [29]. The Stardist 
nucleus detection parameters were set to a requested pixel size of 0.4 µm, threshold of 0.1, and 
cell expansion of 2.0 µm. Cell detections were filtered to exclude areas smaller than 150 µm² 
and larger than 3000 µm².

For iNOS and Arginase detection, we utilized QuPath’s built-in watershed cell nucleus 
detection. This was visually optimized using the following settings: Optical Density (OD) sum; 
requested pixel size of 0.5 µm; background radius of 8.0 µm; median filter radius of 0.0 µm, 
sigma of 2.3 µm; minimum and maximum area thresholds of 20 µm² and 400 µm² respec-
tively; a threshold of 0.01; maximum background intensity of 2.0; and cell expansion of 5 
µm. Standard feature measurements were supplemented by the “Compute intensity features” 
for all colour channels/transforms, followed by additional calculations for smoothed object 
features (spanning 25, 50, and 100 µm). Positive cells were classified using a manually assessed 
triple-feature simple thresholder, designed to maximize sensitivity and specificity. This 
involved three measurements: DAB mean cell intensity, nucleus area, and minimal nuclear 
diameter.

Statistical analysis
The statistical analyses were performed by using IBM SPSS Statistics version 25. A p-value 
of <0.05 was considered statistically significant. The Spearman’s rank correlation was used 
to evaluate the correlation between the manual quantity assessment and the digital quanti-
fication of TAMs. The manual quantity assessment was provided as a quality assurance for 
the digital quantification of TAMs. Accordingly, only the digital quantification of TAMs was 
used for further statistical analyses. The median quantity per mm2 was calculated for each case 
stained with Iba1, Arginase and iNOS and used for all quantity analyses. The Wilcoxon sign 
rank test was applied to determine if there was a difference in TAMs quantity between M1 
(iNOS-stained) and M2 (Arginase-stained) TAMs, and between Total TAMs (Iba1-stained) 
and M1 (iNOS-stained) + M2 (Arginase-stained). The Mann-Whitney U test was utilized to 
compare the quantity of TAMs or M1/M2-ratio in the following dichotomic variables: age 
(Age < 60 years/Age ≥ 60 years), gender (male/female), WHO grade (grade 1/grade 2), and 
recurrence (recurrence/no recurrence). The Kruskal-Wallis H test was applied to test for asso-
ciation between the quantity of TAMs per mm2 or M1/M2-ratio, and independent variables 
with more than two groups like histologic subtype (transitional, meningothelial, fibrous and 
atypical), and tumour localization (convexity, skull base, posterior fossa and tentorium, and 
falcine), followed by pairwise Dunn’s test procedure with a Bonferroni correction for multiple 
comparisons for preservation of the family-wise error rate if the omnibus test was significant. 
Histologic subtypes with only one observation were excluded from the Kruskal-Wallis test. 
The same was done for the intraventricular tumour in the localization analyses. Cox regres-
sion analyses with endpoints time to recurrence (TTR) and overall survival (OS) were applied 
for the continuous covariates TAMs quantity (for each staining) or M1/M2-ratio.

Ethics
This study was approved by the Regional Committee for Medical and Health Research Ethics 
Central Norway (project number 4.2006.947). The Committee granted a waiver of informed 
consent.
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Results

Clinical and patient data
A total of 147 cases were included in this study, of which 99 cases were WHO grade 1 and 
48 cases were WHO grade 2. More women (72.8%) were included than men (27.2%), giving 
a female:male ratio of 2.7:1. The median age at surgery was 60.0 years (ranging from 27–86 
years). The most frequent histologic subtypes were transitional (41.5%), atypical (32.0%), 
meningothelial (17.0%), and fibrous (5.4%). The tumours were mostly localized to the con-
vexity (49.7%), subsequent by skull base (22.4%) and falcine (15.0%). An overall of 38 (25.9%) 
cases experienced recurrence, and the recurrence rates were higher for grade 2 tumours 
(33.3%) compared with grade 1 tumours (22.2%). An in-depth overview of the clinicopatho-
logical data is displayed in Table 2.

Morphology of TAMs
The morphological appearances of TAMs were recorded as amoeboid or ramified (Figs 2A 
and B, respectively). Occasionally, round shaped, or rod-shaped cells were observed as well 
(Figs 2D and E). No TAMs displayed a ramified morphology when the antibody Arginase was 

Table 2.  Clinical dataa.

Category Total WHO grade 1 WHO grade 2
No. of cases 147 (100) 99 (67.3) 48 (32.7)
Age, median, mean, (range) 60.0, 60.2, (27-86) 59.4, 59.0, (27-84) 61.9, 65.0, (30-86)
Gender
  Women 107 (72.8) 74 (74.7) 33 (68.8)
  Men 40 (27.2) 25 (25.3) 15 (31.2)
Histologic subtype
  Transitional 61 (41.5) 61 (61.6) 0 (0.0)
  Meningothelial 25 (17.0) 25 (25.3) 0 (0.0)
  Fibrous 8 (5.4) 8 (8.1) 0 (0.0)
  Angiomatous 1 (0.7) 1 (1.0) 0 (0.0)
  Psammomatous 1 (0.7) 1 (1.0) 0 (0.0)
  Secretory 1 (0.7) 1 (1.0) 0 (0.0)
  Lymphoplasmacyte-rich 1 (0.7) 1 (1.0) 0 (0.0)
  Metaplastic 1 (0.7) 1 (1.0) 0 (0.0)
  Atypical 47 (32.0) 0 (0.0) 47 (97.9)
  Clear cell 1 (0.7) 0 (0.0) 1 (2.1)
Tumour localization
  Convexity 73 (49.7) 44 (44.5) 29 (60.4)
  Skull base 33 (22.4) 28 (28.3) 5 (10.4)
  Posterior fossa and tentorium 18 (12.2) 14 (14.1) 4 (8.3)
  Falcine 22 (15.0) 13 (13.1) 9 (18.8)
  Intraventricular 1 (0.7) 0 (0.0) 1 (2.1)
Recurrence
  Yes 38 (25.9) 22 (22.2) 16 (33.3)
  No 109 (74.1) 77 (77.8) 32 (66.7)

aValues are given as number (%) unless otherwise specified.

https://doi.org/10.1371/journal.pone.0319960.t002

https://doi.org/10.1371/journal.pone.0319960.t002
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used. Figs 2H and 2I represent parts of the annotation process in iNOS (M1)-stained TAMs in 
relation to the digital assessment of these cells. See Table 3 for frequencies of the morphology.

Distribution of TAMs
The TAMs appeared both in dispersed and clustered distributions (Figs 2B and G), scattered 
in tumour tissue as well as around and in proximity to blood vessels (Fig 2F). However, more 
cases showed a dispersed distribution of Iba1-stained TAMs, both in total and within WHO 
grade 1 and 2 (Figs 2A and B). See Table 3 for frequencies of the distribution.

