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Acquired chemoresistance is a major limiting factor in the clinical treatment of glioblastoma (GBM). However, the mechanism by which GBM acquires therapeutic resistance remains unclear. Here, we aimed to investigate whether METTL3-mediated N6-methyladenosine (m6A) modification contributes to the temozolomide (TMZ) resistance in GBM. We demonstrated that METTL3 METTL3-mediated m6A modification were significantly elevated in TMZ-resistant GBM cells. Functionally, METTL3 overexpression impaired the TMZ-sensitivity of GBM cells. In contrast, METTL3 silencing or DAA-mediated total methylation inhibition improved the sensitivity of TMZ-resistant GBM cells to TMZ in vitro and in vivo. Furthermore, we found that two critical DNA repair genes (MGMT and APNG) were m6A-modified by METTL3, whereas inhibited by METTL3 silencing or DAA-mediated total methylation inhibition, which is crucial for METTL3-improved TMZ resistance in GBM cells. Collectively, METTL3 acts as a critical promoter of TMZ resistance in glioma and extends the current understanding of m6A related signaling, thereby providing new insights into the field of glioma treatment.
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Introduction

Owing to the introduction of temozolomide (TMZ), an alkylation agent, and the use of radiotherapy in combination with TMZ adjuvant therapy, the median survival of patients with glioblastoma multiforme (GBM) was increased from 12.1 months to 14.6 months (1–5). However, the overall clinical efficacy of this regimen remains disappointing, mainly because of inherent or induced resistance to TMZ treatment (6–11). Mostly, TMZ-resistant cell lines highly expressed O6-methylguanine-DNA methyltransferase (MGMT) and alkylpurine–DNA–N-glycosylase (ANPG) (12, 13). TMZ methylated 12 kinds of DNA bases at different sites, of which, O6-meG was considered the most toxic lesion (14). MGMT repairs O6-meG through a suicidal response, thereby becoming resistant to TMZ. On the other hand, ANPG repairs the cytotoxic lesions N3-methyladenine and N7-methylguanine and contributes to TMZ resistance (12). Therefore, the clinical treatment of this deadly tumor urgently requires a more comprehensive understanding of its progression, mechanisms of resistance, and new therapeutic targets.

In the eukaryotic cells, N6-methyladenosine (m6A) is the predominant modification of mRNA and long non-coding RNAs (15). m6A is a dynamic and reversible RNA modification in mammalian cells that occurs after transcription by the m6A methyltransferase complex, which contains the enzyme subunit methyltransferase-like 3 protein (METTL3) and its co-cofactors methyltransferase-like 14 protein (METTL14) and WT1-associated protein (WTAP) (16). With the deepening understanding of RNA methylation, a number of regulatory factors involved in the regulation of mammalian m6A have been identified (17).

The m6A modification of the methyltransferase-imprinted RNA prioritizes the recognition and delivery of the reader protein and is cleared by RNA demethylase (18). Therefore, three types of regulators dynamically controlling m6A are defined as writers, readers, and erasers (19). Under the control of these three regulatory factors, m6A methylation epigenetic regulation of a large number of gene expression plays multiple roles in the regulation of biological processes (20). The acquisition of m6A reduces the stability of transcription and mediates the attenuation of target mRNA, suggesting that m6A modification is a negative regulator of mRNA translation. Instead, m6A deficiency increases the abundance and longevity of transcripts, as well as the overall expression of the protein. m6A can also change the structure of RNA, promote the binding of protein regulators, affect mRNA maturation, and regulate gene expression.

It has been reported that m6A modification plays a variety of regulatory roles in tumor initiation, progression, and radiation resistance (21, 22). In addition, a growing body of evidences suggests that genetic alterations and dysregulation of m6A RNA methylation regulators are closely associated with the malignant progression of a variety of cancers (23). In recent years, increasing evidences have shown that METTL3 plays an important role in cancer as an m6A methyltransferase, both as an oncogene and as a tumor suppressor gene. In most cases, METTL3 has been reported as an oncogene that promotes the occurrence and progression of a variety of cancers, including hematopoietic malignancies and solid tumors, by depositing m6A modifications on key transcripts (24, 25).

However, the clinicopathological effects of METTL3-mediated RNA m6A modification and the related mechanisms of TMZ resistance in glioma have not been elucidated. In this study, we demonstrated that METTL3 acts as a critical promoter of TMZ resistance in glioma. Based on these findings, we provide new insights into the METTL3-mediated modification of m6A. We also explored the molecular mechanisms underlying TMZ resistance of glioma by identifying downstream target genes and signals. Therefore, our work extends the current understanding of m6A-related signaling and provides new insights into the field of glioma research.



Materials and Method


Cell Lines and Cell Culture

Human glioblastoma-derived U87-MG and U251 cell lines were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). All cell lines were cultured in DMEM (Gibco, Grand Island, NY, USA) supplemented with 10% FBS (Gibco) and 1% PS (Invitrogen, Carlsbad, CA, USA), and maintained at 37°C and 5% CO2 in a humidified atmosphere. TMZ-resistant cell lines were generated by exposure of U87-MG and U251 cells with 200 μM TMZ for over 6 months. The derived resistant cell lines were designated as U87-MG-TMZ resistant and U251-TMZ resistant, respectively. The cell survival ratio and half maximal inhibitory concentration (IC50) of TMZ for U87-MG and U251 was evaluated using the CCK-8 assay (Supplementary Figure 1).



Real-Time Quantitative PCR (qRT-PCR)

RNA extraction and real-time fluorescent quantitative PCR (qRT-PCR) were performed as previously described. The relative gene expression of mRNA was calculated by 2-ΔΔCT method. GAPDH was used as an endogenous control to normalize the data.



Plasmid Transfection

Stable overexpression of METTL3 was achieved by constructing a lentiviral vector (Biospec Technology, Shanghai). In addition, we synthesized shRNA-targeting genes. Transfection of the expression plasmid in glioma cells was performed using Lipofectamine 3000 kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions.



Western Blot

The cells were directly lysed in 1× SDS-PAGE loading buffer. Protein bands were detected sequentially with primary and HRP-bound secondary antibodies, visualized using a Chemiluminescence Detection Kit (Servicebio, Wuhan, China), and detected with an imaging system (Bio-Rad, USA). Antibodies against METTL3 (AB195352, 1:2000) were obtained from Abcam. GAPDH (60004, 1:5000) antibodies were purchased from Proteintech.



Total RNA m6A Quantification

The total level of m6A in the treated glioma cells was determined using the EpiQuik™ m6A RNA Methylation Quantitative Kit (Epigentek, USA). Briefly, 200 ng of RNA was added to each well, followed by a mixture of capture and detection antibodies. After several weeks of incubation, the m6A content was quantified at 450 nm and calculated according to the standard curve.



Dot Blot

The mRNA samples were dissolved in a 3-fold volume of RNA incubation buffer, denatured at 65°C for 5 min, and loaded onto an Amersham Hybond-N+membrane (GE Healthcare, USA) mounted on a Bio-Dot device (Bio-Rad, USA). After blocking the membrane with 5% skimmed milk, the specific m6A antibody (1:1000, Abcam) was incubated overnight at 4°C. Mouse immunoglobulin G (IgG) was incubated with HRP-conjugated immunoglobulin G (IgG) for 1 h, and imaging was performed using an imaging system (Bio-Rad, USA).



Methylated RNA Immunoprecipitation (Me-RIP)

Total RNA or poly(A)+mRNA was isolated using the above methods. The purified mRNAs and magnetic bead-antibody complexes were then added to IP buffers and incubated overnight at 4°C, followed by elution with eluent and purification. MGMT and ANPG in RNA were extracted using RT-qPCR.



Cell Viability Assay

Cell viability was measured after treatment with different concentrations of TMZ (Selleck Chemicals, Houston, TX, USA). After 4 h of normal culture, 10 µL CCK-8 reagent (Dojindo) was added and absorbance at 450 nm was detected using an ultra-multifunctional microplate analyzer (Tecan, Durham, NC, USA). Using GraphPad Prism 9.0 (GraphPad Software, San Diego, CA, USA), the “log (inhibitor) vs normalized slope of response variable” method was used to calculate the 50% inhibition concentration (IC50) of TMZ.



Colony Formation Experiments

Glioma cells were seeded in a 6-well culture plate containing 500 cells per well for 14 d. The colonies were washed with PBS and fixed with 4% paraformaldehyde. Photographs were taken using a microscope (Olympus, Ishikawa, Japan).



Subcutaneous Glioma Xenograft Model

All experiments involving mice were conducted in accordance with the ethical standards of the animal care and use committee of the third hospital affiliated to Soochow University and the NIH guidelines for the care and use of laboratory animals. To establish the xenograft model of glioma in mice, 1×107 human U87-MG-TMZ cells (sh-Con, sh-METTL3, or normal U87-MG-TMZ) were subcutaneously inoculated into the right posterior limb of BALB/c nude mice (6-week-old, female) in 80 μL PBS. Tumor volume was measured with calipers every 5 d. After approximately 30 d, all mice were euthanized, and the tumor masses were removed, weighed, and embedded for further pathological study.



Statistical Analyses

SPSS 21.0 statistical software (IBM Corp. Armonk, NY) was used for statistical analyses, and statistical significance was set at P<0.05. Data are expressed as mean ± standard deviation. Multiple sets of data were evaluated using one-way analysis of variance (ANOVA), and multiple comparisons were performed using Tukey’s post-hoc test. Time-based multiple comparisons were tested by repeated analysis of variance and the Bonferroni post facto test.




Results


METTL3 Mediated m6A Is Elevated in the TMZ-Resistant GBM Cells

Previously, elevated METTL3 levels have been associated with malignant characteristics of cancer cells (21), but its role in TMZ resistance in GBM has not been fully understood. Here, upon comparing the METTL3 levels between the TMZ-sensitive cells and the resistant cells, we found that the mRNA level of METTL3 was significantly higher (about 4.78-fold in U87-MG-TMZ and 4.48-fold in U251-TMZ) in the TMZ-resistant group than in the sensitive group (Figure 1A), which was further confirmed by western blot analysis (Figure 1B). We then examined m6A levels in the total RNAs from TMZ-sensitive cells and resistant cells using the colorimetric m6A quantification strategy, revealing significantly increased m6A levels in TMZ-resistant cells (Figure 1C) compared with TMZ-sensitive cells (approximately 4.16-fold in U87-MG-TMZ and 5.92-fold in U251-TMZ), confirmed by dot blot analysis (Figure 1D). These results suggest that METTL3 mediated m6A may contribute to TMZ-resistant GBM cells.




Figure 1 | METTL3-mediated m6A is elevated in the TMZ-resistant GBM cells. (A) The mRNA level of METTL3 in TMZ sensitive and resistant U87-MG/U251 cells was analyzed by real-time PCR. (B) The protein level of METTL3 in TMZ sensitive and resistant U87-MG/U251 cells was analyzed by western blot. (C) The colorimetric m6A quantification assay was used to examine the total m6A levels in the TMZ sensitive cells and the resistant U87-MG/U251 cells. (D) The dot blot was used to confirm the total m6A levels in the TMZ sensitive cells and the resistant U87-MG/U251 cells. *P < 0.05, **P < 0.01, and ***P< 0.001 versus normal U87-MG/U251 cells.





METTL3 Contributes to the TMZ Resistance in GBM Cells

To further study the functional role of METTL3 in the regulation of TMZ resistance, we established METTL3-stable overexpression and knockdown U87-MG-TMZ and U251-TMZ cell lines. The efficiency of overexpression and knockdown on the mRNA and protein levels of METTL3 was verified by qRT-PCR (Figure 2A) and western blot (Figure 2B), respectively. Consistently, the m6A levels were significantly increased in METTL3 overexpressed U87-MG-TMZ and U251-TMZ cells, whereas decreased in METTL3 knockdown U87-MG-TMZ and U251-TMZ cells (Figure 2C). Compared with parental control, METTL3 knockdown GBM cells had a significantly lower ability to form colonies (Figure 2D), while TMZ-Resistant cells overexpressing METTL3 had no effect (Figure 2D). More importantly, METTL3 level was positively correlated with TMZ sensitivity. When METTL3 was knocked down, the IC50 value decreased from approximately 268.9 μM to 95.6 μM in U87-MG-TMZ cells and 296.0 μM to 110.6 μM in U251-TMZ, whereas the IC50 value remained unchanged in METTL3 overexpressing cells (Figure 2E). These results suggest that METTL3 silencing caused TMZ-resistant cells more sensitive to TMZ.




Figure 2 | METTL3 contributes to the TMZ resistance in GBM cells. (A) The efficiency of overexpression and knockdown on the mRNA levels of METTL3 were analyzed by qRT-PCR. (B) The efficiency of overexpression and knockdown on the protein levels of METTL3 were analyzed by western blot. (C) The effect of METTL3 overexpression and knockdown on the total m6A RNA level was analyzed by the colorimetric m6A quantification assay. (D) The effect of METTL3 overexpression and knockdown on the cell proliferation was analyzed by the colony formation assay. (E) The effect of METTL3 overexpression and knockdown on the sensitivity to TMZ was analyzed by CCK-8 assay. *P < 0.05, **P < 0.01, and ***P < 0.001 versus indicated control U87-MG/U251 cells.





METTL3 Contributes to the TMZ Resistance via m6A Modification

To further study the functional role of METTL3-mediated m6A modification in the regulation of TMZ resistance, we inhibited methylation with a methylation inhibitor, 3-deazaadenosine (DAA, 100 µM). Consistent with our hypothesis, treating U87-MG/U251-TMZ cells with DAA led to a remarkable reduction in total m6A level (Figure 3A), which was verified by dot blot (Figure 3B). Moreover, compared with the parental control, DAA-treated GBM cells had a significantly lower ability to form colonies (Figure 3C). Furthermore, the IC50 value decreased from approximately 275.4 μM to 98.6 μM in U87-MG-TMZ cells and 288.2 μM to 108.3 μM in U251-TMZ (Figure 3D). The major repair enzymes, O6-methylguanine–DNA methyltransferase (MGMT) and alkylpurine–DNA–N-glycosylase (APNG), repairs the most cytotoxic lesions generated by TMZ. To analyze the underlying mechanism of METTL3-mediated m6A modification in the regulation of TMZ resistance, we screened a series of TMZ-resistant genes (ANPG, CBX5, MGMT, MSH2, MSH6, MLH1, MPG, XRCC3, and XPC), revealing that METTL3 overexpression significantly increased the MGMT and ANPG expression in GBM cells (Figure 4A).




Figure 3 | METTL3-mediated m6A modification contributes to the TMZ resistance. (A) The colorimetric m6A quantification assay was used to examine the total m6A levels in the control or DAA-treated U87-MG/U251-TMZ cells. (B) The dot blot was used to confirm the total m6A levels in the control or DAA-treated U87-MG/U251-TMZ cells. (C) The effect of DAA treatment on the cell proliferation was analyzed by the colony formation assay. (D) The effect of DAA treatment on the sensitivity to TMZ was analyzed by CCK-8 assay. *P < 0.05 and **P < 0.01 versus blank U87-MG/U251 cells.






Figure 4 | METTL3 contributes to the TMZ resistance via m6A modification of MGMT and ANPG mRNAs. (A) The expression mRNA level of TMZ resistant genes (ANPG, CBX5, MGMT, MSH2, MSH6, MLH1, MPG, XRCC3, and XPC) in normal and TMZ-resistant U87-MG/U251 cells were analyzed by real-time PCR. (B) The m6A-methylated level of MGMT and ANPG in normal and TMZ resistant U87-MG/U251 cells were analyzed by Me-RIP-real-time PCR. (C) The effect of METTL3 overexpression and knockdown on the m6A methylated level of MGMT and ANPG were analyzed by Me-RIP-real-time PCR. (D) The effect of DAA treatment on the m6A-methylated level of MGMT and ANPG were analyzed by Me-RIP-real-time PCR. *P < 0.05 and **P < 0.01 versus indicated control U87-MG/U251 cells.



Furthermore, the m6A methylation level (Figure 4B) of MGMT and ANPG were significantly increased in TMZ-resistant GBM cells. Notably, the m6A methylation level (Figure 4C) of MGMT and ANPG was significantly increased by METTL3 overexpression, which decreased by METTL3 knockdown or DAA treatment (Figure 4D). Collectively, these results demonstrate that METTL3 contributes to TMZ resistance via m6A modification.



METTL3-Mediated m6A Modification Contributes to the TMZ Resistance In Vivo

To investigate whether METTL3-mediated m6A modification was TMZ-resistant in vivo, we subcutaneously injected shMETTL3 or shNC-expressing U87-MG-TMZ cells into BALB/c NOD mice. After confirmation of GBM implantation, mice were treated with TMZ (66 mg/kg/d, 5 d per week, for 3 cycles). The tumor volume (Figures 5A, B) and weight (Figure 5C) of mice injected with shMETTL3 were significantly lower than those of xenografts expressing shNC. In contrast, mice treated with DAA (50 mg/kg/d, 5 d per week, for 3 cycles) and TMZ also resulted in a smaller tumor volume (Figures 5A, B) and weight (Figure 5C) than the blank group. IHC staining was performed to verify the expression of cleaved caspase-3. TMZ-treated xenografts with shMETTL3 expressing or DAA treatment had significantly increased level of cleaved caspase-3 compared with shNC or blank xenografts (Figure 5D). Taken together, these results demonstrate that METTL3-mediated m6A modification contributes to TMZ resistance in vivo.




Figure 5 | METTL3-mediated m6A modification contributes to the TMZ resistance in vivo. (A) Representative images of four groups of U87-MG-TMZ cells (shNC, shMETTL3, blank, and DAA)-derived subcutaneous tumors in the presence of TMZ. (B) Growth curve of tumor xenografts originated from four groups of U87-MG-TMZ cells (shNC, shMETTL3, blank, and DAA) in the presence of TMZ, (C) Weight of tumor xenografts originated from four groups of U87-MG-TMZ cells (shNC, shMETTL3, blank, and DAA) in the absence of TMZ. (D) IHC analysis of cleaved caspase-3 in tumor xenografts originated from four groups of U87-MG-TMZ cells (shNC, shMETTL3, blank, and DAA) in the presence of TMZ. *P < 0.05 versus indicated control U87-MG/U251 cells.






Discussion

GBM is one of the most aggressive types of cancer, for which no effective way of treatment is available (1). Despite advances in the development of chemotherapeutic agents, including targeted therapies, the overall survival after diagnosis is usually less than two years (26, 27). Recent experimental and clinical studies have shown that epigenetic regulation of GBM also plays an important role in promoting tumorigenesis and the development of drug resistance (2, 28, 29). m6A RNA methylation is an important RNA modification that has been shown to play an important role in the genesis and development of glioblastoma (30). In this study, we investigated the potential role of m6A methylation modification in the regulation of TMZ resistance and the feasibility of using the M6A inhibitor DAA as a therapeutic candidate.

In this study, we first analyzed the level of m6A RNA methylation in TMZ-sensitive and TMZ-resistant GBM cells and critical role of a major m6A methyltransferase METTL3 in TMZ resistance. METTL3 is an effective therapeutic target for various cancers, including pancreatic cancer (31), melanoma (32), colorectal cancer (33), and lung adenocarcinoma (16). METTL3 is overexpressed in hepatic cancer cells (HCC), and is associated with poor prognosis (34). METTL3 is highly expressed in ovarian cancer, significantly correlating with ovarian cancer grade, PT status, PN/PM status, and FIGO staging (35). These studies suggest that METTL3 is a potential oncogene. METTL3 enhances the m6A methylation by improving the stability of SOX2 in GBM, thereby promoting the stemness of glioma stem cells (GSCs) (25). Controversially, another team found that downregulation of METTL3 significantly promoted GSC self-renewal and tumorigenesis (36). In addition, ALKBH5 reduces m6A modification in GSCs and plays an important role in tumorigenesis in the progression of GBM by regulating FOXM1 expression (37). These findings highlight the importance of modifying m6A methylation in GBM progression. However, its role in TMZ resistance in GBM remains unclear. We found no significant difference in the METTL3 expression between normal and GBM tissues, and no association was observed between its expression level and the prognosis in GBM patients (GEPIA, data not shown). However, its expression is significantly elevated in TMZ-resistant GBM cells, compared to its parent TMZ-sensitive cells. Moreover, we verified the critical role of METTL3-mediated m6A modification in TMZ resistance in GBM cells. Both METTL3 silencing or total methylation inhibition with DAA increased the sensitivity of GBM cells to TMZ in vitro and in vivo. Meanwhile, we discovered that METTL3 overexpression dramatically increased the m6A methylation of MGMT and APNG, but did not affect the level of METTL14 (Supplementary Figure 2). However, METTL3 overexpression showed no effect on the colony formation of TMZ-resistant GBM cells, suggesting that a highly expressed and super-functional role of METTL3 in TMZ-resistant GBM cells, thus further overexpression of METTLE3 increased the total m6A methylated mRNAs, but did not enhance the cell proliferation ability of TMZ-resistant GBM cells.

Considering the molecular mechanism underlying the resistance of glioma cells to TMZ, a DNA alkylation agent, is currently the only chemotherapeutic drug having some efficacy against GBM, accompanied by surgery and radiation therapy (28). In in vitro and animal models, TMZ resistance can be mediated by MGMT, a DNA repair protein that removes the methyl group produced by TMZ from the O6 site of guanine, which represents the most cytotoxic damage (13, 38). GBM patients with methylated MGMT promoter had an increased overall survival compared with radiotherapy alone, and responded better in combination with TMZ and radiotherapy (14). However, 50% of GBM patients with MGMT methylation promoters do not survive for 2 years, and therefore receive only moderate benefits from TMZ treatment, suggesting additional resistance factors. Similarly, GBM patients with unmethylated MGMT also showed some response to TMZ, strongly suggesting that MGMT promoter methylation was not the only predictor of response to TMZ (39). In this study, we demonstrated that the expression of MGMT mRNA is also regulated by METTL3-mediated m6A modification, which contributes to TMZ resistance. Moreover, our investigation into other DNA repair modulating systems, including GATA4-mediated TMZ sensitivity (40), showed increased levels of APNG in METTL3 over-expressed GBM cells. The m6A or total mRNA levels of MGMT and APNG were elevated by METTL3 overexpression, whereas decreased by METTL3-silencing or DAA treatment. In summary, we have demonstrated that METTL3 promotes the TMZ resistance of glioma cells by increasing MGMT and ANPG in an m6A-dependent manner.
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Supplementary Figure 1 | Generation of TMZ-resistant U87-MG and U251 cell lines. TMZ-resistant cell lines were generated by exposure of U87-MG and U251 cells to 200 μM of TMZ for over 6 months. The derived resistant cell lines were designated as U87-MG-TMZ resistant and U251-TMZ resistant, respectively. The cell survival ratio and half maximal inhibitory concentration (IC50) of TMZ for U87-MG and U251 was evaluated by CCK-8 assay.

Supplementary Figure 2 | METTL3 overexpression or knockdown did not affect the level of METTL14 in the TMZ-resistance GBM cells. (A) The mRNA level of METTL14 in the METTL3 overexpression or knockdown TMZ-resistance GBM cells were analyzed by qRT-PCR. (B) The protein level of METTL14 in the METTL3 overexpression or knockdown TMZ-resistance GBM cells were analyzed by western blot.
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Background

The main immune cells in GBM are tumor-associated macrophages (TAMs). Thus far, the studies investigating the activation status of TAM in GBM are mainly limited to bulk RNA analyses of individual tumor biopsies. The activation states and transcriptional signatures of TAMs in GBM remain poorly characterized.



Methods

We comprehensively analyzed single-cell RNA-sequencing data, covering a total of 16,201 cells, to clarify the relative proportions of the immune cells infiltrating GBMs. The origin and TAM states in GBM were characterized using the expression profiles of differential marker genes. The vital transcription factors were examined by SCENIC analysis. By comparing the variable gene expression patterns in different clusters and cell types, we identified components and characteristics of TAMs unique to each GBM subtype. Meanwhile, we interrogated the correlation between SPI1 expression and macrophage infiltration in the TCGA-GBM dataset.



Results

The expression patterns of TMEM119 and MHC-II can be utilized to distinguish the origin and activation states of TAMs. In TCGA-Mixed tumors, almost all TAMs were bone marrow-derived macrophages. The TAMs in TCGA-proneural tumors were characterized by primed microglia. A different composition was observed in TCGA-classical tumors, which were infiltrated by repressed microglia. Our results further identified SPI1 as a crucial regulon and potential immunotherapeutic target important for TAM maturation and polarization in GBM.



Conclusions

We describe the immune landscape of human GBM at a single-cell level and define a novel categorization scheme for TAMs in GBM. The immunotherapy against SPI1 would reprogram the immune environment of GBM and enhance the treatment effect of conventional chemotherapy drugs.





Keywords: immune landscape, glioblastoma, single-cell RNA sequencing, macrophage polarization, SPI1



Introduction

Glioblastoma (GBM), which comprises grade IV gliomas, is a notoriously malignant brain tumor with high inter- and intratumoral heterogeneity (1, 2). Based on integrated genomic analysis from both bulk RNA sequencing and single-cell RNA sequencing (scRNA-seq) of GBM tumors, four distinct molecular subtypes have been described. These subtypes (referred to as classical, neural, proneural, and mesenchymal) were defined based on unique characteristics regarding DNA copy number variations, somatic mutations, and transcriptional profiles (3–6). The subtypes have also been identified in different regions of the same tumor, suggesting that the original tumor included a combination of various cells with distinct transcriptomic features (7, 8). Genetic mutations, epigenetic alterations, and differing tumor microenvironments alter the cellular character of GBM and drive its heterogeneity, and are among the primary reasons for the dismal prognosis and inevitable therapeutic resistance of this cancer (9, 10). The standard treatment for GBM is extensive surgery resection, followed by adjuvant radiotherapy and chemotherapy with temozolomide. However, the clinical efficacy of this regimen is still limited, and the median survival of GBM patients is less than 1½ years (1, 11, 12). Recently, various immunotherapies directed towards different targets, especially the programmed cell death protein 1 (PD-1)/PD-1 ligand (PD-L1) pathway, have been revealed as favorable strategies to treat several tumor types, such as melanoma and non-small-cell lung cancer (13, 14). However, contrary to expectations, the treatment of GBM with a PD-1 inhibitor did not yield a satisfactory response (15, 16). As the nature of the immune cells involved in GBM correspond with treatment efficacy, it is critical to illustrate the GBM immune environment by clarifying the orientation and state of tumor-infiltrated immune cells and characterizing their transcriptomic features.

The tumor microenvironment contains complex cellular components, including non-neoplastic cells such as myeloid cells and lymphocytes (17, 18). In GBM, the majority of immune cells are tumor-associated macrophages (TAMs), which comprise 30–40% of the cell mass, whereas T cells account for less than 0.23% of the total cell count (19, 20). TAMs in GBM consist of two different cell populations: resident microglia, which arise during brain development (21), and bone marrow–derived macrophages that infiltrate the tumor via blood vessels (22). However, the activation states and transcriptional features of immune cells in GBM remain unclear.

scRNA-seq has been widely used to comprehensively characterize gene expression at the level of individual cells, and it has been employed to analyze intratumoral heterogeneity in glioma (23). In the present study, we analyzed data from scRNA-seq that was performed using tissue from nine glioblastomas, covering 16,201 cells in total. These data were integrated to depict the immune landscape of glioblastoma at the single-cell level. Primed and repressed TAM states were defined based on the expression profiles of key genes. By comparing variable gene expression and regulons in different clusters and cell types, we not only identified components and characteristics unique to each GBM subtype but also discovered a potential immunotherapeutic target for GBM, Spleen Focus Forming Virus Proviral Integration Oncogene (SPI1), which is expressed in TAM and essential for macrophage maturation and polarization, and correlated with tumor grades and poor prognosis.



Materials and Methods


Acquisition of scRNA-Seq Datasets

Normalized expression matrices processed as Transcripts Per Kilobase of exon model per Million mapped reads (TPM) from scRNA-seq performed using a 10 × genomics platform were downloaded from the Gene Expression Omnibus (GEO) (https://www.ncbi.nlm.nih.gov/geo/) database. The sequencing analyses were conducted on samples from nine fresh GBM tumors from adult patients in Massachusetts General Hospital (MGH) (GSE131928) (4). A total of 16,201 cells were acquired. A seurat file was created by importing the expression matrix data into the version 3.6.2 R studio program and saving the data in RDS format.



Dimensionality Reduction and Unsupervised Clustering

The data were normalized using the global-scaling method “LogNormalize” and preprocessing the data by linear conversion. To detect the most variable genes used for dimensionality reduction, we employed the “FindVariableFeatures” function in R studio. Next, we utilized PCA to reduce the dimensional linearity based on the variable genes. JackStraw plots and Elbow plots were used to decide the number of dimensionalities. Finally, graph-based unsupervised clustering was conducted and visualized using a non linear t-SNE plot, with a resolution of 0.4, defined by the functions of “FindNeighbors” and “FindClusters”. All the operations were processed by using the seurat R package in R studio.



Identification of Cell Types and Marker Genes in Different Clusters

To identify the cell types, we first analyzed the Spearman correlation coefficient between the transcriptomes of each cell across all nine tumors in our dataset and each cell type-specific gene expression profile in the HPCA reference set using SingleR package. Then, the expression levels of distinct cell type-specific marker genes based on the CellMarker databases (24) were utilized to further confirm the cell types. Markers for macrophage were C1QA, C1QB, C1QC, TYROBP, and CD68. For T lymphocyte, the markers were CD3G, GZMH, IL2RB, PRF1, and ICOS. TMEM119 was employed to distinguish the microglia from TAM clusters. The relatively positive expressions of MHC-II molecules in TAMs were considered as distinct features of primed state. The cell type information was visualized by t-SNE plot in R studio.

The marker genes of distinct clusters were identified using the “FindAllMarkers” function of the seurat package and visualized as a heat map, violin plots, and feature plots using the ggplot2 package in R studio. The positive percentage of the cells where the gene is defined as the marker is at least 25%.



Identification of Gene Regulatory Network and Specific Transcription Factors

The gene regulatory network and specific transcription factors were identified by employing the Single Cell Regulatory Network Inference and Clustering (SCENIC) tool (25) using default parameters. The SCENIC analysis was run as described on the cells that passed the filtering using the 20,000 motifs database for RcisTarget and GRNboost R packages. The regulated genes and AUCell score of each transcription factor were calculated to estimate the specificity to each cell type. The AUCell scores were visualized by t-SNE plot and heat map. The top three regulons in each cell type were acquired by calculating the RSS. The relationships among transcription factors were shown in heat map by connection specificity index (CSI).



