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Tumor-associated macrophages (TAMs) have been shown to be an essential component of the tumor microenvironment and
facilitate the proliferation and invasion of a variety of malignancies. However, the contribution of TAMs to meningioma
progression has not been characterized in detail. In this study, we aimed to discover a novel regulatory pathway by which
exosome-mediated M2-polarized macrophages participate in meningioma tumorigenesis and progression. Methods. First, the
distribution and functional phenotype of macrophages in meningioma tissues were assessed by immunohistochemistry.
Macrophage-derived exosomes (MDEs) were characterized, and further cell coculture experiments were performed to explore
the effects of M2-MDEs on the proliferation, migration, and invasion of meningioma cells. RNA sequencing was used to
analyze the transcriptomic signatures in meningioma cells treated with M2-MDEs. Three-dimensional tumorspheres and
xenograft tumor models were used to evaluate the effects of M2-MDEs on meningioma tumorigenesis and development.
Results. We found that M2 macrophages were enriched in meningioma tissue. Coculture with meningioma cells induced the
M2 polarization of macrophages. We also found that M2-MDEs were able to significantly promote cell proliferation, cell
migration, cell invasion, and tumorigenesis in meningiomas. Bioinformatic analysis suggested that the TGF-β pathway was
activated in meningioma cells treated with M2-MDEs. Functional experiments demonstrated that blocking the TGF-β signaling
pathway could effectively reverse the tumor-promotive effects mediated by M2-MDEs. Conclusions. Overall, our study showed
that M2-MDEs promoted meningioma development and invasion by activating the TGF-β signaling pathway. Targeting
exosome-mediated intercellular communication in the tumor microenvironment may be a novel therapeutic strategy for
meningioma patients.

1. Introduction

As one of the most common primary tumors of the central
nervous system, meningiomas arise from the arachnoid tis-
sue surrounding the brain [1, 2]. Meningiomas can be
defined as grade I (benign meningioma), grade II (atypical
meningioma), and grade III (malignant meningioma) based
on the grading criteria of the World Health Organization
(WHO) [3]. The histopathological features of most meningi-

omas are benign (grade I), and patients with these meningi-
omas usually have an ideal prognosis with surgery [4].
Atypical and anaplastic meningiomas often exhibit biologi-
cal characteristics of malignant tumors such as abnormal
proliferative activity and aggressive growth patterns, which
pose challenges for the treatment of meningiomas [5–7].
However, the molecular mechanisms of meningioma tumor-
igenesis, especially the role of the tumor microenvironment
in its progression, are still underexplored.
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Infiltrating macrophages are a critical immune cell pop-
ulation in a variety of tumor tissues, such as osteosarcoma,
colorectal cancer, and lung cancer [8–10]. Influenced by
the tumor microenvironment (TME), macrophages resident
in tumor tissues undergo a transition of functional states and
are also known as tumor-associated macrophages (TAMs).
TAMs can be induced to polarize into M1 and M2 TAMs.
Unlike M1 TAMs, which secrete proinflammatory factors
(TNFα, IL-6, and IL-12), M2 TAMs are known to be anti-
inflammatory-activated macrophages and can contribute to
angiogenesis and tumor growth by regulating intercellular
communication in the TME [11–13]. Meningioma is not
restricted by the blood-brain barrier, which allows it to
come into contact with peripheral immune cells more fre-
quently [14, 15]. Several studies have shown that TAMs
are enriched in meningioma tissue as a major immune cell
population [16–18]. Although the functional status of infil-
trating TAMs in meningioma tissues is closely related to
the prognosis of patients, little is known about the
potential role and the molecular mechanisms underlying
the tumor-promoting effects of TAMs in meningioma pro-
liferation and invasion [19, 20].

In recent years, exosomes have attracted much attention
as mediators of intercellular communication in the TME
[21, 22]. Mounting basic studies have reported that
stromal-cell-derived exosomes play a critical role in regulat-
ing tumorigenesis and TME remodeling by transferring
diverse contents such as miRNA, DNA, and cytokines
[23–25]. Importantly, exosomes have been shown to be an
important means through which macrophages interact with
tumor cells. Zhang et al. demonstrated that macrophages
promote colon cancer proliferation and invasion by target-
ing the PI3K/AKT and NF-κB pathways via the exosome
delivery of miR-183-5p [26]. Zheng and colleagues found
that apolipoprotein E was specifically enriched in TAM-
secreted exosomes and promoted the invasive ability of gas-
tric cancer [27]. Nonetheless, it remains unknown whether
macrophage-derived exosomes (MDEs) are involved in
meningioma proliferation and invasion.

In this study, we examined the distribution of TAMs
in meningioma tissues and constructed M2-polarized mac-
rophages induced by cotreatment with IL-4 and IL-13. We
demonstrated that M2-macrophage-derived exosomes
(M2-MDEs) were able to effectively promote cellular via-
bility, invasion, and tumor formation in malignant menin-
gioma cells. RNA sequencing revealed activation of the
TGF-β pathway in meningioma cells cocultured with
M2-MDEs. Blockade of the TGF-β pathway can reverse
the tumor-promoting biological effects of M2-MDEs. Our
study not only reveals a novel mechanism of intercellular
communication between meningioma cells and TAMs
but also provides a promising molecular therapeutic target
for precision medicine in meningioma.

2. Materials and Methods

2.1. Cell Culture and Treatment. Human meningioma cell
lines (IOMM-Lee and CH157-MN) and humanmononuclear
macrophages THP-1 were bought from ATCC. IOMM-Lee

and CH157-MN cells were passaged in DMEM medium sup-
plemented with 10% exosome-free fetal bovine serum (FBS).
THP-1 cells were cultured in RPMI 1640 medium supple-
mented with 10% exosome-free FBS. Themediumwas changed
every 48 hours. THP-1 cells were induced to differentiate into
M0 macrophages by treatment with 100ng/mL of phorbol
myristic acetate (PMA, Sigma) for 24 hours. To induce the
M2 polarization of macrophages, 20ng/mL IL-4 and 20ng/
mL of IL-13 were used to treat M0 macrophages for 48 hours.
Transwell chambers (0.4μm, Corning) were used for cocultur-
ing meningioma cells (lower chamber) and macrophages
(upper chamber). For the culture of 3D tumorspheres, 1000
meningioma cells were cultured in U-shaped microplates
(Thermo Scientific) with a low-adhesion surface for 7 days.