Digital and manual assessment of the amounts of TAMs
There was a significant positive correlation between manual quantity assessments and their 
respective digital quantifications of TAMs: Iba1 (r=0.821, p < 0.001), iNOS (r= 0.508, p < 
0.001), and Arginase (r= 0.610, p < 0.001). Accordingly, all further analyses were based on 
digital TAMs quantification.

Fig 2.  Meningioma tissue illustrating A; abundant quantity of TAMs stained with Iba1 with dominant amoeboid morphology originally in a dispersed 
distribution (WHO grade 1), B; moderate quantity of TAMs stained with Iba1 with ramified cells expressing their processes in a dispersed distribution 
(WHO grade 1), C; sparse quantity of iNOS-stained TAMs with ramified cells in a dispersed distribution (WHO grade 1), D; sparse quantity of Arginase-
stained TAMs with dominantly amoeboid/round shaped cells in a dispersed distribution (WHO grade 1), E; arrow pointing on Iba1-stained TAM with 
rod-shaped morphology (WHO grade 1), F; arrow pointing on Iba1-stained TAMs around a blood vessel marked with a plus sign (WHO grade 1), G; 
clustered distribution of Iba1-stained TAMs (WHO grade 1), H; iNOS-stained TAMs during the annotation process in regard to the digital quantification of 
macrophages (WHO grade 1) I: iNOS- stained TAMs during annotation process in regard to the digital quantification (WHO grade 2). (Original magnifica-
tion x 20).

https://doi.org/10.1371/journal.pone.0319960.g002

https://doi.org/10.1371/journal.pone.0319960.g002
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Quantity of TAMs
All cases showed Iba1-immunoreactivity for TAMs, while 32 cases were positive for iNOS- 
and 92 cases for Arginase (Figs 2A, B, E, F and G for Iba1- stained TAMs, and Figs 2C 
and D for iNOS- and Arginase1-stained TAMs, respectively). Furthermore, there was a 
significantly higher amount of M2 macrophages compared with M1 TAMs in the tumours 
overall (Z = -4.122, p-value = < 0.001). Total amount of TAMs (Iba1) was also significantly 
higher than M1 (iNOS) + M2 (Arginase) cells (Z= -10,466, p-value = <0.001), which can 
also be comprehended by the difference of medians for the respective quantities of cells 
shown in Table 3.

Further, there was also a significant higher quantity of Iba1-stained TAMs in the age group 
≥ 60 years compared with the age group < 60 years (with median quantity 1953.2 and 1143.5 
per mm2, respectively (p-value <0.001)). For the other dichotomic variables including gender, 
WHO grade, and recurrence status, we found no significant differences in median quantity of 
macrophages (Table 4).

The pairwise comparison for Arginase-stained TAMs showed statistically significant dif-
ferences in median quantity score of macrophages per mm2 between the falcine (3.0) and skull 
base (6.9) (p-value = 0.045), and between the convexity (2.8) and skull base (6.9) (p-value = 
0.004). This indicates a higher quantity of M2 cells in the skull-base tumours compared with 
non-skull base tumours. The other pairwise comparisons did not show significantly differ-
ences in median TAMs quantity; falcine – convexity (p-value = 1.000), falcine – posterior 
fossa/tentorium (p-value = 0.392), convexity - posterior fossa/tentorium (p-value = 0.182), 
posterior fossa/tentorium – basal (p-value = 1.000) (Table 5).

We found statistically significant differences in median quantity score of Arginase-stained 
TAMs per mm2 between the transitional (3.3) and meningothelial (9.9) (p-value = 0.002), 
and between the meningothelial (9.9) and atypical (3.7) (p-value = 0.038) histologic subtype-
groups. This indicated a higher quantity of M2 cells in meningothelial subtype compared with 
transitional and atypical subtypes. The other pairwise comparisons did not show significantly 
differences in median TAMs quantity: transitional – fibrous (p-value = 1.000), transitional – 
atypical (p-value = 1.000), fibrous - atypical (p-value = 1.000), and fibrous – meningothelial 
(p-value = 0.514).

Table 3.  Results from the immunohistochemical investigationb.

Immunohistochemical categories Total WHO grade 1 WHO grade 2
Iba1
Quantity of TAMs per mm2 median, (minimum, maximum) 1524.9 (18, 6372) 1514.7 (18.4, 6372.5) 1624.9 (151.9, 5388.1)
Dispersed/Clustered distribution 138 (93.9)/9 (6.1) 96 (97.0)/ 3 (3.0) 42 (87.5)/ 6 (12.5)
Amoeboid/Ramified morphology 53 (36.1)/94 (63.9) 36 (36.4)/63 (63.6) 17 (35.4)/31 (64.6)
iNOS
Quantity of TAMs per mm2 (median, minimum, maximum) 2.2 (0, 669) 2.2 (0, 669) 2.2 (0, 185.4)
Dispersed/Clustered distribution 20 (62.5)/12 (37.5) 9 (56.3)/7 (43.8) 11 (68.8)/ 5 (31.3)
Amoeboid/Ramified morphology 11 (34.4)/21 (65.6) 6 (31.6)/13 (68.4) 5 (38.5)/8 (61.5)
Arginase
Quantity of TAMs per mm2 (median, minimum, maximum) 3.8 (0, 224) 3.8 (0, 224.5) 3.9 (0.6, 40)
Dispersed/Clustered distribution 78 (84.8)/ 14 (15.2) 48 (85.7)/ 8 (14.3) 30 (83.3)/ 6 (16.7)
Amoeboid/Ramified morphology 92 (100)/ 0 (0.0) 56 (100)/ 0 (0.0) 36 (100)/ 0 (0.0)

bValues are given as number (%) unless otherwise specified

https://doi.org/10.1371/journal.pone.0319960.t003

https://doi.org/10.1371/journal.pone.0319960.t003
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Further, we did not find any statistically significant difference of median quantity score in 
relation to tumour localization or histologic subtypes in respect of Iba1- and iNOS-stained 
TAMs (Table 5).

M1/M2-ratio of TAMs
We calculated an M1/M2-ratio for each case included in the study, and the median ratio was 
found to be 0.45. There was no difference in median M1/M2-ratio between age-groups, gen-
der, WHO-grades, recurrence-status, or between histologic subtypes (Tables 4 and 5). How-
ever, the pairwise comparison for M1/M2-ratio showed statistically significant differences in 
median M1/M2-ratio in respect of tumour localization groups (p-value = 0.045, X2(3) = 8.070) 
between the convexity (0.53) and the basal (0.25) (p-value = 0.035) indicating a lower M1/
M2-ratio in skull-base tumours. The other pairwise comparisons did not show significantly 
differences in median M1/M2-ratio; basal - posterior fossa/tentorium (p-value = 1.000), basal 
– falcine (p-value = 0.335), posterior fossa/tentorium - falcine (p-value = 1.000), posterior 
fossa/tentorium – convexity (p-value = 1.000), falcine – convexity (p-value = 1.000).