KEGG Pathway Analysis

DAVID (https://david.ncifcrf.gov/) is an open website providing a comprehensive set of functional annotation tools to extrapolate biological meaning from an extensive list of genes. Using DAVID, we identified the main cellular physiological activities reflected by the top 500 differentially expressed genes of each cluster. The KEGG pathways were displayed as a bubble plot by the ggplot2 package in R studio.



Gene Expression Analysis

The expression data of SPI1 and the clinical information of glioma samples were obtained from TCGA, CGGA (26), and Rembrandt databases. The data were sorted into three subgroups according to the WHO grade and used to calculate the mean and 95% confidence interval (CI) of SPI1 expression. The results were visualized as scatter plots.



Correlation Analysis

We utilized TIMER2.0 (Tumor Immune Estimation Resource version 2.0) online web (http://timer.cistrome.org/) (27) to analyze the correlation between the expression of SPI1 and other genes. We input “SPI1” in the “Interested Gene” search box of the “Cene_Corr” module in TIMER2.0 and “C1QA”, “C1QB”, “C1QC”, “SRGN”, “TYROBP”, “GAP43”, “GPM6B”, “SEC61G”, “PTN”, “CX3CR1”, “CSF1R”, and “IRF8” in the “Gene Expression” box, and obtained the correlation in all tumor types. We picked up the GBM results and saved the scatter plots with rho and p value.



Tumor Purity and Survival Prognosis Analysis

The tumor purity, macrophage infiltration, and survival prognosis analysis were performed as previously described (28).




Results


scRNA Sequencing Reveals the Unique Immune Landscape of Human GBM at a Single-Cell Level

To examine the immune microenvironment of GBM, we obtained 10 × Genomics scRNA sequencing datasets derived from fresh GBM tissues that spanned nine patients, accessed from the Gene Expression Omnibus (GEO) database (accession number GSE131928) (4). A total of nine datasets were integrated and comprehensively analyzed to assess GBM heterogeneity and determine the nature of various associated immune microenvironments. We used t-distributed stochastic neighbor embedding (t-SNE), the unsupervised non linear dimensionality reduction algorithm, to differentiate cell types based on their relative gene expression values. Overall, single-cell transcriptomes for a total of 16,201 cells were retained after initial quality controls and were differentiated into 22 different clusters (cluster 0~-21), visualized as bidimensional t-SNE maps (Figure S1A). The distribution of each dataset is displayed in Figure S1B. The clusters were sorted into four main cell types by comparing their gene expression characteristics for tumor (light gray), macrophages (green), microglia (blue), and T lymphocyte (purple) (Figure 1A). Surprisingly, the number of malignant cells (tumor) accounted for 62.31% (10,095 cells) of the cell population, suggesting that numerous tumor-associated non-malignant cells are a prominent feature of the GBM microenvironment. We observed that TAMs (macrophage and microglia) comprised 36.39% of the tumor tissue cells (the numbers of macrophage and microglia were 3,288 and 2,608 cells, respectively), and the percentage of T cells was only 1.30% (210 cells) of the total cell count (Figure 1B). The percentages of cell types in each sample are shown in Figure S2.




Figure 1 | Integrated scRNA-seq analysis from human GBM biopsies. (A) A total of 16,201 cells from nine datasets of fresh GBM tissues are visualized by the t-SNE plot. Distinct cell types are represented as follows: light gray indicates tumor cells, green indicates macrophages, cyan indicates microglia, and purple indicates T lymphocytes. (B) A pie chart illustrates the proportions of each cell type. (C) The expression profiles of the top 10 marker genes of each cluster are displayed as a heat map. (D) Distributions of malignant and non malignant cell marker genes are shown as violin plots.



Heat mapping was performed to examine the expression levels of the top 10 genes in the different clusters. As shown in Figure 1C and Table S1, each cluster displayed distinct gene expression features. The clusters in the TAM group (particularly clusters 2, 3, 6, 7, 9, and 19) shared a number of similar marker genes, such as complement c1q C chain (C1QC), complement c1q B chain (C1QB), Metallothionein 1G (MT1G), serglycin (SRGN), c-c motif chemokine ligand 3 like 3 (CCL3L3), major histocompatibility complex class II DR beta 5 (HLA-DRB5), and s100 calcium binding protein A8 (S100A8). By analyzing the expression of different genes, we observed that TAMs could be identified by the expression of Arachidonate 5-Lipoxygenase Activating Protein (ALOX5AP), complement c1q A chain (C1QA), C1QB, C1QC, SRGN, and TYRO protein tyrosine kinase binding protein (TYROBP), whereas malignant cells expressed the marker genes growth-associated protein 43 (GAP43), glycoprotein M6B (GPM6B), SEC61 translocon subunit gamma (SEC61G), and pleiotrophin (PTN) (Figure 1D). The non malignant cells were differentiated into T cells and TAMs by the expression of the genes CD3 gamma chain (CD3G), granzyme H (GZMH), interleukin 2 receptor subunit beta (IL2RB), perforin 1 (PRF1), and inducible T cell costimulator (ICOS) (Figure S1C). The non malignant and malignant cells were also easily separated in bidimensional PC maps, which rely on linear principal component analysis (PCA) to reduce dimensionality (Figure S1D).

Altogether, our data suggest that TAMs are the most common immune cell type in GBM, comprising over half of the tumor cell population.



Primed and Repressed States of Macrophages/Microglia Characterize the Immune Microenvironment in GBM

To comprehensively characterize the signatures of TAMs in GBM, we subclustered and re analyzed the cells in the macrophage and microglia group. In total, 5,896 cells were sorted and hierarchically sorted into 14 clusters (Figure S3A). CD68 has been widely recognized as a pan-macrophage marker, and we therefore used feature and violin plots to visualize the expression and distribution of CD68 in these clusters. As shown in Figures S3B, C, CD68 was highly expressed in almost every cluster, except for cluster 12, which may be tumor cells misdefined as TAMs according to the gene signature above. Then, we further analyzed the CD68-positive clusters, which we considered to be TAMs. The macrophage compartment in GBM contains both brain-resident microglia and bone marrow–derived macrophages. TMEM119 is a reliable microglia marker that discriminates inherent and extrinsic macrophages in the brain (29). Using the violin plot of TMEM119 expression, we separated the macrophage clusters into two groups. The TMEM119-positve clusters (clusters 4, 5, 6, 7, 10, and 11) were identified as resident microglia, and the TMEM119-negative clusters (clusters 0, 1, 2, 3, 8, 9, and 13) were defined as bone marrow–derived macrophages (Figure S3D). By examining the marker genes defining the TMEM119-positive clusters, we selected cytoplasmic fmr1 interacting protein 1 (CYFIP1), ectonucleoside triphosphate diphosphohydrolase 1 (ENTPD1), and vav guanine nucleotide exchange factor 1 (VAV1) as possible microglia marker genes (Figure S3D). MHCII is a glycoprotein present on specialized antigen-presenting cells, including macrophages. The elevated expression of MHCII indicates that macrophages have transitioned to a primed state, in which they have acquired the ability to present tumor-specific antigens (30). Macrophages otherwise maintain a repressed state. We therefore examined the expression of MHCII by assessing the levels of the human genes, which were HLA-DQ alpha 2 (HLA-DQA2) and HLA-DQ beta 2 (HLA-DQB2). As shown in Figure S2E, HLA-positive expression was confined to clusters 1, 2, 4 5, 6, 8, and 9. Together with their expression of TMEM119, the cells were subdivided into four distinct groups as follows: TMEM119+-HLA+ cells (clusters 4, 5, and 6), TMEM119+-HLA− cells (clusters 7, 10, and 11), TMEM119−-HLA+ cells (clusters 1, 2, 8, and 9), and TMEM119—HLA− cells (clusters 0, 3, and 13) (Figure S3F).

Next, we wished to determine the precise nature and activation status of TAMs in GBM. In our analysis of the distinctive gene expression profiles of microglia, we found that the cell population of cluster 11 charactered by matrix metallopeptidase 9 (MMP9), MMP25, and periostin (POSTN), which are associated with cell migration, should be more likely microglia with naïve status as an immunological defender in the brain, which has migration and chemotaxis ability. We defined cells with this expressions profile as “microglia: unactivated”. Similarly, the expression of cytokine-like 1 (CYTL1) and early growth response 3 (EGR3) were used to define primed microglia. Interferon-induced protein with tetratricopeptide repeats 3 (IFIT3) and interferon alpha inducible protein 27 (IFI27) distinguished microglia in the repressed state. The gene profile analysis of macrophages suggested that cluster 8 represented priming macrophages, owing to the expression of cell cycle-associated genes [aurora kinase B (AURKB), cell division cycle associated 3 (CDCA3), and assembly factor for spindle microtubules (ASPM)]. HLA-positive macrophages could be classified as primed, and HLA-negative macrophages (with the exception of cluster 8) were categorized as repressed, due to the expression of MT1G and ankyrin repeat domain 28 (ANKRD28) (Figures S4A, B).

With all of the above characteristics in mind, we redefined the original 14 clusters as seven distinct subsets by comparing the expression of TMEM119 and MHCII with the expression profiles of different clusters (Figures 2A and S4C). TAMs in GBM consist primarily of bone marrow–derived macrophages, accounting for 60.28% of the cell population, of which 4.55% are undergoing priming, 27.51% are in the primed state, and 28.22% are repressed. Of the remaining cell population, 37.57% consists of resident microglia in unactivated (2.17%), primed (23.74%), and repressed states (11.65%) (Figure 2B).




Figure 2 | TAMs in GBM comprise different activation states of bone marrow–derived macrophages and brain-resident microglia. (A) Each cell type is visualized as a t-SNE plot. (B) The relative proportions of macrophages and microglia are 60.28% and 37.57%, respectively. The ratio of detailed TAM states is shown in the pie chart.





The Orientation and Status of TAM in Different Subtypes of GBM Are Distinctive

To investigate the relationship between the infiltrated TAMs and different GBM subtypes, we assessed the distribution of the cells covered by the nine tumor datasets and selected the MGH105 (40.28%), MGH124 (18.00%), and MGH115 (9.94%) datasets for analysis, as together they covered over half of the total cell number and seven different clusters (Figures 3A and S5). Fittingly, we found that these datasets represented diverse tumor subtypes previously defined by TCGA (MGH105 was classified as “mixed”, MGH115 as “classical”, and MGH124 as “proneural”) (4), and we therefore examined the characteristics of these distinct GBM subtypes using these three datasets. In the TCGA-mixed tumor, almost all TAMs in the GBM were bone marrow–derived macrophages, with primed state cells occupying 54.95% of the total number (clusters 1 and 2) and repressed state cells accounting for 41.56% (cluster 0) (Figure 3B). The TAMs in the TCGA-proneural tumor were characterized by primed microglia (cluster 4; 45.24%), repressed macrophages (cluster 3; 41.19%), and priming macrophages (cluster 8; 10.65%) (Figure 3C). A different composition was observed in the TCGA-classical tumor, with repressed microglia (cluster 7) comprising 73.21% of the total cell number and other TAM subtypes, such as repressed macrophages (cluster 3; 15.01%) and priming macrophages (cluster 8; 7.00%), making up the rest of the cell proportion (Figure 3D).




Figure 3 | Different molecular subtypes of GBM have distinct TAM composition and characteristics. (A) The cell distribution of MGH105, MGH115, and MGH124 are shown by the t-SNE plot. (B) TAMs in the TCGA-mixed tumor comprise repressed macrophages, primed macrophages, and others. (C) TAMs in the TCGA-proneural tumor comprise repressed macrophage, primed microglia, priming macrophages, and others. (D) TAMs in the TCGA-classical tumor contain repressed macrophages, repressed microglia, priming macrophages, and others. (E) The expression profiles of the top 10 marker genes of each cluster are displayed as a heat map.



Heat map analysis showed that macrophages/microglia in the same activation state possessed distinct gene expression profiles in the different subtypes of GBM (Figure 3E and Table S2). Each of the clusters included cells present in at least three of the nine datasets (Figure 4A). To further clarify the main cellular physiological activities of TAMs, the top 500 differentially expressed genes in each cluster were identified and evaluated by KEGG pathway analysis. As shown in Figures 4B, E, “oxidative phosphorylation” was one of the most repressed macrophages from the TCGA-mixed tumor (cluster 0), but “protein processing in ER” was the most enriched set of pathways in the same macrophages from the TCGA-proneural and classical tumors (cluster 3). Primed state macrophages in the TCGA-mixed tumor (clusters 1 and 2) were enriched in the “ribosome” pathway (Figures 4C, D). Cluster 4, which represents primed microglia that make up the highest percentage of the cells in the TCGA-proneural tumor, was characterized by the KEGG enrichment term “phagosome” (Figure 4F). The pathways associated with “leishmaniasis” were enriched prominently in repressed microglia from the TCGA-classical tumor (cluster 7) (Figure 4G). The only TAM cluster present in all three subtypes of GBM was priming macrophages (cluster 8), which were enriched for pathways involved in “DNA replication” and the “cell cycle” (Figure 4H).




Figure 4 | The enriched cellular physiological activities of TAMs differ from each other. (A) Each cluster contains at least three of the nine tissues. (B–H) The enriched KEGG pathways of each cluster are shown in bubble charts.





SPI1 Is a Crucial Regulon for TAM Maturation and Polarization and Correlated With Poor Prognosis in GBM

To identify the distinct key transcription factors of different states of macrophages/microglia and compare the regulon differences, Single-Cell rEgulatory Network Inference and Clustering (SCENIC) was employed to draw the gene regulatory network. Based on the calculated regulon activity score (RAS) of transcription factors, we could identify the differences in the activities of regulons among the cell types (Figure 5A). The relevance among the regulons was evaluated by connection specificity index (CSI) and visualized in Figure S6. Some regulons, such as E2F transcription factor 7 (E2F7) and Cone-Rod Homeobox (CRX), had elevated activities in primed macrophage but decreased activities in repressed macrophage. Meanwhile, some others including SMAD Family Member 1 (SMAD1) and JunD proto-oncogene (JUND) showed low activities in primed but a high activities in repressed state of macrophages. Similarly, high activities of cAMP-responsive element modulator (CREM) and interferon regulatory factor 3 (IRF3) were calculated in primed microglia, but Transcription Factor 7 (TCF7) and interferon regulatory factor 9 (IRF9) in repressed microglia. By calculating the regulon specificity score (RSS), we examined the crucial regulons of each cell type and visualized the top three regulons in sequence diagrams and t-SNE plots (Figures 5B, C and S7A–I). Surprisingly, we found that SPI1 is picked out in top three of priming macrophages and all states of microglia, and also important for primed and repressed macrophages (Table S3). SPI1 is known as a crucial transcription factor for the development of macrophage (31, 32). Our results suggested that the transcription activity of SPI1 is essential for macrophages and microglia maturation and polarization, leading to a tumor-harmful microenvironment formation.




Figure 5 | The vital regulons in each cell type of TAMs. (A) The RAS of every regulon in different cell types was visualized as a heat map. (B, C) The ordered regulons based on the RSS were shown as sequence diagrams.



In order to further clarify the vital role of SPI1 in GBM, the expression levels in different grades were measured by analyzing the transcriptome data in TCGA, CGGA, and Rembrandt databases. As shown in Figure 6A, grade IV (GBM) samples had the highest level of SPI1. As previously mentioned that marker genes of the TAM group included SPI1, C1QA, C1QB, C1QC, SRGN, and TYROBP (Figure 1D), we utilized Spearman’s rho value to interrogate the coexpression relationship between the expression level of SPI1 and these genes in GBM. After being analyzed in the TCGA-GBM dataset, the statistical positive correlations were observed between the SPI1 level and the genes expressed in the TAM group (C1QA: r = 0.823; C1QB: r = 0.873; C1QC: r = 0.905; SRGN: r = 0.687; TYROBP: r = 0.774) (Figure 6B), but not in the Tumor group (GAP43: r = 0.043; GPM6B: r = −0.135; SEC61G: r = −0.117; PTN: r = −0.298) (Figure S8). Meanwhile, we employed the TIMER algorithm to explore if there were potential relationships between the macrophage infiltration and the expression of these genes. We found that the elevated expression level of SPI1 had lower tumor purity and a higher infiltrating level of macrophage (Tumor purity: r = −0.528; macrophage infiltration: r = 0.687) (Figure 6C), so did TAM genes (Figure S9A). The tumor genes had no statistical correlation with tumor purity and macrophage infiltration (Figure S9B). Moreover, survival analysis using the Kaplan-Meier plotter tool displayed that the upregulated expression of SPI1 in tumor mass was linked to short overall survival (OS) and disease-free survival (DFS) time in patients with GBM (Figure 6D). Moreover, we inspected the likely downstream target genes of SPI1 in TAMs. By analyzing the glioma data in the TCGA database, the expression level of SPI1 displayed a significant positive correlation with target genes (CX3CR1: r = 0.53; CSF1R: r = 0.876; IRF8: r = 0.678) (Figure S10A). The co-expression signature was also observed in violin plots in single-cell data (Figure S10B).




Figure 6 | High expression of SPI1 correlated with upper macrophage infiltration and poor prognosis in GBM. (A) The expression levels of SPI1 in different WHO groups were calculated and visualized as scatter plots. *p < 0.05, **p < 0.01, ***p < 0.001. (B) The expression of SPI1 was positively correlated with marker genes in the TAM group. (C) The SPI1 expression was negatively correlated with tumor purity and positively correlated with macrophage infiltration. (D) The correlation between SPI1 expression and survival prognosis of GBM in TCGA. The OS and DFS maps were displayed.



The above results implied that tumor treatment targeting SPI1 could probably remodel the immune microenvironment of tumor and prolong the life span of GBM patients.




Discussion

The tumor microenvironment (TME) is composed of an extracellular matrix interspersed with various cellular components, which regulates tumor progression via crosstalk and interplay with the tumor cells (33, 34). The TME is also associated with tumor metastasis and therapeutic resistance (35–38). Therefore, clarifying the specific characteristics of the TME in various cancers is particularly important in comprehensively understanding and theoretically targeting various tumors. GBM is a malignant neoplasm of the brain with a high heterogeneity and a poor prognosis. The exclusive nature of the brain tissue involved in GBM tumorigenesis determines the unique features of the microenvironment in this cancer (39). In recent years, the immune composition of GBM has emerged as a significant factor in multiple studies, suggesting that TAM populations account for a large number of cells within the tumor mass (19). By utilizing gene expression data from TCGA and GEO databases, Engler et al. discovered an enrichment in immune response–related gene signatures (particularly of TAM genes) in the mesenchymal subtype of GBM, suggesting that TAMs have a subtype-specific role in GBM (40). Another investigation leveraged a mouse model to demonstrate that the majority of GBM-associated macrophages are bone marrow–derived myeloid cells, which infiltrate the tumor during the early stages of oncogenesis and localize to the perivascular niche (41). The use of scRNA-seq to elucidate the gene signatures of CD11b-positive cells from GBM biopsies revealed that individual cells frequently coexpressed of both pro-inflammatory M1 and immune suppressive M2 macrophage genes (42), suggesting that the distinct partitioning of the M1/M2 macrophage subtypes is inadequate to completely represent the TAM expression profiles in GBM (43). However, to our knowledge, this is the first investigation to comprehensively describe the cell composition and transcriptomic characteristics of immune cells in GBM at the single-cell level.

In the present study, we focused on the distinct origin and activation states of TAMs in different subtypes of GBM. In the TCGA-mixed tumor, TAMs were largely composed of primed (clusters 1 and 2) and repressed (cluster 0) macrophages (Figure 3B). In the classical subtype, repressed microglia occupied the main proportion of the total (Figure 3C). However, in the proneural GBM subtype, the proportions of repressed macrophages and primed microglia were similar, each comprising slightly more than 40% of the total cell population (Figure 3D). The classical and proneural subtypes shared TAM cells in the form of repressed macrophages (cluster 3) and priming macrophages (cluster 8). However, each GBM subtype also possessed unique TAMs: the primed microglia (cluster 4) were a prominent feature of the proneural subtype, whereas almost all repressed microglia (cluster 7) originated from the classical subtype. The KEGG pathway analysis also revealed differences in the main cellular biological processes of otherwise similar TAMs, such as the enrichment of “oxidative phosphorylation” pathways in cluster 0 of repressed macrophages but “protein processing in ER” in cluster 3. Unfortunately, the nine datasets analyzed for this study did not include a mesenchymal GBM subtype. However, it is worth emphasizing that GBM is notorious for its high heterogeneity and complex cell components, and different regions of the same tumor have been shown to exhibit features of the different subtypes, with distinct immune cell infiltration. The integrated analysis of the nine samples as a single large tumor mass may thus be a closer reflection of the natural status of GBM in situ. This integrated analysis has allowed us to depict the immune landscape of GBM at a single-cell level (Figure 7). It should be noted that the batch effect among these datasets still existed because the downloadable matrix is under mathematical manipulation and hard to restore. But in keeping with previous findings (19, 20), our results confirm that TAMs may occupy over one-third of the GBM tumor, with the ratio of the bone marrow–derived macrophages and the brain-resident microglia being 2:1, but infiltrating T lymphocytes comprising less than 2% of the tumor mass. Successful immunotherapy requires substantial infiltration of functional T cells within the tumors (44, 45). The limited number of T lymphocytes in GBM, which is isolated by the blood–brain barrier, means that immunotherapies targeting T cells such as monoclonal antibodies against programmed cell death 1 (PD-1) or cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) are not suitable for treating GBM (46).




Figure 7 | The immune landscape of GBM.



Given the large proportion of TAM-infiltrating GBM, the ability to convert immune-suppressed TAMs to a more proinflammatory state has become a promising immuno- therapeutic target. The colony-stimulating factor 1 receptor (CSF1R) plays essential roles in the development and function of macrophages and microglia (47). An inhibitor of the CSF1R was able to increase survival and decrease the tumor volume in a proneural GBM mouse model (48–50). In our study, we observed that SPI1 was a vital regulon in all states of TAMs (Figure 5 and Table S3). SPI1, also called PU.1, is a member of Ets family transcription factors and specifically expressed in lymphoid and myeloid cell lineages. The continuous high expression of SPI1 in hematopoietic cells results in macrophage differentiation (32). DB1976 is a furan-bisbenzimidazole-diamidine that strongly inhibits the transcription activity of SPI1 (51). We hypothesize that inhibition of SPI1 by utilizing DB1976 could reduce the TAM maturation and polarization, thus eliciting an antitumor effect.



Conclusions

In summary, our comprehensive characterization of immune cells from a total of nine GBM tissues revealed a unique immune landscape in GBM at the single-cell level and identified SPI1 as a potential immunotherapeutic target against TAMs in GBM.
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Supplementary Table 1 | All differential expression genes for clusters.

Supplementary Table 2 | All differential expression genes for macrophage clusters.

Supplementary Table 3 | RSS of regulons in each cell type.

Supplementary Figure 1 | Related to Figure 1. (A) The 22 clusters are identified and visualized as a t-SNE map. (B) The distribution of nine samples was displayed as a t-SNE map. (C) The expressions of CD3G, GZMH, IL2RB, PRF1, and ICOS distinguish T lymphocytes from the rest of the cell mass. (D) Two distinct aggregations are evident in the PCA plot.

Supplementary Figure 2 | Related to Figure 1. (A–I) The cell types in each sample were identified and visualized as t-SNE plots. (J) The relative ratios of each cell type are displayed.

Supplementary Figure 3 | Related to Figure 2. (A) A t-SNE plot showing the cell clusters. (B–C) The distribution of CD68 is visualized by a t-SNE plot and a violin plot. (D) Several genes (CYFIP1, ENTPD1, and VAV1) have similar expression signatures in comparison to TMEM119, indicating that these genes might be the marker genes of brain resident microglia. (E) The expression of MHC-II, in the form of HLA-DQA2 and HLA-DQB2, is restricted to cluster 1, 2, 4, 5, 6, 8, and 9. (F) The expression levels of TMEM119 and MHC-II divide these clusters into 4 main subtypes: TMEM119+-MHC-II+ cells, TMEM119+-MHC-II- cells, TMEM119--MHC-II+ cells, and TMEM119--MHC-II- cells.

Supplementary Figure 4 | Related to Figure 2. (A–B) Different marker genes in microglia and macrophages. (C) The category schemes defining the cell types of TAM in GBM by the expression signatures of TMEM119 and MHC-II.

Supplementary Figure 5 | Related to Figure 3. (A–F) The cell distributions of MGH102, MGH114, MGH118, MGH 125, MGH126 and MGH143 are displayed in t-SNE plots.

Supplementary Figure 6 | Related to Figure 5. (A) Heat map display the relevancies among the regulons.

Supplementary Figure 7 | Related to Figure 5. (A–I) t-SNE map showed the AUCell scores of crucial regulons (THAP1, ATF4, CREM, SPI1, JUND, REL, RUNX3, IRF7, STAT1).

Supplementary Figure 8 | Related to Figure 6. The correlation between SPI1 expression and genes in tumor group.

Supplementary Figure 9 | Related to Figure 6. (A) The expressions of TAM genes were negatively correlated with tumor purity and positively correlated with macrophage infiltration. (B) The expressions of tumor genes had no correlation with tumor purity and macrophage infiltration.

Supplementary Figure 10 | Related to Figure 6. (A) The correlation between SPI1 expression and downstream target genes. (B) The distribution of SPI1 and downstream target genes are visualized by violin plots.
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Glioblastoma (GBM) is the most frequently occurring primary malignant brain tumor of astrocytic origin. To change poor prognosis, it is necessary to deeply understand the molecular mechanisms of gliomagenesis and identify new potential biomarkers and therapeutic targets. PIWI-interacting RNAs (piRNAs) help in maintaining genome stability, and their deregulation has already been observed in many tumors. Recent studies suggest that these molecules could also play an important role in the glioma biology. To determine GBM-associated piRNAs, we performed small RNA sequencing analysis in the discovery set of 19 GBM and 11 non-tumor brain samples followed by TaqMan qRT-PCR analyses in the independent set of 77 GBM and 23 non-tumor patients. Obtained data were subsequently bioinformatically analyzed. Small RNA sequencing revealed 58 significantly deregulated piRNA molecules in GBM samples in comparison with non-tumor brain tissues. Deregulation of piR-1849, piR-9491, piR-12487, and piR-12488 was successfully confirmed in the independent groups of patients and controls (all p < 0.0001), and piR-9491 and piR-12488 reduced GBM cells’ ability to form colonies in vitro. In addition, piR-23231 was significantly associated with the overall survival of the GBM patients treated with Stupp regimen (p = 0.007). Our results suggest that piRNAs could be a novel promising diagnostic and prognostic biomarker in GBM potentially playing important roles in gliomagenesis.
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Introduction

Glioblastoma (GBM) is the most aggressive of the glial tumors and is related to a very poor prognosis with a median survival between 14 and 15 months (1, 2). GBM originates from astrocytes, which have a largely supportive function in the nervous system (1). Based on the genetic pathway of their formation, two types of GBM can be distinguished. Primary GBM arises de novo and secondary GBM develops as a continuation of low-grade glioma. Primary GBM has a higher prevalence in elderly people, whereas secondary GBM is more often associated with younger age (1, 3). The most significant prognostic factors are age at the time of diagnosis, size and localization of the tumor, Karnofsky performance status, and the genetic makeup of the tumor (4). Currently, the gold standard of therapy in GBM consists of maximal surgical resection followed by concomitant radiotherapy and chemotherapy with temozolomide (TMZ) (5). In the past two decades, regardless of improvements in general oncological care through intensive research, the recommended treatment in GBM remains largely unchanged and the overall survival (OS) of GBM patients has not significantly improved. Therefore, a great effort is devoted to gaining a better understanding of GBM biology and the research of novel predictive biomarkers as well as potential therapeutic targets. One of the very promising areas of research in potential biomarkers and molecules likely involved in the molecular pathology of GBM are PIWI-interacting RNAs (piRNA). PiRNAs present one of the subclasses of short non-coding RNAs, 24–32 nucleotides in length, which act as regulators of active transposons by induction of heterochromatinization in transposon loci or by direct cleavage of complementary transposon transcripts in piRISC complexes by the associated PIWI proteins [PIWIL1 (HIWI), PIWIL2 (HILI), PIWIL3 (HIWI3), and PIWIL4 (HIWI2)] (6, 7). PiRNA expression was primarily reported in germline cells where they play a crucial role in stem-cell maintenance and cell renewal regulation (7). Although originally thought to be germline-specific, piRNA have subsequently been associated with numerous functions in somatic cells ranging from epigenetic regulation, genome rearrangement, somatic cell development, to gene and protein regulatory functions (6). The aberrant expression of piRNA and PIWI has also recently been described in many cancers including their regulatory roles in tumor biology (8). Nevertheless, to this day, only a few studies have been published on their role in GBM (8, 9).

In this study, we identified a set of piRNAs that are likely closely associated with GBM in comparison to non-tumor brain tissue. These piRNAs may thus play an important role in the pathogenesis of GBM and could present a potential therapeutic target in GBM. Finally, we demonstrated the prognostic potential of piRNAs by showing the ability of piR-23231 to predict OS in GBM patients treated with Stupp regimen independently of the other prognostic markers.



Materials and Methods


Patient Cohort and Primary Cell Cultures

The retrospective multi-institutional (University Hospital Brno, University Hospital Hradec Kralove, University Hospital Ostrava, and St Anne’s University Hospital Brno) cohort study included 96 patients with histopathologically confirmed primary GBM and 34 non-tumor controls. All patients enrolled in this study gave consent and the study was approved by the local ethics committees. The clinical and pathological characteristics of GBM patients are summarized in Table 1. Non-tumor control brain tissues were obtained via therapeutic resections in patients with intractable epilepsy—only brain tissue lacking evidence of dysplastic changes from the non-dominant temporal or frontal lobe was used. Forty-one GBM patients underwent adjuvant concomitant chemoradiotherapy (CHRT) according to the Stupp protocol. In summary, 60 Gy of fractionated radiotherapy was administered to the primary site of the tumor, followed by 42 cycles of TMZ chemotherapy. A subset of patients were further indicated to adjuvant TMZ in monotherapy.


Table 1 | Clinical, histopathological, and molecular characteristics of patients included in the study.