2.2. Immunohistochemistry (IHC) and Immunofluorescence
(IF) Staining. The study was approved by the Ethics Com-
mittee of the West China Hospital of Sichuan University.
All the meningioma samples were obtained from West
China Hospital. Paraffin sections were deparaffinized and
rehydrated for antigen retrieval according to standard IHC
and IF protocols [28]. Then, 3% H2O2 was used to block
endogenous peroxidase, followed by the blocking of tissue
sections. After overnight incubation with the primary anti-
bodies at 4°C, the tissue sections were counterstained with
hematoxylin after DAB staining. For IF staining, Alexa
Fluor® 555-conjugated secondary antibody was used to
incubate sections, and the nuclear chromatin is marked by
DAPI staining. Sections were observed under an upright
microscope, and image data were collected. The specific pri-
mary antibody information is listed in Supplementary Infor-
mation Table S1.

2.3. RNA Extraction and Quantitative Real-Time PCR
(qPCR). Nucleic acids in the samples were extracted using
TRIzol Reagent (Invitrogen, Waltham, MA, USA) according
to the manufacturer’s instructions. Briefly, dishes with 1 ×
106 cells were washed three times with PBS. 1mL of TRIzol
Reagent was used to lyse cells and release RNA. High-speed
centrifugation was performed after mixing TRIzol with eth-
anol, and the mRNA was distributed in the upper aqueous
phase. Collect mRNA using an adsorption column and dis-
solve it in 50μl RNase-free water. The 260/280 absorbance
ratio (A260/A280) was used to assess RNA purity. A Prime-
Script™ RT reagent Kit (TAKARA, Kusatsu, Japan) was used
for the reverse transcription of mRNA. qPCR experiments
were performed using the TB Green® Premix Ex Taq™ II
kit (TAKARA). The amplification program was as follows:
95°C for 1min, 40 cycles of 95°C for 5 s, and 60°C for 20 s.
ACTB was used as the housekeeping gene to evaluate the rel-
ative expression level of the target gene. The PCR primers
are listed in Supplementary Information Table S2.

2.4. Western Blot. Total protein from cells and tissues was
extracted using RIPA lysis buffer (Beyotime). Cytoplasmic
and nuclear proteins were extracted by sequentially disrupt-
ing the cell membrane and nuclear membrane through an
osmotic pressure gradient using the Nuclear/Cytoplasmic
Protein Extraction Kit (Beyotime). The protein extraction
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solutions were quantified using the BCA kit (Solarbio) and
then thermally denatured using a metal bath. Proteins of dif-
ferent mass sizes were separated by vertical SDS-PAGE and
then transferred to PVDF membranes. The PVDF mem-
branes were incubated in blocking solution for 1 hour and
then incubated with primary antibodies, followed by chemi-
luminescent detection using the ECL method. The specific
primary antibody information is listed in Supplementary
Information Table S1.

2.5. Exosome Isolation and Analysis. The exosomes secreted
by macrophages were isolated using gradient centrifuga-
tion [29]. Briefly, macrophages were cultured for 48 hours
in exosome-free medium. Then, the macrophage culture
medium was collected and centrifuged at 1000×g for
10min, 3000 ×g for 30min, 6000×g for 40min, and
12,000×g for 2 hours to remove the cell debris. The
supernatant was collected and centrifuged at 100,000×g
for 4 h at 4°C to collect the exosomes in the pellet. The
size and concentration of the exosomes were determined
using transmission electron microscopy and a nanoparticle
tracking analyzer. Evaluate the purity of exosomes by
detecting the expression levels of exosome markers such
as CD81, TSG101, CD9, and calnexin using western blot-
ting. The exosomes were labeled with a PKH67 kit (Sigma,
St. Louis, MO, USA) to detect the phagocytosis of exo-
somes by tumor cells.

2.6. Wounding Healing Assay. Meningioma cells (IOMM-
Lee, CH157-MN) in the logarithmic growth phase were
seeded in culture plates. When the cells reached 90% conflu-
ence, a scratch was made using a 200-microliter sterile
pipette tip. Wash three times with PBS (without Ca2+ and
Mg2+), then add medium containing 1% FBS, and take pic-
tures under the microscope to record the original width of
the scratches. The width of the scratch was recorded again
after 24 h, and the migratory capacity of the tumor cells
was assessed based on the distance of cell migration.

2.7. Cell Migration and Invasion Assay. Transwell assay
(8.0μm) was used to evaluate the migration and invasion
ability of meningioma cells with or without preincubated
Matrigel (200mg/mL, Corning). Briefly, meningioma cells
(IOMM-Lee and CH157-MN) were added to FBS-free
medium in the upper chamber, while medium containing
10% exosome-free FBS was placed in the lower chamber.
After 24 h of incubation, cells that had passed through
the membrane were fixed using 4% paraformaldehyde
and stained with 0.1% crystal violet. Images under random
fields of view were collected under an inverted microscope,
and the number of tumor cells penetrating the membrane
was counted.

2.8. Cytokine Measurements. The secretion of IL-10 by
macrophages was quantified using an ELISA kit (R&D
Systems, Minneapolis, MN, USA). Media from different
groups of macrophages were collected for testing, after
centrifugation to remove cellular debris, according to the
manufacturer’s instructions.

2.9. Apoptosis Assays. Apoptotic cells among the tumor
cells were detected using a FITC-labeled Annexin V Apo-
ptosis Detection Kit (Biolegend) according to the manu-
facturer’s instructions. The ratio of apoptotic cells was
detected by flow cytometry.

2.10. RNA Sequencing and Raw Data Preprocessing. TRIzol
Reagent (Invitrogen) was used to lyse the meningioma cell
line IOMM-Lee for extraction and purification of total
RNA. The RNA quality was determined by examining the
A260/A280 with a NanoDrop™ OneC spectrophotometer
(Thermo Fisher Scientific Inc., Waltham, MA, USA). Then,
2μg of total RNA was used for stranded RNA sequencing
library preparation using the KC-Digital™ Stranded mRNA
Library Prep Kit for Illumina® following the manufacturer’s
instructions. The kit eliminates the duplication bias in the
PCR and sequencing steps by using a unique molecular
identifier (UMI) of 8 random bases to label the preamplified
cDNA molecules. The library products were enriched, quan-
tified, and sequenced on a Novaseq 6000 sequencer (Illu-
mina, San Diego, MA, USA) in PE150 mode.