Table 4.  p-values extracted from the two-tailed exact Mann-Whitney U test.

Antibody Mann-Whitney U n Quantity
Categorical variables Median (range) p-value

Iba1 Age < 60 years
Age ≥ 60 years

71
76

1143.5 (18.4–5088.2)
1953.2 (27.9–6372.5)

< 
0.001

Male
Female

40
107

1592.6 (18.4–5388.1)
1199.6 (151.9–6372.5)

0.408

WHO grade 1
WHO grade 2

99
48

1514.7 (18.4–6372.5)
1624.9 (151.9–5388.1)

0.381

Recurrence
No recurrence

38
109

1630.9 (18.4–4184.0)
1514.9 (27.9–6372.5)

0.940

iNOS Age < 60 years
Age ≥ 60 years

71
76

2.4 (0.0 -669.0)
1.9 (0.0 - 84.7)

0.182

Male
Female

40
107

2.1 (0.0–669.0)
2.35 (0.0–403.9)

0.333

WHO grade 1
WHO grade 2

99
48

2.2 (0.0–669.0)
2.2 (0.0–185.4)

0.786

Recurrence
No recurrence

38
109

2.2 (0.0–140.3)
2.1 (0.0–669.0)

0.988

Arginase Age < 60 years
Age ≥ 60 years

71
76

4.8 (0.6–224.5)
3.3 (0.6–40.0)

0.086

Male
Female

40
107

3.8 (0.6–152.7)
4.0 (0.0–224.5)

0.794

WHO grade 1
WHO grade 2

99
48

3.8 (0.0–224.5)
3.9 (0.6–40.0)

0.707

Recurrence
No recurrence

38
109

6.3 (0.6–149.2)
3.7 (0.0–224.5)

0.169

M1/M2-ratio Age < 60 years
Age ≥ 60 years

71
76

0.53 (0.01–176.05)
0.45 (0.02–81.00)

0.801

Male
Female

40
107

0.44 (0.05–81.00)
0.59 (0.01–176.05)

0.416

WHO grade 1
WHO grade 2

99
48

0,44 (0.01–176.05)
0.60 (0.05–40.33)

0.413

Recurrence
No recurrence

38
109

0.34 (0.03–22.27)
0.53 (0.01–176.05)

0.074

Significant results are represented in bold

https://doi.org/10.1371/journal.pone.0319960.t004

https://doi.org/10.1371/journal.pone.0319960.t004
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TAMs quantity or M1/M2-ratio and prognosis in meningiomas
In the univariable survival analyses, the TAM quantity in respect of Iba1, iNOS and Arginase, 
or M1/M2-ratio were not shown to have statistically significant associations with recurrence 
or disease-related death (TTR), nor overall survival (OS) (Table 6).

Discussion
To our knowledge, the current research on TAMs’ clinical role in human meningiomas is 
sparse. In this study, we found that TAMs are commonly present in meningiomas. The num-
ber of TAMs were observed to increase with patient age, and a higher amount of M2 TAMs 
were found in skull-base compared with non-skull base tumours. We did not find that TAMs 
quantity or M1/M2 ratio were associated with gender, tumour grade, or prognosis.

TAMs in meningiomas
Iba1 is a non-specific pan-marker for microglia/macrophages [15,30]. This antibody was 
utilized to define the extent of total or “all” TAMs in the tumour tissue of each meningi-
oma case to assess the distribution and morphological appearances. The latter may reflect 
their activation state; ramified appearances are linked to a steady or resting state, whilst 
amoeboid morphology is considered to reflect an active phase [30, 31]. We observed that 
the TAMs appeared as ramified, amoeboid, and occasionally also rod- or round shaped, 

Table 5.   Digital quantity scoring (per mm2) of TAMs or M1/M2-ratio related to tumour localization and histologic subtype.

Kruskal-Wallis H test Iba1 iNOS Arginase M1/M2-ratio
Independent variables Median

(Q1, Q3)
p-value
(T, Df)

Median
(Q1, Q3)

p-value
(T, Df)

Median
(Q1, Q3)

p-value
(T, Df)

Median (Q1, 
Q3)

p-value
(T, Df)

Tumour 
localization

n

Convexity 73 1711.1 (903.0, 
2559.8)

0.075
(X2 (3) = 6.9)

2.00 (0.7, 4.4) 0.799
(X2 (3) = 1.0)

2.8 (1.8, 6.7) 0.002
(X2 (3) = 15.2)

0.53 (0.26, 
1.65)

0.045
(X2 (3) = 8.1)

Skull base 33 1155.0 (605.4, 
1760.0)

2.2 (0.8, 6.9) 6.9 (3.4, 
25.7)

0.25 (0.10, 
0.72)

Posterior fossa 
and tentorium

18 1429.8 (923.9, 
2707.1)

2.2 (1.4, 6.5) 8.4 (1.7, 
23.8)

0.44 (0.16, 
1.00)

Falcine 22 1739.1 (959.5, 
2745.0)

2.85 (0.7, 6.1) 3.0 (1.8, 7.2) 0.73 (0.23, 
1.13)

Histologic 
subtype
Transitional 61 1607.3 (1025.2, 

2614.1)
0.502
(X2 (3) = 2.4)

1.7 (0.7, 4.4) 0.459
(X2 (3) = 2.6)

3.3 (1.5, 6.9) 0.005
(X2 (3) = 12.8)

0.53 (0.23, 
1.35)

0.139
(X2 (3) = 5.5)

Meningothelial 25 1334.6 (867.2, 
1773.2)

3.1 (1.4, 5.6) 9.9 (3.8, 
15.7)

0.28 (0.12, 
0.53)

Fibrous 8 1480.0 (577.35, 
2174.6)

1.95 (0.35, 
4.1)

3.9 (1.45, 
12.5)

0.32 (0.11, 
0.86)

Atypical 47 1711.1 (988.55, 
2481.45)

2.2 (0.8, 6.15) 3.7 (2.15, 
7.65)

0.61 (0.25, 
1.5)

Significant results are represented in bold
Q 1: 25th percentile
Q 3: 75th percentile
T : test statistics
Df: degree of freedom

https://doi.org/10.1371/journal.pone.0319960.t005

https://doi.org/10.1371/journal.pone.0319960.t005
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which is in accordance with Asai et al [11]. They were predominantly randomly dispersed 
in the meningioma tissue and occasionally in clusters. The random distribution of TAMs 
is somewhat different from that in glioblastomas, where TAMs seem to appear in more 
specific locations such as in central tumour areas, necrotic areas, perivascular, and in the 
infiltration zones [30].

