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Glioblastoma stem cell-derived exosomal
miR-374b-3p promotes tumor angiogenesis
and progression through inducing M2 macrophages
polarization

Shilu Huang,1,4 Peng Zhang,2,4 Nanheng Yin,1 Zhipeng Xu,1 Xinglei Liu,1 AnyiWu,1 Xiaopei Zhang,1 Zengyang Li,1

Zhicheng Zhang,1 Tao Zhong,1 Liang Liu,3 Yan Shi,1 and Jun Dong1,5,*
SUMMARY

Glioblastoma stem cells (GSCs) reside in hypoxic periarteriolar niches of glioblastomamicro-environment,
however, the crosstalk of GSCs with macrophages on regulating tumor angiogenesis and progression are
not fully elucidated. GSCs-derived exosomes (GSCs-exos) are essential mediators during tumor immune-
microenvironment remodeling initiated by GSCs, resulting in M2 polarization of tumor-associated macro-
phages (TAMs) as we reported previously. Our data disclosed aberrant upregulation of miR-374b-3p in
both clinical glioblastoma specimens and human cell lines of GSCs. MiR-374b-3p level was high in GSCs-
exos and can be internalized by macrophages. Mechanistically, GSCs exosomal miR-374b-3p induced
M2 polarization ofmacrophages by downregulating phosphatase and tensin expression, thereby promot-
ing migration and tube formation of vascular endothelial cells after coculture with M2 macrophages.
Cumulatively, these data indicated that GSCs exosomal miR-374b-3p can enhance tumor angiogenesis
by inducing M2 polarization of macrophages, as well as promote malignant progression of glioblastoma.
Targeting exosomal miR-374b-3p may serve as a potential target against glioblastoma.

INTRODUCTION

Glioblastoma is one of the most common and lethal primary brain malignancies in adults.1 The median over survival of diagnosed patients is

less than 15 months, even under the current standard comprehensive treatments.2 Glioblastoma displays striking cellular heterogeneity and

hierarchy, glioblastoma stem cells (GSCs) at the apex of this hierarchy contribute to treatment resistance and tissue remodeling resulting in

tumor recurrence.3,4 Although it was widely known that glioblastoma cells, especially the GSCs, play a vital role in promoting tumor angio-

genesis directly,5,6 increasing studies have confirmed that tumor immune-microenvironment (TIME) play active roles on inducing chemotaxis,

proliferation, and migration of vascular endothelial cells, thus contributing to construction of tumor vasculature.7

Glioblastoma TIME is mainly dominated by immunosuppressive tumor-associated macrophages (TAMs) that limit immune surveillance

and anti-tumor immunity.8 A close association between TAMs and poor prognosis has been confirmed in various cancers including glioblas-

toma.9 TAMs can be converted into different phenotypes in response to dynamically changing tumor microenvironment, classified as tumor

suppressive (M1 type) or tumour-supportive (M2 type) macrophages.10–12 Both TAMs and GSCs are localized, maintained in tumor perivas-

cular niches.13 TAMs can secrete certain pro-angiogenic cytokines, growth factors, and angiogenic regulatory enzymes to trigger angiogenic

switch for construction of glioblastoma vasculature, thus promoting tumor development.14 However, the mechanisms of GSCs remodeling

the phenotypes of macrophages into anti-inflammatory and pro-tumor angiogenesis M2 type have not been fully elucidated.

Exosomes, as extracellular membrane vesicles approximately 30–150 nm in diameter, have been shown to be involved in regulating devel-

opment of manymalignancies.15,16 Exosomes contain proteins, dsDNA,mRNAs, and non-coding RNAs, which can act asmessenger between

intercellular crosstalk in TIME.17,18 Exosomal miRNAs from tumor cells have been found to regulate essential aspects of cancer, including

angiogenesis, immunosuppression, andmetastasis by remodeling the phenotype and function of recipient cells in TIME.19 However, the roles

of GSCs exosomal miRNAs on polarization of TAMs to enhance angiogenesis thus promoting glioblastoma progression deserve further

investigations.
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Figure 1. Aberrant expression of miR-374b-3p significantly correlated with glioblastoma patients

(A and B) Expression levels of miR-374b-3p in serum of two miRNA-seq datasets from the GEO database (https://www.ncbi.nlm.nih.gov/geo/) classified on the

basis of glioblastoma patients and healthy control.

(C) The expression levels of miR-374b-3p in para-tumor tissue and glioma tissues were determined by RT-qPCR.

(D) The expression level of miR-374b-3p in GSCs (GSC11 and GSC23), glioblastoma cell lines (U87 and U251) and astrocytes (NHAs) were determined by RT-

qPCR. Data are represented as means G SD. Statistical analysis of the data from two groups was performed using Student’s t test. (*p < 0.05; **p < 0.01;

***p < 0.001, ns: no significance).
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To elucidate the regulatorymechanisms underlyingGSCs exosomalmiRNAs in upregulating glioblastoma angiogenesis, profiling of GSCs

exosomal miRNAs20 disclosed the expression pattern of miR-374b-3p was associated with tumor vascular, hence the roles of GSCs exosomal

miR-374b-3p on promoting glioblastoma angiogenesis and progression were investigated for the purpose of identifying a useful biomarker

and developing therapeutic strategies against glioblastoma angiogenesis.
RESULTS

MiR-374b-3p is upregulated in glioblastoma and GSCs, as well as rich in GSCs-exos

Expression status of miR-374b-3p in glioblastoma was evaluated through online bioinformatic analysis on expression profiles of miR-374b-3p

in serum of glioblastoma patients and healthy donors, based on latest two miRNA-seq datasets from Gene Expression Omnibus database