2.11. Bioinformatic Analysis. We analyzed the RNA-seq data
using the R (4.0.5) software. Volcano plot was used to show
differentially expressed genes in M2-MDEs and M0-MDE-
treated meningioma cells. Based on the KEGG database,
KEGG enrichment analysis was performed on genes signifi-
cantly upregulated in tumor cells cocultured with M2 MDEs.
GO enrichment analysis was performed using GSVA scores
based on the MSigDB database. The relevant code is avail-
able from the author upon reasonable request.

2.12. Cell Viability Assay and EdU Staining. Cell viability was
assessed using the CCK-8 method. Briefly, meningioma cells
were plated in 96-well plates for 24–72h, followed by the
addition of 10μL of CCK-8 reagent (MCE) and incubation
at 37°C for 2 h. The absorbance at 450nm was measured
using a microplate reader. For EdU staining, cells or 3D
tumorspheres were incubated with 10μM EdU reagent
(KeyGEN) for 2 h; they were subsequently trypsinized into
cell suspensions and fixed using 4% paraformaldehyde.
According to the instructions of the reagent’s manufacturer,
EdU-positive cells were fluorescently labeled with FITC, and
the positive-cell ratio was determined using flow cytometry.

2.13. Animal Experiments. Five-week-old male athymic
BALB/c nude mice (18–24 g) were provided by the HFK Bio-
science (Beijing, China). The nude mice were housed in a
25°C room with a light/dark cycle every 12 hours. Food
and water were freely available to the mice. For the construc-
tion of xenograft tumor models, IOMM-Lee (1 × 106) cells
were subcutaneously injected into the flank of mice. Starting
on day 3, exosomes (10μg) were injected into mice via the
tail vein every 3 days, and LY2109761 (50mg/day) was
administered by gavage. The tumor growth status was
observed, and vernier calipers were used to measure the
tumor’s size for 18 days. After 18 days, the mice were sacri-
ficed by cervical dislocation after administering anesthesia
with isoflurane. The formula for calculating the volume of
the xenograft tumor: volume = 0:5 × length × width2. All
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the animal experiments were approved by the Ethics Com-
mittee of West China Hospital (file No. 2021904A).

2.14. Statistical Analysis. The GraphPad Prism software
(v8.0, USA) was used for statistical analysis. Student’s t-test
and one-way ANOVA were used to calculate the p values
for differences between groups. When p < 0:05, differences
were considered statistically significant.

3. Results

3.1. Macrophages Are Enriched in Meningioma Tissue, and
Coculture with Meningioma Cells Promoted M2
Polarization of Macrophages. To identify the infiltration
and functional characteristics of macrophages in meningio-
mas and adjacent normal meningeal tissue, we performed
IHC staining and analyzed the expression of CD68,
CD163, and CD206. The IHC results show that macro-
phages were abundantly infiltrated in tumors relative to
meningeal tissues (Figure 1(a)). Interestingly, CD163 and
CD206 are ubiquitously expressed in these infiltrating mac-
rophages, especially in high-grade meningiomas, suggesting
that they may be induced to become TAMs with an M2 phe-
notype in the TME. Previous studies have provided evidence
that the paracrine secretion of tumor in various malignant
tissues is an inducer of the tumor-promoting phenotypic
transformation of macrophages [30, 31]. In vitro, THP-1
was induced to differentiate into M0 macrophages by cocul-
ture with 100ng/mL of phorbol 12-myristate 13-acetate
(PMA) for 24 hours. In order to explore the paracrine effect
of meningioma cells on macrophage polarization, we con-
structed a noncontact tumor–macrophage coculture system
by using Transwell chambers. We assessed the expression
levels of polarization markers in macrophages after 48 hours
of coculture with meningioma cell lines. As shown, macro-
phages cocultured with IOMM-Lee and CH157-MN cells
had higher mRNA levels of CD163, CD206, IL-10, and
ARG1 as detected by qPCR assay (Figure 1(b)). Similar
results were detected in western blot (Figure 1(c)). At the
same time, we detected greater IL-10 secretion by macro-
phages cocultured with meningioma cells by ELISA
(Figure 1(d)). These results indicate that macrophages are
enriched in meningioma tissue and exhibit M2-prone polar-
ization during coculture with tumor cells.

3.2. Characterization of Macrophage-Derived Exosomes and
Internalization. THP-1 was induced to differentiate into
M0 macrophages in the presence of 100 ng/mL PMA for
24 hours and subsequently cocultured with IL-4 and IL-13
to induce M2-phenotype polarization. Macrophage-derived
exosomes (MDEs) were collected by ultracentrifugation.
The detection results of transmission electron microscopy
(TEM) and the nanoparticle tracking analyzer indicated that
MDEs exhibited morphological characteristics typical of
exosomes (Figure S1A, B). Western blotting showed that
CD81, TSG101, and CD9 were highly enriched in M2-MDEs
and M0-MDEs, all of which are positive markers of
exosomes (Figure S1C). And calnexin, an intracellular
calcium-binding protein considered to be a negative marker

for exosomes, was absent or underexpressed in isolated
MDEs. To examine whether meningioma cells could take up
MDEs, we incubated them with PKH67-labeled MDEs.
Green fluorescence was observed outside the DAPI-labeled
nuclei, which suggested that M0-MDEs and M2-MDEs
could be phagocytosed by tumor cells (Figure S1D).