Patient age seems to influence the quantity of TAMs in meningiomas, as the number of 
Iba1-stained TAMs was significantly higher in the older compared to the younger age group. 
Meningiomas are often slow-growing neoplasms most common in adulthood with a median 
age of 67 years, so one must speculate whether this facilitates tumour growth because of 
reduced activity of TAMs in the elderly [2,24]. For instance, it is reported that macrophages 
from older mice show lower antioxidant defence, higher oxidizing products and increased 
levels of lipofuscin [32]. Furthermore, it is reported higher number of TAMs in aged patients 
with colorectal cancer as age is linked to chronic low-grade inflammation, where an aged 
tumour microenvironment affects both tumour progression and therapy outcomes [33–37]. 
Thus, this age-related oxidative stress in macrophages and chronic low-grade inflammation 
may be a part of the tumorigenesis of human meningiomas. As there is possibly reduced activ-
ity of the TAMs in the elderly, this is an important aspect to be considered in immunotherapy 
for this patient group.

Further, we found that gender was not associated with TAMs’ quantity or M1/M2-ratio. 
In the study of Ding et al, the investigators did not find any relationship between CD68+ 
(another pan-macrophage marker) cell subsets and gender as well [38].

M1 and M2 TAMs
We used immunohistochemistry with antibodies against iNOS and Arginase 1 to define M1 
and M2 cells, respectively. Both subsets of TAMs were present in our set of meningiomas. 
However, TAMs have been suggested to be in various phenotypes in the tumour microen-
vironment acting in a dynamic manner, by far more complex than the in vitro established 
M1 and M2 cell subsets [10,13,17,39]. M2 cells can also be subgrouped into M2a, M2b, and 
M2c types, or TAMs classified into angiogenic, immunosuppressive, invasive, metastasis-
associated, perivascular, and activated macrophages based on their extensive activation states 
[17,39]. Some macrophages even present with hybrid M1/M2 phenotypes [13]. Hence, TAMs 
may hold a wide range of extensive functional phenotypes, where the polarization of acti-
vation states depends on the local milieu around these immune cells as well as to cytokine 
exposure [10,17].

Table 6.  Associations between TAMs quantity or M1/M2-ratio, and TTR or OS from univariate Cox regression 
analyses.

Variable of interest Measure TTR (n=52) OS (n=59)
Iba1 HR (CI) (p-value) 1.000 (1.000–1.000) (0.794) 1.000 (1.000–1.000) (0.978)
iNOS HR (CI) (p-value) 0.997 (0.989 -1.005) (0.423) 0.998 (0.993–1.004) (0.491)
Arginase HR (CI) (p-value) 1.002 (0.994–1.011) (0.639) 0.986 (0.969–1.003) (0.114)
M1/M2-ratio HR (CI) (p-value) 0.982 (0.940–1.024) (0.392) 0.996 (0.977–1.015) (0.656)
Significant results are highlighted in bold
HR: Hazard ratio
CI: 95% confidence interval
TTR: time to recurrence or disease-related death
OS: overall survival

https://doi.org/10.1371/journal.pone.0319960.t006

https://doi.org/10.1371/journal.pone.0319960.t006
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Further, we found a significantly higher amount of M2 in comparison to M1 TAMs, which 
is in accordance with Proctor et al [19]. This is somewhat unexpected as meningiomas are 
mostly slow-growing neoplasms with a benign clinical behaviour [3,4,24]. On the other hand, 
this finding could also be considered as expected as M2 cells have been shown to promote 
tumour growth. Accordingly, this stands out as a potential target for immunotherapeutic 
approaches by switching TAMs from M2 to M1 phenotypes [40].

The meninges of the convexity have been shown to originate from the neural crest and 
meninges of the skull from mesoderm [41, 42]. Furthermore, the embryonic origin is also 
associated with the fact that WHO grade 1 meningiomas, meningothelial subtype and non-
NF2 tumours are mainly located at the skull base, whereas NF2 mutations, WHO grade 2/3 
tumours and fibrous subtype are more commonly found in the convexities [41–43]. Based on 
these premises, as well as that the tumours in the skull-base in general are of lower tumour-
grade and have better prognosis than the tumours of the convexities, we expected to find a 
higher number of antitumoral M1 cells as well as a high M1/M2-ratio in skull base meningi-
omas [42]. However, we found that the number of pro-tumoral M2 TAMs was significantly 
higher in skull base meningiomas compared with those located in the convexities, as well as 
a higher M1/M2-ratio in the convexities compared with the skull base. We have no obvious 
explanation for this discrepancy. One may speculate that the anatomical locations of menin-
giomas possibly affect the TAMs infiltration due to multiple factors like slow/no growth of 
tumours in skull-base, patient characteristics such as age, tumour grade, chemoattractant 
proteins, and/or mutations and cytogenetic changes in a complex interplay in the tumour 
microenvironment and its surroundings [9,44–47]. For instance, NF2-status may influence 
the infiltration of various inflammatory cells in the meningioma tissue [47–49]. Further, in the 
study of Wach et al, they present a higher macrophage infiltration intracranially in compar-
ison with spinal meningiomas [50]. Thus, the circumstances regarding TAMs infiltration in 
the various histologic subtypes and locations requires further investigation.

The literature is ambiguous whether inflammatory cell infiltration in human tumours is 
linked to improved prognosis for patients or not [51]. In the present study, we have shown 
that TAMs quantity and M1/M2-ratio were not associated with recurrence-status, WHO 
grade, survival and prognosis. This contrasts with the study of Proctor et al, in which they 
found a significantly decreased M1/M2-ratio in WHO grade 2 compared to WHO grade 1 
tumours and more than a two-fold difference in this ratio between primary and recurrent 
tumours [19]. Rutland et al also found that aggregated macrophages were associated with 
higher tumour grade [48]. These discrepancies may be due to the dynamic shifting pheno-
types of TAMs, the use of different antibodies, or registration techniques [10]. Compared to 
previous studies, it could also be due to the differences in study design, and the number of 
cases or patients included. Since the M1/M2-ratio has been identified as important in several 
studies and the prognostic value is unclear, this issue should be further explored.

We found that the quantity of immunoreactive Iba1 TAMs was not equal to immuno-
reactive iNOS M1 and Arginase M2 TAMs (TotTAMs≠M1+M2). This could be due to the 
choice of antibodies or registration techniques in the present study. In that regard, we could 
have considered applying other antibodies reactive against M1 and M2 phenotypes. As the 
M1/M2 model is utilized in many reports on human tumours, including meningiomas, and 
most studies make a strict distinction between M1 and M2 phenotypes, a more standardized 
procedure to define these phenotypes should be considered [13,15,19,39]. The M1/M2 model 
is a simplified theoretical moment of a time model or snapshot based on in vitro observations. 
Thus, it differs from the dynamic conditions in vivo in the tumour microenvironment with 
its immune cells and plethora of cytokines/chemokines, non-immune cells, neoplastic cells, 
cancer stem cells, and extracellular matrix components, which continuously modulates the 
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activation status of TAMs [10,13,17,52]. This dynamic shift of phenotypes may constitute a 
source of error in the immunohistochemical determination of the various phenotypes and 
calculation of M1/M2 ratios [10]. Accordingly, studies on the M1/M2 model are encum-
bered with many uncertainties. On the other hand, the concept of a pro-tumoral (M2) and 
anti-tumoral (M1) subsets of macrophages may be beneficial in future anti-cancer treatment 
options. For example, the possibility of reprogramming TAMs from the M2 to M1 phenotype 
may be of interest, as well as finding compounds that will inhibit macrophage differentiation 
into M2 cells [17,53–55].