Moreover, six primary GBM cell cultures were derived from fresh tumor tissue samples obtained from GBM patients who underwent surgical resection at the Department of Neurosurgery of the University Hospital Brno. The fresh tissue sample was enzymatically dissociated with TrypLE (ThermoFisher Scientific) for 20 min at 37°C with agitation or using the Papain Dissociation System (Worthington) according to the manufacturer’s instructions. Single-cell suspensions were seeded into 25 cm2 tissue culture flasks (Techno Plastic Products AG) and cultured in Dulbecco’s modified essential medium supplemented with 10% FBS, 1% Glutamax (both ThermoFisher Scientific), 100 U/ml penicillin and 100 μg/ml streptomycin, 1mM sodium pyruvate and 1% non-essential amino acids  (all GE Healthcare). After 1–3 weeks, adherent cells, which covered more than 2/3 of the culture flask in DMEM, were passaged using Trypsin–EDTA solution (Sigma-Aldrich). For the subsequent analyses of selected piRNAs’ expression levels, early passage cultures were used (10).



Tissue Sample Preparation and Nucleic Acid Extraction

All tissue samples were frozen and stored at −80°C in RNA stabilization solution—RNAlater (ThermoFisher Scientific, cat. n. AM7021). Fresh-frozen tissues were homogenized with ceramic beads and total RNA enriched with small RNA fractions was isolated using a mirVana miRNA Isolation Kit with phenol (Invitrogen). The concentration of extracted RNA was measured using UV spectrophotometry (NanoDrop 2000 Spectrophotometer, ThermoFisher Scientific) and the integrity of the obtained RNA was assessed via electrophoresis on 1% agarose gel. The RNA integrity number (RIN) was assessed with capillary electrophoresis (2200 Tape Station, Agilent).



piRNA Expression Profile Analysis With Next-Generation Sequencing

cDNA libraries for next-generation sequencing were prepared using the CleanTag Small RNA Library Preparation Kit (TriLink Biotechnologies, cat. n. L3206). Concentrations of cDNA libraries were assessed by fluorimetry (Qubit 2.0, ThermoFisher Scientific), and the integrity of libraries was measured by capillary electrophoresis (2200 TapeStation, Agilent). Subsequently, selection of fragments corresponding to a specific length of sncRNA with added adaptors was performed on cDNA libraries using gel electrophoresis (Pippin Prep, Sage Science). Selected cDNA library fragments underwent next-generation sequencing [NextSeq 500/550 High Output v2 kit (75 cycles)] (Illumina, cat. n. FC-404-2005) on a NextSeq 500 Sequencing System (Illumina). Raw fastq reads were quality checked with FastQC (v0.11.5) and Kraken (v15-065). 3′end adapters  were trimmed with Cutadapt (v1.15). The trimmed sequences were size filtered for expected piRNA sizes (24–32 bp), and low-quality ends (Phred < 10) were removed with Cutadapt (v1.15). Statistics from all the preprocessing steps were summarized with MultiQC (v1.4).

Known contaminants (rRNA, tRNA, snoRNA, snRNA, YRNA, and miRNA—stemloop; Ensembl 91) were removed from the preprocessed reads by mapping (end-to-end) the reads to their sequences with Bowtie (v1.2.1.1) with a maximum of 1 mismatch. The preprocessed and cleaned reads were mapped (end-to-end) to human piRNA sequences downloaded from the piRBase database (v1.0) using Bowtie (v1.2.1.1) with a maximum of two mismatches. Raw Bowtie output was converted to SAM format using in-house Perl script and further processed with Samtools (v1.6), Picard (2.8.2), and cgat (v0.3.2). FeatureCounts (v1.5.0) were used to summarize the piRNA counts (minimal overlap of 24 bp). The multimapped reads were equally divided to the mapped references as fractions. Differential expression was calculated in R (v3.4.3) with package DESeq2 (v1.16.1). The criterion of adjusted p-value < 0.05 for differentially expressed piRNAs was considered alone, without any restrictions on logFC. The limma procedure, which does not require any other restrictions, was applied and Benjamini-Hochberg correction was then performed to adjust for multiple comparisons to control for false discovery rate. Only piRNAs with |logFC| > 0.5 were identified as differentially expressed.



Quantification of piRNAs by qRT-PCR

For the synthesis of cDNA from RNA enriched by a fraction of small RNAs, 6.66 ng of RNA was used. For reverse transcription, a TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems, cat. n. 4366596) was used. A LightCycler 480 Instrument II (Roche) together with a TaqMan MicroRNA Assay protocol (ThermoFisher Scientific) were used for qRT-PCR. The threshold cycle data were determined using the default threshold settings of the machine. All of the performed PCR reactions were made in duplicate, followed by calculation of the average Ct and SD values. For the evaluation of the results, the relative piRNA expression level was calculated by the 2−ΔCT method. ΔCTs were calculated according to the following formula: ΔCT = CT(piRNA of interest) – CT[(CtmiR-103 + CtU6)/2]. As reference molecules, miR-103 and U6 were chosen based on the current literature. GraphPad Prism 8 software (San Diego, CA, USA) was used for the following statistical evaluation including Mann–Whitney non-parametric tests, ROC analysis, and Kaplan–Meier analysis, together with JMP 14.3.0 (Cary, NC, USA), which was used for combined ROC analysis and univariable analysis. As a threshold of significance, a p-value = 0.05 was selected. ROC curve analysis was used to determine the area under the curve (AUC) including 95% confidence interval (CI) values, and cutoff points were set to achieve the highest levels of sensitivity and specificity. In the case of ROC focused on piR-23231 distinguishing the ability between better and poorer prognosis samples, the criterion of division of samples into two groups was set to survival longer or shorter than 15 months. For Kaplan–Meier survival analysis, the log-rank test was used to determine statistical significance. The piR-23231 relative expression value dividing GBM samples/patients into lower and higher piR-23231 expression groups has been determined to be 29.27 using ROC analysis.



Stable Cell Lines and Reagents

For the in vitro part of the study, GBM cell line U-251 MG was chosen and maintained in DMEM supplemented with 10% FBS, 1 mM sodium pyruvate, 2 mM glutamine, 100 units/ml of penicillin, and 100 µg/ml of streptomycin. piRNA mimetics with 3’methylated end nucleotides were purchased from IDT—piRNA mimetics piR-hsa-9491—5′UGAAUCUGACAACAGAGGCUUACGACCCCUUmA3′; piR-hsa-12488—5′ CAGAGUGUAGCUUAACACAAAGCACCCAACUmG3′; also, piRNA-like non-targeting RNA sequence was used as scrambled oligonucleotide control 5′ACGCCACGUCUUAUAUUAACACAACGGUGAGmC3′.  For in vitro assays, reverse transfection was used using LipofectAMINE RNAiMAX transfection reagent (Invitrogen) according to the manufacturer’s protocol. Upregulation of specific piRNA levels was confirmed by qRT-PCR.

Furthermore, commercial stable normal human astrocytes (N7805100, ThermoFisher Scientific) were used for analysis of selected piRNAs’ expression levels. These cells are maintained in DMEM supplemented with 10% FBS and 1% N2 supplement (all ThermoFisher Scientific).



MTT Cell Viability Assay

Cells were transfected with piRNA mimetics and scrambled oligonucleotides; also, LipofectAMINE RNAiMAX without RNA oligonucleotides was used as MOCK negative control. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was added to the cells after 24 h from transfection and left to metabolize for 2 h. Then, the medium with MTT was aspirated and formazan crystals were dissolved in DMSO (dimethyl sulfoxide). Absorbance was measured using the FLUOstar Omega reader. The method was performed in five independent repetitions in different times; each repetition was performed in hexaplicate.



Colony Formation Assay

One hundred fifty cells per well were seeded and transfected with selected oligonucleotides; also, MOCK was used as control. Cells were left to grow for 10 days and then stained with crystal violet and analyzed using ImageJ v1.8.0 software. Experiments were done in hexaplicate, and five repeated experiments were performed. Colony numbers were analyzed in GraphPad Prism 8 using t-test.




Results


Global Expression Analysis of piRNAs in GBM Tissue Samples and Non-Tumor Brain Control

From a set of 595 detected piRNA molecules, 58 molecules accomplished criteria of detection in at least 50% samples with more than 50 reads in GBM tumor tissues (n = 19) and non-tumor samples (n = 11) [median of average expressions = 10.2565; median of log fold change (logFC) = 0.3873] (Figure 1). Following statistical evaluation using limma approach identified 15 significantly downregulated piRNAs in GBM samples, whereas 23 of piRNA molecules were significantly upregulated in GBM (padjust < 0.05) (Table 2). After the tightening of criteria (p < 0.0001), 17 piRNA molecules showed significant dysregulation between tumors and controls.


Table 2 | List of the significantly dysregulated PIWI-interacting RNAs in GBM patients compared to non-tumor controls based on next-generation sequencing data.






Figure 1 | PiRNA expression profiling based on next-generation sequencing data. (A) Clustering analysis with heatmap based on the expression of 58 identified piRNAs meeting the criteria of more than 50 reads in at least 50% of samples. Samples were divided into a tumor group (blue) and a control group (yellow) with 100% sensitivity and 100% specificity. Thirty-five piRNAs were upregulated (red) in glioblastoma and 23 were downregulated (green) in glioblastoma. (B) Clustering analysis of 17 selected differentially expressed piRNAs (adj. p < 0.0001) in glioblastoma compared to non-tumor controls. (C) Volcano plot of the dependency of the log2 adjusted p-value on log2 Fold Change of all analyzed (n = 58) piRNAs. Red dots represent significantly dysregulated piRNAs (adj. p < 0.05); 20 genes with the highest results are described by their names. (D) Volcano plot of dependency of the Log2 fold change on Log2 mean expression of all analyzed (n = 58) piRNAs. Red dots present significantly dysregulated piRNAs (adj. p < 0.05); 20 genes with the highest results are described by their names.





Validation of the Expression of Selected piRNAs in the Independent Cohort of the GBM Patient Tissue Samples Against Non-Tumor Controls and Primary GBM Cell Lines Against Normal Human Astrocytes

Five piRNAs (piR-hsa-1849, piR-hsa-5938, piR-hsa-9491, piR-hsa-12487, and piR-hsa-12488) selected based on NGS data as the five most significantly dysregulated piRNAs in GBMs were validated on an independent cohort of 77 GBM samples and 23 non-tumor controls. The qRT-PCR analysis using TaqMan stem-loop assays followed by Mann–Whitney analysis confirmed the results from NGS in four piRNAs (piR-1849, piR-9491, piR-12487, and piR-12488) (Figure 2). The same results were observed also when comparing primary GBM cell lines and normal human astrocytes (NHA) (Figure 3). ROC analyses that differentiate which piRNA/piRNAs have the best distinguishing effect between GBM tissue and non-tumor tissue reveal that the piR-9491 alone shows the best specificity and sensitivity in identifying GBM samples from non-tumor samples (AUC = 0.978) (Figure 4); specificity and sensitivity in both other standalone piRNAs and other piRNA combinations were lower.




Figure 2 | Results of Mann–Whitney analysis of independent validation of selected piRNAs and comparison between obtained results from next-generation sequencing and qRT-PCR. (A) piR-1849; (B) piR-9491; (C) piR-12487; (D) piR-12488. ****p < 0.0001.






Figure 3 | Expression levels of (A) piR-1849; (B) piR-9491; (C) piR-12487; (D) piR-12488 in normal human astrocytes (NHA) and primary glioblastoma cell lines analyzed by qRT-PCR.






Figure 4 | ROC analysis of all successfully validated piRNA molecules and their distinguishing ability between tumors and non-tumor controls. (A) piR-1849, AUC 0.8422, sensitivity 82.6%, specificity 74%; (B) piR-9491 AUC 0.978, sensitivity 100%, specificity 80.5%; (C) piR-12487 AUC 0.9283, sensitivity 91.3%, specificity 79.2%; (D) piR-12488 AUC 0.9339, sensitivity 87%, specificity 85.7%.





Tumor Tissue Expression of piR-23231 Is Associated With OS of GBM Patients

Cox regression analysis of OS of GBM patients and global piRNA expression profiles has shown associations with piR-28876, piR-23231, and piR-18709 (p < 0.1). Subsequent ROC analysis on the independent cohort of GBM patients who underwent completed Stupp protocol (radiotherapy 60 Gy, 42 cycles of TMZ, and possible adjuvant therapy with TMZ) confirmed that piR-23231 has been able to distinguish patients surviving less and more than 15 months with 75% sensitivity and 66.67% specificity (AUC = 0.7176; Figure 5A). Significant association of piR-23231 expression and OS has also been confirmed by Kaplan–Meier analysis (p = 0.0071; log-rank test). Specifically, lower expression of piR-23231 has been significantly associated with poorer survival (Figure 5B). Finally, univariate Cox regression analysis has confirmed the association of piR-23231 with survival in this examined cohort of GBM patients (p = 0.02).




Figure 5 | ROC and Kaplan–Meier analysis of piR-23231 on validation cohort of patients. (A) ROC analysis to determine the distinguishing ability of piR-23231 between patients with survival shorter and longer than 15 months. (B) Kaplan–Meier analysis of lower levels of piR-23231 against higher levels (p = 0.0071).





piR-hsa-9491 and piR-hsa-12488 Reduce the Ability to Form Colonies In Vitro

We performed in vitro transient transfection of piR-hsa-9491 and piR-has-12488 mimics in U-251 MG cell lines to investigate the effect of piR-hsa-9491 and piR-has-12488 levels on GBM cell viability and the ability to form colonies. Colony formation assays showed that both piR-hsa-9491 and piR-has-12488 significantly reduced the ability to form colonies in examined GBM cell line when compared with both control scrambled oligonucleotide and MOCK control (Figure 6). MTT viability assay did not show any significant results for selected piRNAs.




Figure 6 | Colony formation analysis results for hsa-piR-9491 and hsa-piR-12488 compared to scrambled oligonucleotide and MOCK negative control. Increased levels of piR-9491 and piR-12488 led to decreased number of colonies compared to scrambled oligonucleotide and U251 MG cells treated with transfection reagent without oligonucleotide (MOCK). **p < 0.01, ***p < 0.001.






Discussion

Despite improvements in oncological care, as well as refinements in neurosurgery and radiodiagnostics, the prognosis of GBM patients remains poor, and in addition, they often suffer from a severely diminished quality of life. This is mostly due to the aggressive and infiltrative character of the disease as well as its cellular and molecular heterogeneity. Brain tissue infiltration by tumor cells exceeds the resection borders; thus, recurrence relatively early into treatment is common. Even compared to other cancers, GBM has a low OS with a median of 14–15 months from diagnosis (1, 11). Treatment of patients with GBM remains an immense challenge; therefore, there is a great need for a better understanding of the molecular background of the disease, its origin, and development. Also, identification of new potential diagnostic and prognostic biomarkers, usable for better patient care management and the prediction of the course of the disease, and novel therapeutic targets could be greatly influential in the future GBM treatment (5). Due to the considerable heterogeneity prevailing between individual GBMs, new molecular markers for better categorization of individual tumors are also in high demand (12).

Dysregulation of short non-coding RNAs was described as a crucial action in the development of most tumors. Moreover, sncRNAs are involved in the vast majority of cellular processes; thus, disruption of their regulation is a crucial step in cancerogenesis. A subgroup of sncRNAs—piRNAs, as well as their associated PIWI proteins, were described as aberrantly expressed in many cancers, including GBM. Their dysregulation is often associated with poorer prognosis, which suggests their possible functional role in cancer biogenesis and therefore they present promising diagnostic or prognostic biomarkers, as well as potential therapeutic targets (13). Most of the tumors arise because of epigenetic changes, accumulation of mutations and genome destabilization. The piRNA/PIWI pathway is one of the key regulators in genome stability maintenance. Together, specific piRNA and PIWI proteins form a piRISC complex to control the activity of transposons, including their translocation within the genome. Disruption of the transcriptional and post-transcriptional regulatory role of piRNA molecules could possibly lead to the upregulation of transposons and their uncontrolled incorporation within the genome, leading to increased genome destabilization (14). Moreover, specific piRNAs could be responsible for the regulation of the expression of specific genes, involved in cancer development, growth, or maintenance (15–17). piRNAs with specific protein interactions were also described, extending the possible scoop of action of these molecules (18). Overall, the piRNA/PIWI pathway could play a significant role in cancerogenesis or therapy response of the tumors as significant dysregulation of piRNA molecules has been described in several studies and specific piRNAs as potential biomarkers or therapeutic targets have been proposed (19).

However, studies involving GBM or at least malignant gliomas are rarely seen; therefore, we decided to fill this gap. The aim of this study was to identify piRNAs associated with gliomagenesis, which could be potentially used for the diagnostics or prognosis determination. One of the first studies exploring piRNAs in the context of GBM was done by Jacobs et al., describing approximately 350 piRNA molecules in both tumor and stromal tissue using array-based piRNA expression profiling; among these, piR-8041 (piR-11270 in piRBase, DQ580941) was downregulated, and its upregulation in in vivo experiments showed remarkable tumor suppressive effects (9). Nevertheless, limitations of this study are a low number of patients in the piRNA profiling phase; only seven tumors and seven controls were included. Furthermore, the study lacks the validation phase with the independent cohort of patients. In our study, piR-8041 was not found in piRNAs significantly dysregulated in GBM compared to non-tumor controls, as it did not meet the criterion of minimum samples in which it was detected (50 reads at least in 50% samples). This finding could be caused by markedly wider sample size as well as different methodology used for the analysis. Going through glioma studies, Leng et al. described piR-20280 (DQ590027) as an important player in the piR-20280/MIR17HG/miR-153/FOXR2 pathway, playing a crucial role in the regulation of the permeability of glioma-conditioned normal brain–blood barrier (15). Liu et al. described piR-30188 as part of the PIWIL3/OIP5-AS/miR-367-3p/CEBPA pathway, which is downregulated in gliomas, and its overexpression together with overexpression of PIWIL3 and miR-367-3p lead to inhibition of glioma cell progression (16). Shen et al. described piR-23387 (DQ593109) as a molecule with an impact on the permeability of the blood–tumor barrier (17). However, those studies aimed different biological processes; specifically, they are not designed for the observation of molecules potentially involved in GBM development or progression of the disease; rather, they focused on the interesting topic of the changes of permeability of blood–brain barrier mediated by the presence of gliomas. This is the basis for the differences between our studies as the authors, mentioned above, use appropriate cell models instead of GBM tissue and different methodology. Despite the different aims of the studies, material, and methodology used, we were able to identify molecules from Shen et al. (piR-DQ593109) and Leng et al. (piR-DQ590027) in our dataset; unfortunately, they did not pass the criterion of at least 50 reads in 50% of the samples, which is completely understandable under the given study conditions and differences.

In the discovery phase of our study, we analyzed 58 piRNAs, selected by strict criteria (50 reads at least in 50% of samples). From this group, we found 23 significantly upregulated piRNAs in GBM in comparison to non-tumor controls and 15 downregulated molecules. From the group of 38 dysregulated piRNAs, several of them were already described as molecules related to cancer. Hashim et al. described piR-28877 (DQ598677) as upregulated, and piR-28467 (DQ598252) and piR-27616 (DQ597341) as downregulated in breast cancer, which corresponds with our results in GBM (20). Also, Huang et al. performed global profiling of piRNAs in breast cancer to find piR-27493 (DQ597218) and piR-7193 (DQ576872) as upregulated, which correspond with our findings in GBM (21). The same tendencies of dysregulation of abovementioned piRNAs possibly suggest cellular roles that could be conserved across different cell types. On the other hand, some of the piRNAs [piR-26682 (DQ596466), piR-26684 (DQ596468)] from the chrM:12206-12237:+ region were also described in a study from Chu et al. On the contrary, those piRNAs were described as upregulated in bladder cancer in contrast to our observation in GBM, suggesting the possible tissue-specific roles of those piRNAs (22). Interestingly, piRNAs from the same region [piR-26681 (DQ596465), piR-26683 (DQ596467), piR-26685 (DQ596469), piR-26686 (DQ596470)] are found to be downregulated in GBM, which may suggest a potential tumor suppressive role of this genomic region. piR-823 (piR-1282, DQ571031) is a well-known molecule described in many cancers with variable expression among different tumors. In multiple myeloma, it is upregulated and connected to de novo methylation and angiogenesis (23). However, in gastric cancers, piR-823 is significantly downregulated, contributing to tumor growth, and its increase suppresses tumor growth in vivo (24). In the context of GBM, piR-823 was found to be upregulated, corresponding to a case of multiple myeloma, suggesting possible similarities with the role of piR-823 in multiple myeloma. Our finding is also another evidence of the tissue-specific role of piR-823 in various tumors. Interestingly, piR-1849, which is one of the molecules we were interested in, was earlier identified as the molecule that is cargoed into the extracellular vesicles that are released from the GBM cells and could be a potentially promising biomarker of the disease (25).

In the explorative phase, piR-1849 (DQ571526), piR-5983 (DQ575705), piR-9491 (DQ579193), piR-12487 (DQ582264), and piR-12488 (DQ582265) (all adj. p-value < 0.0001) were selected for the validation on the independent cohort of 77 tumor samples and 23 non-tumor controls. We successfully validated piR-1849, piR-9491, piR-12487, and piR-12488 as significantly downregulated molecules in GBM. Subsequently, we performed ROC analyses to identify analytical characteristics of validated piRNAs in distinguishing ability between tumors and non-tumors. It should be mentioned that all selected piRNAs have strong distinguishing abilities alone. However, of all possible combinations of those four piRNAs and the same piRNAs standalone, piR-9491 showed the highest specificity, sensitivity, and AUC.

In search of piRNAs possibly linked to prognosis, we examined obtained data trying to find an association between piRNA expression patterns and OS of GBM patients. In order to increase the validity of our results, we selected only patients who had undergone concomitant chemoradiotherapy in the extent of the Stupp protocol in this part of the study. Kaplan–Meier analyses showed that only piR-23231 (DQ592953) was significantly connected with prognosis (p = 0.0071; log rank test) in GBM patients, and its lower level was associated with a worse prognosis. This coincides with our previous NGS analysis, where piR-23231 was significantly downregulated in GBM and possibly contributing to GBM behavior and poorer survival, which have to be confirmed by appropriate in vitro and in vivo analyses. Also, Cox regression analyses were performed to distinguish the effect of piR-23231 as a potential prognostic biomarker.

In addition to previously mentioned works, it must be noted that piRNA role in cancer is rather controversial due to the findings of Tosar et al. (26). Based on this study, most of the annotated piRNAs, including some piRNAs described in cancer or other pathophysiological conditions, could be considered as cellular waste or RNA degradation products, originating from rRNA, tRNA, and other RNA species. The main issue is that the large bulk of annotated piRNAs does not meet the main features of this group of molecules, as they lack 1U or 10A. On the other hand, based on the articles mentioned above, it is clear that even molecules lacking 1U can affect cellular qualities and behavior; in fact, two best-described piRNAs—hsa-piR-651 and hsa-piR-823—are lacking 1U. Rather than sequence qualities of each individual piRNA, it would be more convincing to determine whether the particular piRNA binds to PIWI proteins or is able to alter cellular properties or behavior in response to functional analyses.

To answer the previously mentioned issues, functional analyses of selected piRNAs were carried out in U251 MG cells. piRNA expression levels were increased using transient transfection methodology; results were confirmed by qRT-PCR. Analyses showed that higher levels of piR-has-9491 and piR-has-12488 led to the reduced GBM cells’ ability to form colonies. Therefore, we assume that these two piRNAs can alter cellular properties and, thus, they are functional molecules rather than degradation fragments of other RNA molecules. However, their specific role in cell biology and ability to bind PIWI proteins must be determined in future studies. Notwithstanding this fact, molecules analyzed in this study provide promising potential GBM biomarkers that could be used for the diagnosis assessment and prognosis determination, if future studies confirm their role in the GBM biology.



Conclusions

This study presents the largest study so far focused on the global piRNA profiling in GBM tissue samples and non-tumor brain tissue specimens. We identified a set of piRNAs significantly deregulated in GBM from which piR-9491 and piR-12488 were able to reduce the ability to form tumor cell colonies in vitro. These two piRNAs seem to be interesting molecules for other investigations, mainly as therapeutic targets in GBM. Finally, expression levels of piR-23231 were associated with patients’ OS, suggesting that some piRNAs could also present prognostic biomarkers in GBM. Based on the results, identified piRNAs could be part of the machinery involved in the pathogenesis of gliomas, which needs to be examined in future studies.
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Glioblastoma (GBM) is the most common primary brain tumor in adults an carries and carries a terrible prognosis. The current regiment of surgical resection, radiation, and chemotherapy has remained largely unchanged in recent years as new therapeutic approaches have struggled to demonstrate benefit. One of the most challenging hurdles to overcome in developing novel treatments is the profound immune suppression found in many GBM patients. This limits the utility of all manner of immunotherapeutic agents, which have revolutionized the treatment of a number of cancers in recent years, but have failed to show similar benefit in GBM therapy. Understanding the mechanisms of tumor-mediated immune suppression in GBM is critical to the development of effective novel therapies, and reversal of this effect may prove key to effective immunotherapy for GBM. In this review, we discuss the current understanding of tumor-mediated immune suppression in GBM in both the local tumor microenvironment and systemically. We also discuss the effects of current GBM therapy on the immune system. We specifically explore some of the downstream effectors of tumor-driven immune suppression, particularly myeloid-derived suppressor cells (MDSCs) and other immunosuppressive monocytes, and the manner by which GBM induces their formation, with particular attention to the role of GBM-derived extracellular vesicles (EVs). Lastly, we briefly review the current state of immunotherapy for GBM and discuss additional hurdles to overcome identification and implementation of effective therapeutic strategies.
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Introduction

Glioblastoma (GBM) is the most common primary tumor of the central nervous system (CNS) in adults, and carries with a dire prognosis, with median survival of just over 14 months in spite of maximal therapy including surgical resection, radiation, and chemotherapy with temozolomide (1, 2). This paradigm has remained essentially unchanged since 2005 and, while recent advances, including the addition of tumor treating fields (TTF) have shown some modest benefit, the overall course of the disease remains effectively unchanged (3). Effective new therapies are urgently required.

Immune-modulating therapies are promising for many diseases including cancer. These therapies range from immunotherapies like check point inhibitors where the “brakes” are taken off the immune system in order to induce immune activation, to active immunotherapies like vaccines against cancer antigens, and even the use of oncolytic viruses to simultaneously kill tumor cells and stimulate anti-tumor immune responses. As a whole, immunotherapy has shown tremendous promise in cancer treatment, initially with hematologic malignancies and more recently in solid tumors. This includes several cancer types such as melanoma that previously carried a devastating prognosis (4–6). These therapies hinge on activating and enhancing the immune system’s natural role in tumor surveillance and regulation, with specific treatments ranging from antibodies directed against specific tumor antigens, to tumor-derived vaccines, to chimeric-antigen receptor (CAR) T cells, to immune checkpoint inhibitors that seek to disinhibit the immune response against tumor cells (7–10). All of these promising strategies depend upon the underlying integrity of the patient’s immune system in order to be of benefit. Successful cancer immunotherapy is dependent on existence of an intact and functional immune system. However, GBM patients frequently exhibit profound local and systemic immunosuppression, limiting the likely efficacy of these therapeutic strategies (Figure 1) (11–14). This overt immunosuppression is a critical barrier to improving patient survival through immunotherapy. Without targeting this immunosuppression in GBM, most immunotherapies seem destined to fail. Indeed, several prominent clinical trials of immunotherapies in GBM have failed to demonstrate therapeutic benefit (15–19).




Figure 1 | Summary of proposed mechanisms of GBM immunosuppression. Immunosuppressive effects are categorized as either systemic (on left) or local (right). Systemic effects are exerted on either the blood and lymphopoietic systems (including the bone marrow) or secondary lymphoid organs, including the spleen. Local effects include effects on both the adaptive and innate immune systems. Specific examples are included in each panel.



Understanding the mechanisms of immune dysfunction is essential to effectively employing immunotherapies in GBM, yet the nature of these mechanisms remains surprisingly elusive. Tumor-mediated immunosuppression in GBM is unique in that it is severe, multifaceted, and simultaneously affects the tumor-microenvironment and peripheral immune organs even though the tumor itself is limited to the central nervous system (Figure 1). In this review, we summarize current knowledge regarding mechanisms of immunosuppression in GBM and offer insights into future immunotherapeutic avenues for this devastating disease.



Epidemiology and Current Treatment

GBM is the most common primary brain tumor, with an annual incidence of 3.19 per 100,000 patients diagnosed annually in the United States (20). Median age of onset is 64 and the disease has a predilection for Caucasian males (20). Current therapy entails maximal safe surgical resection followed by radiation (typically 60Gy over thirty fractions) with adjuvant temozolomide chemotherapy (2). With these maximal interventions, median survival remains just over 14 months with a 2 year survival of under 30% (21, 22). Additional treatments such as the addition of tumor-treating fields (TTF; locally delivered alternating electrical fields) to first line therapy or bevacizumab (anti-angiogenic therapy directed at vascular endothelial growth factor) in recurrent disease provide some modest benefit, but little has changed in the therapeutic paradigm in nearly fifteen years (3, 23). Certain molecular subgroups such as isocitrate dehydrogenase (IDH) mutant or O6-methylguanine-DNA methyltransferase (MGMT) promoter methylated tumors have been correlated with increased survival, but survival in even these cases remains poor long-term (24–26). Occurrence is sporadic, with few environmental or genetic risk factors identified in most cases.



Immune Surveillance in Cancer and Glioblastoma

Fundamentally, cancer develops in part from a failure of normal immune surveillance. This has traditionally been described as proceeding through three phases: elimination, equilibrium, and escape (27). In the course of normal cell growth and tissue maintenance, cells suffer mutations from mitotic errors or environmental insults, predisposing them to neoplasia. In a healthy immune system, these cells are detected and deleted before tumor formation (the elimination phase) (27, 28). This proceeds through several mechanisms. Mutated cells can present neoantigens on the major histocompatibility complexes (MHC) on their cell surface, failing to register as presenting ‘self’ antigens by circulating natural killer (NK) or CD8 T cells, resulting in their targeted removal (29). Focal tissue disruption caused by tumor growth causes the release of inflammatory mediators and alarmins, triggering an innate immune response and tissue remodeling, which can create a hostile microenvironment for tumor growth (30).

Historically, the immune system’s role in tumor surveillance was considered controversial. Because autoreactive T and B cells are deleted during development to prevent autoimmunity, the idea of beneficial deletion of host cells by mature immune cells in the periphery was considered anathema to basic function of the immune system. However, accumulating evidence such as increased tumor development in immunodeficient animal models lent credence to the idea that the immune system serves as a check on tumorigenesis (27, 31). Similar results were found in immunosuppressed human patients (32). Seminal experiments demonstrating the major histocompatibility complex (MHC)-match dependence for transplantable tumors and the ability of vaccines against tumor antigens to protect from subsequent tumor inoculation further supported the crucial role of the adaptive immune system in anti-tumor immunity (33, 34). Understanding of the importance of this role ultimately led to the discovery that tumors utilize critical immune checkpoint molecules such as programmed death ligand 1 (PD-L1) and cytotoxic T lymphocyte associated protein 4 (CTLA-4) as a means to prevent immune activation towards cancer cells (35, 36). Such inhibitory molecules are one of the key mechanisms by which tumor cells can impede effective immune responses, and hence blocking this inhibition has become a pillar of modern cancer immunotherapy.