3.3. M2-Macrophage-Derived Exosomes Promote
Meningioma Cell Proliferation and Inhibit Apoptosis. Previ-
ous studies suggested an important role for TAM-derived
exosomes in tumor proliferation and antiapoptotic pro-
cesses. To further investigate the role of M2-MDEs in
meningioma progression, we coincubated meningioma cells
with M0-MDEs and M2-MDEs separately for 48 h and then
detected the proliferative activity and apoptosis levels of the
tumor cells. As shown in Figure 2(a), the CCK-8 results indi-
cate that, compared with the control and M0-MDEs group,
meningioma cells cocultured with M2-MDEs exhibited
higher proliferative activity, while M0-MDEs failed to pro-
mote tumor cell proliferative activity. Similarly, a higher
proportion of EdU+ tumor cells was identified in the M2-
MDE coculture group by flow cytometry, suggesting that
M2-MDEs, but not M0-MDEs, can promote tumor cell
mitosis (Figure 2(b)). The expression of apoptosis-related
proteins in meningioma cells was further examined by west-
ern blotting. As shown in Figure 2(c), the expression of the
antiapoptotic protein Bcl2 was significantly increased in
tumor cells after M2-MDE treatment, while the expression
of the proapoptotic protein Bax was downregulated. The
expression of the apoptotic marker cleaved-caspase-3 was
downregulated in meningioma cells after M2-MDE treat-
ment but did not change significantly in the M0-MDE
group. Furthermore, we detected the fraction of Annexin
V/PI-positive cells by flow cytometry to characterize early
and late apoptotic cell death (Figure 2(d)). The results
showed that the proportion of apoptotic cells was signifi-
cantly reduced in both IOMM-Lee and CH157-MN after
48 hours of treatment with M2-MDEs. Overall, according
to our results, coculture with M2-MDEs can specifically pro-
mote the proliferative viability and reduce the level of apo-
ptosis of meningioma cells.

3.4. M2-MDEs Promote Metastasis of Meningioma Cells.
Next, we tried to delve into the effect of M2-MDEs on the
migration and invasion ability of meningioma cells. The
wound healing assay was used to quantify meningioma cell
mobility. Meningioma cells cocultured with M2-MDEs
exhibited increased mobility compared to the control and
M0-MDE groups (Figure 3(a)). Transwell assays were subse-
quently performed, and M2-MDEs induced a significant
increase in the number of tumor cells migrating across the
membrane to the lower chamber (Figure 3(b)). In addition,
we preincubated Matrigel on the membrane of the upper
Transwell chamber and then examined the tumor cell inva-
siveness. The results indicate that M2-MDE-treated menin-
gioma cells exhibited a stronger invasive ability
(Figure 3(b)). It is well known that EMT is highly correlated
with tumor invasion and metastasis, and transformation to a
mesenchymal-like phenotype confers enhanced motility of

4 Journal of Immunology Research



Meningioma grade I

CD68

CD163

CD206

Meningioma grade II Meningioma grade III Meningeal tissue

(a)

Control
IOMM-Lee co-culture
CH157-MN co-culture

CD163 CD206
0

2

4

6

8

Re
la

tiv
e m

RN
A

 le
ve

ls

IL-10 CD86 TNF𝛼ARG1

⁎
⁎

⁎

⁎⁎⁎

⁎

⁎⁎⁎ ⁎⁎⁎

(b)

CD163

CD206

ARG1

𝛽-tubulin

Co-culture

150 kDa

190 kDa

35 kDa

50 kDa

CH157-MNIOMM-leeControl

(c)

Figure 1: Continued.

5Journal of Immunology Research



tumor cells. Therefore, we suspected that M2-MDEs might
have an impact on the EMT process and related signaling
pathways in meningioma cells. To assess whether coculture
with M2-MDEs induces EMT processes in meningioma
cells, the expressions of canonical EMT markers were
detected. As shown in Figure 3(c), the protein expression
levels of mesenchymal markers slug, snail, vimentin, and
N-cadherin in meningioma cells were significantly increased
after treatment with M2-MDEs for 48 h, relative to the con-
trol and M0-MDE groups. In short, our results suggest that
coculture with M2-MDEs increases the migratory and inva-
sive abilities of meningioma cells.

3.5. TGF-β Pathway Is Activated in M2-MDE-Treated
Meningioma Cells. To explore the molecular mechanism by
which M2-MDE regulates the proliferative activity and inva-
sive ability of meningioma cells, we performed RNA-seq to
explore the transcriptome differences in meningioma cells
cocultured with M0-MDEs and M2-MDEs. Differential gene
analysis and pathway enrichment analysis revealed potential
differences in biological functions in the tumor cells
(Figures 4(a)–4(c)). We noticed that genes such as TGFBI,
SNAI1, MMP2, TGFB1, TGFB2, IGFBP7, and LTBP2 were
upregulated by the treatment of M2-MDEs in meningioma
cells and may contribute to tumor invasion and proliferation
behavior. In particular, GO enrichment analysis suggested
that multiple TGF-β signaling-related pathways including
“Regulation of TGF-beta activation” and “Regulation of
smad protein complex assembly” were activated in meningi-
oma cells cocultured with M2-MDEs, which was similar to
the trend of the results of KEGG analysis. Previous studies
have not reported the functional characterization for the

TGF-β signaling in macrophage-tumor communication in
the meningioma microenvironment. Therefore, we hypothe-
sized that the TGF-β pathway might be closely related to the
protumor biological effects induced by M2-MDEs, and we
validated the RNA-seq conclusions at the mRNA level. The
results of qPCR suggested that the expression of TGF-β1
was upregulated by the treatment of M2-MDEs, which sup-
ported the above results (Figure 4(d)). Furthermore, we ana-
lyzed the protein expression levels of key molecules of the
TGF-β pathway in meningioma cells by western blotting
(Figure 4(e)). The results showed that coculture with M2-
MDEs increased the phosphorylation level of Smad2/3 in
meningioma cells. As classical downstream transcription
factors of the TGF-β pathway, translocation of phosphory-
lated Smad2/3 into the nucleus is a hallmark of TGF-β path-
way activation. The western blotting of cytoplasmic and
nuclear proteins revealed increased nuclear translocation of
Smad2 and Smad3 in meningioma cells cocultured with
M2-MDEs (Figure 4(f)). In short, our study suggests that
the activation of the TGF-β pathway may be a key biological
event for M2-MDEs’ promotion of tumor progression.