Strengths and limitations
The strength of this study is the large number of patients included with substantial clinical 
data and a long follow-up period. In addition, all patients are from one treatment centre 
with a population-based referral. The digital approach ensures an objective quantification of 
TAMs, and the use of TMAs contributes to the inclusion of relatively homogeneous tumour 
tissue, avoiding areas of necrosis and bleeding.

Limitations are the retrospective nature of this study, the inherent challenges of immu-
nohistochemistry including possible reduced sensitivity and specificity of the TAMs. Other 
limitations to mention are in relation to the use of TMAs which may be under the influence of 
selection bias as the sample selection for the TMAs are limited in reflecting the whole tumour 
tissue and the TMA cores are selected based on criteria in a non-random fashion. In the 
current study, there is also a limitation in the fact that it does not include longitudinal data to 
assess the changes in TAM populations over time, something that could have been interesting 
to investigate. Since TAMs possess characteristics such as plasticity, investigation of longitu-
dinal data with the exploration of M1 and M2 cells would yield beneficial knowledge on the 
topic of shifting phenotypes over time in the same meningioma patients. Further, the manual 
and digital assessment of the TAMs holds also limitations regarding the subjective opinion of 
the investigator, and possible reduced specificity of the TAMs which is reliable on adequately 
trained software to distinguish TAMs from other cells in the tumour tissue, respectively.

Conclusion
TAMs are common in human meningiomas with both M1 and M2 phenotypes present. How-
ever, their infiltration in our set of meningiomas were shown to have no significant relation 
to age, gender, WHO grade, tumour recurrence, prognosis or M1/M2-ratio. To date, there are 
few studies on TAMs in meningiomas, and further investigations are needed to elaborate their 
role in these tumours, especially as far as immunotherapy is concerned.
AckowledgmentsWe would like to thank Thomas Backer-Grøndahl for contributing to the 
process of data collection, and Magnus Bossum Arnli for constructing the tissue micro arrays.

Author contributions
Conceptualization: Sverre Helge Torp.
Formal analysis: Rahmina Meta, Henrik Sahlin Pettersen, Sofie Eline Tollefsen, Borgny 

Ytterhus, Øyvind Olav Salvesen, Sverre Helge Torp.
Investigation: Rahmina Meta, Henrik Sahlin Pettersen, Sofie Eline Tollefsen, Sverre Helge 

Torp.
Methodology: Rahmina Meta, Henrik Sahlin Pettersen, Wenche Sjursen, Sverre Helge Torp.
Project administration: Rahmina Meta.
Resources: Sverre Helge Torp.



PLOS One | https://doi.org/10.1371/journal.pone.0319960  May 13, 2025 14 / 16

PLOS One TAMs in meningiomas

Software: Henrik Sahlin Pettersen.
Supervision: Sverre Helge Torp.
Validation: Rahmina Meta, Wenche Sjursen, Sverre Helge Torp.
Writing – original draft: Rahmina Meta, Sverre Helge Torp.
Writing – review & editing: Rahmina Meta, Henrik Sahlin Pettersen, Sofie Eline Tollefsen, 

Borgny Ytterhus, Øyvind Olav Salvesen, Wenche Sjursen, Sverre Helge Torp.

References
	 1.	 Huntoon K, Toland AMS, Dahiya S. Meningioma: a review of clinicopathological and molecular 

aspects. Front Oncol. 2020;10:579599. https://doi.org/10.3389/fonc.2020.579599 PMID: 33194703

	 2.	 Ostrom QT, Price M, Neff C, Cioffi G, Waite KA, Kruchko C, et al. CBTRUS statistical report: primary 
brain and other central nervous system tumors diagnosed in the United States in 2016-2020. Neuro 
Oncol. 2023;25(12 Suppl 2):iv1–99. https://doi.org/10.1093/neuonc/noad149 PMID: 37793125

	 3.	 Ogasawara C, Philbrick BD, Adamson DC. Meningioma: a review of epidemiology, pathology, diag-
nosis, treatment, and future directions. Biomedicines. 2021;9(3):319. https://doi.org/10.3390/biomedi-
cines9030319 PMID: 33801089

	 4.	 Louis DN, Perry A, Wesseling P, Brat DJ, Cree IA, Figarella-Branger D, et al. The 2021 WHO classifi-
cation of tumors of the central nervous system: a summary. Neuro Oncol. 2021;23(8):1231–51. https://
doi.org/10.1093/neuonc/noab106 PMID: 34185076

	 5.	 Goldbrunner R, Stavrinou P, Jenkinson MD, Sahm F, Mawrin C, Weber DC, et al. EANO guideline 
on the diagnosis and management of meningiomas. Neuro Oncol. 2021;23(11):1821–34. https://doi.
org/10.1093/neuonc/noab150 PMID: 34181733

	 6.	 Zhao L, Zhao W, Hou Y, Wen C, Wang J, Wu P, et al. An overview of managements in meningiomas. 
Front Oncol. 2020;10:1523. https://doi.org/10.3389/fonc.2020.01523 PMID: 32974188

	 7.	 Wirsching H-G, Weller M. Immunotherapy for meningiomas. Adv Exp Med Biol. 2023;1416:225–34. 
https://doi.org/10.1007/978-3-031-29750-2_17 PMID: 37432631

	 8.	 Tollefsen SE, Solheim O, Mjønes P, Torp SH. Meningiomas and somatostatin analogs: a systematic 
scoping review on current insights and future perspectives. Int J Mol Sci. 2023;24(5):4793. https://doi.
org/10.3390/ijms24054793 PMID: 36902224

	 9.	 Domingues PH, Teodósio C, Otero Á, Sousa P, Ortiz J, Macias M del CG, et al. Association 
between inflammatory infiltrates and isolated monosomy 22/del(22q) in meningiomas. PLoS One. 
2013;8(10):e74798. https://doi.org/10.1371/journal.pone.0074798 PMID: 24098347

	10.	 Domingues P, González-Tablas M, Otero Á, Pascual D, Miranda D, Ruiz L, et al. Tumor infiltrat-
ing immune cells in gliomas and meningiomas. Brain Behav Immun. 2016;53:1–15. https://doi.
org/10.1016/j.bbi.2015.07.019 PMID: 26216710