Immunosuppression in the Tumor Microenvironment in GBM

Tumor growth leading to cancer fundamentally requires evasion of and escape from immune surveillance. GBM tumor cells sometimes downregulate MHC expression in order to avoid neoantigen presentation, though this may be more common in other cancer types such as melanoma (37, 38). Tumor cells themselves lose expression of MHC class I, which is expressed nearly ubiquitously by cells and is critical ‘self’ versus ‘non-self’ distinction by the immune system (39, 40). Loss of MHC class II, which is typically more selectively expressed by antigen presenting cells (APCs) and is essential for cross-presentation of antigens to adaptive immune cells, has also been described in GBM, particularly microglia, underscoring the broader immunosuppressive effects of the tumor (41, 42). The GBM microenvironment is rich in immunomodulatory factors, including transforming growth factor β (TGF-β), interleukin 10 (IL-10), and prostaglandin E-2 (PGE2) (43–46). Increasing evidence suggests that these immunosuppressive factors, particularly TGF-β derived from the GBM cells themselves, support transition of brain resident/infiltrating immune cells such as microglia and tumor infiltrating myeloid cells to an immunosuppressive phenotype that allows aggressive tumor growth and progression while blocking anti-tumor immune responses (47, 48). Immunomodulatory surface ligands including PD-L1 are also frequently expressed by tumor cells, including GBM, reducing anti-tumor immunity and promoting T cell exhaustion and anergy (49). Other immunomodulatory signals, including IDO and MIF, have also been reported in GBM (50–52). Additional GBM-derived factors such as interleukin 6 (IL-6) help recruit myeloid cells, prompt a shift in the immune response from inflammatory anti-tumor responses to anti-inflammatory and wound-healing type responses, reduce the ability of immune cells to effectively destroy tumor cells, and can lead to tissue remodeling to create a site of relative immune privilege and thereby preventing immunologic access to the tumor cells (14, 53, 54).

In GBM particularly, this is associated with a large amount of vascular remodeling and abnormal angiogenesis promoted by vascular endothelial growth factor (VEGF), which has extensively been investigated as a therapeutic target in GBM resulting in the regular use of the anti-VEGF antibody bevacizumab in GBM treatment, though this may have only modest impact on overall survival (if any impact at all) (23, 55–57). Hypoxia within the tumor microenvironment has also been implicated in impairing immune cell function, particularly through increased expression of hypoxia-inducible factor 1-α (HIF1-α), whose upregulation is associated expression of immunomodulatory proteins including PD-L1 in other cancers (58–60). In GBM, exposure to GBM cell conditioned-media in the presence of hypoxia has been shown to induce the formation of immunosuppressive myeloid-derived suppressive cells at a higher rate than normoxic conditions (61). With tumor cell division and a shift in the microenvironment, a stable nidus of tumor cells is able to persist in spite of immune surveillance (the equilibrium phase).

Finally, immunologic control ultimately breaks down as tumor cell proliferation overwhelms the ability of the immune response to remove cancerous cells, especially as this response is attenuated by the aforementioned factors. This final stage is termed ‘escape,’ and tumor growth proceeds relatively unchecked. In many cancers this manifests as distant metastasis formation in addition to continued growth at the primary tumor site. In GBM only local growth is typically seen, through leptomeningeal spread does occasionally occur (62). For GBM, unchecked disease manifests by uncontrolled tumor growth, which entails a persistent and expansive failure of the immune response to the tumor.

These local effects serve to suppress both the innate and adaptive components of the immune system. The GBM microenvironment, particularly through the release of IL-6 and the expression of PD-L1 and IDO-1, has been shown to induce the formation of regulatory T cells (Tregs) that blunt the anti-tumor T cell response (52, 63–66). Tregs release the immunosuppressive cytokine IL-10, inhibiting T cell proliferation and blocking anti-tumor immune responses, which further attenuates T cell cytotoxic activity and allows tumor growth. Recently, Miska and colleagues demonstrated that HIF-1α expression by Tregs was critical for their immunosuppressive functions within the GBM microenvironment (67). At the innate level, the microenvironment has similar effects on microglia and tumor-associated macrophages (TAMs), reducing their antigen-presenting capability and promoting a shift towards an immunosuppressive macrophage phenotype (68). A significant part to the tumor bulk in GBM has been identified as infiltrating neutrophils, and the have been proposed as an additional source of immune suppression through the expression of arginase 1 (69, 70). Finally, monocytic cells are associated with a pronounced immunosuppressive phenotype induced by the tumor, as discussed in further detail below.



Systemic Immunosuppression in GBM

Broadly, the phenomenological evidence of tumor-mediated immune suppression can be divided into local and systemic effects. Despite the absence of systemic metastases, GBM patients frequently exhibit profound systemic immunosuppression (14). This is reflected in multiple ways, including reduced T cell counts and functionality. Indeed, CD4 T cell numbers in some GBM patients approach lows seen in patients with acquired immunodeficiency syndrome (AIDS) (12, 13, 71). In addition, GBM patients present with small secondary lymphoid organs compared to healthy volunteers (as measured by spleen volumes) and their blood-derived monocytes have lower class II MHC expression levels (12, 13). Smaller spleens, smaller thymi, reduced MHCII levels, and reduced CD4 T cell counts have been reproduced in both GL261 and CTIIA murine GBM models (11, 12). Moreover, sera isolated from glioma-bearing mice potently inhibits immune cells activation in vitro demonstrating presence of profound systemic immunosuppression in GBM (11). The thymus significantly involutes in glioma-bearing mice and bone marrow homeostasis is disrupted by accumulation of mature T cells within the niche (11, 12). Ayasoufi et al. demonstrated that serum isolated from glioma-bearing mice harbors a potent non-steroid factor that inhibits T cell proliferation in vitro (11). In short, GBM patients and glioma-bearing mice demonstrate a multifaceted systemic immunosuppression that affects both primary and secondary lymphoid organs.

The precise mechanisms underlying systemic immunosuppression in GBM are not well understood. It has been postulated that circulating tumor-derived cytokines could account for such overt immunosuppression. However, efforts quantifying circulating cytokines in GBM patients have failed to reveal levels sufficient to explain this profound systemic immunosuppression (13, 72). Others have suggested that systemic immunosuppression in GBM is simply a result of cytotoxic chemotherapy and other standard medications such corticosteroids used to treat cerebral edema. However, immunosuppression is seen in untreated GBM patients before receiving corticosteroids or chemotherapy (13). Additionally, untreated GBM-bearing mice exhibit the exact facets of immunosuppression observed in patients. While we do not know the exact mechanisms underlying systemic immunosuppression in this population, it remains a major barrier to effective immunotherapy in GBM patients. Simultaneously, this immunosuppression is a barrier to the success of any immune-modulating therapies introduced into this system. In order to get rid of the tumor, we must first reverse the immunosuppression.



Effects of Standard Therapies on Local and Systemic Immunosuppression in GBM

Immunosuppression both systemically and locally can be increased by standard therapies for GBM. Temozolomide in particular is associated with myelosuppression which contributes to decreased lymphocyte counts (2). However, the effects of temozolomide on immune function are complex and several groups have suggested possible synergistic effects with immunotherapies, possibly through selective reductions in immunosuppressive regulatory T cells (73–75). Corticosteroids have immunosuppressive effects and are ubiquitous in the treatment of symptomatic cerebral edema in GBM patients. However, steroids are not the sole mechanism of immunosuppression as treatment naïve GBM patients also exhibit similar immunosuppression. Radiation therapy can potentially have negative in-field immunomodulatory effects, such as impaired wound healing post-surgery (76, 77). The effects of radiation therapy in the GBM microenvironment are also somewhat controversial. Radiation theoretically improves the accessibility of tumor neoantigens as tumor cells die, and in some cases may potentiate a systemic response to immunotherapy (78, 79). However, radiation also has multiple effects on immune cells in the tumor microenvironment. While some studies have suggested that radiotherapy increases T cell infiltration in GBM, Wang and colleagues recently noted an increase in M2 (anti-inflammatory-pro tumor growth) tumor-associated macrophages that correlates with relapse following radiation and likely contributes to an immunosuppressive microenvironment as well as resistance to radiation therapy (80–82). Radiation necrosis post-treatment, which involves formation of fibrotic tissue and vascular abnormalities, can also present an additional barrier for immune cells to traverse to effectively encounter residual tumor cells (83).

Circulating immunosuppressive cytokines are not sufficiently elevated in GBM patients to account for their systemic immunosuppression (13, 14, 72). This is particularly curious in GBM where, unlike many cancers, the primary tumor virtually never metastasizes. This suggests that systemic effects result either from previously unappreciated tumor-secreted and/or brain derived factors, or by the local induction of immunosuppressive cells that subsequently exert systemic effects.



Immunosuppressive Monocytes Including Myeloid-Derived Suppressor Cells in GBM

While the precise mechanisms of tumor-mediated immune suppression remain an area of active investigation, many studies have pointed to the induction of immunosuppressive monocytes such as myeloid-derived suppressor cells (MDSCs) as a key immunosuppressive mechanism in GBM (13, 72, 84). MDSCs are a heterogenous population of monocytic cells that have been implicated in tumor-mediated immune suppression in multiple cancers including glioblastoma (85–88). These cells exert their effects locally through the release of immunomodulatory cytokines including IL-10, TGF-β, IDO-1, and arginase, curtailing the adaptive immune response (52, 72, 84–86). Precise definitions of MDSCs remain in flux, with most definitions combining surface marker profile and a functional measure of immune suppression such as inhibiting T cell activation/proliferation or release of immunosuppressive cytokines such as IL-10 (61, 72, 84). The current key MDSC categories include monocytic (mMDSCs) and granulocytic (gMDSCs). In addition, a number of other types of immunosuppressive monocytes including early MDSCs and non-classical monocytes have been described.

A growing literature has been concerned with mMDSCs in glioblastoma, which have a surface marker profile in humans characterized by CD14 expression combined with low HLA-DR expression (13). Loss of CD14 and CD15 expression is also frequently used to help differentiate mMDSCs from gMDSCs (89). Both mMDSCs and gMDSCs are derived from CD14+ monocytes. Increased populations of these cells have been described in the tumor microenvironment in a number of cancers, including breast, ovarian, and lung cancers (90–92). They have also been reported in glioblastoma, where Woichiechowsy and colleagues initially described reduced HLA-DR expression and cytokine release in monocytes collected from GBM patients (93, 94). These cells induce immune suppression by inhibiting conventional T cells, releasing immunosuppressive cytokines including IL-10 and TGF-B, and upregulating immunosuppressive PD-L1 and IDO-1. They have been found systemically as well as within the tumor microenvironment (72, 95). A similar population of cells is defined in mice by high levels of Ly6-C expression and absent Ly6-G expression in Gr-1+ myeloid cells (96).

Granulocytic MDSCs (also called polymorphonuclear MDSCs, or PMN-MDSCs) are frequently discussed, albeit less well-defined, in GBM. They typically lose CD14 expression while retaining high levels of HLA-DR and expressing CD15 and CD33 (86, 97). These cells have also been described in a number of cancers and induce functional immune suppression (98). Some studies have speculated that these cells are of neutrophilic rather than monocytic origin, however other evidence points more strongly to these cells also deriving from monocytes (99–101). Immunosuppressive neutrophils may be a separate, distinct entity or may overlap with gMDSCs but overall neutrophilia has long been described in multiple cancers, including GBM (69). Significant challenges in defining specific markers to effectively distinguish neutrophils from gMDSCs (both express CD15, which is commonly used to distinguish gMDSCs from mMDSCs) has led to significant ambiguity to the relative contributions of these cell types in immune suppression, with a recent study by Negorev and colleagues suggesting that common techniques used to isolate peripheral blood mononuclear cells (PBMCs) for the study of circulating MDSCs may be susceptible to high levels of neutrophil contamination (102). Another recent study has put forth LOX-1 as a potential gMDSC-specific marker (99). The murine analog of gMDSCs express low levels of Ly6-C and high levels of Ly6-G (96).

The relative importance of mMDSCs and gMDSCs in glioblastoma, and in cancer in general, is the subject of debate. The relative fractions of MDSCs induced seem to differ in human disease and murine models, with the latter having a strong predilection for gMDSC development, while the relative proportion in human disease has been more ambiguous (103, 104). This may be related to some evidence of sexual dimorphism in MDSC responses in GBM, as some immunocompetent murine models require the use of female mice (105). A recent study by McKelvey and colleagues also suggests a temporal evolution in MDSC populations infiltrating tumor, with an initial peak of gMDSC following tumor implantation and then an accumulation of mMDSCs (106). gMDSCs may make up the bulk of tumor-infiltrating MDSCs in GBM, while mMDSCs can be detected in the peripheral blood of GBM patients (89). The tumor microenvironment likely plays a significant role on a case or disease-specific basis, as the relative presence of granulocyte colony-stimulating factor (G-CSF) and granulocyte-macrophage colony-stimulating factor (GBM-CSF) influences the development of gMDSCs or mMDSCs, respectively (104, 107, 108). Distinguishing gMDSCs from tumor-infiltrating neutrophils remains an area of debate as well, and distinguishing MDSCs in general from tumor-associated macrophages or microglia remain an ongoing challenge.

While mMDSCs and gMDSCs have been traditionally discussed as predominant types of immunosuppressive cells in cancer, there is an increasing understanding that immunosuppressive monocytes as a group are likely far more heterogenous than these categories would imply. A number of recent studies have described early MDSCs (eMDSCs), which may represent a traditional state into a mature MDSC subtype (96, 109). A growing body of evidence, including work by our own group, has pointed toward programed death ligand 1 (PD-1) positive non-classical monocytes, (previously defined as CD14 mid-to-high, CD16+ cells) as an important mediator of tumor-derived immune suppression (84). A recent murine study by Strauss and colleagues demonstrated that selective deletion of PD-1 in myeloid cells, in contrast to T cells, lead to better tumor control in a melanoma model (110). Given the heterogeneity of these populations of immunosuppressive monocytes, it may prove difficult to precisely define the relative importance of each in systemic immune suppression, and indeed, this could vary from cancer to cancer and even from patient to patient depending on the precise biology of the tumor. There is significant overlap in the means by which different types of immunosuppressive monocytes exert their effects. Ultimately, an appreciation of the diversity of immunosuppressive monocytes is critical for developing effective therapeutic strategies, as an effective approach need to adequately address multiple potential sources of immune suppression, rather than focusing exclusively on a given MDSC subtype.



Mechanisms of Tumor-Mediated Induction of Immunosuppressive Monocytes

The tumor microenvironment in GBM is inherently immunosuppressive. GBM tumors release immunosuppressive cytokines including TGF-B, prostaglandin E2, and other immunosuppressive cytokines (14). PD-L1 expression is frequently elevated in tumors, preventing an effective anti-tumor immune response (49). This milieu causes a shift in the profile of resident immune cells towards a more permissive Type 2 response or in some cases a frankly immunosuppressive phenotype (111). This behavior applies to monocytes/macrophages, as detailed above, but has also been described in T cells (112). In many cases the exact mechanisms are not yet well understood (Figure 2).




Figure 2 | Summary of mechanisms of induction of immunosuppressive monocytes. Induction of immunosuppressive monocytes by GBM tumor cells can proceed through a number of different mechanisms, including direct cell surface-mediated signaling, uptake of proteins with subsequent cytosolic effects, or signaling by tumor-derived small RNAs. Tumor-derived EVs are capable of signaling by any of these mechanisms.



Increasing evidence suggests that tumor-derived extracellular vesicles (EVs) are major mediators of tumor-induced immune suppression in GBM (84, 113). EVs are small lipid bilayer-encapsulated particles shed from the surface of all cells. These are released through several mechanisms, including direct membrane budding (microvesicles or large EVs, > 100 nm) and endocytototic/Golgi apparatus-derived exocytotic pathways (exosomes or small EVs, < 100nm). These particles are shed in large volumes by tumor cells, are present within the local microenvironment, and have the potential to enter systemic circulation. EVs are biologically active particles carrying both membrane-bound receptors and soluble proteins which can be functionally delivered to target cells, either through cell surface interactions, endocytotic uptake, or direct membrane fusion. EVs also carry coding mRNA and short non-coding RNAs including microRNAs, pi-RNAs and y-RNAs, that can carry out biological functions when delivered to target cells (Figure 2) (114). Our group has recently described the role of PD-L1 expression in GBM-derived EVs in the induction of PD-1+ non-classical monocytes, and demonstrated that EV-conditioning of healthy monocytes leads to the induction of an immunosuppressive phenotype (Figure 2) (84). Other groups have explored the role of GBM-derived EVs in direct inhibition of T cells (113). An increasing body of work from studies in other cancers points to EVs as a critical mechanism of tumor-derived immune suppression (115). All in all, EVs serve as an important immunosuppressive liaison between the tumor microenvironment and the peripheral immune system (Figure 3).




Figure 3 | Induction of immunosuppression by immunosuppressive monocytes. Immunosuppressive monocytes and MDSCs potentially exert both local and systemic effects leading to immune suppression. This can include direct T cell inhibition and release of immunosuppressive cytokines in the tumor milieu (top panels), or inhibition of T cell maturation or inhibition in the primary and secondary lymphoid tissues (bottom panels).



Immunosuppressive monocytes, similar to EVs, likely have the ability to exert immunosuppressive effects both locally and systemically, migrating from the tumor bed and entering systemic circulation, where they can influence T cell maturation and activation in the secondary lymphoid tissues (Figure 3) (116). MDSCs have been identified in the circulation of GBM patients, as well as in the bulk tumor.



Immunotherapy in GBM

Current anti-tumor immunotherapies range from highly specific strategies to more general approaches. For example, antibodies directed against specific tumor fusion proteins or chimeric antigen receptor T cells (CAR T cells) provide specific and active immunity against specific cell types or tumor neoantigens, while checkpoint blockade inhibitors such as anti PD-1/PD-L1 or anti-CTLA4 increase the overall activity of the T cell response which consequently increases anti-tumor immunity (117). Additionally, vaccinations against tumor antigens and use of oncolytic viruses have also been put forward as immune-modulatory therapies for GBM.

GBM has particular features in addition to tumor-mediated immune suppression that present unique hurdles to effective immunotherapy. The mutational burden of GBM is middling on the spectrum of mutational burdens in cancer, meaning that it both lacks a defining mutation that presents a clear candidate for targeted therapy (the EGFRvIII mutation, which is frequently associated with GBM, is present in only 30% of tumors) and lacks the extensive genetic instability of high mutation burden tumors (e.g. melanoma) that present a range of immunogenic neoantigens and have shown a propensity for response to checkpoint blockade therapy (118, 119).

Drug (and immunotherapy) delivery also poses a challenge in GBM. The brain is no longer viewed as an immune privileged site. Microglia function as resident antigen presenting cells, T cells can traffic in and out of the brain, and recently-described lymphatic drainage allows for T cell surveillance of the central nervous system. However, the brain is certainly immunologically distinct site (120, 121). The blood-brain barrier (BBB) limits the penetration of both therapeutic agents and immune cells, making it difficult to deliver both drugs and cell-based therapies. Immune cell penetration into tumor most certainly occurs in GBM, but numbers of T cells seen infiltrating the tumor is relatively small. In parallel, neutrophils and myeloid-lineage cells make up the bulk of the tumor-associated immune cells (122–124). Direct delivery of therapeutic agents to the tumor through mechanisms including convection-enhanced delivery is one potential strategy for circumventing these anatomic challenges, and this technique could extend to the application of immunotherapies (125). Additionally, all immune-modulatory therapies rely on existence of an intact and functional innate and adaptive immune system. GBM patients are systemically immunosuppressed. These patients have very few T cells in circulations, small spleens, and their remaining T cells lack responsiveness against novel antigens. In fact, GBM patients do not respond strongly to flu vaccinations when compared to healthy controls demonstrating a challenge in vaccine design (126). Innate immune cells are also not optimally functional in these patients. The latter was demonstrated by lower levels of MHCII expression on blood-derived monocytes and the presence of suppressive MDSCs and neutrophils in circulations as discussed at length in the above section. In addition, serum isolated from mice with glioma was demonstrated by Ayasoufi et al. to potently inhibit proliferation of T cell in vitro (11). This further suggests that not only existing immune system in GBM patients is not functional, but also that putting healthy immune cells (i.e. CAR T cells) in the GBM patients’ circulation may render these cells not functional, as well. These together present even greater challenges to success of immunotherapies in GBM.

In spite of these challenges, a number of clinical trials have been undertaking exploring the efficacy of different immunotherapies for the treatment of GBM. These have been reviewed extensively elsewhere. However, in light of immunosuppression in GBM, it is perhaps not surprising that overall results from these studies have been disappointing (17, 127). Multiple studies involving checkpoint blockade inhibitors, most recently the CheckMate 143 study, which considered the use of the anti PD-1 antibody nivolumab versus bevacizumab for the treatment of recurrent GBM, failed to show a benefit (18). The only completed Phase III tumor vaccine study for GBM (ACT IV), which consisted of an EGFRvIII peptide in addition to treatment with GM-CSF and temozolomide, failed to show improvement in overall survival (17, 19). Earlier (Phase II) trials involving the use of oncolytic viral therapy, such as recombinant polio virus, have shown some promise, but more extensive trials are still required (128). These failed trials together with extensive accumulating evidence demonstrating multifaceted and systemic immunosuppression in GBM demonstrates that we must first reverse the immunosuppression before attempting to treat GBM patients with immune-modulating therapies. In the absence of such overt immunosuppression, endogenous anti-tumor-responses in combination with immunotherapies will likely produce successful results. Therefore, reversal of both local and systemic immunosuppression in GBM is the first step in designing a successful immunotherapy.



Conclusion

Novel therapies for GBM remain urgently needed in order to improve prognosis for this uniformly fatal disease. Immunotherapy holds tremendous promise for revolutionizing cancer therapies, but results thus far in the treatment of GBM have been underwhelming. The reasons for this are multifactorial, ranging from the relative mutational burden of GBM to the unique physiology of the brain, but the significant immunosuppression seen in GBM patients undoubtedly plays a significant role. Indeed, it is impossible to rule out the potential efficacy of any trialed immunotherapies to date, as all have been tested in the context of patients with an abnormal immune system, setting them up for failure. Understanding and reversing this tumor-mediated immune suppression is critical to effective deployment of immunotherapies for GBM, whether it be checkpoint blockade or a tumor-derived vaccine. The mechanisms of this immune suppression remain an active area of investigation, but a growing body of evidence points to the induction of immunosuppressive immune cells, including MDSCs and non-classical monocytes, as essential mediators of immune suppression in GBM. Clearly understanding the induction of these cell types and therapeutically targeting their formation may be a critical avenue to treating GBM-mediated immune suppression. Following reversal of both local and systemic immunosuppression, endogenous anti-tumor responses and immunotherapies will undoubtedly produce favorable results.
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Gliomas represent the most common malignant primary brain tumors, and a high-grade subset of these tumors including glioblastoma are particularly refractory to current standard-of-care therapies including maximal surgical resection and chemoradiation. The prognosis of patients with these tumors continues to be poor with existing treatments and understanding treatment failure is required. The dynamic interplay between the tumor and its microenvironment has been increasingly recognized as a key mechanism by which cellular adaptation, tumor heterogeneity, and treatment resistance develops. Beyond ongoing lines of investigation into the peritumoral cellular milieu and microenvironmental architecture, recent studies have identified the growing role of mechanical properties of the microenvironment. Elucidating the impact of these biophysical factors on disease heterogeneity is crucial for designing durable therapies and may offer novel approaches for intervention and disease monitoring. Specifically, pharmacologic targeting of mechanical signal transduction substrates such as specific ion channels that have been implicated in glioma progression or the development of agents that alter the mechanical properties of the microenvironment to halt disease progression have the potential to be promising treatment strategies based on early studies. Similarly, the development of technology to measure mechanical properties of the microenvironment in vitro and in vivo and simulate these properties in bioengineered models may facilitate the use of mechanical properties as diagnostic or prognostic biomarkers that can guide treatment. Here, we review current perspectives on the influence of mechanical properties in glioma with a focus on biophysical features of tumor-adjacent tissue, the role of fluid mechanics, and mechanisms of mechanical signal transduction. We highlight the implications of recent discoveries for novel diagnostics, therapeutic targets, and accurate preclinical modeling of glioma.
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Introduction


Contemporary Management of Malignant Glioma and Biological Considerations

Mortality due to cancer continues to rise worldwide with improving medical management of other disease processes. Brain cancer, specifically, represents one of the most lethal cancer subtypes. Malignant gliomas are a group of primary brain tumors that harbor a poor prognosis for afflicted patients (1, 2). Though there is some variation in survival rates ranging from months to decades among the different histological and molecular categories and grades of gliomas, in general, current therapies are not curative. Within this group is a subset of particularly high-grade tumors including glioblastoma which portend the worst survival with recent estimates of median survival at 8 to 14 months and a 7.2% 5-year survival rate post-diagnosis (1, 3). Unfortunately, this group also comprises the most common type of malignant glioma accounting for approximately 48.6% of all primary malignant brain tumors (1).

The standard of care and outcomes for glioblastoma have been largely unchanged since the development of the Stupp protocol (4, 5). Contemporary management of glioblastoma aims for maximal cytoreductive surgery while preserving critical neurologic function that is followed by adjunctive chemotherapy with temozolomide and fractionated radiotherapy (6). In certain cases, this treatment algorithm is limited by patient and disease factors including fitness to undergo aggressive therapy and tumor location, respectively. In such cases, intervention is directed towards establishing a definitive diagnosis as with biopsy and mitigating symptoms (6).

In light of poor outcomes in patients with glioblastoma, several lines of investigation are ongoing in order to develop novel therapeutics and treatment strategies (7–12). Importantly, advances in the understanding of tumor biology and influences of the microenvironment have begun to inform emerging paradigms for management of glioma. Glioma stem cells or brain tumor-initiating cells (BTICs) have been established as a subset of cells within glioma that contribute to treatment resistance and recurrence of disease. These cells exhibit properties including chemoresistance and radioresistance as well as considerable heterogeneity and plasticity on multiple levels which has posed a therapeutic challenge (13–18). Heterogeneity of BTICs encompasses variation in tumor characteristics over time—temporal heterogeneity, variation in tumor and cellular characteristics depending on location within a tumor—locoregional heterogeneity, and variation in disease characteristics from patient to patient—population heterogeneity which can impact response to treatment. As a result, current investigations are transitioning from single-agent or single-target therapies to treatment modalities with robust mechanisms of action that may overcome disease heterogeneity. Similarly, robust mechanisms of action are required to bypass tumor plasticity and changes in response to unimodal therapies (8, 17, 19–21). Examples of such efforts include cell-based therapies, immunotherapy approaches, and bioengineering strategies such as gene therapy, and excellent overviews of these topics can be found elsewhere (8, 9, 11, 22–24).

Improved understanding of plasticity and heterogeneity of BTICs has also led to further study of the tumor microenvironment and its inherent heterogeneity and plasticity. Similar to BTICs, studies have demonstrated that cellular and vascular components of the microenvironment respond to tumorigenesis and treatment in ways that may be facilitating malignant adaptation in tumor cells (16, 25–27). The potential bidirectional interaction between tumor cells and tumor microenvironment is particularly evident when considering the influence of immune-active cells such as myeloid-derived suppressor cells on immunosuppression via immune cell dysregulation (16, 17, 25, 28). Although cellular and vascular niches in the tumor microenvironment are now known to be a key player in the tumor milieu, the study of the mechanical properties of the microenvironment is relatively new. As with other components of the microenvironment, evidence suggests an important evolving role for mechanical properties in the context of treatment resistance and disease.



Tissue Mechanics in the Brain

Tissue mechanics broadly comprise cellular and tissue stiffness properties as well as stresses transmitted by fluid including cerebrospinal fluid (CSF) dynamics and interstitial fluid pressures. The influence of tissue mechanics on normal brain development and homeostasis has been well-described (29, 30). In the developing brain, stiffness gradients arise during various stages of embryogenesis and migration of neural precursors and neural stem cell populations particularly in the subventricular zones of the brain. Gradients have been attributed to maturation of cellular cytoarchitecture and changes in extracellular matrix (ECM) composition that facilitate normal migratory and tissue organization in development (31–34). As a result, a general trend towards increased global brain stiffness is seen with notable regions of ‘softer’ brain such as the hippocampus in the adult brain (35–38). In addition to spatial organization of cells and tissue, heterogeneity of tissue mechanics in non-disease states is important for directing differentiation and cell-type determination of embryonic neural stem cells as well as adult stem cells. Notably, aberrant mechanical signaling from the microenvironment has tremendous implications for regulating the behavior and plasticity of BTICs and preclinical models of BTICs that is discussed in detail in subsequent sections (29, 30).



Tissue Mechanics in Disease and Cancer

Alteration of the inherent spatiotemporal heterogeneity during development and maturation contributes to various disease states including traumatic brain injury, neurodegenerative diseases, and cancer (29, 39, 40). Briefly, studies demonstrate a progressive loss of global brain stiffness in the context of neurodegenerative disease that is contrary to generalized stiffening of the brain in aging, and this is secondary to cellular injury and compromise of cell-intrinsic mechanical factors as well as cell-extrinsic factors such as breakdown of the basement membrane in certain disease processes and changes in the composition of the ECM (29, 41–44). Conversely, preliminary studies demonstrate elevation in pro-stiffening factors such as Tenascin-C (TNC) in the setting of traumatic brain injury with evidence suggesting enhancement of mechanical signaling likely owing to changes in intracranial pressure, injury from intracranial hemorrhage, and direct injury to areas of adult neurogenesis that may affect long-term outcomes and neurodegeneration (29, 39, 40).