3.6. Inhibition of TGF-β Pathway Reverses the Tumor-
Promoting Biological Effects Mediated by M2-MDEs. The
above results raised the question of whether the TGF-β sig-
naling pathway was responsible for the tumor-promoting
effects of M2-MDEs. Thus, LY2109761, a classical selective
TGF-β-receptor type-I inhibitor, was used to block TGF-β
signaling. Western blotting demonstrated that LY2109761
not only effectively reduced the phosphorylation of Smad2/
3 but also prevented their nuclear translocation, indicating
that the upregulation of the TGF-β signaling in tumor cells
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Figure 1: Macrophages are enriched in meningioma tissue, and coculture with meningioma cells promotes M2 polarization of macrophages.
(a) Immunohistochemical staining was used to detect the distribution of macrophages and the expression levels of polarization markers in
meningiomas and meningeal tissues. Scale bar 50μm. (b) Detection of mRNA expression levels of CD163, CD206, ARG1, IL-10, CD86, and
TNF-α in macrophages by qPCR. (c) After coculture with tumor cells, the protein expression levels of CD163, CD206, and ARG1 in
macrophages were detected by western blotting. (d) ELISA assay was used to detect the content of IL-10 secreted by macrophages in
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induced by M2-MDE coculture was successfully inhibited
(Figures 5(a) and 5(b)). At the same time, we found that
inhibition of TGF-β pathway partially reversed the promot-
ing effect of M2-MDEs on meningioma cell proliferation
detected by CCK8 assay and EdU staining (Figures 5(c)
and 5(d)). Furthermore, we observed similar results for
meningioma cell migration and invasion. Western blotting
revealed that the epithelial–mesenchymal transition of
meningioma cells is reversed by combination treatment with
LY2109761 (Figure 5(e)). Similarly, LY2109761 inhibited the
migratory and invasive abilities of meningioma cells as

detected by Transwell assays with or without Matrigel
(Figures 5(f) and 5(g)). In short, our in vitro studies con-
firmed that the effects of M2-MDEs on meningioma cells,
including cell viability, migration, and invasion, could be
reversed by blocking the TGF-β signaling pathway.

3.7. M2-MDEs Promote Tumorigenesis of Meningioma Cells
In Vitro and In Vivo. To comprehensively elucidate the
potential role of M2-MDEs on meningioma tumorigenesis
and progression, we constructed a 3D tumorsphere model
and cocultured it with MDEs. As shown, 3D tumorspheres
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Figure 2: M2-macrophage-derived exosomes promote meningioma cell proliferation and inhibit apoptosis. (a) Detection of cell viability
during 24–72 h proliferation in IOMM-Lee and CH157-MN cells using CCK-8 assay. (b) EdU staining and flow cytometry to detect the
fraction of proliferating cells in IOMM-Lee and CH157-MN cells. (c) Western blotting was used to detect the protein expression levels of
caspase-3, cleaved-caspase-3, Bcl2, and Bax. (d) FITC-conjugated Annexin V kit was used for labeling apoptotic cells in IOMM-Lee and
CH157-MN cells, and distribution was detected by flow cytometry. ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001, vs. the control and M0-MDE group.
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cocultured with M2-MDEs had larger volumes (Figures 6(a)
and 6(b)). To elucidate the proliferative activity of meningi-
oma tumorspheres, the tumorspheres were enzymatically
dissociated into single-cell suspensions after incubation with
EdU reagent on the last day of in vitro observation. The
EdU+ cell fraction detected by flow cytometry indicated that
M2-MDE treatment could significantly promote the prolif-
erative activity of meningioma cells that constitute 3D
tumorspheres (Figure 6(c)). Treatment with LY2109761
effectively inhibited the promoting effects of M2-MDEs on
the development of 3D tumorspheres in meningiomas. The
meningioma cell line IOMM-Lee was injected subcutane-
ously into nude mice to form xenograft tumors. To assess
the critical role of M2-MDEs in meningioma tumorigenesis
in vivo, M2-MDEs and M0-MDEs were injected into
tumor-bearing mice via tail vein injection. LY2109761 was
administered by intragastric gavage. The results show that
M2-MDEs significantly promoted meningioma develop-
ment relative to M0-MDEs over an observation period last-
ing 3 weeks (Figures 6(d) and 6(e)). Treatment with
LY2109761 effectively reduced the sizes of the xenograft
tumors. Immunofluorescence staining for Ki-67 revealed

higher cell viability in M2-MDE-treated xenograft tumors,
which was reversed in the LY2109761-treated group
(Figure 6(f)). In short, our study demonstrates that M2-
MDEs play a promoting role in meningioma tumorigenesis,
which can be partially reversed by blocking TGF-β signaling.

4. Discussion

Patients with malignant meningiomas tend to have poor
prognoses and high mortality due to the uncontrollable pro-
liferative activity and invasive ability of tumor cells. Despite
improvements in the treatment of meningiomas over the
past decade, the role of the TME in meningioma develop-
ment remains unclear. Previous studies have suggested that
a variety of stromal cells, including TAMs, interact with
tumor cells in the TME, which contributes to tumor progres-
sion [14, 15, 17]. However, the molecular mechanisms
underlying the integral role of infiltrating TAMs in the
development of malignant meningiomas have not been fully
studied. In recent years, the immunological landscape in
meningiomas has been reported in the literature, and
tumor-associated macrophages are the dominant immune
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population in meningioma tissues, suggesting their critical-
ity in tumor progression. In our study, the IHC analysis
revealed that TAMs were enriched in meningioma tissue rel-
ative to meningeal and brain tissue. Infiltrating TAMs in
meningiomas exhibit M2-biased polarization, which has
been reported to assist tumor progression. Based on these
results, we speculate that unique cell-to-cell communication
in the TME might induce a transition in the functional state
of the TAMs. It has been reported that the paracrine secre-
tion of various malignant cells, including lung cancer and
colorectal cancer cells, can induce the differentiation of
TAMs to an anti-inflammatory phenotype. Our results from
noncontact coculture experiments show that the paracrine
signaling of meningioma cells induces the M2 polarization
of TAMs.