(GEO). GSE139031 and GSE113740, which disclosed that the expression of miR-374b-3p was significantly higher in serum of glioblastoma

patients than that in healthy donors (Figures 1A and 1B). Besides, miR-374b-3p level elevated obviously in glioblastoma tissue, compared

with peri-tumor tissue (Figure 1C), and miR-374b-3p level was high in GSCs (GSC11 and GSC23) than in normal human astrocytes (NHAs)

and glioblastoma cell lines (U87 and U251), verified by RT-qPCR (Figure 1D), indicating that aberrantly high expression of miR-374b-3p

was associated with glioblastoma and GSCs.
GSC-exos promote glioblastoma development

The exosomes from GSCs or NHAs were isolated by ultracentrifugation. Transmission electron microscopy (TEM) verified that the harvested

exosomes were vesicle-like structures with size ranged from 30 to 150 nm (Figure 2A). Particle size analysis of the exosomes further confirmed

that these particles distributed mainly varied in 30–150 nm (Figure 2B), which contained their specific markers (HSP70 and CD9) but negative

for endoplasmic reticulum marker Calnexin (Figure S1). To investigate the role of GSC-exos in glioblastoma, SNB19 cells were implanted in

situ in the right caudate nucleus of BALB/c nude mice, then NHA-exos or GSC23-exos were injected intravenously through tail vein in tumor-

bearing mice. After five weeks, mice were sacrificed, their entire brains were harvested and brain slices were prepared, HE staining showed
2 iScience 27, 109270, March 15, 2024
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Figure 2. GSC-exos promoted glioblastoma development

(A) Representative transmission electron microscopy images of exosomes from NHAs, GSC11, and GSC23 cells, respectively (scale bar, 200 nm).

(B) Nanoparticle tracking the size distribution of exosomes from NHAs, GSC11, and GSC23 cells.

(C) In vivo evaluation of tumorigenesis in orthotopic xenograft nude mice bearing 5X105 SNB19 cells inoculation with tail vein injection of 100 mL NHAs-exos or

GSC23-exos. Representative intracranial tumor xenografts of HE staining images are shown (scale bar, 1000 mm).

(D and E) Representative images and quantification of IHC staining for Ki67, F4/80 and CD31 in sections from the intracranial SNB19 xenografts, indicating

intratumoral upregulation of the three marker in GSC23-exos group (scale bar, 40 mm). Data are represented as means G SD. Statistical analysis of the data

from two groups was performed using Student’s t test. (*p < 0.05; **p < 0.01).
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that GSC23-exos significantly increased intracranial tumors growth, compared with the NHA-exos group (Figure 2C). Furthermore, immuno-

histochemical staining revealed that intravenous injection of GSC23-exos resulted in enhanced glioblastoma cells proliferation with increased

number of Ki67+ cells in tumor sections of xenografts. Macrophages infiltration was evaluated by counting F4/80+ macrophages, which dis-

closed that the amount of F4/80+ macrophages in xenografts was more in GSC23-exos group (p < 0.05). Disorganized dense blood vessels

determined by counting CD31+ blood vessels within intracerebral tumor sections showed increased angiogenesis in GSC23-exos group
iScience 27, 109270, March 15, 2024 3
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(p < 0.01) (Figures 2D and 2E). These results indicated that GSC23-exos promoted glioblastoma development via enhancing tumor cell pro-

liferation, macrophages infiltration as well as upregulation of angiogenesis by GSCs exosomal miR-374b-3p induced macrophages.

GSCs exosomal miR-374b-3p promotes macrophages M2 polarization

RT-qPCR showed that the expression level of miR-374b-3p in exosomes derived from both GSC11 and GSC23 cells was higher than that of

NHAs-exos (Figure 3A). Human THP-1 monocytes treated with 12-myristate-13-acetate (PMA) for 24–48 h to induce differentiation into mac-

rophages. To evaluate whethermacrophages can engulf exosomes derived fromNHAs or GSCs, PKH26 (red fluorescence)-labeled exosomes

were cocultured with macrophages, which disclosed that DAPI-labeled macrophages internalized the PKH26-labeled exosomes under

confocal microscopic observation (Figure S2). Higher expression of miR-374b-3p can be detected in macrophages incubated with GSCs-

exos by RT-qPCR, which was elevated higher than macrophages incubated either with NHAs-exos, or PBS only (Figure 3B). To investigate

the role of GSCs exosomal miR-374b-3p on polarization of macrophages, macrophages were transfected with miR-374b-3p mimics or cocul-

tured with GSC-exos, RT-qPCR was performed to evaluate macrophages markers expression, which showed that the expression of M2

markers (CD163, Arg1) increased, M1 marker CD80 decreased, another M1 marker iNOS kept in no obvious changes in macrophages after

transfected with miR-374b-3p mimics (Figure 3C). Besides, macrophages coculturing with GSC11-exos or GSC23-exos resulted upregulation

of M2 markers (CD163, Arg1) expression, which increased significantly, no obvious expression changes of M1 markers (CD80 and iNOS) can

be detected in THP-1 cell-derived macrophages. Furthermore, transfection with miR-374b-3p inhibitor decreased M2 markers expression

(Figures 3D and 3E). ELISA results showed that transfection of miR-374b-3p mimics promoted the IL-10 secretion of macrophages and in-

hibited the TNF-a secretion (Figures 3F and 3G). Flow cytometry showed that the proportion of CD11b+CD163+ double-positive macro-

phages increased after miR-374b-3p mimics transfection either THP-1 cells derived or healthy adult PBMCs-derived macrophages

(Figures 3H, 3I, and S3), the proportion of CD11b+CD163+ double-positive macrophages increased after coculturing with GSCs-exos,

CD11b+CD163+macrophages decreased after transfection withmiR-374b-3p inhibitors (Figure 3J). The gating strategies from representative

plots are shown in S4. These results indicated that GSCs exosomal miR-374b-3p can induce M2 polarization of macrophages.