The study of physical traits and microenvironmental mechanics in cancer is a relatively young field compared to research surrounding the traditional hallmarks of cancer. In recent years, the importance of physical characteristics in addition to biological factors has been increasingly recognized and extensively investigated in several cancers including breast cancer and carcinomas of the gastrointestinal system. From this work, ECM stiffness has emerged as a physical hallmark of many cancers that contributes to tumorigenesis, metastasis, metabolism, immune response and numerous additional processes (45–50). Though discussion of tissue mechanics in other cancer types is beyond the scope of this review, we highlight important principles gleaned from work in other cancers that may offer a template for further investigation of tissue mechanics in glioma, which is comparatively in its early stages. Comprehensive reviews of these fundamental discoveries and the work leading to these findings can be found elsewhere (46, 47, 51, 52). Investigation of tissue mechanics of the cancer microenvironment in various models has illuminated three biophysical concepts: 1) solid stress 2) fluid stress and 3) stiffness. Solid stress refers to amount of force per area present in the region of interest whether it is the tumor or the surrounding milieu (52, 51). The key factor influencing solid stress is derived from tumor tissue and cellular properties, though there is also contribution from ECM and surrounding components. Increased proliferation of cells within a tumor transmits increased stress through the space-limited tumor microenvironment. In addition, spatial and geometric considerations can also exacerbate regional solid stress based on the alignment of cellular cytoskeletal components relative to ECM matrix components as well as through a mechanism referred to as “jamming” whereby cumulative stress is increased after a critical cell population is reached that augments cell to cell contact and force (46, 51, 52). Fluid stress is the result of perturbation of interstitial fluid pressure as well as shear flow in certain microenvironments such as adjacent to the ventricles of the brain. Leaky tumor vasculature, impaired lymphatic drainage, and vascular compression secondary to solid stress can all contribute to increased interstitial pressure (51, 52).Global elevation in fluid stress as in the case of increased intracranial pressure in the fixed volume of the cranium can also exacerbate fluid stress at the tissue level. Finally, stiffness refers to the resistance to deformation as a result of stress and can be used to describe the tumor as a whole, individual cells, or the microenvironment and its components including the ECM. Global tissue stiffness is affected by ECM deposition or degradation, ECM cross-linking and changes in microarchitecture, and at the cellular level by cytoskeletal remodeling and cell contraction (45, 51, 52).

Interdependence between certain hallmarks of cancer and physical traits in the microenvironment is a relatively unexplored area in brain cancer but has been described in other cancer types (47–49, 52). Recent studies have revealed a potential link between immune escape and tissue mechanics where regional stress may impair vascular and lymphatic channels (49, 51, 52). This results in reduced migration of immune effector cells to the tumor site and effectively creates a functional immune escape phenomenon. Relatedly, cellular deformation secondary to solid and fluid stress may affect the integrity of intracellular structures including the nucleus and alter expression of immune soluble factors through direct physical perturbation as well as through mechanisms of mechanotransduction that affect downstream genetic and epigenetic regulation (49, 51, 52). A similar type of interdependence is observed with tumor metabolism and tissue mechanics; it is possible that solid and fluid stress may significantly predispose tumor cells towards aberrant metabolism in a feed-forward mechanism that continues to progress as the tumor grows and microenvironmental stress increases. One example of this is the Warburg effect and the interplay between stress and aerobic glycolysis: increased regional stress may promote hypoxia via vascular compression within the tumor and thereby apply selection towards aerobic glycolysis to facilitate tumor growth and progression (48). Overarching these overlapping mechanisms is the concept of mechanoreciprocity which mirrors the dynamic seen between cancer cells and the biological factors of the microenvironment such as the dynamic interactions between BTICs and immune cells or BTICs and neurons in the tumor milieu (17, 46). In the same way, the interaction between cancer cell and physical properties of the microenvironment is also dynamic and has been most extensively documented in the process of cancer migration where reciprocal signal transduction and physical changes at the cellular level and tissue level enable the requisite cellular geometric changes, elasticity, and focal adhesions to achieve metastasis (47, 51, 52). This dynamic interaction acts as the substrate for heterogeneity and plasticity in the physical traits of the tumor and microenvironment much like biological receptor- or soluble factor-mediated cell communication and therapy-induced changes to the cellular phenotype or genetics.




Biophysical Features of Glioma-Adjacent Tissue


Current Understanding of Tissue Mechanics in the Glioma Microenvironment

Tissue mechanics in the glioma microenvironment primarily refers to solid stress from contributions by the surrounding ECM and tissue architecture as well as the cellular compartment in the tumor milieu which includes glioma cells. Unlike many other systemic cancers where the causative factors of solid stress may be more intuitive owing to typical growth patterns characterized by displacement of surrounding tissue via mass effect, gliomas tend to exhibit an infiltrative growth pattern. The components of physical stress generation in the microenvironment were unknown until recently. These are summarized in Figure 1. Stylianopoulos et al. developed a mathematical model to calculate growth-induced solid stress in a tumor by measuring the extent of deformation of tumor as stress is released from the tumor microenvironment after a cut is made along the long axis of the tumor (53). Various orthotopic cancer lines were employed to assess tumor-related solid stress and notably the U87 human glioblastoma cell line. Briefly, inoculation of tumor was performed in the flank of immunocompromised mice, and tumor was excised after reaching a tumor size of 1cm3. The solid stress-release assay was performed in different iterations after treatment with agents to selectively deplete individual components of the tumor microenvironment and thereby identify the contributory factors to solid stress. Selective depletion of U87 cancer cells or collagen in the ECM produced almost a two-fold decrease in tumor opening, a surrogate measurement for solid stress compared to control tumor. Importantly, no relationship between interstitial fluid pressure and solid stress was noted suggesting that cellular and ECM factors are the primary contributors (53). Nia et al. later developed an alternate method to characterize growth-induced solid stress in situ as well as ex vivo measurement (54). For ex vivo measurement, following tumor excision in the manner aforementioned, tumor was embedded in agarose gel. A planar cut is then performed, and the 2-dimensional planar deformation of the tumor is measured using an ultrasound probe. In situ assessment of solid stress in a murine orthotopic model of U87 GBM was subsequently performed by using a cylindrical punch to excavate a component of the tumor through the cranial window and measuring deformation with ultrasound. Interestingly, initial ex vivo 2-dimensional mapping of embedded U87 GBM demonstrated greater compressive stress at the periphery compared to the central core. Additionally, these tumors experienced less solid stress compared to other tumor types (maximum stress of 0.21 kPa versus 7 kPa in pancreatic tumors) (54). In situ measurement of solid stress revealed a significant influence of the surrounding tumor microenvironment—the cranial vault with fixed volume and surrounding normal tissue. Lesser degree of deformation was observed ex vivo compared to in situ measurement and approximately 0.02 kPa and 0.1 kPa compressive forces, respectively (54). This finding confirms the importance of considering the cranial vault as a fixed volume and accounting for the consequences when examining tissue mechanics in brain tumors. For example, states with increased intracranial pressure due to ancillary causes such as obstructive hydrocephalus may impact glioma microenvironment solid stress. Stylianopoulos et al. utilizing the previously described tumor relaxation model and mathematical model that the amount of deformation in U87 GBM tumors is proportional to the stored solid stress in the tumor microenvironment, and that solid stress forces in the periphery contribute to vascular and lymphatic collapse (55). This represents a possible mechanism based in the mechanical properties of the tumor microenvironment for BTIC selection and plasticity; impaired perfusion and lymphatic drainage may promote hypoxia within the tumor and a milieu conducive for aggressive, resistant cellular phenotypes as well as secondarily creating a physical barrier for potential cellular therapy or conventional chemotherapy (Figure 1). Seano and Nia et al. relate tumor growth pattern to the amount of solid stress imposed on surrounding normal brain tissue using in situ, ultrasound-based measurement of stress (56). They utilize two distinct GBM cell lines U87 and MGG8 which exhibit nodular and infiltrative growth, respectively in an orthotopic murine model. Analysis of solid stress in these groups revealed qualitative deformation of surrounding tissue on histology with U87 nodular tumors, but not MGG8 tumors. This was corroborated with stress measurements that showed lesser radial and circumferential stress in the MGG8 infiltrative tumors compared to U87 nodular tumors (MGG8: radial stress 0.014 +/- 0.001 kPa, circumferential stress 0.063 +/- 0.004 kPa; U87: radial stress 0.020 +/- 0.001 kPa, circumferential stress 0.110 +/- 0.005 kPa) (56).




Figure 1 | Tissue Mechanics in Glioma. Several factors contribute to generation of solid stress in the glioma microenvironment including lymphatic or vascular insufficiency, tumor growth, and ECM or cellular remodeling. Solid stress can promote glioma aggression and create a microenvironment conducive for immune escape and BTIC selection. ECM, extracellular matrix; BTIC, brain tumor-initiating cell.



Although the fundamental mechanisms of growth-induced solid stress and the variables affecting this has been elucidated over the past decade, investigating these features in humans within a complex biophysical system continues to be a challenge. In large part due to limitations of current technologies, noninvasive methods of assessing physical properties of intracranial tumors are still being optimized by several groups (57–61). Initial studies have begun to define the biophysical properties of glioma, albeit with some discrepancy among groups. Specifically, the stiffness of glioma tissue and the microenvironment is debated, contrary to other systemic cancers where tumor stiffness is a hallmark. Schregel et al. characterized physical parameters of orthotopic G30 BTIC cell line using magnetic resonance elastography (MRE) (62). Analysis of MRE parameters revealed significant heterogeneity within tumor tissue as indicated by viscoelastic modulus and shear wave speed; stiffer areas on MRE corresponded to regions of high cell density on histology, and softer areas corresponded to regions necrosis and lower cell density (62). In vivo, intraoperative MRE of brain tumors performed by some groups suggested increased stiffness of brain tumor compared to normal brain as well as a trend of increasing stiffness with lower grade tumors (57, 58). Notably, these were the only studies to utilize MRE intraoperatively. Chauvet et al. report young’s modulus ranging from 11.4 kPa to 33.1 kPa by shear wave elastography including meningiomas, low-grade gliomas, high-grade gliomas, and metastases. Meningiomas exhibited the greatest stiffness (33.1 +/- 5.9 kPa) whereas high-grade gliomas exhibited the least stiffness (11.4 +/- 4.9 kPa); however, tumors on average were stiffer than normal brain stiffness of 7.3 +/- 3.6 kPa (58). Other groups report similar trends with tumor grade, but report glioma tissue as softer than normal brain tissue though there is a small subset of gliomas that are stiffer in these studies (59–61). Reiss-Zimmerman et al. observe no significant difference in the elasticity parameter with MRE among tumor types whereas the elasticity component reflects the trend reported in the other studies—meningiomas exhibiting the least elasticity likely owing to higher cellular density compared to infiltrative gliomas. In this study, average young’s modulus for all tumors was 1.43 +/- 0.33 kPa while the average for normal white matter was 1.62 +/- 0.27 (59). Moreover, intertumoral heterogeneity and intratumoral heterogeneity in viscoelastic properties were evident among gliomas as well as meningiomas to a lesser degree and may be due to high rates of cell turnover and heterogeneous distribution of cell density in gliomas (59).

The biological substrate of tissue stiffness also requires special consideration in the context of gliomas. Typical constituents of the ECM found elsewhere in the body are absent in the brain, namely collagen, fibronectin, and laminin (63–65). Instead, proteoglycans as well as heparin sulfate and hyaluronic acid are present. Proteins involved in cellular adhesion, particularly TNC, are also present and these constituents are frequently enriched in gliomas which can contribute to ECM stiffness (63–65). The orchestration of changes in glioma microenvironment stiffness and the subsequent mechano-transduction remains unclear. Although aberrant production of ECM constituents, even in the absence of typical proteins such as collagen in the brain, likely plays a role in promoting glioma tissue stiffness, other mechanisms have also been described. Pogoda et al. report a phenomenon of compression stiffening in glioma tissue obtained from biopsy specimens of patients with GBM (66). They demonstrate that the young’s moduli measured in patient GBM tissue is not significantly different from the viscoelasticity of normal mouse brain tissue which was used as a proxy for normal human brain. With the addition of compressive force, the relative young’s modulus for GBM tissue compared to normal brain tissue increased significantly with increasing compressive force to a relative young’s modulus of approximately 1.8 at 20% compression of tissue (66). Additionally, using the LN229 GBM cell line, Pogoda et al. showed cell stiffness and morphology was dependent on substrate stiffness which was assessed by gel cultures of varying stiffness (66). Compared to normal astrocytes, a monotonic dependence of cell adherent area on substrate shear modulus ranging from 300 to 14,000 Pa was observed. A similar relationship was observed with cell stiffness with a maximal cell stiffness of approximately 5 kPa achieved at 14 kPa of substrate stiffness after which no further changes in cellular stiffness was observed (66). Taken together, these findings suggests that although glioma tissue may be softer at baseline compared to surrounding tissue, regional normal brain stiffness can stimulate local changes in glioma stiffness signifying cytoskeletal remodeling and motility. A compression-driven mechanism of focal glioma stiffness may complement previously recognized mechanisms of primary ECM stiffening due to changes in ECM composition and deposition which is likely not the sole mediator of glioma stiffness. Compression from surrounding normal brain tissue can arise from various processes including increased intracranial pressure or interstitial pressures which are not uncommon in intracranial malignancy.

A recent MRE-based study and mathematical analysis by Streitberger et al. offer further reconciliation of relative glioma “softness” compared to normal brain and tumor progression and invasion (67). The authors first devised a phantom model mimicking the ECM and cytoarchitecture of meningioma and glioma using amalgamations of agar, heparin, and tofu. Viscoelastic properties were measured using MRE at varying solid composition ratios of the model and varying water content to determine how the viscoelastic properties of an intracranial tumor may change in response to increased fluid due to disrupted blood-brain barrier in surrounding vasculature (67). In their phantom models, different substrates functionally recapitulated different components of glioma ECM—abundant glucosaminoglycans (GAGs), absence of significant fibrosis in the case of heparin while the tofu phantom mimicked an entanglement of proteins governed by hydrophobic interactions with the high collagen content observed in meningioma with relatively high viscosity and increased fluidity (67). With glioma and the heparin phantom model, an inverse relationship between water absorption and viscosity was observed (67). Indeed, this was corroborated with MRE imaging studies in patients where T2 signal reflected higher water content and this corresponded to lower viscosity, i.e. lower phase angle and consequently decreased fluidity. Interestingly, other groups have also shown that increased ADC signal in GBM corresponding to higher water content may be associated with worse outcomes (68, 69). Based on these findings, the authors posit that GBM behaves functionally as a low viscosity, low fluidity solid secondary to the ability of significant, hydrophilic GAGs in the ECM to bind to water without meaningful perturbation of viscosity (67). On the other hand, meningioma behaves like a high viscosity, high fluidity fluid with ECM consisting of entangled proteins with hydrophobic aggregation. In the case of meningioma, the variation in focal shear stress can steeply increase stiffness due to local drainage of water followed by direct solid-solid contact of ECM constituents and protein coagulation (67). With regards to glioma infiltrative growth and tumor progression, viscous fingering. Briefly, in viscous fingering, the less viscous glioma with lower regional surface tension is pushed into the higher viscosity surrounding producing the characteristic microinvasive infiltration without clear margins (67). Overall, these studies suggest a unifying theory though additional work is required to elucidate the impact of tumor subtype, tumor location such as proximity to the ventricle, tumor/microenvironment heterogeneity, among other factors.



Influence of Microenvironmental Tissue Mechanics on Glioma Malignancy

Though studies examining the impact of tissue mechanics are limited, this is an area of considerable interest and active research with themes beginning to emerge. Unsurprisingly, given discoveries in tissue mechanics in other types of cancers, tissue mechanics in glioma tend to regulate hallmarks of cancer. Here we highlight representative studies that have uncovered these mechanisms (Figure 1).

Several studies have linked alterations in microenvironmental rigidity to enhanced glioma aggression, and some have also identified certain microenvironmental features as prognostic markers for survival at the patient level (70–73). Miroshnikova et al. established the importance of HIF1α signaling, IDH status, and ECM components in GBM (70). Using in vitro models as well as human tumor samples, the authors show that increasing in ECM stiffness is observed with increasing grade of tumor in glioma ranging from 50-1,400 Pa in low grade gliomas to 70-13,500 in higher grade gliomas; analysis of human samples revealed worst patient prognosis with tumors with a high proportion of stiff ECM >1,400 Pa (70). Mechanistically, they define TNC and hyaluronic acid (HA) as key contributors to ECM stiffness in glioma and show increased levels of these constituents is associated with worse survival and stiffer tumor ECM. Finally, they describe the downstream effects of HIF1α expression in a hypoxic tumor microenvironment (70). HIF1α serves as a regulator of TNC expression and ultimately glioma microenvironment mechanical properties through stiffening of the ECM. At the tumor level, the authors show that perturbation of TNC-mediated ECM stiffening or at a point in the regulatory pathway with HIF1α or one of its regulators miR-203 improved survival is observed in murine xenograft models of GBM. Notably, wild-type IDH via onco-metabolite (R)-2-hydroxyglutarate is implicated in HIF1α regulation and consequently ECM stiffness regulation; in patients with recurrent IDH-mutant tumor, ECM stiffness was noted to increase comparing initial diagnosis and associated increased TNC expression suggesting a mechanosignaling-induced tumor aggression (70). Chen et al. similarly define a key mechanosignaling axis involving the PIEZO1 ion channel that has been shown to be overexpressed in a variety of cancers including all subtypes and grades of glioma signifying a potential common, evolutionarily conserved mechanosensation mechanism in cancer (71). Beginning with a Drosophila model of glioma and subsequently utilizing GBM and BTIC cell lines, the authors demonstrated that the PIEZO1 channel is necessary for tumor growth in vitro and in vivo and abrogation of the ion channel resulted in significantly longer survival and reduced tumor growth in mouse models (71). Further characterization of PIEZO1 as a central hub in a mechanotransduction cascade revealed subcellular location of the channel at sites of focal adhesion and a feed-forward mechanism whereby PIEZO1 was shown to be essential for ECM stiffening via regulation of other ECM remodeling genes including TAZ and FHL3 as well as glioma cell mechanotransduction (71). In experiments with PIEZO1 knockdown, stiffness-dependent glioma cell growth was not observed, and in experiments assessing the stiffness-dependent growth of glioma cells in response to varying stiffness hydrogels, increased expression of PIEZO1 was observed (71). Other groups have also confirmed the influence of microenvironmental stiffness on glioma growth and proliferation in the context of other signaling pathways including the EGFR and Rho/GTPase signaling pathways (72–74).

In addition to promoting glioma growth and proliferation, mechanical cues from the microenvironment also enhance other aspects of glioma stemness, specifically migration and invasion which enables diffuse spread through brain parenchyma (75–77). Zhang et al. elucidate a mechanism involving the cytokine IL-33 and receptor ST2 in the tumor milieu that stimulates expression and accumulation of TNC via NF-κB signaling in the microenvironment (76). Using a transwell migration assay, they demonstrate that IL-33 treatment produces a nearly 3-fold increase in invaded cells in a TNC-dependent matter; the authors observed enhanced migration on in vivo histologic analysis as well (76). Kim et al. identify another mechanosensation mediator in the CD44-HA interaction that also enhances glioma cell invasion (77). Aberrant and increased expression of CD44 and HA is present in the glioma microenvironment, and Kim et al. show that this ligand-mediated interaction is distinct from other adhesion interactions as with integrins and is stiffness-dependent (77). Using U373-MG glioma cells in transwell invasion assay and time-lapse microscopy, the authors show that the migration speed and invasion properties of these cells in the presence of CD44/HA improves with increasing stiffness of the HA hydrogel in which they are cultured (77). Integrin-mediated interaction between glioma cells and microenvironment components such as the glycocalyx or BCL9L have also been described and shown to enhance glioma stemness (75, 78, 79). Notably, in these studies, glioma stemness also incorporates the treatment-resistant quality of this phenotype and the authors show treatment sensitization employing gain- or loss-of-function methodologies to disturb the specific integrin-mediated mechanosensation (78, 79). Barnes et al. specifically examine recurrent GBM and determine that a bulky glycocalyx in the tumor microenvironment, that is frequently seen in recurrent GBM, interacts with integrins with mechanoreciprocity whereby downstream signaling enhances stemness of the cell which in turn effects increased tension in the glycocalyx to form a feedback loop (79).

Interestingly, in investigations by Miroshnikova et al. and others, GBM tumor tissue was observed to be stiffer than normal tissue and a trend was observed towards increased stiffness with high grade; in contrast, previously discussed studies found gliomas to be softer compared to normal brain and to exhibit the opposite trend with grade (59, 60, 66, 67, 70, 78). This underscores the complexity of measuring mechanical properties of the glioma microenvironments and requires further study to elucidate with consideration of standardized measurement techniques and preclinical modeling. Moreover, this may also be an indicator of the challenge associated with defining features of a heterogeneous disease process including sampling bias of the tumor as well as other confounders such as patient comorbidities and history of treatment.

Microenvironmental tissue properties also induce changes in tumor-adjacent tissue compartments in addition to glioma cells (Figure 1). Seano and Nia et al. show that glioma tumor growth in an orthotopic murine model compresses tumor-adjacent vasculature and decreases perfusion (56). They note that this effect is more pronounced in glioma cell lines characteristic for nodular growth pattern—U87, GL261, and BT474 compared with cell lines that exhibit infiltrative growth. For example, at a 20-day timepoint, the authors demonstrate that the nodular cell line U87 resulted in a significantly reduced intravital perfused blood volume fraction compared to baseline (0.35 to 0.2) in surrounding vasculature whereas no significant changes were observed in the infiltrative cell line MGG8 in the same time frame (56). In tumors models with nodular growth, perfusion in the surrounding vasculature is also inversely correlated with tumor growth (56). MRI-based analysis of perfusion in tumor adjacent regions, not including peritumoral T2/FLAIR signal in a cohort of patients with GBM confirmed reduced perfusion in up to 53% of patients (56). Histological and behavioral analysis after tumor-related brain compression in the intracranial tumor mouse models also revealed evidence of neuronal injury and neuroinflammation as well as concordant significant changes in locomotion and gait suggesting deleterious neuronal sequelae from the physical effects of tumor growth (56). Tumor-related mechanical changes in the microenvironment can also promote local immune dysfunction. This type of microenvironment-mediated immunosuppression has been characterized in a variety of cancers and may result from tumor-related solid stress transmitted through the microenvironment as well as soluble factors and interactions with tumor-associated vasculature (80). In glioma specifically, Huang et al. show GBM ECM-based inhibition of T cell migration into the tumor milieu. Furthermore, they define an inverse correlation between TNC expression in the ECM and T cell transmigration (81). Increased levels of TNC in vivo in a mouse model of GBM was associated with reduced T cell enrichment in tumor tissue on histologic analysis, and assessment of in vivo transmigration using a mouse air pouch model demonstrated TNC-mediated transmigration of T cells (81). Pathway analysis in vitro using co-cultures of Jurkat cells with U118MG glioma tumor cells or tumor ECM identified phosphorylation of focal adhesion kinase (FAK) and migration-related kinase ERK which was shown to be required for transmigration through a cancer monolayer (81). Interestingly, a potential relationship between tumor ECM constituents and peritumoral edema was also observed in a study by Qu et al. analyzing the expression of GBM PIEZO1 relative to normal peritumoral tissue in patients; quantification of PIEZO1 expression and image analysis revealed a positive relationship between expression and extent of peritumoral edema where higher expression was observed in patients with severe edema that was defined as an edema index >3 (calculated as the ratio of tumor and edema volume to tumor volume) (82). Lastly, it is well known that GBM and the tumor microenvironment present numerous challenges to adequate and effective delivery of therapeutics, and this concept also extends to the physical properties of the tumor and microenvironment. Recent efforts have included innovative strategies to create therapeutics that account for and accommodate the rheological features to engineer adaptive therapeutics (83). Detailed overview of recent trends and advances in overcoming physical barriers to drug delivery can be found elsewhere (84).



Mechanisms of Mechanical Stimuli Transduction in Glioma

Mechanistic understanding of mechanical stimuli transduction in glioma is lacking, though recent advances have shed some light on the microenvironment and cellular network interactions that underlie the effects of mechanical properties on disease progression. Hubs of mechanical stimuli transduction in gliomas can be generally categorized as either via mechanosensitive ion channels or non-ion channel-based mechanotransduction which encompasses a complex swath of poorly understood signaling pathways including integrin signaling, ligand-mediated signaling through interaction with ECM components, or receptor-mediated signaling through interaction with ECM components (85). Here, we briefly summarize representative mechanisms in the evolving framework of glioma mechanotransduction (Table 1).


Table 1 | Representative Substrates of Mechanical Signal Transduction in Glioma.



Three main classes of mechanosensitive ion channels have been implicated in gliomas: PIEZO, TRP, and ENaC (Table 1). Of these, mechanotransduction via PIEZO and TRP channels have been the most well characterized (85). PIEZO1 specifically in glioblastoma serves as an intermediary for a variety of downstream affects including cytoskeletal remodeling, ECM remodeling as well as directly regulating stemness and aggression of cancer cells (71, 85, 88, 89). Studies have described colocalization of PIEZO1 to regions of cell membrane stress such as those with focal adhesions and signaling via the integrin-FAK pathway (71, 88, 89). Different subtypes of TRP channels have been implicated in glioma including TRPC1, TRPC6, and TRPM7 (Table 1) (85, 86, 90–94). Similarly, mechanotransduction of physical microenvironmental stimuli through these channels influences downstream regulation of disease progression through effects key cellular structure and function ranging from motility and migration to proliferation and metabolism (86, 90–94). TRP channels in GBM have been associated with activation of Notch signaling and JAK/STAT signaling pathways (94). Ross et al. also identified a potential role for the ENaC channel which has primarily been shown to regulate cell volume, presumably to facilitate cell motility and migration in complex microenvironments (Table 1) (87). Study of mechanosensitive ion channels has centered largely on those located on the cell membrane, and intracellular or nuclear ion channels in the context of mechanotransduction may represent a new frontier that could improve understanding of downstream signal transduction.

Non-ion channel-based mechanotransduction in glioma is poorly defined and represents an active area of investigation. In recent years, groups have been able to thoroughly characterize a few signal transduction pathways that utilize ligand-mediated, receptor-mediated, and integrin-mediated mechanosensation (45, 76, 77, 79, 95). Other studies in this area have focused on defining downstream components of signaling mediators following the initial mechanosensation event, and this has led to the identification YAP/TAZ, PHIP, and MGAT, among others that play a role in glioma stemness and disease progression; however, a unifying mechanism that considers heterogeneity in mechanical properties of the glioma microenvironment as well genetic and treatment-related drivers of plasticity is lacking and requires further investigation (96–104). Kim et al. describe a ligand-mediated mechanotransduction mechanism in gliomas that leverages the interaction between HA that is overexpressed in the ECM and CD44 (Table 1) (77). In this study, the authors observe a temporal component to mechanotransduction where HA-CD44-mediated signaling and consequent enhanced glioma adhesion appears to occur earlier than integrin-mediated signaling and adhesion in glioma cells cultured in modified hydrogels (77). This suggests that early mechanotransduction may occur via an CD44-independent ligand-mediated mechanism whereas the well-described ECM-integrin interactions in glioma may occur later. Temporal cues that define these mechanisms as well as the molecular implications of this phenomenon are unknown. Moreover, this finding adds another potential layer of complexity to mechanotransduction mechanisms in glioma in that our current framework does not clearly define whether temporal heterogeneity exists in this mechanism or the previously described mechanisms and whether this is of functional significance. Several groups have described the mechanotransduction scheme and downstream effects of integrin-mediated signaling (45, 79, 95). TNC has been established as a protein mediator of microenvironment and glioma cell interaction ultimately facilitating and converging on integrin-mediated signaling (70, 76, 105–108). A possible receptor-mediated mechanism for the regulation of mechanosensation has been described by Zhang et al. who show that binding of IL-33 to the ST2 receptor is associated with TNC accumulation and subsequent alteration in the GBM phenotype (Table 1) (76). TNC is an important mediator of mechanical cues in the microenvironment, and these findings suggest that interactions (in this case a receptor-mediated interaction) that alter the availability of such mediators can have implications for mechanotransduction, though further investigation is required to elucidate these potential links.




Role of Fluid Mechanics in Glioma


Fluid Shear Stress and Interstitial Fluid Dynamics

Alteration of brain fluid mechanics in patients with glioma, specifically cerebrospinal fluid (CSF) dynamics is not uncommon (109). This can occur secondary to tumor-related obstruction of natural CSF drainage pathways or dysfunction of CSF resorption. Bloodstream-related fluid shear stress and other fluid stresses has been extensively studied in the context of metastatic cancer as well as other disease processes; however, studies characterizing these forces in glioma and examining the impact on the disease process are sparse. Further investigation in this area may provide a more complete view of the stresses at play in the tumor bulk and microenvironment, and early studies suggest that the influence fluid-related stresses may be clinically significant (85, 110–116).

Interstitial fluid flow refers to fluid flow generally through a 3-dimensional matrix and interstitial fluid pressure (IFP) refers to the biophysical manifestation of the pressure gradient typically between a capillary and a draining lymphatic vessel. In the context of cancer and glioma, an elevated IFP is observed due to increased vessel permeability, i.e., leaky vasculature, secondary to tumor-mediated angiogenesis and dysplastic tumor vessels (Figure 2). The resultant high IFP has several effects on the tumor and tumor microenvironment. First, elevated IFP is transmitted through the tumor milieu and ECM of the glioma subjecting glioma cells and ECM components to various forces including normal force and shear stress. Much of the current understanding of the sequelae of these fluid-based forces in glioma and in the brain in general are extrapolated from studies in other organ systems and disease contexts; this is in part due to the difficulty to accurately measure these stress forces in a complex microenvironment (Figure 2) (117–119). It is presumable that shear stress-mediated deformation of either the cancer cell cytoarchitecture directly or ECM components promotes changes in stemness, migration, and other features of cancer through mechanotransduction as discussed in previous sections, but this is yet to be investigated comprehensively. Qazi et al. examined the effect of simulated fluid shear stress on the migratory activity of glioma cell lines in a modified Boyden chamber (116). The authors demonstrated that both time of exposure to shear stress and magnitude of shear stress diminished migration in two of three cell lines by 92% and 58%, but the third cell line was not affected by shear stress (116). Quantification of MMP levels showed a concomitant downregulation of active and total MMP with exposure to shear stress that was confirmed with MMP inhibitor assays. Interestingly, the third cell line that was not affected by shear stress also exhibited minimal change in MMP levels. They observed differential migratory activity in the presence of or absence of a TGF-α flow gradient suggesting enhanced cell migration due to a flow-induced chemotaxis—89%, 566%, and 101% enhancement in migratory capacity with TGF-α (116). In similar studies by Li et al. and Namba et al., simulated fluid shear stress applied to U87 glioma cells and BTICs in a microfluidic apparatus produced an increase cellular adhesion strength and differential invasion based on differentiation—less differentiated nestin-positive BTICs tended to invade first under interstitial flow (115, 120). In addition to mechanical effects of fluid shear stress and IFP, these forces in various cancer models including have been shown to produce flow-induced gradients of soluble factors in the microenvironments including chemokines that influence directionality and invasion through chemical signaling (Figure 2) (85, 114, 118, 119, 121). Although initial studies of interstitial fluid flow and IFP posited a radial IFP emanating from the tumor core outward because of the arrangement of leaky vasculature, Spin echo-MRI analysis by Kingsmore et al. of xenograft mouse glioma tumors revealed heterogenous interstitial flow dynamics (110, 111, 122–124). They noted a general trend of outward flow of interstitial fluid but observed significant intratumoral heterogeneity in interstitial flow velocities which correlated with Evans blue assessment of drainage (111). Taken together with the work by Qazi et al. it is evident that fluid dynamics and the response to local fluid dynamics is not uniform but rather heterogenous (111, 113, 116). Further investigation of interstitial fluid dynamics and shear stress in glioma will not only improve our understanding of tumoral and microenvironment heterogeneity but also potentially uncover new therapeutic targets that can be modulated to either slow disease progression or perhaps facilitate enhanced drug delivery to sites of disease (113).