	11.	 Asai J, Suzuki R, Fujimoto T, Suzuki T, Nakagawa N, Nagashima G, et al. Fluorescence automatic 
cell sorter and immunohistochemical investigation of CD68-positive cells in meningioma. Clin Neurol 
Neurosurg. 1999;101(4):229–34. https://doi.org/10.1016/s0303-8467(99)00052-9 PMID: 10622450

	12.	 Chen X, Tian F, Lun P, Feng Y. Profiles of immune infiltration and its relevance to survival outcome in 
meningiomas. Biosci Rep. 2020;40(5):BSR20200538. https://doi.org/10.1042/BSR20200538 PMID: 
32378707

	13.	 Tremble LF, Forde PF, Soden DM. Clinical evaluation of macrophages in cancer: role in treat-
ment, modulation and challenges. Cancer Immunol Immunother. 2017;66(12):1509–27. https://doi.
org/10.1007/s00262-017-2065-0 PMID: 28948324

	14.	 Martinez FO, Gordon S. The M1 and M2 paradigm of macrophage activation: time for reassessment. 
F1000Prime Rep. 2014;6:13. https://doi.org/10.12703/P6-13 PMID: 24669294

	15.	 Boche D, Perry VH, Nicoll JAR. Review: activation patterns of microglia and their identification in the 
human brain. Neuropathol Appl Neurobiol. 2013;39(1):3–18. https://doi.org/10.1111/nan.12011 PMID: 
23252647

	16.	 Jung KY, Cho SW, Kim YA, Kim D, Oh B-C, Park DJ, et al. Cancers with Higher Density of 
tumor-associated macrophages were associated with poor survival rates. J Pathol Transl Med. 
2015;49(4):318–24. https://doi.org/10.4132/jptm.2015.06.01 PMID: 26081823

	17.	 Komohara Y, Fujiwara Y, Ohnishi K, Takeya M. Tumor-associated macrophages: potential therapeutic 
targets for anti-cancer therapy. Adv Drug Deliv Rev. 2016;99(Pt B):180–5. https://doi.org/10.1016/j.
addr.2015.11.009 PMID: 26621196

https://doi.org/10.3389/fonc.2020.579599
http://www.ncbi.nlm.nih.gov/pubmed/33194703
https://doi.org/10.1093/neuonc/noad149
http://www.ncbi.nlm.nih.gov/pubmed/37793125
https://doi.org/10.3390/biomedicines9030319
https://doi.org/10.3390/biomedicines9030319
http://www.ncbi.nlm.nih.gov/pubmed/33801089
https://doi.org/10.1093/neuonc/noab106
https://doi.org/10.1093/neuonc/noab106
http://www.ncbi.nlm.nih.gov/pubmed/34185076
https://doi.org/10.1093/neuonc/noab150
https://doi.org/10.1093/neuonc/noab150
http://www.ncbi.nlm.nih.gov/pubmed/34181733
https://doi.org/10.3389/fonc.2020.01523
http://www.ncbi.nlm.nih.gov/pubmed/32974188
https://doi.org/10.1007/978-3-031-29750-2_17
http://www.ncbi.nlm.nih.gov/pubmed/37432631
https://doi.org/10.3390/ijms24054793
https://doi.org/10.3390/ijms24054793
http://www.ncbi.nlm.nih.gov/pubmed/36902224
https://doi.org/10.1371/journal.pone.0074798
http://www.ncbi.nlm.nih.gov/pubmed/24098347
https://doi.org/10.1016/j.bbi.2015.07.019
https://doi.org/10.1016/j.bbi.2015.07.019
http://www.ncbi.nlm.nih.gov/pubmed/26216710
https://doi.org/10.1016/s0303-8467(99)00052-9
http://www.ncbi.nlm.nih.gov/pubmed/10622450
https://doi.org/10.1042/BSR20200538
http://www.ncbi.nlm.nih.gov/pubmed/32378707
https://doi.org/10.1007/s00262-017-2065-0
https://doi.org/10.1007/s00262-017-2065-0
http://www.ncbi.nlm.nih.gov/pubmed/28948324
https://doi.org/10.12703/P6-13
http://www.ncbi.nlm.nih.gov/pubmed/24669294
https://doi.org/10.1111/nan.12011
http://www.ncbi.nlm.nih.gov/pubmed/23252647
https://doi.org/10.4132/jptm.2015.06.01
http://www.ncbi.nlm.nih.gov/pubmed/26081823
https://doi.org/10.1016/j.addr.2015.11.009
https://doi.org/10.1016/j.addr.2015.11.009
http://www.ncbi.nlm.nih.gov/pubmed/26621196


PLOS One | https://doi.org/10.1371/journal.pone.0319960  May 13, 2025 15 / 16

PLOS One TAMs in meningiomas

	18.	 Lisi L, Ciotti GMP, Braun D, Kalinin S, Currò D, Dello Russo C, 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;645:106–12. https://doi.org/10.1016/j.
neulet.2017.02.076 PMID: 28259657

	19.	 Proctor DT, Huang J, Lama S, Albakr A, Van Marle G, Sutherland GR. Tumor-associated macrophage 
infiltration in meningioma. Neurooncol Adv. 2019;1(1):vdz018. https://doi.org/10.1093/noajnl/vdz018 
PMID: 32642654

	20.	 Guadagno E, Presta I, Maisano D, Donato A, Pirrone CK, Cardillo G, et al. Role of macrophages 
in brain tumor growth and progression. Int J Mol Sci. 2018;19(4):1005. https://doi.org/10.3390/
ijms19041005 PMID: 29584702

	21.	 Grund S, Schittenhelm J, Roser F, Tatagiba M, Mawrin C, Kim YJ, et al. The microglial/macro-
phagic response at the tumour-brain border of invasive meningiomas. Neuropathol Appl Neurobiol. 
2009;35(1):82–8. https://doi.org/10.1111/j.1365-2990.2008.00960.x PMID: 19187060

	22.	 Backer-Grøndahl T, Moen BH, Torp SH. The histopathological spectrum of human meningiomas. Int J 
Clin Exp Pathol. 2012;5(3):231–42. PMID: 22558478

	23.	 Backer-Grøndahl T, Moen BH, Sundstrøm SH, Torp SH. Histopathology and prognosis in human 
meningiomas. APMIS. 2014;122(9):856–66. https://doi.org/10.1111/apm.12248 PMID: 24698127

	24.	 Perry A, Louis DN, Budka H, von Deimling A, Sahm F, Rushing E, et al. Meningioma. WHO Classifica-
tion of Tumours of the Central Nervous System. Lyon: IARC; 2016. 231–45.