GSCs exosomal miR-374b-3p promote tumori-angiogenesis by inducing M2 polarization of macrophages

M2 polarization of macrophages has been reported to directly influence tumor cell survival, growth, and metastasis by promoting tumor

angiogenesis.21,22 In addition, MMP9 and TGF-b secreted by M2 macrophages have been shown to be involved in tumor angiogenesis.23,24

After coculturing with miR-374b-3p mimics or GSCs-exos, the supernatant of macrophages culture medium was assayed with ELISA, which

disclosed significantly increased vascular-associated cytokines (MMP9 and TGF-b) secretion by macrophages compared with those of mac-

rophages coculturing with PBS, NHAs-exos, or NC mimics (Figures 4A and 4B). Subsequently, the indirect in vitro coculture system were

further applied to investigate the role of miR-374b-3pmimics andGSCs-exos treatedmacrophages in promoting glioblastoma angiogenesis,

wound-healing assays and transwell assays indicated that coculture with M2 macrophages induced by addition of GSCs-exos significantly

increased the migration of endothelial cells Human umbilical vein endothelial cells (HUVECs) than addition of NHA-exos and PBS, and M2

macrophages induced by transfection of miR-374b-3p mimics significantly increased the migration of endothelial cells HUVECs than trans-

fection of NC mimics (Figures 4C–4F; S5). Tube formation assay was then performed to detect whether macrophages polarized by GSCs-

exos or miR-374b-3p mimics affect angiogenesis. When cocultured with M2 macrophages either induced by addition of GSCs-exos or

miR-374b-3p mimics transfection, the branches of micro-tubules formed by endothelial cells HUVECs increased significantly (Figures 4G–

4I). Collectively, GSCs exosomal miR-374b-3p promotes angiogenesis via polarized M2 macrophages.

PTEN is the functional target of GSCs exosomal miR-374b-3p in macrophages

The pro-angiogenesis regulatory pathway of M2 macrophage polarization by GSCs-derived exosomal miR-374b-3p was further explored.

Bioinformatic prediction with TargetScan Human 7.2 database was performed, which disclosed that there was an alignment between the

miR-374b-3p sequence and the 30UTR sequence of phosphatase and tensin homolog (PTEN) (Figure 5A), suggesting the possibility of

miR-374b-3p targeting PTEN on regulating M2 macrophage polarization. Previous studies have shown that PTEN was involved in macro-

phage polarization in cancer.25 Then dual-luciferase assay was conducted, which showed that luciferase activity in 293T cells was significantly

attenuated when co-transfected with Luc-PTEN-30UTR-WT and miR-374b-3p mimics, whereas no change was observed when co-transfected

with Luc-PTEN-30UTR-MUT andmiR-374b-3pmimics (Figure 5B), suggesting that miR-374b-3p directly targets PTEN. In addition, lower PTEN

expression can be observed in glioblastoma tissue than in peri-tumor tissue (Figure 5C). After transfection of the mimics or inhibitors of miR-

374b-3p into macrophages, PTEN expression was downregulated or upregulated, respectively (Figure 5D). Similarly, supplementation of

GSCs-exos decreased PTENexpression inmacrophages, while knockdown ofmiR-374b-3p increased PTENexpression (Figure 5E). The effect

of PTEN overexpression in macrophages can be partially attenuated by transfection of miR-374b-3p mimics (Figure 5F). The effect of upre-

gulation of M2 markers expression by miR-374b-3p mimics transfection can be diminished after co-transfection with PTEN over-expression

plasmid, verified by RT-qPCR and flow cytometry analysis, respectively. (Figures 5G and 5H).

To explore the function of PTEN expression inmacrophages on regulating angiogenic ability of endothelial cells, knockdown of PTENwith

small interfering RNAs was conducted in THP-1 derived macrophages, knockdown efficiency in macrophages was verified by western blot

(Figure 6A). Knockdown of PTEN significantly increased the expression of M2 markers (CD163 and Arg1), while no effect on M1 markers

(CD80 and iNOS) expression, verified by RT-qPCR (Figure 6B). Flow cytometry showed that the proportion of CD11b+CD163+ macrophages

increased after si-PTENofmacrophages (Figure 6C). Subsequently, secretive level of TGF-b, andMMP9were detected by ELISA in the culture
4 iScience 27, 109270, March 15, 2024



Figure 3. GSCs exosomal miR-374b-3p induced M2 macrophage polarization

(A) MiR-374b-3p levels were analyzed by RT-qPCR in exosomes from NHAs and GSCs (GSC11 and GSC23 cells).

(B) Macrophages were incubated with GSCs-exos or HNAs-exos for 48 h, and miR-374b-3p expression level in macrophages was determined by RT-qPCR.

(C) Macrophages transfected with miR-374b-3p mimics or mimics NC. RT-qPCR was adopted to detect the expression of M2 markers (CD163 and Arg1) and M1

markers (CD80 and iNOS) in macrophages.

(D and E) Macrophages incubated with GSCs-exos and transfected with miR-374b-3p inhibitors or NC inhibitors, RT-qPCR was adopted to detect the expression

of M2 markers (CD163 and Arg1) and M1 markers (CD80 and iNOS) in macrophages.

(F and G) The supernatant collected from induced macrophages culture medium was applied to determine IL-10 and TNF-a secretion with ELISA.

(H and I) After transfection with either miR-374b-3p mimics or mimics NC in THP-1 derived macrophages and healthy adult PBMCs-derived macrophages. Flow

cytometry were performed to analyze the proportion of CD11b+CD163+ macrophages.

(J) Flow cytometry detection and quantification analysis were performed to compare the proportion of CD11b+CD163+ macrophages in macrophages either

incubated with GSCs-exos, or transfected with miR-374b-3p inhibitors, or transfected with NC inhibitors as control, respectively. Data are represented as meansG

SD. Statistical analysis of the data from two groups was performed using Student’s t test. (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, ns: no significance).
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Figure 4. GSCs exosomal miR-374b-3p promoted angiogenesis by inducing M2 polarization of macrophages

(A and B) The supernatant of culture medium from macrophages either transfected with mimics NC, miR-374b-3p mimics, respectively, or incubated with GSCs-

exos, HNAs-exos or PBS were examined to determine the secretion of TGF-b and MMP-9 by ELISA.