Figure 2 | Fluid Mechanics in Glioma. Tumor-mediated angiogenesis and tumor-mediated increased vascular permeability increases interstitial fluid pressure and force transmission to glioma cells and ECM. Lymphatic insufficiency also contributes to increased interstitial fluid pressure. Increased mechanical stimuli from elevated interstitial fluid pressure can promote a tumor environment selective for BTICs and alter CSF dynamics. CSF, cerebrospinal fluid; ECM, extracellular matrix; BTICs, brain tumor-initiating cells; IFP, interstitial fluid pressure.





Lymphatic Flow Dynamics

Lymphatic flow dynamics and drainage effectively link microenvironmental properties such as IFP and interstitial fluid flow with the local immunosuppression that is observed in glioma. In brain tumors such as GBM, draining lymphatic vessels of the tumor are typically compromised, and the tumor milieu is inadequately drained. This produces a dual mechanical and immunological effect in the microenvironment. As a result of compromised lymphatics, interstitial fluid accumulates in certain regions of the microenvironment resulting in elevated IFP with its associated mechanical and chemical signaling as previously discussed (Figure 2) (49, 117, 125–127). Secondly, impaired lymphatic drainage from the tumor simultaneously hinders antigen presentation and immune cell recruitment at peripheral sites as well as preventing migration of immune effector cells into the tumor tissue ultimately producing a function immune escape phenomenon (Figure 1) (49, 125–127). Studies have demonstrated that pharmacologic restoration of these meningeal lymphatic vessels can sensitize GBM to the host immune response and synergize with immunotherapy effectively (117, 125–128). This new class of targeted therapies such as VEGF-C is promising in that it represents a priming of cellular immunotherapy, if successful, can reach infiltrative disease in addition to the primary disease site while concurrently ameliorating malignant mechanical stimuli-induced changes in glioma cells by relieving IFP in areas of impaired lymphatic drainage (49, 125–129).




Theranostic Opportunities and Modeling


Therapeutic Targets

Several potential therapeutic targets follow from the present overview of the current understanding of mechanical properties in the glioma microenvironment. Given the crucial role of mechanotransducers such as mechanosensitive ion channels in promoting glioma malignancy, pharmacologic inhibition of signal transduction is attractive. Known inhibitors exist already for some of these channels such as the PIEZO, mechanically gated ion channels; however, non-specificity poses a hurdle as well as the perpetual barrier of achieving effective delivery of any therapeutic to the primary tumor site and invasive BTICs (130–134). Drug pharmacology surrounding the PIEZO channels is still in its infancy, with the majority of studies employing non-specific inhibitors for the purposes of interrogation of channel properties and mechanism of action (130, 133). Groups have identified inhibitors of the PIEZO1 and PIEZO2 channel including the polycation ruthenium red, gadolinium, and the peptide GsMTx-4, but these agents are yet to be tested in translational studies. Activators such as Yoda1, Jedi1, and Jedi have also been described and these agents have been similarly leveraged to elucidate the mechanism of these channels in the glioma microenvironment (71, 133, 135). For example, Chen et al. utilize Yoda1 to further define the relationship between surrounding tissue stiffness and PIEZO1 activity in glioma by showing that beyond a certain level of expression of the channel that is necessary for growth, overactivation of the PIEZO1 channels with Yoda1 do not enhance glioma cell proliferation in vitro (71). As Xiao outlines in his excellent review of the prospects for future therapeutics targeting PIEZO channels, with increasing recognition of the influence of such ion channels on glioma cell phenotype and disease progression, studies directed towards drug discovery and targeted inactivators of mechanosensitive ion channels for clinical application are forthcoming (133). This is supported by the recent elucidation of the crystal structure of such channels that have paved the path for high-throughput, targeted drug development (136, 137).

In addition to directly inhibiting mechanical signal transduction, another feasible approach is to target the downstream molecular mechanisms and cellular processes that promote disease progression. One such target is autophagy which has been implicated in treatment resistance in various cancers including GBM (138–140). Recent studies have shown that the process of autophagy is altered by mechanical stimuli and signal transduction primarily through two mechanisms: 1) crosstalk between the shared regulatory proteins in autophagy and mechanical signal transduction pathway or 2) competition for molecular substrates utilized in both processes such as cytoskeletal elements (138). Several common pathways have been described in the literature and include the YAP/TAZ axis, JAK-mediated signal transduction, and the expression of EGFR (138, 141, 142). Dupont et al. demonstrate in a series of experiments that the transcriptional regulators YAP/TAZ are required for transducing mechanical cues from the microenvironment and specifically the elasticity of the ECM (96). Using a stem cell model, they demonstrate that altering ECM stiffness and geometry of the growth substrate differentially regulates both proliferation and cell differentiation in a YAP/TAZ-dependent manner (96). Interestingly, YAP/TAZ is also observed to facilitate the fusion of autophagolysosomes and promote autophagic flux via a downstream protein target, Armus, in a study by Totaro et al. (101, 143) When this effect was pharmacologically dampened with autophagy inhibitors or through knockdown of autophagy genes, growth of breast cancer cells in vitro decreased. The opposite effect was observed when YAP/TAZ was overexpressed, and cancer stem cell features such as plasticity as measured by differentiation potential were enhanced (143). This data suggests that the YAP/TAZ axis may be one of several common pathways between mechanical signal transduction and other aberrant cellular processes in cancer that can be simultaneously targeted (143). Taken together, development of therapeutics that interfere with the cytoprotective effects of autophagy in cancer cells may represent a potential treatment modality and serve as an example for identifying points of convergence between mechanical signal transduction and other known processes in cancer progression amenable to therapeutic targeting (139, 140).

Alternatively, a therapeutic strategy that alters the mechanical properties of the microenvironment, i.e., manipulating solid stress and fluid stress in the tumor milieu, to engineer an anti-glioma environment may be plausible (71, 83, 113, 144, 145). The advantage with such an approach may be the ability to create “smart” or responsive therapies that can either effect mechanical changes locoregionally—in the area of radiographic disease or visible tumor or global changes to target invisible, infiltrative disease (71, 83, 113, 144, 145). Many of the studies discussed in this review as well as other studies examining mechanical properties in the cancer microenvironment have used some type of bioengineering approach to create a microenvironment-mimetic substrate to alter the physical forces that are felt by the cell or tissue of interest. In these studies, modulation of the substrate whether it is a 3D hydrogel or 2D suspension has resulted in elimination of malignant properties. This concept can be theoretically applied as a treatment whereby engineered materials may be implanted into tumor resection cavities after surgical removal of visible tumor. The material or scaffold could be engineered to respond to chemical and physical stimuli from surrounding brain tissue and to alter local physical properties to promote an anti-glioma microenvironment (114, 116, 146–149). This paradigm requires further study and is yet to be developed for clinical application in glioma. Although bioengineering technologies have evolved to meet these needs, this type of approach is hindered by our current rudimentary understanding of biophysical dynamics and their ramifications in brain cancer and in normal brain. Another approach to achieve the same effect is with the use of pharmacologic agents that can alter mechanical properties in the microenvironment such as with the angiotensin inhibitor Losartan. Chauhan et al. show that in models of breast and prostate cancer, administration of Losartan decreases solid stress in the tumor microenvironment by reducing the production of profibrotic components in the ECM such as collagen and hyaluronan (150). The use of Losartan with the intent to target mechanical properties in the context of brain tumors has not been well-studied, but a Phase 2 clinical trial is currently ongoing within this area (NCT03951142). Even in the absence of therapeutics targeted at tissue mechanics, improved understanding of these properties may pave the way for designing adjunctive therapies that can mitigate the biophysical barriers to other treatments such as drug delivery of conventional chemotherapeutics or effective immune cell infiltration of disease sites and successful immunotherapy-based approaches (11, 23, 84, 151).



Diagnostics

Unique mechanical properties of glioma and its microenvironment provide a basis for the development of novel diagnostics to address two unmet needs in clinical medicine: 1) accurate identification of infiltrative disease in nervous tissue that is radiographically and microscopically occult and 2) characterization disease heterogeneity and plasticity towards predictive analytics for treatment response or prognosis. Fundamental technologies are available as were described in the studies presented in this review such as MRE and other tools for rheological phenotyping, and these have the potential to be adapted and refined as possible intraoperative adjuncts or as supplements to the conventional imaging obtained for patients with GBM to better guide treatment choices (57, 59, 61, 62, 67, 152–154). Briefly, techniques can be categorized based on the substrate assessed—either cells and tissue or more macroscopically a region of the brain (Table 2). MRE as discussed previously, is now a well-studied imaging technique that can characterize tissue stiffness on a global scale in the brain. In this technique, vibrations through the brain are coupled with magnetic resonance imaging (MRI) sequences to create a landscape of tissue stiffness in the brain (59–62, 85, 155). This is particularly useful when trying to evaluate a mass in the brain as the tissue stiffness within the mass and surrounding regions may offer insights into the tumor type, grade, and propensity for malignant transformation (59, 60, 67). Investigations are ongoing to optimize the imaging protocols for this technique and to develop iterations that can be used at the point-of-care in the operating room. Intraoperative imaging with this technology could provide information regarding prognostication, response to therapy, growth rate in addition to the other intraoperative imaging tools available currently such as Raman spectroscopy, brain mapping, fluorescence-guidance, and optical coherence tomography (156). Further research is needed to establish and validate MRE as a reliable surrogate for such clinical parameters. Ultrasound-based imaging technologies can also be used at the point-of-care, and the two general modalities are traditional ultrasound-based imaging and shear wave elastography (Table 2). In traditional ultrasound, the ultrasound probe can be placed on the tissue of interest during surgery and an interpretation of physical characteristics is made based on the radiolucency of the area of interest. In shear wave elastography, a device is used to measure the propagation of ultrasonic waves through the region of interest and also measure the displacement of the tissue to calculate physical parameters such as shear modulus (47, 58, 85) (Table 2). Many methods have been described to study the physical properties of cells and tissue, and these include atom force microscopy, particle-tracking techniques, and measurements of tissue deformation (53–55, 110, 122, 124) (Table 2). The latter technique consists of lesioning a piece of tissue typically with a needle biopsy, serial slicing, or a single planar cut and subsequently measuring the magnitude of deformation or displacement of the tissue into the lesioned area. Comprehensive reviews of methodologies used to study mechanical properties in vitro and in vivo can be found elsewhere (47, 85, 155). Advances in bioengineering in the fields of microfluidics, biomimetics, and hydrogel may also enable the development of high-throughput, point-of-care methods to define disease features such as the mechanophenotype that may aid in clinical-decision making (84, 147, 152, 157).


Table 2 | Representative Methods of Measuring Mechanical Tissue Properties in Glioma.





Preclinical Modeling

Veritable preclinical models of glioma that accurately recapitulate important aspects of the disease are essential for successful clinical translation of innovative therapeutics. Our growing understanding of all the layers of disease heterogeneity and plasticity is now further complicated by heterogeneity and plasticity of the mechanical properties of glioma and its microenvironment (17, 25, 84, 147, 157, 158). Recent work also highlights clinically significant sexual dimorphism in many facets of the glioma disease process, and this feature of glioma has yet to be studied rigorously from the biophysical perspective which will be an important consideration for therapy development (20, 158–160). For example, it is unknown whether sex differences affect solid stress or fluid stress components within a glioma and its microenvironment. Similarly, the influence of other tumor characteristics on the biophysical properties of the tumor microenvironment are also poorly understood. These include factors such as proximity to the cerebrospinal fluid spaces of the brain and the response of tumor to surgical resection and chemoradiation which have been shown to play a role in other processes, but further investigation is needed with regards to mechanical properties (161, 162). Once again, the application of bioengineering to model mechanical features of the microenvironment may be several in dissecting mechanisms of mechanotransduction, mechanoreciprocity, and plasticity. Current models attempt to incorporate different features of heterogeneity in the tumor microenvironment that may impact its mechanical properties such as varying the composition of the ECM constituents as well as the type of model—3D versus 2D (147). Other groups have recreated heterogeneity in stiffness, elasticity, and soluble factor gradients (147, 149, 163, 164). These models will be crucial for effective drug development because they may offer useful information about pharmacokinetic and pharmacodynamic properties of proposed therapeutics as well as uncover additional therapeutic targets or treatment resistance mechanisms. As new variables are identified that can influence the mechanical properties of the microenvironment, the models that attempt to recapitulate these features will likely continue to become more sophisticated (114, 116, 147–149, 165–167).




Conclusion

The study of mechanical properties in the glioma microenvironment holds considerable promise. Further elucidation of the biophysical features of the microenvironment will enable a more comprehensive understanding of glioma as a disease process, and this may create novel theranostic opportunities while also informing preclinical modeling.
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Glioblastoma is an aggressive tumor and is associated with a dismal prognosis. The availability of few active treatments as well as the inexorable recurrence after surgery are important hallmarks of the disease. The biological behavior of glioblastoma tumor cells reveals a very complex pattern of genomic alterations and is partially responsible for the clinical aggressiveness of this tumor. It has been observed that glioblastoma cells can recruit, manipulate and use other cells including neurons, glial cells, immune cells, and endothelial/stromal cells. The final result of this process is a very tangled net of interactions promoting glioblastoma growth and progression. Nonetheless, recent data are suggesting that the microenvironment can also be a niche in which glioblastoma cells can differentiate into glial cells losing their tumoral phenotype. Here we summarize the known interactions between micro-environment and glioblastoma cells highlighting possible therapeutic implications.
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Introduction

The 2021 World Health Organization (WHO) Classification defines glioblastoma (GBM) as a diffuse astrocytic glioma without IDH (Isocitrate dehydrogenase) and H3R gene mutations, with enhanced microvascular proliferation, necrosis, and specific alterations like gain of chromosome 7/chromosome 10 loss, EGFR (Epidermal Growth Factor Receptor) amplification, and/or TERT (Telomerase Reverse Transcriptase) mutations (1, 2).

GBM is one of the most fatal primary central nervous system (CNS) malignancies with an estimated 5-years overall survival (OS) of only 6.8% (3, 4). In particular, the prognosis of patients with newly diagnosed GBM ranged from 12 to 18 months (5) while the recurrent disease is associated with a very poor outcome with an estimated OS of 5-10 months (6).

Several efforts have been spent to improve clinical outcomes of patients with GBM, nonetheless, none of the investigated agents have replaced the standard of care represented by maximal safe surgery followed by chemoradiation and adjuvant temozolomide, which has been adopted in 2005 (4). Even in the management of recurrent GBM, few systemic compounds demonstrated clinical efficacy (6).

There are several reasons behind these failures. First, the enrollment of GBM patients within clinical trials is limited only to10% of all GBM patients (7, 8).

However, the major cause explaining the difficult development of effective agents is certainly the complex biology of the disease. Indeed, GBM is associated with specific features which can be summarized in 1) the extremely high heterogeneity presented by tumor cells requiring combined treatment for different subtypes of GBM cancer cells; 2) the lack of biological models able to replicate or at least estimate the interaction between human tumor cells and the surrounding tissue; 3) the complex microenvironment surrounding the tumor (9–12). Furthermore, the presence of glioblastoma cancer stem cells (CSCs) has been employed to explain the impressive recurrence rate and regenerative proprieties of this tumor (13).

Of note, it has been demonstrated that GBM cells can manipulate the microenvironment surrounding themselves developing a niche sustaining tumor growth and development (14). This process involves immune cells, astrocytes, glial cells, neurons, extra-cellular matrix (ECM), vascular cells, and other cell types (15–20). There are several ways by which GBM can communicate with the surrounding tissue. The secretion of soluble factors able to modulate genomic expression and biological behaviors of tumor-associated cells is one of the most obvious and described systems.

Of interest, GBM cells can develop a nuclear and cytoplasmatic ‘‘continuum’’ with neighboring cells. These nanotubes mediate the transfer of protein and inorganic elements (21). Moreover, this also non-secretable molecules such as RNAs, DNA and also mitochondria, and nuclei can be transported from the tumoral to a surrounding cell by these nano-tubules (22–24). Notably, this system is also probably responsible for acquired resistance to radiation and systemic temozolomide (TMZ) (23).

GBM cells can also promote the creation of gap junction and cytoplasmatic connections (15–20). Finally, the secretion of microvesicles, extracellular vesicles, and exosomes can promote communication with also very distant cells or tissues (15–20).

The interactions between tumor cells and immune cells have acquired an increased interest due to the availability of agents able to promote immune-system reactivation. Nonetheless, other interactions have been only partially investigated and could hide novel promising targets for tumor treatment. Here we performed a review summarizing the identified interactions between GBM and its associated microenvironment. We also focused our attention on possible novel treatments targeting these complex interactions.



Immune Cells and Glioblastoma

Immune-contexture assumes a very important role within the GBM microenvironment. It can stimulate the progression and development of tumor cells (25).

In contrast to what was supposed in the past, it has been largely demonstrated that glioblastoma is not an immune ‘‘cold tumor’’ (26, 27). Similar to other tissue, the CNS has its resident immune tissue represented mainly from microglia (28). Furthermore, like other solid tumors, GBM can activate and recall migrating immune cells from systemic tissues and lymphatic vessels (28). Indeed, there is a connection between deep cervical nodes, dural sinus, and lymphatic vessels allowing systemic immune cells to move into the CNS reaching the target site (29, 30). CNS is regulated by several molecular mechanisms able to enhance or suppress the immune response. However, the main difference with other peripheral non-CNS tissues is that the balance between inhibitory and stimulating mechanisms is biased in favor of immune suppression (31–35). One of the most important factors mediating an immune-inhibition is the TGFβ2 (transforming growth factor β2) (36, 37). This factor can mediate inhibition of Interleukin 2 mediated T cell survival and reduce the production of critical effector proteins by lymphocytes and other immune cells (36, 37). An increased intracranial pressure, such as that observed during an inflammation response, could be catastrophic and associated with irreparable damage to the neurological tissues. Thus, CNS protects itself preventing prolonged immune response with activation of several mechanisms supporting an immune-depressive status (31–35).

Recently, two transcription factors showed to mediate several immune-depressive effects in GBM (38). These factors are represented by SRY-Box Transcription Factor 2 (Sox2) and octamer-binding transcription factor 4 (Oct4) whose activation promotes the suppression of both innate and adaptive immune responses maintaining glioma cell stemness and tumor-propagating potential (38). In particular, the co-expression of Oct4/Sox2 inhibits the expression of CCL5 (C-C Motif Chemokine Ligand 5), CXCL9 (C-X-C Motif Chemokine Ligand 9), CXCL10, and CXCL11 which are essential to induce lymphocyte CD8 effector (Th1 response) attraction (38). Furthermore, they promote the secretion of SPP (signal peptide peptidase), IL8 (Interleukin 8), CXCL5, CCL20, IL6 (interleukin 6) inducing Treg (immune-inhibitory) response and shifting macrophage differentiation toward an immune-regulatory profile more than an immune-active one (38). Several immune checkpoints such as PD-L1 (Programmed Death Receptor Ligand 1), CD70 (Cluster of differentiation 70), A2aR (adenosine A2A receptor), and TDO (Tryptophan 2,3-dioxygenase) are also overexpressed in cells with Sox2/Oct4 overexpression (38). The effects promoted by Sox2/Oct4 are directly mediated by overexpression of the BRD3 (Bromodomain containing protein 3) and BRD4 (Bromodomain containing protein 4) proteins which belong to the Bromodomain and extra terminal motif (BET) proteins family. The BRD3 and BRD4 proteins act modulating the activity of the histone 3 (H3) acetylation mediated by the H3K27Ac enzyme. This mechanism appears of particular interest considering the availability of pan BET inhibitors.

Another recent research investigated RNA expression of GBM-derived sphere-line treated with the BET inhibitor JQ1. The inhibition of BET resulted in a significant modulation of genes responding to Interferon-alpha (enhanced in about 50% of GBM) through a direct transcriptional inhibition more than interference to the JAK (Janus Kinase) -STAT (Signal transducer and activator of transcription) pathway (39).

BET inhibitors have recently been assessed on phase I clinical studies and further trials assessing their clinical efficacy are needed (40–47).

In conclusion, differently from other tissues, CNS physiologically employs signals able to reduce an immune innate and adaptive response. This happened to prevent catastrophic effects associated with an uncontrolled inflammation in a dedicated system such as the brain or the spinal cord. In this context, GBM cells adopt several mechanisms to reinforce this inhibition. Glioblastoma stem cells (GSCs) are probably an important component of this complex mechanism as they express important transcription factors such as Sox2 and Oct4 (38). Nonetheless, it is also likely that other pathways converge on the same inhibition suggesting that the inhibition of a singular cascade could not be associated with an effective immune response reactivation.


GBM – Microglia, Myeloid Cells, and Macrophages

Immune resident cells of the CNS are microglia and macrophages including perivascular, meningeal, choroid plexus, and circumventricular macrophages (28). These cells cover over 50% of the GBM tumor load and their composition change during the time and tumor progression (48). In the early phases of GBM development, the microglia is the most represented infiltrating cell subtype while macrophages and myeloid cells composed a large part of GBM volume in advanced phases (49, 50). Differently from macrophages, microglia constitute the resident immune system of the CNS. These cells can move within the CNS but they do not circulate in other tissues. Both microglia and macrophages are ineffective against tumors as their immune response is suppressed by the presence of an immune-depressive cytokines storm (11, 51). Indeed, GBM cells can directly mediate the production of several immune-depressive cytokines. Furthermore, cancer cells can manipulate the secretion and phenotype of surrounding immune cells shifting their phenotype toward an immune-suppressive one and initiating positive feedback leading to an immune-suppressive contexture. Notably, macrophages and myeloid cells are important protagonists of this process.

Myeloid cells constitute a large part of the immune-contexture of GBM. These cells are recruited directly from tumors cells and then can differentiate toward macrophages and monocyte phenotypes (52).

Myeloid cells have been classified into monocytic and granulocytic subtypes. Both these cells inhibit T cell and NK activities. Curiously, some data seem to confirm a negative prognostic role of these cells in males while these same cells can positively activate an immune response in female patients (52).

The main stimulation for macrophages and microglia accrual around the tumor is mediated by the same glioblastoma cells through the production of CCL2 (C-C Motif Chemokine Ligand 2), CCL7 (C-C Motif Chemokine Ligand 7), GDNF (Glial Cell-Derived Neurotrophic Factor), SDF1 (stromal cell-derived factor 1), TNF (tumor necrosis factor), VEGF (vascular endothelial growth factor), ATP (adenosine triphosphate), CSF-1 (Colony-stimulating factor 1), GM-CSF (Granulocyte-Macrophage Colony-Stimulating Factor), and expression of OLIG2 (Oligodendrocyte transcription factor 2) (48, 51, 53). Macrophages and microglia can perpetuate themselves accrual through the production of CCL2 resulting in a positive feedback loop (53). In advanced phases, microglia are localized mainly around tumor tissue while macrophages are localized in perivascular regions (54).

The differentiation of macrophages ranges from two specific phenotypes which are: M1 (immune-response enhancer) or M2 (immune-regulator inhibiting immune response) (55, 56). Although explicative, this classification is not definitive as macrophages can reach an intermediate grade of differentiation activating both genes of the M1 and M2 subtypes (57). In GBM, the resulting phenotype can inhibit immune response through secretion of transforming growth factor β1 (TGFβ1), arginase 1 (ARG1), or interleukin 10 (IL-10) enhancing neo-angiogenesis through VEGF production and extracellular matrix modeling by metalloproteases (MP) (38). On the other hand, these macrophages also produce pro-inflammatory molecules such as IL-β1 (interleukin β1), TNF, IL-5 (interleukin 5), and IL-12 (interleukin 12) which are molecules stimulating the immune response (38).

It has been demonstrated that macrophages promote GBM growth and progression in different ways (11).

First, the macrophage tumor suppression phenotype inhibits the response of other immune cells surrounding the tumor. This immune inhibition is mainly explicated by myeloid cells and differentiated macrophages which miss the activation of natural killer (NK) cells, the production of interferon γ (INF γ) and TGFβ (55). These same cells can induce lymphocytes differentiation toward an immune-regulatory (Th2) profile by TGFβ, reactive oxygen species (ROS), cysteine depletion, L-selectin downregulation, ARG1, and inducible nitric oxide synthase (iNOS2) production (36, 37).

The remodeling of ECM is essential for tumor migration and is mediated by the production of inactive metalloproteases enzymes by GBM cells (48, 58). These pro-Metalloproteases are then activated by enzymes produced by microglia. Moreover, the production of CSF1 by glioblastoma induces the release of the insulin-like growth factor-binding protein 1 (IGFBP1) by microglia which Is essential to promote vascularization and angiogenesis (48, 58, 59).

The administration of macrophages able to restore immune response would be a promising strategy able to partially restore immune-response against the tumor. The development of engineered macrophages (car-M) is at an early stage of assessment but it could be a promising strategy for GBM treatment (60).

Similar to macrophages and microglia also neutrophils and other innate immune cells are attracted by the tumor. In particular, inflammatory factors secreted after a surgical intervention such as IL-8, TNF, and CCL2 can promote neutrophil infiltration in addition to SDF1 and plasminogen activator inhibitor 1 secreted by tumor cells (61, 62). These innate immune cells can facilitate further accrual of macrophages and contribute to microenvironment remodeling.



Lymphocytes and Antigen-Presenting Cells

Antigens exposure can start an adaptive immune response in the CNS like observed in other organs.

The presence of lymphocytes surrounding the tumor has been largely reported in GBM where their concentration correlates positively with survival (63, 64).

When an antigen is recognized by the immune system, a specific lymphocyte clone targeting the same antigen expands itself starting an adaptive immune response. The antigen-presenting cells (APCs) are essential to start the clonal expansion as these cells mediate the presentation of the antigen to the lymphocytes initiating the immune response (29, 30). Antigens captured within the CNS are processed by APC and then presented to lymphocytes probably in deep cervical nodes. Activated lymphocytes can move into the brain directly thanks to the increased permeability resulting from inflammation and neo-vessels or after exposure to antigen by APCs on the meningeal surface (29, 30).

Even if lymphocytes can move around GBM mass their ability to start an immune response against tumor is strongly inhibited by several factors. Once lymphocytes come to the peritumoral tissue they are invested by strong immune-depressive signaling mediated tumor cells and GBM associated microenvironment. The TGFβ1 and TGFβ2 molecules are the main characters for this inhibition (11, 37, 65).

It is important to observe that immune-inhibitory signals are largely provided by the microenvironment more than directly by GBM cells. This is a concrete example of how GBM cells manipulate the microenvironment to sustain their growth and expansion (11). Notably, it has been reported that GBM cells can induce pericytes to produce TGFβ and IL-10 (an inhibitory interleukin) (66).

GBM cells can also release directly inhibitory signals such Fas antigen ligand (FASLG), and other inhibitory molecules. Lymphocytes assume the classical exhaustion phenotype expressing several-inhibitory receptors including the PD-1, T cell membrane protein 3 (TIM3), lymphocyte activation gene 3 protein (LAG3), and T cell immunoreceptor with immunoglobulin and ITIM domains (TIGIT) (67).

As already specified, it is interesting to observe that a large part of inhibitory molecules released by GBM cells can be mediated by the Sox2/Oct4 (38).

The complex network of immune-inhibitory signals can partially explain the failure of clinical trials exploring immune-checkpoint inhibitors (ICIs). To date, three different phases III trials failed to show a clinical benefit from the addition of nivolumab in newly diagnosed and recurrent GBM (68–70).

In the last years, a novel immune strategy employing engineered T-cells (car-T) has been investigated with favorable preliminary results. In GBM the introduction of reprogrammed T-cells could be ineffective due to the immune shield provided by the tumor microenvironment (70). Strategies aimed to switch the composition of cancer-associated immune cells from an immune-suppressive to an immune-active one are of critical importance. Combinatory strategies employing more immune targets are under investigation (70).




Neurons and Glioblastoma

The brain is composed of over 60% of the white matter which is largely composed of myelinic axons. Neurons, astrocytes, and oligodendrocytes with other glial cells (including microglia) are the most represented cells in the brain and CNS (71).

The study of the interactions between these components and glioblastoma appears of extreme interest as these are strictly related to some of the most important biological and clinical features of GBM cells.

Indeed, connexons between white matter, neurons, and tumors can partially explain the high recurrence rate of the disease as well as the ability to relapse also in a distant site such as the contralateral hemisphere (71–74). Of interest, the interaction between neurons and GBCs assumes a particular interest in recent years.

Indeed, the biological niche composed of GBM cells, GSCs, peritumoral oligodendrocytes, astrocytes, and also neuronal axons can both drive differentiation of a GSCs cell toward a tumoral phenotype or, surprisingly, toward a differentiated non-tumoral cell subtype (75). On the other hand, also GBM cells can induce the dedifferentiation of astrocytic cells while astrocytes and oligodendrocytes can support tumor growth in different ways. In particular, astrocytes can support tumor growth and development through the secretion of several cytokines and other soluble factors stimulating directly GBM growth and maintaining an immune-suppressive contexture (76, 77).


Astrocytes

Tumor-associated astrocytes (TAAs) can contribute to GBM growth in different ways. During early phases of tumor development, TAAs respond to initial injury with the secretion of TGFβ, IL-6, and Insulin growth factor 1 (IGF-1) which could contribute to GBM sustainment (76, 77). These same TAAs express the sonic hedgehog (SHH) gene and are concentrated in the perivascular niche of GBM (78–80). In early and advanced phases communications between GBM and TAAs occurred especially through the secretion of extracellular vesicles which contribute to stimulating several growth factors by TAAs (81). These include the vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), hepatocyte growth factor (HGF), and epidermal growth factor (EGF) (81).

The contribution of TAAs is of key importance as these cells can stimulate neo-angiogenesis through secretion of VEGF and hypoxia-inducible factor -1 (HIF-1) (82, 83).