Accumulating evidence supports a unique role of exo-
somes in intercellular communication in the TME as widely
distributed transport mediators in the stroma [32, 33]. For
example, Yang and colleagues proposed that exosomes from

M2 macrophages promoted angiogenesis and tumor growth
in pancreatic cancer in an E2F2-dependent manner [12].
The WHO classification of meningiomas is based on the
number of proliferating cells. The most prominent features
of grade III meningiomas are abnormally increased cell via-
bility and mitotic rates, which pose challenges for the treat-
ment of malignant meningiomas. In this study, we found
that M2-MDEs could significantly promote the cell viability
and inhibit the apoptosis of meningioma cells, which may
explain the abnormal cell proliferation in malignant menin-
gioma. Targeting infiltrating macrophages and M2-MDEs in
tumor tissues may provide ideas for clinical therapeutic
strategies to curb the proliferation of malignant meningio-
mas. Furthermore, increasing evidence suggests that M2
TAM-derived exosomes promote malignant tumor invasion
and metastasis. Lan et al. demonstrated that M2-MDEs pro-
moted colon cancer cell invasiveness and metastasis by
delivering miR-21-5p and miR-155-5p [34]. High-grade
meningiomas often exhibit creeping growth due to their
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Figure 5: Inhibition of the TGF-β pathway reverses the tumor-promoting biological effects mediated by M2-MDEs. (a) Western blot
detection of protein expressions of TGF-β1, p-Smad3, Smad3, p-Smad2, and Smad2. (b) The expressions of Smad2 and Smad3 in
nuclear and cytoplasmic protein fractions, respectively, were detected by western blotting. β-Tubulin and lamin B1 serve as house-
keeping genes for cytoplasmic and nuclear proteins, respectively. (c) Detection of cell viability of IOMM-Lee and CH157-MN cells by
CCK-8 assay. (d) EdU staining was used to label tumor cells in the proliferating state, and the EdU+ cell ratio was detected by flow
cytometry. (e) Western blotting for the expressions of EMT-related genes. (f) Transwell chambers were used to detect tumor cell
migration ability. (g) Transwell chambers preincubated with Matrigel were used to assess tumor cell invasiveness. ∗p < 0:05, ∗∗p < 0:01,
∗∗∗p < 0:001.
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enhanced invasive capacity, which leads to higher surgical
risk and poorer prognosis [35, 36]. Interestingly, our study
showed that coculture with M2-MDEs conferred enhanced
migratory and invasive abilities to meningioma cells. Fur-
thermore, M2-MDEs facilitated the upregulation of vimen-
tin, N-cadherin, slug, and snail in meningioma, suggesting
that M2-MDEs contribute to the mesenchymal transition
of meningioma cells.

Multiple signaling pathways have been shown to be
involved in M2-MDE-mediated biological effects. Here, we
performed RNA-seq to analyze the differential transcrip-

tomes of tumor cells cocultured with M2-MDEs and M0-
MDEs individually. We identified the TGF-β signaling path-
way as a potential mechanism responsible for the regulation
of tumor development and invasion by M2-MDEs. Previous
studies have also shown that the TGF-β pathway is involved
in the regulation of tumor EMT and mobility. Similar to pre-
vious studies, our study shows that M2-MDEs can effectively
induce the phosphorylation of Smad2/3 and promote their
nuclear accumulation relative to M0-MDEs. Correspond-
ingly, blocking the TGF-β pathway with selective small-
molecule inhibitors significantly reversed the increase in

0

200

400

600

800

Tu
m

or
 v

ol
um

e (
m

m
3 )

0 3 6 9 12 15 18

Control
M0-MDEs
M2-MDEs
M2-MDEs+LY2109761

⁎
⁎
⁎

⁎
⁎

⁎
⁎
⁎

(e)

Ki-67

DAPI

Merge

Control

Co
nt

ro
l

M0-MDEs

M
0-

M
D

Es

M2-MDEs

M
2-

M
D

Es

M
2-

M
D

Es
 +

 L
Y2

10
97

61

M2-MDEs +
LY2109761

0

10

20

30

40

50

%
 o

f K
i-6

 7
po

sit
iv

e c
el

ls ⁎⁎⁎

⁎⁎⁎
⁎⁎

(f)

Figure 6: M2-MDEs promote tumorigenesis of meningioma cells in vitro and in vivo. (a) 3D tumorspheres formed in vitro by meningioma
cells cocultured with MDEs. Scale bar 200μm. (b) Measurement and statistical analysis of the volume of 3D tumorspheres. (c) Labeling of
proliferating meningioma cells in 3D tumorspheres with EdU staining and detection of EdU+ cell ratio by flow cytometry. (d, e) Dissection
of subcutaneous xenografts and measurement of tumor volume. (f) Proliferating cells were identified by immunofluorescence using
antibody against Ki-67. Tumor proliferative activity was evaluated by calculating the proportion of Ki-67+ cells. ∗p < 0:05, ∗∗p < 0:01, ∗∗∗
p < 0:001.

18 Journal of Immunology Research



meningioma cell viability and invasive capacity induced by
M2-MDEs. Therefore, targeting the M2-MDE-mediated
activation of the TGF-β pathway in tumor cells may be a
potential therapeutic strategy for meningiomas.

Subsequently, we further explored the effects of M2-
MDEs on tumorigenesis and tumor development by con-
structing 3D tumorspheres and xenograft tumor models.
Compared with that of 2D culture, the growth environment
of 3D tumorspheres allows meningioma cells to exhibit
characteristics closer to those in the natural conditions
in vivo [37]. Multiple studies suggest that M2-macrophage
infiltration contributes to tumor development. However,
depending on the cell type and environmental characteris-
tics, the TGF-β signaling pathway plays a binary role in
tumorigenesis. In our study, coculture with M2-MDEs effec-
tively promoted tumor growth and cell viability in 3D
tumorspheres and xenografts. Consistent with 2D cultures,
these biological effects were reversed by treatment with
LY2109761.

It is worth noting that our work also has certain limi-
tations. First, our study did not focus on the source of
infiltrating macrophages in the meningioma microenviron-
ment, which may contribute to understanding the mecha-
nisms of meningioma tumorigenesis. Second, the
transformation of the functional state of infiltrating mac-
rophages in meningioma tissue and its molecular mecha-
nisms remains to be further explored. Based on the
results of this study, characterizing the contents of infil-
trating macrophage-derived exosomes to explore the
molecular mechanisms of their protumor biological effects
in meningiomas will be a further research strategy.