(C–F) Wound-healing assay and transwell assay were applied to evaluate the lateral migration and the vertical migration capacities of HUVECs, after coculturing

with macrophages either transfected with mimics NC, miR-374b-3p mimics, or incubated with GSCs-exos, HNAs-exos, or PBS, respectively. Representative

images were shown (Scale bar, 400 mm).

(G–I) Tube formation of HUVECs cocultured with conditionedmacrophages was determined (Scale bar, 400 mm). Data are represented asmeansG SD. Statistical

analysis of the data from two groups was performed using Student’s t test. (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, ns: no significance).
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medium of si-PTEN macrophages. Knockdown of PTEN significantly increased the secretion of some vascular-associated cytokines, such as

MMP9 and TGF-b (Figure 6D). To investigate the effect of PTEN knocking down on the angio-promoting role ofmacrophages, wound-healing

assays, transwell assays, and tube formation assays were performed, wound-healing assays and transwell assays indicated that coculture with

M2 macrophages transfected si-PTEN significantly increased the migration of endothelial cells HUVECs (Figures 6E, 6F, and S6). Tube
6 iScience 27, 109270, March 15, 2024



Figure 5. PTEN was the functional target of GSCs exosomal miR-374b-3p in macrophages

(A) Schematic diagram of the wild-type and mutated-type binding site between miR-374b-3p and the PTEN 30UTR.
(B) Luciferase reporter assay in HEK 293T cells with co-transfection of either wild-type or mutant PTEN 30UTR, and miR-374b-3p mimics. Luciferase activity was

normalized by the ratio of firefly and renilla luciferase signals and determined 48 h after transfection.

(C) The expression levels of PTEN in peri-tumor tissue and glioblastoma tissues were determined by RT-qPCR.

(D) Expression of PTEN in macrophages with miR-374b-3p overexpression or silencing was detected by western blot with quantification analysis.

(E) Expression of PTEN in macrophages either incubated with GSCs-exos, or transfected with miR-374b-3p inhibitors was detected by western blot.

(F) Western blot on expression of PTEN in macrophages either transfected with miR-374b-3p mimics, or transfected with ov-PTEN, respectively.

(G) RT-qPCR was performed to analyze M2 markers (CD163 and Arg1) and M1 markers (CD80 and iNOS) expression in macrophages transfected miR-374b-3p

mimics, or ov-PTEN.

(H) The macrophages were transfected with miR-374b-3p mimics, or ov-PTEN, and then CD11b+CD163+ macrophages were determined by flow cytometry with

quantification analysis. Data are represented as means G SD. Statistical analysis of the data from two groups was performed using Student’s t test. (*p < 0.05;

**p < 0.01; ***p < 0.001; ****p < 0.0001, ns: no significance).
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formation assay showed that si-PTEN induced M2 macrophages significantly increased the branches of micro-tubules formed by HUVECs

(Figures 6G and 6H). Collectively, these results suggested that GSCs-derived exosomal miR-374b-3p can downregulate PTEN expression,

thus polarizing macrophages toward the M2 phenotype, and further enhancing angiogenesis.

To validate the role of GSCs exosomal miR-374b-3p onM2 polarization of macrophages and promoting tumor angiogenesis in vivo, mac-

rophages transfected with miR-374b-3p mimics and GSC23 cells were co-implanted into nude mice to establish orthotopic xenografts. Five

weeks after inoculation, mice were sacrificed, the entire brains were removed and continuous brain slices were prepared. HE staining showed

that macrophages transfected with miR-374b-3p mimics significantly increased intracranial tumors growth, compared with the macrophages

transfectedwithNCmimics (Figure 6I). Furthermore, immunohistochemical staining of Ki67 andCD31 revealed thatmacrophages transfected

with miR-374b-3p mimics resulted in significantly higher proliferative capacity and enhanced angiogenesis in intracerebral xenografts (Fig-

ure 6J), and quantified immunohistochemical staining by ImageJ and analyzed statistically (Figure 6K), which showed that miR-374b-3p

mimics enhanced the number of Ki67 and CD31 positive cells ratio.
iScience 27, 109270, March 15, 2024 7



Figure 6. Knockdown of PTEN promoted angiogenesis by inducing M2 polarization of macrophages

(A) Macrophages transfected with si-NC, si-PTEN#1 or si-PTEN#2. RT-qPCR was adopted to detect the expression of M2 markers (CD163 and Arg1) and M1

markers (CD80 and iNOS) in macrophages.

(B) RT-qPCR was performed to analyze expression of M2markers (CD163 and Arg1) andM1markers (CD80 and iNOS) in macrophages transfected with si-NC, si-

PTEN#1 or si-PTEN#2.

(C) Flow cytometry to analyze the proportion of CD11b+CD163+ macrophages transfected with si-NC, si-PTEN#1 or si-PTEN#2.

(D) The supernatants of culture medium from macrophages transfected with si-NC, si-PTEN#1 or si-PTEN#2 were collected to determine the secretion of TGF-b

and MMP-9 by ELISA.

(E and F)Wound-healing assay and transwell assay were applied to evaluate the lateral migration and the vertical migration capacities of HUVECs cocultured with

macrophages transfected with si-NC, si-PTEN#1 or si-PTEN#2. Representative images were shown (Scale bar, 400 mm).

(G and H) Tube formation of HUVECs cocultured with conditioned macrophages was analyzed (Scale bar, 400 mm).