Of interest, it has been demonstrated that astrocytes actively participate in chemotherapy resistance by GBM (84). The exact mechanism by which this is possible is still unclear but in vitro studies identified that chemoprotection performed by TAAs is possible only when these cells are connected to cancer cells by gap junctions. Indeed, apoptosis and GBM cells death increased when the development of gap junctions was inhibited by the administration of carbenoxolone (a gap junctions communication inhibitor) (84).

One of the most surprising behaviors of astrocytes is the capacity to be transformed in tumor-initiating cells. In vivo studies demonstrated that several oncogenes including MYC, RAS, and EGFR variant III can dedifferentiate astrocytes in tumoral cells (85, 86). This close relationship suggests a common phenotype shared by GBM and astrocyte supporting the hypothesis that astrocytes are the precursor normal cells by which gliomas originate. It is still unknown the exact mechanism, but it has been observed that glioma cells inhibit the expression of the onco-suppressor p53 in normal astrocytes (87, 88). The malignant transformation of astrocytes required the miR-10b which is silenced in TAAs but is largely expressed and secreted by GBM cells using extracellular vesicles (89).

Although the already cited oncogene (MYC, RAS, and EGFR) can mediate the transformation of astrocyte into malignant glioma cells it is still unclear the exact mechanism by which GBM cells can initiate this process in humans (85, 86). However, the manipulation and conversion of surrounding astrocytes into neoplastic cells can be another issue explaining the well-known recurrence and regeneration proprieties of this tumor



Neurons

Neurons can be manipulated by glioma cells to stimulate tumor progression and invasion. One of the first documented interactions between neurons and GBM is associated with the release of glutamate which could be enhanced in patients with GBM resulting in seizure onset and increased vascular permeability mediated by the N-methyl-D-aspartate receptors (NMDA) (90, 91). Of interest, synapsing signaling of cortical neurons can directly stimulate GBM growth. Neurons and oligodendrocyte precursor cells can secrete the postsynaptic adhesion molecule neuroligin 3 which mediated the activation of several key pathways including the mammalian target of rapamycin (mTOR), phosphoinositide-3-kinase (PI3K), and focal adhesion kinase (FAK) (92). Also, the brain-derived neurotrophic factor chaperone Bip (HSPA5) has been identified as an agent able to stimulate mitosis and cell division (92).



Oligodendrocytes and White Matter

Oligodendrocytes may absolve an inhibitory function against GBM cells. Indeed, these cells can activate the WNT inhibitory factor 1 leading to the inhibition of GBM growth and proliferation (93, 94). In CNS, Oligodendrocytes modulate neural plasticity, metabolic support, and axon activity through myelination. It is well known that GBM can spread through myelinic axons (75). The butterfly shape commonly observed in GBM indicates that tumor cells can invade the contralateral side following the commissure fibers of the corpus callosum (75). Similarly, GBM can spread through the arcuate fasciculus and using the radiation of the corpus callosum (75). It has been supposed that GBM cells adopted myelinated axons as scaffolds and tracks however a recently published study could drastically modify this concept (75). Glioblastoma stem cells are contained in a specific biological niche composed of their microenvironment which influences GSCs fate and differentiation. It is easy to think that GSCs differentiate into cancer cells but it is not always true as in some conditions these cells can differentiate into normal cells without tumorigenicity. It seems that a biological niche composed of white matter can induce GSCs to differentiate toward a pre-oligodendrocyte phenotype losing oncogenic potential (75). This mechanism is similar to that happening during the response to injury (75). Thus, this is an important discovery demonstrating that GSCs can differentiate toward a normal cell phenotype.

The mechanism by which this happens involves the white matter destruction which leads to upregulation of the SOX10 transcription factor. The SOX10 mediates oligodendrocyte differentiation also by cancer cells (75).

Further investigation of this pathway will probably provide new therapeutic insights for the clinical management of GBM.




Cancer Stem Cells

Glioblastoma stem cells explain the extreme clinical aggressiveness of GBM. In GSCs are associated with the high recurrence rate of the tumor even after complete resection (72). These cells are also associated with tumor renewal and resistance to treatment (73). Finally, the ability to spread and relapse in a distant site of the brain such as the contralateral hemisphere could be partially explained by GSCs an interaction between tumors and neurons (71–74). As already discussed, the differentiation of GSCs could be shifted toward a tumoral or non-tumoral phenotype according to the biological niche in which these cells are located (75).

Glioblastoma stem cells are localized in a specific niche localized in the perivascular and hypoxic regions of the tumor. These cells are similar to normal neural stem cells (NSCs) which are localized mainly in the subventricular zone of the brain which is a common site of origin for glioblastoma (95–97).

It is still unclear if GSCs derived from altered NSCs or mutated glioma cells (98). Glioblastoma Stem Cells are surely associated with GBM progression and recurrence after surgery (99, 100). The surface marker CD133 is one of the most adopted markers to recognize GSCs.

The expression of CD133 is regulated by Sox2 and agents targeting or interfering with this transcription factor can reduce tumor-initiating ability, resistance to chemotherapy, and recurrence (101). Nestin is another upregulated factor reported on GSCs that is directly correlated with poorer survival (98) (102).

Notably, the specific position of GSCs leads to an interaction with Endothelial cells (ECs) and pericytes. It has been supposed that GSCs directly respond to hypoxia stimulating vessels creation and neo-angiogenesis through the production of VEGF (103, 104). Moreover, GSCs can differentiate into ECs and pericytes (103–105). The most surprising finding related to GSCs is that these cells can be located at a distance of up to 3 cm from the primary tumor (106). Moreover, their histological identification is almost impossible as these cells are indistinguishable from normal tissue cells (72). Nonetheless, some studies suggest that GSCs derived from the GBM core are different from those isolated by peritumoral tissue presenting different behaviors in terms of proliferative potential and expression of stem-cell markers (72, 107, 108). Even if peritumoral GSCs are less aggressive compared to GSCs from the core of GBM these same cells are also more resistant to temozolomide and radiation therapy (72, 107, 108). As discussed in a previous paragraph, the transcription factors Sox2 and Oct4 are activated in GSCs promoting glioma cell stemness and stimulating several mechanisms leading to innate and adaptive immune response inhibition (38). Curiously, recent data suggest a strong interaction between glioblastoma cancer cells and GSCs (109). This is mainly mediated by the cascade activated by the brain-derived neurotrophic factor (BDNF) secreted by GBM cells and the receptor neurotrophic receptor tyrosine kinase 2 (NTRK2) localized on stem cells. This interaction leads to a paracrine effect resulting in tumor growth and development (109).



Endothelial Cells

Neovascularization and new vessels development are both hallmarks of GBM. The fast growth of the tumor mass required high blood intake thus there are several identified pathways by which GBM cells can interact and manipulate ECs activity (110).

Hypoxia is one of the most important stimulations for tumor growth, vessels development, and acquisition of more aggressive pathological features by tumor cells (111–113). In general, hypoxia leads to a metabolic switch by tumor cells which are more likely to promote aerobic glycolysis. Hypoxia induces also an attenuated expression of DNA repair enzymes and impedes the formation of Reactive Oxygen Species (ROS) reducing the cytotoxic effect of radiation therapy (111–113).

Notably, ROS can assume a different biological role according to their concentration. Low levels of ROS are associated with stimulation of hormone secretion, synaptic plasticity, and immune response (114, 115). High levels of ROS are instead associated with DNA damage and in particular p53 damage (116). The DNA damage promoted by ROS could partially explain the switch from low to high-grade gliomas (117). The NADPH oxidase (NOX) 4 is activated by PDGF and TGF-β and is a key enzyme associated with ROS production (H2O2) (118). The inhibition of this enzyme could be a promising target in patients with GBM.

One of the most established pathways for new vessels development is the recruitment of EC progenitors by the bone marrow. This is a process occurring during embryogenesis or after an ischemic insult which is also adopted by GBM cells (119, 120). Tumor cells or microenvironments manipulated by GBM cells can secrete the SDF-1 which is the ligand of the CXCR4 receptor expressed by EC progenitors (121, 122). The interaction between SDF-1/CXCR-4 resulted in EC activation and recruitment of novel EC (121, 122).

It has been well established that GBM cells and the surrounding microenvironment can stimulate the production of the VEGF. This factor can drive EC toward the development of novel vessels in a process known as sprouting angiogenesis. Notably, the neoangiogenic promotion carried out by VEGF can be inhibited by the interaction between the Notch receptor and Delta-like canonical Notch ligand 4 (DLL4) (123). Curiously, novel vessels development can originate also through a process known as vasculogenic mimicry (124–126). This phenomenon is mediated by the same tumor cells which can differentiate to create a vessels-like structure. In particular, macrophages surrounding tumors can mediate cyclooxygenase-2 (COX-2) activation stimulating vasculogenic mimicry (127). Other supposed mechanisms involved in this pathway are the expression of VE-Cadherin by GBM stem cells resulting from hypoxia and the HIF 1 and HIF 2 secretion. Also, the mTOR expression seems to be involved in this pathway (128).

Vascular co-option is another mechanism by which tumor cells move around pre-existing vessels gaining the access to oxygen and nutrients. Curiously GBM cells can induce secretion of bradykinin by EC cells. Bradykinin plays a chemotaxis effect on GBM cells (129, 130). The interaction between SDF1/CXCR4 (129, 130) and the expression of the EGFRvIII are also involved in this mechanism (129–131).

A well-described mechanism associated with neo-angiogenesis is the interaction between VEGF and VEGFR2 and VEGFR1 (132). The interaction between VEGF and VEGFR1 or VEGFR2 induces the phosphorylation and activation of the ERK 1/2 (extracellular signal-regulated kinases 1 and 2) and p38 MAPK (mitogen-activated protein kinase) which together mediated transcription of pro-angiogenic factors (132).

This interaction also results in blood vessels permeability, and proteins lost from blood (110) explaining an increased permeability, edema onset, and increased intracranial pressure. This can explain the clinical benefit experienced by patients treated with the anti-VEGF agent bevacizumab (133–136). Even if the administration of bevacizumab is associated with reduced edema and vascularization within tumor masses it failed to show a significant survival benefit among patients with GBM (133–136).

The lack of the survival benefit observed could reflect the co-existence of several mechanisms resulting in angiogenesis and vessels development. In this optic, the inhibition of the VEGF mediated by bevacizumab can activate or reinforce other molecular pathways converging on angiogenesis promotion resulting in resistance to the anti-VEGF.

The study of the interactions between immune cells in tumor-associated microenvironment assumes an increased interest (137). Increasing data seem to indicate that hypoxia induces secretion of the VEGF which is one of the main molecules mediating this signaling. In particular Regulatory T lymphocytes (T reg) mediate the production of IL-10, IL-4, and IL-13 inducing differentiation of macrophages into M2 phenotype and stimulating expression of inhibitory B7-H receptor on their membranes (137).

Thus, the inhibition of VEGF could also result in an enhanced immune response against the tumor. This supposed synergic effect has led to the assessment of combination strategies in the clinical setting. Unfortunately, a phase II study assessing the combination between bevacizumab and pembrolizumab (a PD-1 inhibitor) failed to show a significant clinical efficacy on patients with GBM (138).



Targeting the Microenvironment in Glioblastoma

There are very few systemic agents showing clinical efficacy in patients with glioblastoma (139–142). As already discussed in previous paragraphs, a great interest in the immune contexture of GBM is explained by the availability of active compounds able to restore immune response against tumors. Nonetheless, immune-checkpoint inhibitors failed to improve the survival of patients with GBM (68). The reason for this failure can be partially explained by the lack of uniformly expressed tumor-specific antigen due to the high heterogeneity of tumor GBM cells as well as the presence of an immune-depressive microenvironment which impairs the ability of immunotherapy to work. Also, GSCs can mediate immune escape (38).

Novel combination strategies are under investigation to overcome these limitations.

For example, it has been demonstrated that other immune checkpoints co-exist with PD-1. These are the indoleamine 2,3-dioxygenase (IDO1), T cell immunoglobulin-mucin-domain containing-3 (TIM-3), and lymphocyte activation gene 3 (LAG3) (143). Novel trials exploring combinations between PD-1 and LAG3 (NCT02658981) or IDO1 (NCT03707457) are under investigation. Similarly, the combination between temozolomide and IDO1 inhibitors is under investigation (NCT02052648).

Previous trials investigating neoantigen vaccination showed that vaccines can induce a significant increase of tumors infiltrating lymphocytes (144). Unfortunately, these infiltrating lymphocytes assume an exhausted phenotype. Thus the co-administration of multi-epitope vaccines and immune-checkpoint inhibitors could be another promising approach (NCT02149225 GAPVAC trial) (144). Strategies assessing co-administration of vaccines and CAR-T engineered with EGFRvIII and PD-1 are also under investigation (NCT04003649, NCT04201873, NCT02529072, NCT02287428) (145–147). Also, the administration of co-stimulatory agonists able to enhance T cell function is under investigation. Agonists such as CD27, 4-1BB, OX40 or CD40 are under investigation (NCT04547777, NCT02658981, NCT03688178, NCT04440943) (145–147).

Since macrophages are strongly associated with the development of an immune-depressive microenvironment the possibility to develop an engineered cell type of macrophage could be a promising strategy allowing a microenvironment to switch toward an immune-active phenotype (60). This Car-M strategy is still under early assessment however this appears a very promising approach.

As already specified SOX2 and Oct4 are two transcription factors able to modulate a very large amount of genes involved in the immune response. These two factors act through proteins belonging to the BET family. To date, BET inhibitors have been assessed on phase I trials with more of them showing a safety profile (39–47). A further investigation of these agents could be important for patients with GBM.

The inhibition of the CSF1 receptor can inhibit the interaction between GBM and cells of the immune innate system including tumor-associated macrophages. Studies on murine models showed that macrophages develop resistance to CSF1 inhibition through the expression of the insulin growth factor 1 (148). The co-administration of CSF1 and IGF1 inhibitors could be an interesting approach as associated to restored immune-active microenvironment resulting from macrophages activation (148).

In the last years, several agents targeting angiogenesis have been tested in GBM without significant results. The only FDA-approved drug is bevacizumab which has been associated with prolonged progression-free survival, a reduction of symptoms related to the tumor but failed to show a significant impact on overall survival (133–136). Several efforts are spent to understand the reason for bevacizumab resistance. The very high hypoxia level described inside the tumor can partially explain this failure. Indeed, hypoxia is associated with upregulation of the hypoxia-inducible protein 2 (HIG2) gene with downregulation of the CYLD gene expression. The overexpression of HIG2 resulted in HIF-1β, VEGF expression, and bevacizumab resistance through direct stimulation of hypoxia-inducible factor. Nonetheless, agents targeting HIG2 products failed to improve the clinical outcomes of patients with GBM (149). Novel approaches are aimed to target the angiotensin II receptors (AngII-R) and VEGF (150). However, this approach has been evaluated only in murine models thus assessments on humans are necessary to further assess this approach.

Since GBM cells adopt extracellular vesicles to communicate with surrounding tissue, a system able to reduce vesicles uptake and synthesis can be a promising target. Pre-clinical studies showed that inhibitors of neutral sphingomyelinase (GW4869) can reduce the production of extracellular vesicles while heparin and annexin A1 inhibitors can reduce vesicles intake by target cells (151–153).

Direct inhibition of junctions between GBM and microenvironment is also a strategy under investigation. Inhibition of connexin 43 is essential to inhibit the interaction between GBM and astrocytes (154). Another interaction between oligodendrocytes, astrocytes, and GBM cells is the interaction between neuroligin 3/ADAM10 (155). Indeed, GBM cells produce neuroligin 3 which is cleaved from the ADAM10 secreted by neurons and oligodendrocytes (156). The effect is a stimulation of GBM growth and development (11). Thus inhibitors of the ADAM10 appear a promising strategy for GBM which should be further assessed among clinical trials in humans.



Conclusion

GBM remains a fatal disease with limited treatments. The reason for this failure could be partially explained by the development of a complex and effective net of interactions between tumor cells and surrounding tissue cells. The microenvironment resulting from the manipulation carried out by cancer cells can feed and stimulate GBM proliferation hiding and protecting tumor cells from systemic treatments.

Interactions between tumor, endothelial and immune cells are under careful assessment due to the availability of drugs targeting these pathways. Recently, also the associations between glioblastoma and astrocytes, oligodendrocytes, white matter, and neurons come out from the shadow offering novel promising targets with therapeutic implications.

Due to the presence of deep communications between tumor cells and the microenvironment the use of agents targeting more than one altered intracellular cascade at the same time appears a promising approach.

In this optic novel immune-combination including immune checkpoint inhibitors) targeting PD-1/PD-L1, IDO1, TIM3, LAG3), engineered immune cells (CAR-T and CAR M), immune agonists (targeting OX40, CD27,4-1BB, CD40), and BET inhibitors are under investigation. Notably, tumor-associated macrophages are one of the most important cell-associated with the development of an immune-depressive habitat. Thus, a strategy able to reverse this effect such as CAR M assumes a particular interest.

Strategies aimed to inhibit the signaling between GBM cells and the microenvironment are also of key importance as able to inhibit the manipulation carried out by tumor cells on surrounding tissues. Inhibitors of sphingomyelinase, annexin A1 can act on extracellular vesicles secretion and intake while other agents such as ADAM10 inhibitors could directly interfere with the jap junctions connecting GBM to other cells.

Finally, it should be noted that a specific microenvironment composition (such as that described on the white matter) can promote GBM differentiation and convert a tumor cell into an oligodendrocyte well-differentiated element. This surprising finding suggests that there are some elements inside the microenvironment that can provide inhibitory messages to GBM reversing its natural course. Interactions between neurons and glia (especially oligodendrocyte) appear of particular interest and should be further assessed as could hide important targets for novel drugs development. In conclusion, GBM should be considered as a network of interactions in which an action perpetuates against tumor cells result in a response of the associated microenvironment and vice versa. The role of the microenvironment should be always considered during pre-clinical studies and would offer novel targets for patients with GBM.
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Glossary

ADAM10 Adam metallopeptidase domain 10

APC Antigen Presenting Cell

ARG1 arginase 1

A2aR adenosine A2A receptor

ATP adenosine triphosphate

BDNF brain derived neurotrophic factor

BET Bromodomain and extra terminal motif proteins family

BRD3 Bromodomain containing protein 3

BRD4 Bromodomain containing protein 4

CD70 Cluster of differentiation 70

CD133 prominin-1

CCL2 C-C Motif Chemokine Ligand 2

CCL5 C-C Motif Chemokine Ligand 5

CCL7 C-C Motif Chemokine Ligand 7

COX 2 cyclooxygenase-2

CCL20 C-C Motif Chemokine Ligand 20

CXCL3 C-X-C Motif Chemokine Ligand 3

CXCL5 C-X-C Motif Chemokine Ligand 5

CXCL9 C-X-C Motif Chemokine Ligand 9

CXCL10 C-X-C Motif Chemokine Ligand 10

CXCL11 C-X-C Motif Chemokine Ligand 11

CNS Central Nervous System

CSF-1 Colony stimulating factor 1

DLL4 Delta-like canonical Notch ligand 4

EC Endothelial cell

ECM Extra-cellular matrix

EGF Epiderma growth factor

EGFR Epidermal growth factor receptor

ERK 1/2 extracellular signal-regulated kinases 1 and 2

FAK focal adhesion kinase

FGF Fibroblast Growth factor

GBM Glioblastoma

GDNF Glial Cell Derived Neutrophic Factor

GM-CSF Granulocyte-Macrophage Colony-Stimulating Factor

GSC Glioblastoma stem cell

JAK Jasus Kinase

HGF Hepatocyte growth factor

HIF-1 hypoxia inducible factor 1

HIF-2 hypoxia inducible factor 2

HIG-2 hypoxia inducible protein 2

HSPA5 brain-derived neurotrophic factor chaperone Bip

IDH Isocitrate dehydrogenase

IDO1 Indoleamine 2,3-dioxygenase

IGF1 insulin growth factor 1

IGFBP1 insulin-like growth factor-binding protein 1

IL5 Interleukin 5

IL6 Interleukin 6

IL8 Interleukin 8

IL10 Interleukin 10

INF γ interferon γ

iNOS inducible nitric oxide synthase

LAG 3 lymphocyte activation gene 3

MAPK mitogen-activated protein kinase

MGMT O6 – methylguanine DNA methyltransferase

MP Metalloprotease

mTOR mammalian target of rapamycin

NMDA N-methyl-D-aspartate receptors

NOX 4 NADPH oxidase 4

NSC Neural stem cell

NTRK2 neurotrophic receptor tyrosine kinase 2

Oct4 Octamer-binding transcription factor 4

OLIG2 Oligodendrocyte transcription factor 2

OS Overall survival

PD-1 Programmed Death Receptor 1

PD-L1 Programmed Death Receptor Ligand 1

PI3K phosphoinositide-3-kinase

ROS reactive oxygen species

SDF1 stromal cell-derived factor 1

SHH Sonic Hedgehog

SOX2 SRY-Box Transcription Factor 2

SOX10 SRY-Box Transcription Factor 10

SPP Signal Peptide Peptidase

STAT Signal transducer and activator of transcription

TAA Tumor associated astrocytes

TDO Tryptophan 2,3-dioxygenase

TERT Telomerase Reverse Transcriptase

TGFβ1 transforming growth factor β1

TIM-3 T cell immunoglobulin-mucin-domain containing3

TMZ Temozolomide

TNF tumor necrosis factor

VEGF vascular endothelial growth factor

WHO World Health Organization
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Glioblastoma (GBM) as the most common and aggressive brain tumor is characterized by genetic heterogeneity, invasiveness, radio-/chemoresistance, and occurrence of GBM stem-like cells. The metalloprotease-disintegrin ADAM8 is highly expressed in GBM tumor and immune cells and correlates with poor survival. In GBM, ADAM8 affects intracellular kinase signaling and increases expression levels of osteopontin/SPP1 and matrix metalloproteinase 9 (MMP9) by an unknown mechanism. Here we explored whether microRNA (miRNA) expression levels could be regulators of MMP9 expression in GBM cells expressing ADAM8. Initially, we identified several miRNAs as dysregulated in ADAM8-deficient U87 GBM cells. Among these, the tumor suppressor miR-181a-5p was significantly upregulated in ADAM8 knockout clones. By inhibiting kinase signaling, we found that ADAM8 downregulates expression of miR-181a-5p via activation of signal transducer and activator of transcription 3 (STAT3) and mitogen-activated protein kinase (MAPK) signaling suggesting an ADAM8-dependent silencing of miR-181a-5p. In turn, mimic miR-181a-5p transfection caused decreased cell proliferation and lower MMP9 expression in GBM cells. Furthermore, miR-181a-5p was detected in GBM cell-derived extracellular vesicles (EVs) as well as patient serum-derived EVs. We identified miR-181a-5p downregulating MMP9 expression via targeting the MAPK pathway. Analysis of patient tissue samples (n=22) revealed that in GBM, miR-181a-5p is strongly downregulated compared to ADAM8 and MMP9 mRNA expression, even in localized tumor areas. Taken together, we provide evidence for a functional axis involving ADAM8/miR-181a-5p/MAPK/MMP9 in GBM tumor cells.




Keywords: glioblastoma, tumor microenvironment, extracellular vesicles, miRNA, MR spectroscopy, ADAM8, miR-181a-5p, MMP9



Introduction

Glioblastoma multiforme (GBM) is the most common malignant primary brain tumor in adults. Despite a standard multimodal therapeutic strategy combining maximum safe surgical resection and radio-/chemotherapy with temozolomide, the median survival remains low between 12 and 15 months (1). To improve the poor prognosis of GBM patients it is crucial to identify new therapeutic targets and their underlying dysregulated signaling pathways.

GBM is characterized as a highly invasive, heterogeneously composed, and rapidly growing tumor (2). At the molecular level, a disintegrin and metalloproteinases (ADAMs) mediate tumor cell adhesion and migration as well as intracellular signaling (3). One such proteolytically active family member is the metalloproteinase-disintegrin 8 (ADAM8), strongly associated with tumor aggressiveness, progression, and reduced survival in various cancers including breast cancer, pancreatic ductal adenocarcinoma (PDAC), and GBM (4–7). ADAM8, in particular, the cytoplasmic domain (CD) and the disintegrin/cysteine-rich domain (DC) can activate central signaling pathways in carcinogenesis. First, ADAM8 activates the mitogen-activated protein kinase (MAPK) signaling cascade, epidermal growth factor receptor (EGFR) independently (8, 9). Second, ADAM8 mediates angiogenesis by inducing the expression of osteopontin (SPP1) via STAT3 signaling (10). Moreover, ADAM8 interacts with integrin ß1 (ITGB1) and thereby activates its downstream targets focal adhesion kinase (FAK), and the PI3K/AKT pathway (9, 11). Interestingly, ADAM8 dependent activation of the MAPK pathway as well the PI3K/AKT pathway enhanced temozolomide-chemoresistance in GBM cell lines (12). Considering these diverse functions of ADAM8 in intracellular signaling, we and others hypothesized that ADAM8 mediates these functions through the regulation of microRNAs and indeed, initial evidence came from a study in MDA-MB-231 breast cancer cells showing that ADAM8 regulates expression levels of miR-720 (13).

MicroRNAs (miRNAs) are small non-coding RNA molecules that regulate protein expression on a post-transcriptional level by binding and thereby silencing their target messenger RNAs (mRNAs) (14). In most cases, miRNAs lead to translational repression or even degradation of their specific target mRNAs (15). Therefore, dysregulated miRNA expression profiles alter many critical pathways related to cancer progression (16). Consequently, in GBM, a large number of miRNAs are reported to be dysregulated (17, 18). In GBM, miR-181a-5p is downregulated and functions as a tumor suppressor miRNA that inhibits the translation of oncogenic proteins that are linked to tumor progression such as osteopontin (SPP1) (19–21). This type of sialoprotein is highly expressed in GBM and plays a key role in tumor-tumor microenvironment communication by attracting macrophages and mediating their immune response (22). Furthermore, miR-181a-5p regulates cell apoptosis and cell colony formation by targeting B-cell lymphoma 2 (BCL-2), so that high expression levels of miR-181a-5p can induce radiosensitivity of U87 GBM cells (23, 24). In addition, miR-181a-5p contains inhibitory binding sites to members of the MAPK family and its downstream targets, namely mitogen-activated protein kinase kinase 1 (MEK1), cAMP response element-binding protein 1 (CREB-1), and extracellular signal-regulated kinase 2 (ERK2) (25, 26). Given an important functional role in GBM, the signaling pathways regulating miR-181a-5p itself, however, remain unclear.

Matrix metalloproteinase 9 (MMP9), a zinc-dependent endopeptidase, plays a central role in the process of tumor cell migration, infiltration, and metastasis (27). Matrix metalloproteinases degrade extracellular matrix molecules and basement membrane components and thereby contribute to glioma progression (28). Consequently, MMP9 is upregulated in GBM compared to its expression in the normal brain parenchyma (29). Gliomas that display high MMP9 levels are associated with an aggressive course and are linked to reduced survival (30). Previous studies demonstrated that MMP9 expression can be elevated via MAPK-signaling (31, 32). ADAM8 and MMP9 levels are correlated in GBM tissue samples as well breast cancer-derived brain metastasis (8, 33). Whether MMP9 can be directly targeted by miR-181a-5p or indirectly via miR-181a-5p induced downregulation of the MAPK pathway has not been explored yet.

Cancer invasion is closely associated with the interaction of infiltrating tumor cells and the tumor microenvironment (TME) (34). As a means of communication, extracellular vesicles (EVs) are secreted by tumor cells as well as by cells of the TME. Their cargo contains lipids and proteins as well as nucleic acids including miRNAs (35). Because EVs modulate tumor growth, immune-escape, and tumor cell niche formation, they function as central regulators of the TME (34).

In the current work, we explored the mechanism by which ADAM8 modulates intracellular and extracellular signaling through the regulation of miR-181a-5p expression and uncovered MMP9 as a miR-181a-5p dependent target gene in GBM.



Material and Methods


Patient Specimens

In accordance with the local ethics committee (Philipps University Marburg, medical faculty, file number 185/11), tumor tissue samples of GBM patients were obtained during surgical resection and serum specimens were collected one to three days prior and three to five days after surgical resection. Each patient gave written informed consent before resection. Tissue samples were shock frozen in liquid nitrogen and then stored at -80°C. Serum samples were centrifuged at 2,000 g for 10 min prior to storage at -80°C. All included tissue and serum samples were from primary, isocitrate dehydrogenase (IDH) wild-type GBM tumors, further patient information and histopathological characteristics are summarized in Table 1. In three cases, we analyzed the expression of miR-181a-5p in serum-derived EVs at the time of initial manifestation and tumor recurrence (Patient 9, 23, 24 in Table 1).


Table 1 | Clinical data on patient included tumor tissue samples showed isocitrate dehydrogenase (IDH) wild-type expression.





Cell Culture

Established GBM cell lines U87 and U251 were purchased from the American Type Culture Collection (ATCC) and cell lines G112 and G28 were obtained from the Westphal Lab (UKE Hamburg). All GBM cell lines were cultivated in Dulbecco’s modified Eagle’s medium (DMEM) high glucose (4.5 g/L) phenol red (Capricorn Scientific, Germany), supplemented with 10% fetal calf serum (FCS, S0615, Sigma, Germany), 1% penicillin/streptomycin (2321115, Gibco, US), 1% sodium pyruvate (NPY-B, Capricorn Scientific, Germany) and 1% non-essential amino acids (11140050, Gibco, US). Primary GBM cell lines and primary glioblastoma stem-like cells (GSCs) were obtained during surgical resection. The isolation and preparation process of GSCs and primary differentiated patient-derived GBM tumor cells were each described previously by our group (12, 36). GSC lines 2017/151, 2017/74, and 2016/240 were cultivated in DMEM/F12 (DMEM-12-A, Capricorn Scientific, Germany) and supplemented with 2% B27 supplement (117504044, Gibco, US), 1% amphotericin (152290026, Gibco, US), 0.5% HEPES (H0887, Sigma, Taufkirchen, Germany) and 0.1% Gentamycin (A2712, Biochrom, Germany). Moreover, a final concentration of 0.02 ng/µL EGF (100-18B, Peprotech, Germany) and bFGF (315-09, Peprotech, Germany) was added, and GSCs were cultivated in non-cell-culture-treated petri dishes. Primary differentiated GBM cell lines GBM98, GBM42, and GBM29 were cultivated in DMEM high glucose (4.5 g/L) without phenol red (Capricorn Scientific, Germany) supplemented with 10% FCS (S0615, Sigma, Germany), 1% penicillin/streptomycin (2321115, Gibco, US), 1 mM sodium pyruvate (NPY-B, Capricorn Scientific, Germany), 1% L-glutamine (200 mM) (25030-024, Gibco, US) and 1% non-essential amino acids (11140050, Gibco, US). All cell lines were cultured in a humidified atmosphere at 37°C under 5% CO2.