	25.	 Tollefsen SE, Jarmund AH, Ytterhus B, Salvesen Ø, Mjønes P, Torp SH. Somatostatin receptors in 
human meningiomas-clinicopathological aspects. Cancers (Basel). 2021;13(22):5704. https://doi.
org/10.3390/cancers13225704 PMID: 34830858

	26.	 Punt CJA, Buyse M, Köhne C-H, Hohenberger P, Labianca R, Schmoll HJ, et al. Endpoints in adju-
vant treatment trials: a systematic review of the literature in colon cancer and proposed definitions 
for future trials. J Natl Cancer Inst. 2007;99(13):998–1003. https://doi.org/10.1093/jnci/djm024 PMID: 
17596575

	27.	 Arnli MB, Backer-Grøndahl T, Ytterhus B, Granli US, Lydersen S, Gulati S, et al. Expression and clin-
ical value of EGFR in human meningiomas. PeerJ. 2017;5:e3140. https://doi.org/10.7717/peerj.3140 
PMID: 28367377

	28.	 Bankhead P, Loughrey MB, Fernández JA, Dombrowski Y, McArt DG, Dunne PD, et al. QuPath: 
open source software for digital pathology image analysis. Sci Rep. 2017;7(1):16878. https://doi.
org/10.1038/s41598-017-17204-5 PMID: 29203879

	29.	 Schmidt U, Weigert M, Broaddus C, Myers G. Cell detection with star-convex polygons. Medical 
Image Computing and Computer Assisted Intervention – MICCAI 2018. 2018.

	30.	 Kvisten M, Mikkelsen VE, Stensjøen AL, Solheim O, Van Der Want J, Torp SH. Microglia and macro-
phages in human glioblastomas: a morphological and immunohistochemical study. Mol Clin Oncol. 
2019;11(1):31–6. https://doi.org/10.3892/mco.2019.1856 PMID: 31289674

	31.	 Colonna M, Butovsky O. Microglia Function in the central nervous system during health and 
neurodegeneration. Annu Rev Immunol. 2017;35:441–68. https://doi.org/10.1146/annurev-immu-
nol-051116-052358 PMID: 28226226

	32.	 Vida C, de Toda IM, Cruces J, Garrido A, Gonzalez-Sanchez M, De la Fuente M. Role of macro-
phages in age-related oxidative stress and lipofuscin accumulation in mice. Redox Biol. 2017;12:423–
37. https://doi.org/10.1016/j.redox.2017.03.005 PMID: 28319893

	33.	 Li Y, Zhao Y, Gao Y, Li Y, Liu M, Xu N, et al. Age-related macrophage alterations are associated with 
carcinogenesis of colorectal cancer. Carcinogenesis. 2022;43(11):1039–49. https://doi.org/10.1093/
carcin/bgac088 PMID: 36346184

	34.	 Gomes AP, Ilter D, Low V, Endress JE, Fernández-García J, Rosenzweig A, et al. Age-induced accu-
mulation of methylmalonic acid promotes tumour progression. Nature. 2020;585(7824):283–7. https://
doi.org/10.1038/s41586-020-2630-0 PMID: 32814897

	35.	 Bianchi-Frias D, Damodarasamy M, Hernandez SA, Gil da Costa RM, Vakar-Lopez F, Coleman IM, et 
al. The aged microenvironment influences the tumorigenic potential of malignant prostate epithelial 
cells. Mol Cancer Res. 2019;17(1):321–31. https://doi.org/10.1158/1541-7786.MCR-18-0522 PMID: 
30224545

	36.	 Leonardi GC, Accardi G, Monastero R, Nicoletti F, Libra M. Ageing: from inflammation to cancer. 
Immun Ageing. 2018;15:1. https://doi.org/10.1186/s12979-017-0112-5 PMID: 29387133

	37.	 Fane M, Weeraratna AT. Normal aging and its role in cancer metastasis. Cold Spring Harb Perspect 
Med. 2020;10(9):a037341. https://doi.org/10.1101/cshperspect.a037341 PMID: 31615864

https://doi.org/10.1016/j.neulet.2017.02.076
https://doi.org/10.1016/j.neulet.2017.02.076
http://www.ncbi.nlm.nih.gov/pubmed/28259657
https://doi.org/10.1093/noajnl/vdz018
http://www.ncbi.nlm.nih.gov/pubmed/32642654
https://doi.org/10.3390/ijms19041005
https://doi.org/10.3390/ijms19041005
http://www.ncbi.nlm.nih.gov/pubmed/29584702
https://doi.org/10.1111/j.1365-2990.2008.00960.x
http://www.ncbi.nlm.nih.gov/pubmed/19187060
http://www.ncbi.nlm.nih.gov/pubmed/22558478
https://doi.org/10.1111/apm.12248
http://www.ncbi.nlm.nih.gov/pubmed/24698127
https://doi.org/10.3390/cancers13225704
https://doi.org/10.3390/cancers13225704
http://www.ncbi.nlm.nih.gov/pubmed/34830858
https://doi.org/10.1093/jnci/djm024
http://www.ncbi.nlm.nih.gov/pubmed/17596575
https://doi.org/10.7717/peerj.3140
http://www.ncbi.nlm.nih.gov/pubmed/28367377
https://doi.org/10.1038/s41598-017-17204-5
https://doi.org/10.1038/s41598-017-17204-5
http://www.ncbi.nlm.nih.gov/pubmed/29203879
https://doi.org/10.3892/mco.2019.1856
http://www.ncbi.nlm.nih.gov/pubmed/31289674
https://doi.org/10.1146/annurev-immunol-051116-052358
https://doi.org/10.1146/annurev-immunol-051116-052358
http://www.ncbi.nlm.nih.gov/pubmed/28226226
https://doi.org/10.1016/j.redox.2017.03.005
http://www.ncbi.nlm.nih.gov/pubmed/28319893
https://doi.org/10.1093/carcin/bgac088
https://doi.org/10.1093/carcin/bgac088
http://www.ncbi.nlm.nih.gov/pubmed/36346184
https://doi.org/10.1038/s41586-020-2630-0
https://doi.org/10.1038/s41586-020-2630-0
http://www.ncbi.nlm.nih.gov/pubmed/32814897
https://doi.org/10.1158/1541-7786.MCR-18-0522
http://www.ncbi.nlm.nih.gov/pubmed/30224545
https://doi.org/10.1186/s12979-017-0112-5
http://www.ncbi.nlm.nih.gov/pubmed/29387133
https://doi.org/10.1101/cshperspect.a037341
http://www.ncbi.nlm.nih.gov/pubmed/31615864


PLOS One | https://doi.org/10.1371/journal.pone.0319960  May 13, 2025 16 / 16

PLOS One TAMs in meningiomas

	38.	 Ding Y, Qiu L, Xu Q, Song L, Yang S, Yang T. Relationships between tumor microenvironment and 
clinicopathological parameters in meningioma. Int J Clin Exp Pathol. 2014;7(10):6973–9. PMID: 
25400783

	39.	 Rőszer T. Understanding the Mysterious M2 macrophage through activation markers and effector 
mechanisms. Mediators Inflamm. 2015;2015:816460. https://doi.org/10.1155/2015/816460 PMID: 
26089604

	40.	 Boutilier AJ, Elsawa SF. Macrophage polarization states in the tumor microenvironment. Int J Mol Sci. 
2021;22(13):6995. https://doi.org/10.3390/ijms22136995 PMID: 34209703