(I) In vivo evaluation of tumorigenesis in orthotopic xenograft nude mice bearing 5X105 GSC23 cells with 5X104 macrophages transfected with miR-374b-3p

mimics. Representative intracranial xenografts of HE staining images were shown (scale bar, 1000 mm).
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Figure 6. Continued

(J and K) Representative images and quantification of IHC staining for Ki67 and CD31 in sections from the intracranial xenografts (scale bar, 40 mm). Data are

represented asmeansG SD. Statistical analysis of the data from two groups was performed using Student’s t test. (**p < 0.01; ***p < 0.001; ****p < 0.0001, ns: no

significance).
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DISCUSSION

Glioblastoma remains the most common and lethal form of the primary adult cancer in central nervous system,1 and tumor tissue remodeling

is mediated by complicated interactions between tumor stem cells and interstitial cells of TIME.5 We have observed that some GSCs can

enhance tumor vasculatures by transdifferentiation into endothetail-like cells and formation of functional tumor blood vessels in vivo.26

Such kind of vascular mimicry (VM) by GSCs was further investigated.27,28 The current studies demonstrated that high expression of miR-

374b-3p in glioblastoma, GSCs, and GSCs-derived exosomes. Besides, GSCs exosomal miR-374b-3p promoted glioblastoma progression

viamediating the crosstalk betweenGSCs and TAMs, thus promoting tumor angiogenesis. Our findings disclosed away of GSCs accelerating

tumor vessels formation via crosstalk with M2 macrophages (Figure 7).

Exosomes are extracellular vesicles rich in functional molecules such as proteins, lipids, and nucleic acids.15,29 In recent years, tumor cells-

derived exosomal miRNA have been found to play critical roles in regulating cell proliferation, metastasis, angiogenesis, drug resistance, and

immune escape.29,30MiR-374b-3p has been reported to be aberrantly expressed in humanmelanoma31 and play an important promoting role

in both tumor growth and angiogenesis of clear cell renal cell carcinoma (ccRCC).32 They reported that circAFAP1 was a miRNA sponge for

miR-374b-3p targeting VEGFA to promote ccRCC growth and angiogenesis. The vascular promotion ability of miR-374b-3p was validated by

adding the supernatant of the relative ccRCC cells to HUVEC cells, and tumor cell derived miR-374b-3p can be engulfed by endothelial cells,

then upregulated VEGFA expression, leading to initiation of vascularization. Our results disclosed the vascular promotion ability of miR-374b-

3p by indirect cocultured of GSC exosomal miR-374b-3p induced M2 macrophages with endothelial cells. Our data also disclosed that pe-

ripheral blood serum and tumor tissue samples of glioblastoma patients exhibited apparently higher levels of miR-374b-3p, which enriched in

GSCs exosomes as well.

Owing to the wide landscape of genomic alterations and limited therapeutic success in targeting tumor cells, recent studies have focused

on deep understanding and possibly targeting themicroenvironment to repress tumors development.33 TAMs are among themost common

tumor stromal cells in TIME and play significant roles inmodulating growth and invasiveness of glioblastoma.7 Previous studies have disclosed

that TAMs can be functionally categorized into at least tumour-supportive (M2 type) macrophages and tumor suppressive (M1 type) macro-

phages.10–12 While M1 type display an immune surveillance function, M2 type are generally immune-suppressive and facilitate malignant be-

haviors of glioblastoma.21,25 However, due to the heterogeneity of macrophages in glioblastoma micro-environment, macrophages should

not be simply classified into only the two types of activated macrophages termed M1 and M2.34 But the current advances of macrophages

heterogeneity were not enough to support new precise classification criteria for macrophages.

Since there is currently no recognizedmethod for precise functional classification of macrophages that does not rely on theM1/2 system in

cancer research fields, and the descriptions relevant to tumor promoting function of glioma-associatedmacrophages mainly have to depend

on the current functional characteristics of M2 macrophages.12,25 Therefore, both pro-inflammation (M1) and pro-tumor (M2) macrophages

existed in tumor microenvironment based on the simple M1/M2 typing system with obvious limitation, and ‘‘M2-like’’ macrophages are still

used as an alternativemodel of TAMs in most studies of various tumors, including glioma. New classification criteria based on precise depict-

ing the heterogeneity of TAMs will greatly promote the relevant studies.

Tumor cells-derived exosomes carry variety of molecules modulating metastasis, angiogenesis, and drug resistance to enhance tissue re-

modeling of tumor.34 Previous studies have proved that exosomal miRNAs promoted angiogenesis and tumor progression by regulating the

interactions between tumor cells and TAMs.35,36 Exosomal miR-519a-3p derived from gastric cancer promoted tumor angiogenesis by

inducing M2 polarization of macrophages,36 and exosomal miR-301a-3p secreted from esophageal squamous carcinoma cells induced

M2 macrophage polarization and promoted angiogenesis via secretion of angiogenic factors VEGFA and MMP9.37 The current studies dis-

closed that intracellular high level of miR-374b-3p in GSCs can be delivered to macrophages via GSCs-exos, resulting in M2 polarization and

PTENdownregulation ofmacrophages, which further promotedmigration and tubule formation abilities of endothelial cells by secreting pro-

angiogenic cytokines TGF-b and MMP-9.