In short, our study confirmed that M2-MDEs promote
the proliferation, migration, and invasion of meningioma
cells by activating the TGF-β signaling pathway. There-
fore, targeting TAM-derived exosomes is expected to be
a promising treatment modality for meningiomas. Based
on the underlying intercellular communication network
in the TME, this article provides a novel idea for drug
treatment strategies for meningioma.
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Figure S1: characterization of macrophage-derived exosomes
and internalization. (a) Morphology of exosomes observed
by transmission electron microscopy. Scale bars 200nm.
(b) The size distribution of MDEs determined by nanoparti-
cle tracking analysis. (c) Expression levels of exosomal
markers CD81, TSG101, CD9, and calnexin in MDEs were
detected by western blotting. (d) After coculturing PKH67-
labeled MDEs with meningioma cell lines IOMM-Lee and
CH157-MN for 2 hours, green fluorescence was distributed
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Table S2: primer sequences for quantitative real-time PCR
reactions. (Supplementary Materials)

References

[1] R. Goldbrunner, P. Stavrinou, M. D. Jenkinson et al., “EANO
guideline on the diagnosis and management of meningiomas,”
Neuro-Oncology, vol. 23, no. 11, pp. 1821–1834, 2021.

[2] Z. Shao, L. Liu, Y. Zheng et al., “Molecular mechanism and
approach in progression of meningioma,” Frontiers in Oncol-
ogy, vol. 10, article 538845, 2020.

[3] J. A. Pawloski, H. A. Fadel, Y. W. Huang, and I. Y. Lee, “Geno-
mic biomarkers of meningioma: a focused review,” Interna-
tional Journal of Molecular Sciences, vol. 22, no. 19, p. 10222,
2021.

[4] M. Preusser, P. K. Brastianos, and C. Mawrin, “Advances in
meningioma genetics: novel therapeutic opportunities,”
Nature Reviews. Neurology, vol. 14, no. 2, pp. 106–115, 2018.

[5] L. Zhao,W. Zhao, Y. Hou et al., “An overview of managements
in meningiomas,” Frontiers in Oncology, vol. 10, p. 1523, 2020.

[6] H. N. Vasudevan, S. E. Braunstein, J. J. Phillips et al., “Compre-
hensive molecular profiling identifies FOXM1 as a key

19Journal of Immunology Research

https://downloads.hindawi.com/journals/jir/2022/8326591.f1.zip


transcription factor for meningioma proliferation,” Cell
Reports, vol. 22, no. 13, pp. 3672–3683, 2018.

[7] C. A. Parada, J. Osbun, S. Kaur et al., “Kinome and phospho-
proteome of high-grade meningiomas reveal AKAP12 as a
central regulator of aggressiveness and its possible role in pro-
gression,” Scientific Reports, vol. 8, no. 1, p. 2098, 2018.

[8] Y. Zhou, D. Yang, Q. Yang et al., “Single-cell RNA landscape of
intratumoral heterogeneity and immunosuppressive microen-
vironment in advanced osteosarcoma,” Nature Communica-
tions, vol. 11, no. 1, p. 6322, 2020.

[9] S. Zhao, Y. Mi, B. Guan et al., “Tumor-derived exosomal miR-
934 induces macrophage M2 polarization to promote liver
metastasis of colorectal cancer,” Journal of Hematology &
Oncology, vol. 13, no. 1, p. 156, 2020.

[10] M. Liang, X. Chen, L. Wang et al., “Cancer-derived exosomal
TRIM59 regulates macrophage NLRP3 inflammasome activa-
tion to promote lung cancer progression,” Journal of Experi-
mental & Clinical Cancer Research, vol. 39, no. 1, p. 176, 2020.

[11] M. Locati, G. Curtale, and A. Mantovani, “Diversity, mecha-
nisms, and significance of macrophage plasticity,” Annual
Review of Pathology, vol. 15, no. 1, pp. 123–147, 2020.

[12] Y. Yang, Z. Guo, W. Chen et al., “M2 macrophage-derived
exosomes promote angiogenesis and growth of pancreatic
ductal adenocarcinoma by targeting E2F2,” Molecular Ther-
apy, vol. 29, no. 3, pp. 1226–1238, 2021.

[13] V. Gambardella, J. Castillo, N. Tarazona et al., “The role of
tumor-associated macrophages in gastric cancer development
and their potential as a therapeutic target,” Cancer Treatment
Reviews, vol. 86, article 102015, 2020.

[14] T. Garzon-Muvdi, D. D. Bailey, M. N. Pernik, and E. Pan,
“Basis for immunotherapy for treatment of meningiomas,”
Frontiers in Neurology, vol. 11, p. 945, 2020.

[15] J. Haslund-Vinding, J. R. Moller, M. Ziebell, F. Vilhardt, and
T. Mathiesen, “The role of systemic inflammatory cells in
meningiomas,” Neurosurgical Review, vol. 45, no. 2,
pp. 1205–1215, 2022.

[16] J. S. Borch, J. Haslund-Vinding, F. Vilhardt, A. D. Maier,
T. Mathiesen, and T. Meningioma-Brain, “Meningioma–brain
crosstalk: a scoping review,” Crosstalk: A Scoping Review. Can-
cers (Basel), vol. 13, no. 17, p. 4267, 2021.

[17] S. Sahab-Negah and A. Gorji, “Meningioma tumor microenvi-
ronment,” Advances in Experimental Medicine and Biology,
vol. 1296, pp. 33–48, 2020.

[18] E. Guadagno, I. Presta, D. Maisano et al., “Role of macro-
phages in brain tumor growth and progression,” International
Journal of Molecular Sciences, vol. 19, no. 4, p. 1005, 2018.

[19] X. Chen, F. Tian, P. Lun, and Y. Feng, “Profiles of immune
infiltration and its relevance to survival outcome in meningio-
mas,” Bioscience Reports, vol. 40, no. 5, p. doi:10.1042/
BSR20200538, 2020.

[20] S. J. Han, G. Reis, G. Kohanbash et al., “Expression and prog-
nostic impact of immune modulatory molecule PD-L1 in
meningioma,” Journal of Neuro-Oncology, vol. 130, no. 3,
pp. 543–552, 2016.