	41.	 Boetto J, Peyre M, Kalamarides M. Meningiomas from a developmental perspective: explor-
ing the crossroads between meningeal embryology and tumorigenesis. Acta Neurochir (Wien). 
2021;163(1):57–66. https://doi.org/10.1007/s00701-020-04650-w PMID: 33216210

	42.	 Lee YS, Lee YS. Molecular characteristics of meningiomas. J Pathol Transl Med. 2020;54(1):45–63. 
https://doi.org/10.4132/jptm.2019.11.05 PMID: 31964111

	43.	 Preusser M, Brastianos PK, Mawrin C. Advances in meningioma genetics: novel therapeutic opportu-
nities. Nat Rev Neurol. 2018;14(2):106–15. https://doi.org/10.1038/nrneurol.2017.168 PMID: 29302064

	44.	 Sun C, Dou Z, Wu J, Jiang B, Iranmanesh Y, Yu X, et al. The preferred locations of meningi-
oma according to different biological characteristics based on voxel-wise analysis. Front Oncol. 
2020;10:1412. https://doi.org/10.3389/fonc.2020.01412 PMID: 32974148

	45.	 Sato K, Kuratsu J, Takeshima H, Yoshimura T, Ushio Y. Expression of monocyte chemoattractant 
protein-1 in meningioma. J Neurosurg. 1995;82(5):874–8. https://doi.org/10.3171/jns.1995.82.5.0874 
PMID: 7714614

	46.	 Hashimoto N, Rabo CS, Okita Y, Kinoshita M, Kagawa N, Fujimoto Y, et al. Slower growth of skull 
base meningiomas compared with non-skull base meningiomas based on volumetric and biological 
studies. J Neurosurg. 2012;116(3):574–80. https://doi.org/10.3171/2011.11.JNS11999 PMID: 22175721

	47.	 Adams CL, Ercolano E, Ferluga S, Sofela A, Dave F, Negroni C, et al. A rapid robust method for 
subgrouping non-nf2 meningiomas according to genotype and detection of lower levels of M2 mac-
rophages in AKT1 E17K mutated tumours. Int J Mol Sci. 2020;21(4):1273. https://doi.org/10.3390/
ijms21041273 PMID: 32070062

	48.	 Rutland JW, Gill CM, Loewenstern J, Arib H, Pain M, Umphlett M, et al. NF2 mutation status and 
tumor mutational burden correlate with immune cell infiltration in meningiomas. Cancer Immunol 
Immunother. 2021;70(1):169–76. https://doi.org/10.1007/s00262-020-02671-z PMID: 32661686

	49.	 Teranishi Y, Miyawaki S, Nakatochi M, Okano A, Ohara K, Hongo H, et al. Meningiomas in patients 
with neurofibromatosis type 2 predominantly comprise “immunogenic subtype” tumours character-
ised by macrophage infiltration. Acta Neuropathol Commun. 2023;11(1):156. https://doi.org/10.1186/
s40478-023-01645-3 PMID: 37752594

	50.	 Wach J, Lampmann T, Güresir Á, Vatter H, Herrlinger U, Becker A, et al. 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 (Basel). 
2022;14(4):1033. https://doi.org/10.3390/cancers14041033 PMID: 35205781

	51.	 Fridman WH, Pagès F, Sautès-Fridman C, Galon J. The immune contexture in human tumours: impact 
on clinical outcome. Nat Rev Cancer. 2012;12(4):298–306. https://doi.org/10.1038/nrc3245 PMID: 
22419253

	52.	 Sahab-Negah S, Gorji A. Meningioma tumor microenvironment. Adv Exp Med Biol. 2020;1296:33–48. 
https://doi.org/10.1007/978-3-030-59038-3_3 PMID: 34185285

	53.	 Yang L, Zhang Y. Tumor-associated macrophages: from basic research to clinical application. J Hema-
tol Oncol. 2017;10(1):58. https://doi.org/10.1186/s13045-017-0430-2 PMID: 28241846

	54.	 Yeung J, Yaghoobi V, Miyagishima D, Vesely MD, Zhang T, Badri T, et al. Targeting the CSF1/CSF1R 
axis is a potential treatment strategy for malignant meningiomas. Neuro Oncol. 2021;23(11):1922–35. 
https://doi.org/10.1093/neuonc/noab075 PMID: 33914067

	55.	 Duan Z, Luo Y. Targeting macrophages in cancer immunotherapy. Signal Transduct Target Ther. 
2021;6(1):127. https://doi.org/10.1038/s41392-021-00506-6 PMID: 33767177

http://www.ncbi.nlm.nih.gov/pubmed/25400783
https://doi.org/10.1155/2015/816460
http://www.ncbi.nlm.nih.gov/pubmed/26089604
https://doi.org/10.3390/ijms22136995
http://www.ncbi.nlm.nih.gov/pubmed/34209703
https://doi.org/10.1007/s00701-020-04650-w
http://www.ncbi.nlm.nih.gov/pubmed/33216210
https://doi.org/10.4132/jptm.2019.11.05
http://www.ncbi.nlm.nih.gov/pubmed/31964111
https://doi.org/10.1038/nrneurol.2017.168
http://www.ncbi.nlm.nih.gov/pubmed/29302064
https://doi.org/10.3389/fonc.2020.01412
http://www.ncbi.nlm.nih.gov/pubmed/32974148
https://doi.org/10.3171/jns.1995.82.5.0874
http://www.ncbi.nlm.nih.gov/pubmed/7714614
https://doi.org/10.3171/2011.11.JNS11999
http://www.ncbi.nlm.nih.gov/pubmed/22175721
https://doi.org/10.3390/ijms21041273
https://doi.org/10.3390/ijms21041273
http://www.ncbi.nlm.nih.gov/pubmed/32070062
https://doi.org/10.1007/s00262-020-02671-z
http://www.ncbi.nlm.nih.gov/pubmed/32661686
https://doi.org/10.1186/s40478-023-01645-3
https://doi.org/10.1186/s40478-023-01645-3
http://www.ncbi.nlm.nih.gov/pubmed/37752594
https://doi.org/10.3390/cancers14041033
http://www.ncbi.nlm.nih.gov/pubmed/35205781
https://doi.org/10.1038/nrc3245
http://www.ncbi.nlm.nih.gov/pubmed/22419253
https://doi.org/10.1007/978-3-030-59038-3_3
http://www.ncbi.nlm.nih.gov/pubmed/34185285
https://doi.org/10.1186/s13045-017-0430-2
http://www.ncbi.nlm.nih.gov/pubmed/28241846
https://doi.org/10.1093/neuonc/noab075
http://www.ncbi.nlm.nih.gov/pubmed/33914067
https://doi.org/10.1038/s41392-021-00506-6
http://www.ncbi.nlm.nih.gov/pubmed/33767177