PTEN is an important tumor suppressor with both lipid phosphatase and protein phosphatase activities, which regulatesmultiple cell func-

tions, including cell proliferation, differentiation, and angiogenesis.38,39 PTEN deletion results in enhanced recruitment of macrophages into

tumor microenvironment and promotemacrophageM2 polarization.40,41 Aberrant downregulation of PTEN is closely associated with tumor-

igenesis. Furthermore, PTEN can serve as a functional target of GSCs exosomal miR-374b-3p in macrophages, and knockdown of PTEN in

macrophages induced M2 polarization and promoted angiogenesis of glioblastoma by secrete TGF-b and MMP-9, disclosed by our inves-

tigations, which highlighted that glioblastoma development is a complex process involving sophisticated crosstalk between GSCs and mac-

rophages during tissue remodeling of glioblastoma.
Limitations of the study

While we showed that M2 macrophages polarized by GSC exosomal miR-374b-3p and si-PTEN secrete more MMP9 and TGF-b, how they

secreted and then promoted angiogenesis remains unclear. One common issue associated with immune-deficiency mouse models in glio-

blastoma research fields is the lack of T lymphocytes, which limits the interpretation of immune-related experimental data.
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Figure 7. Molecular mechanism diagram by figdraw

Glioblastoma stem cells (GSCs) exosomal miR-374b-3p induces M2 polarization of macrophage into TAMs via targeting PTEN, and further facilitates angiogenic

ability of HUVECs to contribute glioblastoma vasculature.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-GAPDH proteintech Cat# 60004-1-Ig; RRID: AB_2107436

Rabbit monoclonal anti-CD9 abcam Cat# ab263019; RRID: N/A

Rabbit monoclonal anti-HSP70 abcam Cat# ab181606; RRID: AB_2910093

Rabbit monoclonal anti-Calnexin abcam Cat# ab133615; RRID: AB_2864299

Rabbit monoclonal anti-PTEN abcam Cat# ab267787; RRID: AB_2923364

monoclonal anti-CD163-PE Biolegend Cat# 333606 (also 333605); RRID: AB_1134002

monoclonal anti-CD11b-FITC Biolegend Cat# 301330 (also 301329); RRID: AB_2561703

Anti -Ki67 Rabbit mAb Servicebio Cat# GB13030-2; RRID: AB_2943459

anti- CD31 abcam Cat# ab182981; RRID: AB_2920881

anti- F4/80 proteintech Cat# 28463-1-AP; RRID: AB_2881149

Chemicals, peptides, and recombinant proteins

Phorbol-12-myristate-13-acetate(PMA) Sigma-Aldrich Lot#SLBX8889

macrophage colony stimulating factor (M-CSF) PeproTech Lot#300-25

Critical commercial assays

IL-10 and TNF-a ELISA kit Biolengend 430607 and 430207

TGF-b and MMP-9 ELISA kit Jiangsu meibiao biology MB-3393A and MB-3558A

NovoStart SYBR qPCR SuperMix Plus Kit Novoprotein 2610

RevertAid First Strand cDNA Synthesis Kit ThermoFisher K1622

Dual-Luciferase Reporter Assay Promega E1910

Deposited data

Raw and analyzed data This paper GEO:GSE139031 and GSE113740

Experimental models: Cell lines

Human: GSC11 and GSC23 cells M.D. Anderson Cancer Center N/A

Human astrocytes NHAs ATCC N/A

THP-1 cell line ATCC N/A

Experimental models: Organisms/strains

Mouse: female BALB/c nude mice SLAC ANIMAL N/A

Oligonucleotides

siRNA targeting sequence: si- PTEN #1:

sense 50-GGUGUAAUGAUAUGUGCAUTT -30

antisense 50- AUGCACAUAUCAUUACACCTT -30

This paper N/A

siRNA targeting sequence: si- PTEN #2:

sense 50- GCUACCUGUUAAAGAAUCATT-30

antisense 50- UGAUUCUUUAACAGGUAGCTT -30

This paper N/A

miR-374b-3p mimics:

sense 50- CUUAGCAGGUUGUAUUAUCAUU-30

antisense 50- UGAUAAUACAACCUGCUAAGUU-30

This paper N/A

miR-374b-3p inhibitor:

sense 50-AAUGAUAAUACAACCUGCUAAG-30
This paper N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

Plasmid: PTEN This paper N/A

Software and algorithms

ImageJ Image Processing and Analysis in Java https://imagej.nih.gov/ij/

GraphPad Prism 8 GraphPad https://www.graphpad.com/

FlowJo software 10.8.1 Tree Star https://www.flowjo.com/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jun Dong

(dongjun@suda.edu.cn).

Materials availability

All unique/stable reagents generated in this study are available from the lead contact with a completed Materials Transfer Agreement.

Data and code availability

� This paper does not report any original code.
� The data reported in this paper will be shared by the lead contact upon reasonable request.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon reasonable

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Patients and specimens

The patient samples used in this study were collected at the Second Affiliated Hospital of Soochow University. We included a total of 11 pa-

tients with GBM (Grade IV), aged 49–77 years, with no restriction on gender, ancestry, race or ethnicity or socioeconomic information. A small

amount of para-tumoral tissues was obtained from establishing the surgical pathway to expose the intracerebral tumor with informed consent

and ethical approval of the Second Affiliated Hospital of Soochow University. The pathological diagnosis of glioblastoma was independently

achieved by two senior and experienced pathologists according toWorld HealthOrganization (WHO) pathological criteria at theDepartment

of Neurosurgery, the Second Affiliated Hospital of Soochow University. The samples were de-identified before being processed.

Animal studies

Four-week-old female BALB/c nudemice provided by SLACANIMAL (Shanghai, China) were housed in a specific pathogen-free (SPF) animal

room with a 12-h light/12-h dark cycle and free access to food and water. All animal experiment protocols were approved by the Institutional

Animal Care and Use Committee of Soochow University (Suzhou, China).

Ethics approval and consent to participate

This study was approved by the Ethics Committee of the Second Affiliated Hospital of Soochow University (2022148). All patients provided

written informed consent.

Consent for publication

Written informed consent for publication was obtained from all the participants.