[21] Q. Wu, L. Zhou, D. Lv, X. Zhu, and H. Tang, “Exosome-medi-
ated communication in the tumor microenvironment contrib-
utes to hepatocellular carcinoma development and
progression,” Journal of Hematology & Oncology, vol. 12,
no. 1, p. 53, 2019.

[22] C. Han, C. Zhang, H. Wang, and L. Zhao, “Exosome-mediated
communication between tumor cells and tumor-associated
macrophages: implications for tumor microenvironment,”
Oncoimmunology, vol. 10, no. 1, article 1887552, 2021.

[23] J. Liu, L. Ren, S. Li et al., “The biology, function, and applica-
tions of exosomes in cancer,” Acta Pharmaceutica Sinica B,
vol. 11, no. 9, pp. 2783–2797, 2021.

[24] Y. Chen, K. M. McAndrews, and R. Kalluri, “Clinical and ther-
apeutic relevance of cancer-associated fibroblasts,” Nature
Reviews. Clinical Oncology, vol. 18, no. 12, pp. 792–804, 2021.

[25] J. Chen, K. Zhang, Y. Zhi et al., “Tumor-derived exosomal
miR-19b-3p facilitates M2 macrophage polarization and exo-
somal LINC00273 secretion to promote lung adenocarcinoma
metastasis via Hippo pathway,” Clinical and Translational
Medicine, vol. 11, no. 9, article e478, 2021.

[26] S. Zhang, D. Li, M. Zhao et al., “Exosomal miR-183-5p shut-
tled by M2 polarized tumor-associated macrophage promotes
the development of colon cancer via targeting THEM4 medi-
ated PI3K/AKT and NF-κB pathways,” Frontiers in Oncology,
vol. 11, article 672684, 2021.

[27] P. Zheng, Q. Luo, W. Wang et al., “Tumor-associated
macrophages-derived exosomes promote the migration of gas-
tric cancer cells by transfer of functional apolipoprotein E,”
Cell Death & Disease, vol. 9, no. 4, p. 434, 2018.

[28] M. Shen, S. Xie, M. Rowicki et al., “Therapeutic targeting of
metadherin suppresses colorectal and lung cancer progression
and metastasis,” Cancer Research, vol. 81, no. 4, pp. 1014–
1025, 2021.

[29] R. J. Lobb, M. Becker, S. W. Wen et al., “Optimized exosome
isolation protocol for cell culture supernatant and human
plasma,” Journal of Extracellular Vesicles, vol. 4, no. 1,
p. 27031, 2015.

[30] S. Mohapatra, C. Pioppini, B. Ozpolat, and G. A. Calin, “Non-
coding RNAs regulation of macrophage polarization in can-
cer,” Molecular Cancer, vol. 20, no. 1, p. 24, 2021.

[31] M. S. Baig, A. Roy, S. Rajpoot et al., “Tumor-derived exosomes
in the regulation of macrophage polarization,” Inflammation
Research, vol. 69, no. 5, pp. 435–451, 2020.

[32] M.Wang and B. Zhang, “The immunomodulation potential of
exosomes in tumor microenvironment,” Journal of Immunol-
ogy Research, vol. 2021, Article ID 3710372, 11 pages, 2021.

[33] R. He, Z. Wang, W. Shi et al., “Exosomes in hepatocellular car-
cinomamicroenvironment and their potential clinical applica-
tion value,” Biomedicine & Pharmacotherapy, vol. 138, article
111529, 2021.

[34] J. Lan, L. Sun, F. Xu et al., “M2 macrophage-derived exosomes
promote cell migration and invasion in colon cancer,” Cancer
Research, vol. 79, no. 1, pp. 146–158, 2019.

[35] S. Nakasu and Y. Nakasu, “Prognostic significance of brain
invasion in meningiomas: systematic review and meta-analy-
sis,” Brain Tumor Pathology, vol. 38, no. 2, pp. 81–95, 2021.

[36] A. Wilisch-Neumann, N. Kliese, D. Pachow et al., “The integ-
rin inhibitor cilengitide affects meningioma cell motility and
invasion,” Clinical Cancer Research, vol. 19, no. 19, pp. 5402–
5412, 2013.

[37] M. Ravi, V. Paramesh, S. R. Kaviya, E. Anuradha, and F. D.
Solomon, “3D cell culture systems: advantages and applica-
tions,” Journal of Cellular Physiology, vol. 230, no. 1, pp. 16–
26, 2015.

20 Journal of Immunology Research


	M2-Macrophage-Derived Exosomes Promote Meningioma Progression through TGF-β Signaling Pathway
	1. Introduction
	2. Materials and Methods
	2.1. Cell Culture and Treatment
	2.2. Immunohistochemistry (IHC) and Immunofluorescence (IF) Staining
	2.3. RNA Extraction and Quantitative Real-Time PCR (qPCR)
	2.4. Western Blot
	2.5. Exosome Isolation and Analysis
	2.6. Wounding Healing Assay
	2.7. Cell Migration and Invasion Assay
	2.8. Cytokine Measurements
	2.9. Apoptosis Assays
	2.10. RNA Sequencing and Raw Data Preprocessing
	2.11. Bioinformatic Analysis
	2.12. Cell Viability Assay and EdU Staining
	2.13. Animal Experiments
	2.14. Statistical Analysis

	3. Results
	3.1. Macrophages Are Enriched in Meningioma Tissue, and Coculture with Meningioma Cells Promoted M2 Polarization of Macrophages
	3.2. Characterization of Macrophage-Derived Exosomes and Internalization
	3.3. M2-Macrophage-Derived Exosomes Promote Meningioma Cell Proliferation and Inhibit Apoptosis
	3.4. M2-MDEs Promote Metastasis of Meningioma Cells
	3.5. TGF-β Pathway Is Activated in M2-MDE-Treated Meningioma Cells
	3.6. Inhibition of TGF-β Pathway Reverses the Tumor-Promoting Biological Effects Mediated by M2-MDEs
	3.7. M2-MDEs Promote Tumorigenesis of Meningioma Cells In Vitro and In Vivo

	4. Discussion
	Data Availability
	Ethical Approval
	Consent
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