Cultured cells

Human peripheral blood mononu-clear cells (PBMCs) were isolated via density gradient centrifugation using Ficoll-Paque (TBDScience

LTS1077) at 2000 g for 25 min using minimum acceleration and no brake. PBMC fractions were washed in sterile PBS after lysing erythrocytes

(CWBIO, CW0613) and plated to select for adherent cells. Non-adherent cells werewashed away after 6 h and the remaining cells incubated in

RPMI 1640 medium (Gibco) supplemented with 10% heat-inactivated pooled human serum (Sigma) and 40 ng/mL macrophage colony-stim-

ulating factor (M-CSF, PeproTech, 300-25). Medium changed every 3 days until the cells differentiated into macrophages by 7 days. Human

glioma stem cell lines GSC11 andGSC23 (M.D. AndersonCancer Center) were cultured in Dulbecco’s modified Eagle’s medium (DMEM)/F12
14 iScience 27, 109270, March 15, 2024

mailto:dongjun@suda.edu.cn
https://imagej.nih.gov/ij/
https://www.graphpad.com/
https://www.flowjo.com/


ll
OPEN ACCESS

iScience
Article
medium (Gibco, USA) containing 20 ng/mL basic fibroblast growth factor (bFGF) (Gibco) and 20 ng/mL epidermal growth factor (EGF)

(Gibco). Human astrocytes NHAs (ATCC) were cultured in Dulbecco’s modified Eagle medium (DMEM) (Gibco) supplemented with 10%

heat-inactivated fetal bovine serum (FBS, Invitrogen). THP-1 cell line (ATCC) was cultured in RPMI 1640 medium (Gibco) supplemented

with 10% heat-inactivated fetal bovine serum (FBS, Invitrogen), then incubated with 100 ng/mL phorbol-12-myristate-13-acetate (PMA;

Sigma-Aldrich, USA) for 24-48 h to induce differentiation into macrophages.All cells were maintained in a humidified chamber containing

5% CO2 at 37
�C.
Intracranial tumor model

For evaluation the pro-tumor effect of GSCs-exos in vivo, female BALB/c nude mice (4 weeks old, 15–20 g) were applied, and randomly as-

signed into two groups. There were three mice per group. 5x105 SNB19 cells were injected into the right caudate nucleus of nude mice. mice

were intravenously injected with 50 mL PBS or equal volumes of GSC23-exos (20 mg) through tail vein injection every three days for 2 weeks.For

evaluation of the role of miR-374b-3p in vivo, 5x105 GSC23 cells weremixedwith 5x104 conditionedmacrophages transfected withmiR-374b-

3p mimics, then inoculated into the right caudate nucleus of nude mice. Mice were euthanized when obvious neurological symptoms ap-

peared. Then the whole brains of tumor-bearingmice were harvested, paraformaldehyde-fixed, paraffin-embedded, and sectioned coronally

from anterior to posterior of brain.
METHOD DETAILS

Isolation and purification of exosomes

The culture supernatant was collected fromGSCs (GSC11 or GSC23 cells) culture in DMEM/F12medium containing 20 ng/mL bFGF and EGF

for 4 days. NHA-exos were harvested from culture medium of NHAs (DMEM supplemented with 10% exosome-depleted FBS) for 2 days un-

der 5%CO2 at 37
�C. Briefly, the collected culturemediumwas centrifuged at 2000 g for 30 min, then 12,000 g for 45 min to remove cell debris

and large vesicles. For exosome purification, the supernatant was ultracentrifuged at 100,000 g for 70min at 4�C to collect the pellet, then was

resuspended in 50–100 mL PBS for the subsequent studies. The concentration of exosomes was detected using a BCA Protein Assay (Beyo-

time). For exosome addition, the culture medium of recipient cells was supplemented with purified exosomes at 20 mg/mL unless otherwise

specified.
Electron microscopy and nanoparticle tracking analysis

Exosomes to be examined by TEM were applied to assess the morphology of exosomes. In brief, exosomes (10 mg) fixed with 4% formalde-

hyde were placed on copper grids, washed with filtered PBS, and stained with uranyl acetate solution. After 24 h of incubation, samples were

analyzed with TEM (Hitachi HT-7700). Besides, the size distribution and concentration were detected by NTA (ZetaView PMX 110, Particle

Metrix).
Engulf of exosomes by macrophages

Purified exosomes were collected and labeled with PKH26 Red Fluorescent membrane linker dye (Sigma-Aldrich) according to the manufac-

turer’s instructions. THP-1 cells were seeded in eight-well chamber slides (5000 cells/well) and pretreated with PMA for 24 h. Then, 10 mg exo-

somes were incubated with PKH26 dye at room temperature for 5 min. After centrifuged at 10,000 g for 30 min at 4�C, the labeled exosome

pellets were resuspended and added to THP-1 derivedmacrophages for exosomes uptake studies. After incubation for 8 h at 37�C, cells were
fixed, stained with DAPI (Invitrogen), and examined under confocal microscope (Zeiss).
Cell transfection

The miR-374b-3p mimics/inhibitors and the si-PTEN (GenePharma, Shanghai, China) were transiently transfected using siRNA-mate

(GenePharma, Shanghai, China) according to the manufacturer’s instructions. Sequence information was available in key resources table.

Plasmid vector overexpressed PTEN (FuBio, Suzhou, China) was transfected with Lipofectamine 3000 (Invitrogen, Carlsbad, CA) following

the manufacturer’s instructions.
RT-qPCR

Total RNA was extracted from cells or tissues with TRIzol (Yesen, China), then was transcribed into cDNA using NovoScript Plus All-in-one 1st

Strand cDNA Synthesis SuperMix (gDNA Purge) (Novoprotein, Shanghai, China) according to the manufacturer’s protocols. The miRNAs

were reversed transcribed via miRNA-specific stem-loop RT primers with RevertAid First Strand cDNA Synthesis Kit (ThermoFisher, USA),

and cDNA was amplified using NovoStart SYBR qPCR SuperMix Plus Kit (Novoprotein, Shanghai, China). RT-qPCR was performed according

to the manufacturer’s protocol. The relative expression of miRNA and mRNA was normalized to U6 and GAPDH, respectively. Primer infor-

mation is shown in key resources table. The final data were analyzed using the 2�DDCt method. The qPCR assay was performed with three

technical replicates, and at least three independent biological replicates were performed.
iScience 27, 109270, March 15, 2024 15
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Western blot

Cells or exosomes were lysed in radioimmune precipitation assay (RIPA) lysis buffer (Beyotime) containing protease inhibitor cocktails (Ab-

cam). Protein concentration was determined with BCA Protein Assay Kit (Beyotime, China). A total of 20–30 mg of protein sample was sub-

jected to SDS-PAGE gel, then transferred onto 0.22-mmpolyvinylidene difluoride (PVDF)membranes (Millipore). Themembranewas blocked

in 5% non-fat milk for 2 h at room temperature and incubated with the corresponding primary antibodies at 4�C overnight, following by in-

cubation with the horseradish peroxidase-conjugated (HRP) secondary antibody for 2 h at room temperature. Finally, the membrane was de-

tected using FDbio-Femto ECL (Fudebio, Hangzhou, China) and a chemiluminescence system (Bio-Rad, USA). The primary antibodies for

Western blot were anti-GAPDH (1:10,000; proteintech, 60004-1-Ig), anti-CD9 (1:1000; abcam, ab263019), anti-PTEN (1:1000; abcam,

ab267787), anti-HSP70 (1:1000; abcam, ab181606) and anti-Calnexin (1:1000; abcam, ab133615), respectively.

Wound healing assay

In vitro coculture systemwas applied. 1X105 Human umbilical vein endothelial cells (HUVECs) were seeded in the upper chamber (diameter =

0.4 mm; Corning, USA), 2X105 macrophages, either incubated with 20 mg/mL GSCs-exos or transfected with miR-374b-3p mimics, si-PTEN

were added to the lower chamber. After 48 h of coculture, HUVECs were harvested from the upper chamber, then seeded in a six-well plate,

culture in medium for 24 h. A 10 mL pipette tip was applied to make wounds in the cell monolayer. Then, cells were washed with PBS and

cultured in medium without FBS. Twenty-four and 48 h later, cells were observed under an inverted microscope (AMG, USA). Images of

the wounded area were captured and analyzed via ImageJ.

Transwell assay

Transwell inserts (8.0 mm, Corning) were used to evaluate the migration ability of HUVECs. The upper chambers contained 300 mL of 2% FBS-

containing medium, while the lower chambers contained 600 mL of 10% FBS-containing medium. After 48 h, cells in the upper chamber were

wiped, cells that migrated into the lower chamber were captured under microscope (AMG EVOS, USA).

Tube formation assay

Matrigel (Corning, USA) was first thawed at 4�C and spread into 24-well plates (200 mL per well) at 37�C for 30 min to form gel. Then HUVECs

(1 3 105/well) were seeded. After 6 h incubation, tube formation was photographed under microscope (AMG, USA), and the number of

branches extending from the tubes was counted and analyzed with ImageJ.

ELISA

Cell culture medium of macrophages was collected 48 h after the indicated interventions. Secretion of IL-10 and TNF-a was determined with

ELISA (Biolengend, 430607, 430207), as well as TGF-b and MMP-9(Jiangsu meibiao biology, MB-3393A, MB-3558A), according to the man-

ufacturer’s instructions.

Flow cytometry

To detect CD11b+CD163+macrophages, anti-CD11b-FITC (Biolegend, 301330) and anti-CD163-PE (Biolegend, 333606) monoclonal anti-

bodies were applied to sort cells with Cytoflex flow cytometer (Beckman Coulter, Krefeld, Germany). Cells were gated based on FSC and

SSC characteristics. All data was analyzed with FlowJo software (FlowJo 10.8.1; FlowJo, Ashland, OR, USA).

Dual-luciferase reporter assay

The 293T cells were cotransfected with wild-type or mutant PTEN 30UTR pGL3 plasmid (FuBio, Suzhou, China) and miR-374b-3p mimics or

control using Lipofectamine 3000 (Invitrogen). Luciferase activity was detected with the Dual-Luciferase Reporter Assay System (Promega)

following the manufacturer’s instructions.

Immuno-histochemical staining (IHC) and hematoxylin-eosin (HE) staining

The whole brain of tumor-bearing mice was fixed with 4% PFA and embedded in paraffin. Then 5 mm slices were prepared with a microtome

(Leica, Germany), followedwith deparaffinization, dehydration, and incubation in heat-mediated antigen retrieval sequentially. Subsequently,

the endogenous catalase was eliminated with 3% H2O2-methanol, and tissue slices were incubated with the indicated primary antibodies

against Ki67 (1:500, Servicebio, China, GB121141), CD31(1:500; abcam, ab182981) and F4/80 (1:2000, proteintech, China, 28463-1-AP) at

4�C overnight. After washing with PBS, sections were incubated with the biotinylated secondary antibodies at room temperature for 1 h, fol-

lowed with incubation in peroxidase solution for 30 min staining with DAB reagent and counterstained with hematoxylin. The images of each

section were captured and analyzed under optical microscope. The number of ki67+, CD31+ and F4/80+ cells was counted using ImageJ and

the plugin IHC Profiler.

In HE staining, the paraffin-embedded sections were sequentially deparaffinized, dehydrated, stained by hematoxylin, differentiated by

the addition of hydrochloric ethanol, backed to blue with ammonia water, and stained with eosin. Then the sections were dehydrated with

gradient alcohol, cleared with xylene, sealed with neutral resin, and observed under an optical microscope.
16 iScience 27, 109270, March 15, 2024
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QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analysis were conducted with GraphPad Prism 9.0 (GraphPad Software, USA). Results were presented as meansG SD standard

deviation on three independent experiments. Student’s t test was performed to analyze the statistical difference between two groups, and

analysis of variance (ANOVA) was applied to evaluate the differences betweenmultiple groups. The p value <0.05 was considered statistically

significant (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). p-value >0.05 was considered not significant and was denoted by ‘‘ns’’.
iScience 27, 109270, March 15, 2024 17
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