Generation of Stable U87 CRISPR/Cas9 ADAM8 KO (KO) Clones

U87 cells were transfected with two different gRNAs using the CRISPR/Cas9 knockout/knockin kit from OriGene (# KN213386) as described previously (37). Cell clones were selected by treatment with antibiotics (1 mg/ml puromycin). The ADAM8 knockout was confirmed through RT-qPCR, western blot, and ELISA analysis. U87 wild-type cells were used as control cells.



Transient Transfection to Induce an ADAM8 Rescue in U87 ADAM8 KO Cells

To rescue ADAM8 in U87 ADAM8 KO clones, cells were seeded in 6-well-plates at a density of 500,000 cells in 2 ml. After 24 h, the transfection was performed with either ADAM8 lacking the cytoplasmatic domain or the full-length ADAM8 using LTX Lipofectamine (Invitrogen) according to the manufacturer’s instructions. Cells were harvested and analyzed by RT-qPCR and western blot after 48 h of transfection.



MiR-181a-5p Mimic Transfection

To transiently overexpress miR-181a-5p, U87 cells were seeded in 6-well-plates at a density of 400,000 cells in 2 ml and were transfected with 0.01 µM miR-181a-5p mimic (miScript, Qiagen) after 24 h. 0.01 µM ON-TARGET plus non-targeting Control Pool (Dharmacon, US) was used as control RNA. Transfection was performed utilizing Lipofectamine RNAimax (Invitrogen, UK) according to the manufacturer’s instructions. After 24 h, the transfection was repeated. Transfected cells and their controls were harvested 48 h after the second transfection. To evaluate the success of transfection, miRNA expression was analyzed by RT-qPCR.



Inhibitors

Batimastat was used as a broad-spectrum MMP-inhibitor and was purchased from Tocris (Biotechne, Wiesbaden, Germany). As a specific ADAM8-inhibitor, BK-1361 (Peptide 2.0) was utilized and described by our group previously (9). WP´066 (Sigma Aldrich, US) was used as a JAK2/STAT3 inhibitor. Cells were seeded in a 6-well-format (500,000 cells in 2 ml) and harvested 16 h after treatment with inhibitors. The concentrations used are indicated in the graphs.



Separation of Extracellular Vesicles (EVs)

EVs were separated from cellular supernatants and GBM patients’ serum samples via sequential ultracentrifugation. Cells were incubated with 30 ml DMEM supplemented with 1% L-glutamine (200 mM), 1% penicillin/streptomycin, 1 mM sodium pyruvate solution, and 1% nonessential amino acids for 48 h. Prior to EV separation, serum samples were diluted 1:3 with HBSS (Gibco™, Life Technologies, US) (500 µl serum diluted with 1 ml HBSS). The conditioned medium and the diluted serum sample were centrifuged first at 2,000 g for 10 min at RT and then at 10,000 g for 60 min at 4°C. After a subsequent filtration (0.2 µm filter), EVs were pelleted via high-speed centrifugation at 100,000 g for 90 min at 4°C using an Optima XPN-80 ultracentrifuge (Beckman Coulter, Germany). Next, the EV pellet was washed with HBSS at 100,000 g for 90 min at 4°C using the Optima MAX-XP (Beckman Coulter, Germany) ultracentrifuge with a TLA-55 fixed angle rotor. EVs were resuspended in 50 µl HBSS and stored at -80°C until further use. A 5 µl aliquot was sent to the FACS Core Facility, Marburg, for determining the size and concentration of the particles by usage of nano-flow cytometry (NanoFCM Co. Ltd., Nottingham, UK).



Real-Time Quantitative Polymerase Chain Reaction (qPCR)

Total RNA with an enriched fraction of miRNAs from tumor tissue samples and cellular pellets was isolated using the miRNeasy Tissue/Cells Advanced Mini Kit (217684, Qiagen, Germany) according to the manufacturer’s instructions. To quantify the miRNA expression in cells, miRCURY LNA RT Kit (Cat. Number 339340, Qiagen, Germany) and miRCURY LNA SYBR® Green PCR Kit (Cat. Number 339345, Qiagen, Germany) were used according to manufacturer’s instructions. YP00203_U6 snRNA miRCURY LNA PCR Assay (YP00203907, Qiagen, Germany) and miRCURY miRNA Assay hsa-181a-5p (YP00206081, Qiagen, Germany) was used for the quantification of relative miR-181a-5p expression. In the case of tissue samples (Figure 5), miScript II RT Kit (218161, Qiagen, Germany) and miScript SYBR Green PCR Kit (218073, Qiagen, Germany) were used according to the manufacturer’s protocols. Here, Hs_RNU6-2_11 miScript Primer Assay (MS00033740, Qiagen, Germany) and Hs_miR-181a_2 miScript Primer Assay (MS00008827, Qiagen, Germany) were used. To assess gene expression on an mRNA level, RNA was reverse transcribed with RNA to cDNA EcoDry™ Premix (Takara Bio. Inc.). Quantitative real-time PCR was performed with iTaq™ Universal SYBR Green Supermix (Bio-rad Laboratories GmbH, US). QuantiTect Primer Assay (Qiagen) or forward and reverse primer were used in a total reaction volume of 20 µl. XS13 was used as a housekeeping gene. All PCR experiments were performed on the Applied Biosystems StepOnePlus Real-time PCR system (Thermo Fisher Scientific, US). Relative gene expression was calculated utilizing either the 2-ΔCt- or the 2-ΔΔCt -method as indicated.



MiRNA PCR Array – Human Finder

A pathway-focused miRNA PCR Array/Human Finder (331221 miScript, MIHS-001ZC, Qiagen, Germany) was conducted according to the manufacturer’s instructions. Data analysis was performed with the online miScript miRNA Data Analysis program from Qiagen using the 2-ΔΔCt-method. Results are presented in a heatmap.



Protein Extraction and Western Blot Analysis

Cells were washed with PBS (Sigma-Aldrich, US) and detached by cell scraping. Whole cell lysates were homogenized by an incubation for 30 min in RIPA buffer (50 mM HEPES pH 7.4; 150 mM NaCl; 1% (v/v) NP-40; 0.5% (w/v) Natriumdeoxycholate; 0.1% (w/v) SDS; 10 mM Phenantrolin; 10 mM EDTA; Pierce™ Protease Inhibitor Mini Tablets, EDTA-free, Thermo Fisher Scientific; Pierce™ Phosphatase Inhibitor Mini Tablets, Thermo Fisher Scientific). Protein samples or EVs in a concentration of 1.5x109 particles were prepared in 5x Laemmli buffer [60 mM Tris-HCl pH 6.8; 2% (w/v) SDS; 10% (w/v) Glycerol; 5% (v/v) ß-Mercaptoethanol; 0.01% (w/v) Bromophenol-Blue] and 10x NuPAGE™ sample reducing reagent (Thermo Fisher Scientific, US) and denatured at 95°C for 5 min before SDS PAGE. For this, a 10% SDS polyacrylamide gel was used. Separated proteins were transferred on nitrocellulose membranes (A29591442, GE Healthcare Life science, Germany) followed by blocking in 5% (w/v) milk powder (MP) in TBST (50 mM Tris, pH 7.5; 150 mM NaCl; 0.1% (w/v) Tween-20) for 1 h. The detection of proteins was performed utilizing the following primary antibodies diluted as indicated in 5% MP in TBST: anti-ADAM8 (PA5-47047, Thermo Fisher Scientific, 1:1000), anti-MMP9 (IM09L, Calbiochem, 1:1,000), anti- β-Tubulin (NB600-936, Novus Biological, 1:2,000) anti-EGFR (4267, Cell Signaling, 1:1,000), anti-pEGFR (3777, Cell Signaling, 1:1,000), anti-MAPK (4696, Cell Signaling, 1:2,000), anti-pMAPK (4370, Cell Signaling, 1:2000), anti-CALNEXIN (2679, Cell Signaling, 1:1,000), anti-FLOTILLIN-1 (PA5-18053, Thermo Scientific, 1:2,000) anti-CD81 (sc166029, Santa Cruz, 1:500), anti-STAT3 (ab68153, Abcam, 1:5,000), anti-pSTAT3 (ab76315, Abcam, 1:5,000), anti-CREB-1 (H74) (sc-25785, Santa Cruz, 1:500 in 5% MP) and anti-pCREB-1(Ser133) (4276, Cell Signaling, 1:1000 in 5% BSA in TBST). Nitrocellulose membranes were incubated with primary antibodies at 4°C overnight. After washing three times with TBST, membranes were incubated with horseradish peroxidase (HRP) conjugated antibodies (Abcam, 1:5,000) for 1 h followed by a next washing step. Chemiluminescence detection was performed by adding Western Bright Sirius substrate (Advansta, US) and using the ChemiDoc MP Imaging System (Bio-rad Laboratories GmbH, US). Western blots were quantified using Image J (NIH, Maryland).



Enzyme-Linked Immunosorbent Assay (ELISA)

Soluble ADAM8 (DY1031, R&D Systems, UK) and soluble MMP9 (DY911, R&D Systems, UK) from cell culture supernatants were determined by Sandwich-ELISA method with DuoSet ELISA Kits. All ELISA experiments were performed according to the manufacturer’s instructions.



Proliferation Assay

The proliferation and survival effects on U87 cells were determined using CellTiter-Glo 3D cell viability assay (G7571, Promega, Germany). Cells were seeded in triplicates on a 96-well plate. After 24 h, miR-181a-5p mimic was transfected according to section 2.5. After 48 h, 50 µl of CellTiter-Glo 3D Reagent was added to each well and mixed while shaking for 15 min. After an additional 15 min without shaking avoiding light, Luminescence was measured with a Microplate Reader luminometer (FLUOstar OPTIMA Microplate Reader, BMG Labtech, Germany).



Spectroscopy

A T2-weighted magnetic resonance (MR) tomography together with 1H-MR spectroscopy was performed on a 3T MR System (Trio, Siemens, Erlangen, Germany) for in detail analyses of tumor heterogeneity in patient 25. Thereby, a navigated extraction of tissue samples by co-registration of MR data and integration into the neuronavigation system (Curve Ceiling-Mounted, Brainlab, Munich, Germany) was enabled.



Statistical Analysis

Student’s t-tests were applied for statistical analysis. For multiple comparisons, two-way ANOVA tests were used. A Wilcoxon-signed rank test and Pearson correlation were performed to determine differences or correlation in gene expression. Results were considered as not significant (ns) (p > 0.05), significant (*) (p < 0.05), highly significant (**) (p < 0.01), or very highly significant (***) (p < 0.001). Data from multiple replicates are presented as mean ± SD and statistical analyses were performed with GraphPad Prism (version 9.1.0) and Microsoft Excel.




Results


ADAM8 Regulates Expression Levels of miR-181a-5p in GBM Cells

To determine potential ADAM8 correlated miRNAs, we generated stable ADAM8 knockout (KO) U87 cell clones using two guide RNAs (U87 gRNA cl. 1, U87 gRNA cl. 2) for the CRISPR/Cas9 homologous recombination method. U87 cells expressing high endogenous levels of ADAM8 were subjected to CRISPR/Cas9 induced genomic editing. After cell selection with puromycin, independent cell clones were grown and compared to U87 cells (in the following termed U87_CTRL) for morphological features and ADAM8 expression levels. From around 30 individual cell clones, two U87 gRNA clones were selected for further analyses (Supplementary Figure 1). Confirmation of successful ADAM8 knockout in these two U87 gRNA cell clones was provided by qPCR, Western Blot, and ELISA (Figures 1A–C). U87 gRNA cl. 1 and U87 gRNA cl. 2 (termed U87_KO1 and U87_KO2) showed a strong downregulation of ADAM8 mRNA compared to U87_CTRL, p < 0.001 (Figure 1A). Western Blots confirmed successful ADAM8 knockout on the protein level (Figure 1B). In addition, ELISA measurements from cell supernatants revealed soluble ADAM8 levels below the detection limit in U87_KO clones compared to U87_CTRL (p < 0.05, Figure 1C). For two representative KO clones as well as a U87 control clone, a microRNA PCR Array (Human Finder) was screened. Differences in miRNA expression (given a ratio KO/CTRL) for both U87_KO clones are presented in a heatmap (Figure 1D) with green color representing upregulation of miRNA in U87_KO cells.




Figure 1 | Screening of two representative CRISPR/Cas9 ADAM8 (hA8) KO cell clones reveals an ADAM8-dependent regulation of miR-181a-5p. Confirmation of the CRISPR/Cas9 ADAM8 stable KO in U87 cells by qPCR (A), Western Blot (B), and ELISA (C). (D) A RT-qPCR-based miRNA PCR Array (Human Finder, Qiagen) of U87 CRISPR/Cas9 ADAM8 KO cells enabling the analysis of a total of 84 miRNAs. The legend for the fold-changes in the heat map is given above representing the fold-change values (2-ΔΔCT) relative to U87_CTRL cells in both ADAM8 KO clones. Note the variance in fold changes between the two KO clones (E) Confirmation of miR-181a-5p upregulation in U87_KO1 and U87_KO2 cells (p-value: 0.01 and 0.03). The expression of miR-181a-5p (F) and ADAM8 (G) in GBM cell lines (G28, G112, U251), primary patient-derived cell lines (GBM29, 98, and 42), and GBM stem-like cell lines (GSCs) (GSC 2016/240, GSC 2017/74, GSC 2017/151) are shown as relative values to the expression in U87 cells. MiR-181a-5p is mostly expressed in GSCs. The patient-derived cell line GBM42 shows the highest ADAM8 expression. Pearson correlation analysis of miR-181a-5p and ADAM8 in cell lines (H), primary cell lines (I), and primary GSCs (J) reveal a negative correlation only observed in GSCs (p-value: 0.01, Pearson r: -0.88). Results are given as mean +/- SD of two to three independent experiments. Unpaired two-tailed students t-test or two way ANOVA for multiple comparison (F) were applied to determine significance: *p < 0.05, **p < 0.01, ***p < 0.001. n.d., not detectable.



Several miRNAs were consistently upregulated in both KO clones and miR-181a-5p was selected for further investigations due to its reported regulation of osteopontin/SPP1 which also applies to ADAM8. Moreover, of all four miRNAs upregulated in U87 ADAM8 KO cells, miR-181a-5p was the only one regulated after treatment of U87 wild-type cells with an ERK1/2 inhibitor indicating its influence in ADAM8-mediated signaling (Supplementary Figure 2). To further validate our miRNA screening, qPCR experiments were performed to detect miR-181a-5p expression in U87_KO and U87_CTRL cells. We confirmed upregulation of miR-181a-5p in U87_KO1 and U87_KO2 compared to U87_CTRL cells, p < 0.05 and p < 0.01, respectively (Figure 1E).

Next, we analyzed the expression profiles of ADAM8 and miR-181a-5p in several GBM cell lines, including U87, U251, G112, G28, three primary patient-derived cell lines GBM42, GBM29, GBM98, and three patient-derived Glioblastoma stem-like cell lines (GSCs), 2016/240, 2017/151 and 2017/74 (Figures 1F, G). GSCs showed low ADAM8 mRNA and high miR-181a-5p expression levels. Primary GBM cell lines showed great variability in ADAM8 and miR-181a-5p expression with GBM42 with the highest ADAM8 levels. Interestingly, knocking ADAM8 down with siRNA showed elevated levels of miR-181a-5p in GBM42 (Supplementary Figure 3). Pearson correlation analyses revealed exclusively in the case of GSCs a clear negative correlation of ADAM8 and miR-181a-5p expression (Figures 1H–J). U87_CTRL cells as well as primary GBM42 cells showed the highest endogenous ADAM8 levels in qPCR experiments compared to all other cell lines and were selected for further experiments.



ADAM8 Regulates miR-181a-5p Expression via STAT3 and MAPK Signaling

To analyze the apparent ADAM8/miR-181a-5p dependence on the mechanistic level, we tested the contribution of either the metalloprotease activity or the functions of the non-proteolytic domains (DC/CD) of ADAM8 on miR-181a-5p expression. To address this, U87 cells were treated with either a broad-range metalloprotease inhibitor BB-94 (Batimastat) or with BK-1361, a selective ADAM8 inhibitor. While BB-94 did not affect miR-181a-5p expression, treatment with 10 µM and even 5 µM BK-1361 led to an increase in miR-181a-5p expression, p < 0.05 (Figure 2A) suggesting a contribution of the DC/CD domain on miR-181a-5p regulation by ADAM8. Moreover, we transiently re-expressed ADAM8 in U87_KO1 and analyzed the effect on miR-181a-5p expression. U87 gRNA_KO2 was transfected with either wild-type ADAM8 (hA8) or with an ADAM8 variant lacking the cytoplasmatic domain (Delta CD). Western Blots confirmed re-expression of ADAM8 variants (Figure 2B).




Figure 2 | ADAM8 regulates the expression of miR-181a-5p via JAK2/STAT3 signaling. (A) U87_CTRL cells were analyzed for miR-181a-5p expression by RT-qPCR after treatment with the broad-spectrum MMP inhibitor BB-94 (left) and the ADAM8 inhibitor BK-1361 (right). (B) One representative western blot of three independent experiments shows the rescue of either ADAM8 lacking the cytoplasmatic domain (Delta CD) or the full-length ADAM8 (hA8). The quantifications of pEGFR, pSTAT3, and pERK1/2 are depicted on the right side and were normalized to β-Tubulin and total-EGFR/β-Tubulin, total STAT3/β-Tubulin, or total ERK1/2/β-Tubulin. Also, RT-qPCR results show no differences in miR-181a-5p expression after the transfection of ADAM8 Delta CD but a downregulation with the full-length ADAM8 rescue (p-value: 0.002). (C) The expression of ADAM8 mRNA (RT-qPCR, left) and secreted ADAM8 (ELISA, right, n=2) is not affected after miR-181a-5p mimic transfection. U87_CTRL cells (D) and patient-derived GBM42 cells (E) were treated with JAK2/STAT3 inhibitor WP1066 as indicated and analyzed via western blot and RT-qPCR. In (D), qPCR results are shown as mean values +/- SD of four independent experiments and in (E), results of miR-181a-5p are described as mean values of three technical replicates. Inhibition of JAK2/STAT3 increases miR-181a-5p expression (U87 p-value: 0.027; GBM42 p-value: 0.004). Results are shown as mean values +/- SD from three independent experiments if not otherwise stated. Unpaired two-tailed students t-test was applied to determine significance: ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001.



Re-expression of wild-type ADAM8 caused a downregulation of miR-181a-5p, p < 0.01 (Figure 2B). In contrast, cells expressing the ADAM8 delta CD variant showed no downregulation of miR-181a-5p (Figure 2B). These results indicate that the cytoplasmatic domain of ADAM8 triggers signaling cascades that lead to the downregulation of miR-181a-5p concomitant with a trend of increased pSTAT3 in cells transfected with wild-type ADAM8 (Figure 2B). Interestingly, this regulation only works in one direction, as changes in miR-181a-5p expression, i.e. by mimic transfection, do not affect expression levels of ADAM8 in U87 cells (Figure 2C). We explored the role of two downstream signaling pathways of ADAM8 CD, STAT3 signaling and MAPK signaling. For this purpose, U87 cells and primary GBM cells GBM42 were treated with either U0126 (MEK1/2 inhibitor) or WP1066 (STAT3 inhibitor). MEK1/2 inhibition caused an increase in miR-181a-5p expression in U87_CTRL cells (p < 0.05), and a tendency to increase in primary GBM42 cells (p-value: 0.052) (Supplementary Figure 4). More prominently, STAT3 inhibition by WP1066 was confirmed for both cell lines via western blot and resulted in increased expression levels of miR-181a-5p in both cell lines with p < 0.05 (Figures 2D, E).



MiR-181a-5p Regulates Cell Proliferation and MMP9 Expression

We further analyzed whether miR-181a-5p can affect the cell proliferation of GBM cells. Exemplified for U87_KO2, a decrease in cell proliferation was observed (p < 0.001, Figure 3A). This effect can be recapitulated when mimic miR-181a-5p was transfected into U87 cells (p < 0.01, Figure 3B). As an oncoprotein able to promote GBM cell proliferation, we analyzed MMP9 expression in U87_KO2 and mimic transfected U87 cells (Figures 3C, D) (27). MMP9 mRNA levels in U87_KO2 and mimic transfected cells are strongly downregulated as revealed by qPCR (p < 0.001, Figure 3C). After mimic miR-181a-5p transfection of U87 cells, ELISA experiments revealed less soluble MMP9 levels in cellular supernatants (p < 0.05, Figure 3D). Comparable results were obtained for osteopontin (Supplementary Figure 7). Next, we explored whether miR-181a-5p dependent MMP9 downregulation is a result of direct miR-181-a/MMP9 mRNA interaction. Three target prediction tools, miRDB, TargetScan, and TargetMiner, predicted no miR-181a-5p binding site. Also, bioinformatic analysis of the MMP9 3’ UTR did not reveal a sufficiently long binding site for miR-181a-5p. Thus, we conclude that MMP9 is most likely indirectly regulated by miR-181a-5p. Indeed, literature research and the utilization of the target prediction tools miRDB and TargetScan revealed that miR-181a-5p directly targets three kinases of the MAPK pathway, CREB-1, MEK1, and ERK2 (Supplementary Table 1, 38, 39). To demonstrate that, transfection of U87_CTRL cells with a miR-181a-5p mimic was performed and revealed downregulation of pERK1/2 and p-CREB-1 in three independent Western Blot experiments, with p < 0.01 and p < 0.001, respectively (Figure 3E). Notably unphosphorylated levels of ERK1/2 and CREB-1 were not influenced by mimic transfection (Figure 3E). Thus, our results further support ERK2 and CREB-1 as downstream targets of miR-181a-5p.




Figure 3 | ADAM8 affects MMP9 expression and proliferation via miR-181a-5p targeting ERK2 and CREB-1. (A) The upregulation of miR-181a-5p in U87_KO cells (RT-qPCR, n=3, left) causes inhibition of proliferation (CellTiter Glo, n=2, measurement after 48 h, right). (B) Overexpressing miR-181a-5p in U87_CTRL cells via transient transfection (RT-qPCR, n=3, left) causes inhibition of proliferation after 48 h (CellTiter Glo, n=3 technical replicates, right). (C) MMP9 is downregulated in U87_KO cells on mRNA (RT-qPCR, n=3, left). After miR-181a-5p mimic transfection, MMP9 is downregulated in U87 cells on the mRNA (RT-qPCR, n=3, p-value: 0.0009) (C) and on protein level (ELISA, n=2, p-value: 0.0004) analyzed by western blot (D). (E) Analyses of kinase activation after miR-181a-5p mimic transfection for ERK1/2 (p-value: 0.003) and CREB-1 (p-value: 0.0007). Results are shown as mean values +/- SD of three independent experiments unless otherwise stated. Results are given in mean +/- SD. Unpaired one-tailed students t test was applied to determine significance: *p < 0.05, **p < 0.01, ***p < 0.001.





EVs Derived From U87_KO Cells Are Associated With Higher miR-181a-5p Levels

Having demonstrated the intracellular effects of ADAM8 on miR-181a-5p and MMP9 as a target gene, we further investigated whether EVs derived from cellular supernatants of U87_CTRL (CTRL_EVs), U87_KO1 (KO1_EVs), and U87_KO2 (KO2_EVs) are associated with miR-181a-5p expression. By Nanoflow Cytometry Measurement (NanoFCM), the size and concentration of EVs prepared from cellular supernatants were analyzed (Figures 4A, B). Western Blot experiments further confirmed the presence of EVs using FLOTILLIN-1 and CD81 as EV markers, CALNEXIN as a negative control, and ß-Tubulin as a predominant lysate marker (Figure 4C). MiR-181a-5p was detected in all three EV populations (CTRL_EVs, KO1_EVs, KO2_EVs) and consistent with our observation in U87_CTRL and U87_KO cells, KO1_EVs and KO2_EVs displayed higher miR-181a-5p levels than CTRL_EVs (Figure 4D). To ensure that more miR-181a-5p is packed in EVs with higher cellular expression, we separated EVs from ctrl and mimic transfected cells with a 28-fold enrichment of miR-181a-5p in EVs derived from mimic transfected cells (Supplementary Figure 8). Furthermore, we confirmed the uptake of KO2_EVs by U87_CTRL cells via immunofluorescent microscopy by incubating CFSE-stained KO2_EVs as well as CTRL_EVs with Hoechst-stained U87_CTRL cells (Supplementary Figure 9A). Western blot analysis showed downregulation of MMP9 in U87_CTRL cells incubated with both CTRL_EVs and KO2_EVs in comparison to the HBSS control but did not confirm a significant difference of MMP9 expression comparing cells incubated with KO2_EVs or CTRL-EVs (Supplementary Figure 9B). We treated U87_KO2 cells with either miR-181a-5p-mimics or a miR181a-5p inhibitor and incubated the corresponding EVs with U87_CTRL cells. An ELISA experiment revealed that incubation of inhibitor-treated EVs led to increased soluble MMP9 levels whilst incubation of miR-181a-5p-mimic treated EVs caused a decrease in soluble MMP9 (Supplementary Figure 9C).




Figure 4 | ADAM8 affects miRNA181a-5p levels associated with EVs in U87 cells. (A) U87_CTRL and U87_KO derived EVs were characterized regarding their concentration (upper graph) and size (lower graph). Measurements were taken with the NanoFCM device and results are shown as mean values +/- SEM of four independent experiments. (B) Representative size distributions of U87_CTRL and U87_KO derived EVs (NanoFCM) are shown in bar graphs. (C) Via western blot, the presence of EVs was confirmed. CALNEXIN was used as negative control and FLOTILLIN-1 as well as CD81 as EV markers. (D) MiR-181a-5p is detectable in U87 derived EVs. RT-qPCR results show a non-significant tendency of miR-181a-5p upregulation in U87_ KO derived EVs. Mean values +/- SD of three independent experiments if not otherwise stated. Unpaired two-tailed students t-test was applied to determine significance: ns, not significant, *p < 0.05.





Characterization of ADAM8, MMP9, and miR-181a-5p Expression in GBM Tumor Tissue Samples

RT-qPCR experiments were conducted on 22 tumor tissue samples from patients admitted to our clinical department to analyze the expression profiles of ADAM8, MMP9, and miR-181a-5p in GBM tissue. Further information on the patient cohort and histopathological data are listed in Table 1. For normalization of data (set to 1 in Figures 5A–D), we utilized tissue samples localized most remote from the tumor core. The majority of the examined tumor tissue samples showed downregulation of miR-181a-5p (Figure 5C). In contrast, mean ADAM8 and MMP9 expression levels were upregulated in the investigated tumor samples (Figure 5A). High ADAM8 correlated with elevated MMP9 expression levels, p < 0.0001 (Figure 5D). In the patient cohort, neither ADAM8 mRNA levels nor MMP9 mRNA levels correlated with miR-181a-5p expression, p = 0.6 and p = 0.63 respectively (Figure 5D). We then divided the patient cohort into subgroups, high ADAM8 expression, and low ADAM8 expression group, as well as high miR-181a-5p expression and low miR-181a-5p expression group (Supplementary Figure 9). MMP9 expression was elevated in the high ADAM8 group, p = 0.01 (Figure 5B). MiR-181a-5p expression was similar in the high ADAM8 and low ADAM8 groups (Figure 5B). MMP9 expression was also similar in both miR-181a-5p subgroups (Figure 5B). To further investigate if this trend is due to the strong heterogeneity of the GBM tissue, we explored the connection between ADAM8, MMP9, and miR-181a-5p in a pilot experiment using MR-spectroscopy guided surgery at different locations in a GBM tumor tissue sample of one selected patient. In the non-tumorous access tissue (L1), miR-181a-5p showed the highest expression whereas ADAM8 and MMP9 expression is at the lowest level (Figures 5E–G). Analysis of tumor edge (L2 and L3) and core tumor (L4) with strongly proliferating and vascularized zones revealed reversed expression patterns for MMP9, ADAM8, and miR-181a-5p (Figures 5E–G). Tumor locations in L3 and L4 were also confirmed by 1H-MR spectroscopy (Supplementary Table 2).




Figure 5 | Expression levels of ADAM8 and MMP9, and miR-181a-5p in GBM tissue samples. (A) RT-qPCR results of GBM tissue samples (n=22, fold change normalized to 1) indicate a higher expression of ADAM8 (p-value: 0.0009) and MMP9 (p-value: 0.0002) than miR-181a-5p. (B) Dividing the RT-qPCR results and patient cohort into two groups (low/high ADAM8 or low/high miR-181a-5p expression) reveals a correlation of ADAM8 with MMP9 (left graph, p-value: 0.001) but no correlation of miR-181a-5p with ADAM8 (middle graph, p-value: 0.577) or MMP9 (right graph, p-value: 0.083) expression. (C) RT-qPCR results for miR-181a-5p expression of each GBM tissue sample. (D) ADAM8 and MMP9 are correlated in GBM tissue samples (p < 0.0001, n=22), whereas the inverse correlations of ADAM8 and miR-181a-5p and of miR-181a-5p and MMP9 are non-significant (p-values: 0.63 and 0.6, respectively). (E) T2-weighted magnetic resonance (MR) image showing a left parietal GBM (segmented in yellow, patient 25) as well as the co-registered choline/N-acetylaspartate (NAA) maps derived from 1H-MR spectroscopy, integrated into the neuronavigation system for navigated extraction of tissue samples (L1: tumor border, L2/L3: tumor, L4: tumor, Cho/NAA hotspot) magnetic resonance (heatmap for choline metabolite). Corresponding molecular analyses are shown in (F, G) (patient 25). RT-qPCR results of ADAM8 (red), MMP9 (tiled red), and miR-181a-5p (blue) in different tissue locations normalized to either L1 (F) or L4 (G) describing the direction of surgery. (H) In a pilot study, three GBM patients (Patient 9, 23, 24) were analyzed for their serum-EV miR-181a-5p expression via RT-qPCR. The serum was collected before and after the first and second surgery. Interestingly, after first surgical resection miR-181a-5p is less expressed in serum-EVs (p-value: 0.042). (I) After second surgery, miR-181a-5p shows a slight increase in serum-EVs (p-value: 0.08). (J), miR-181a-5p is less detectable in serum-EVs prior to the second surgery compared to pre-first surgery (p-value: 0.02; left graph). Results are shown in mean values +/- SD. Unpaired one-tailed students t test and Wilcoxon signed-rank test were applied to determine significance: ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001.





MiR-181a-5p Expression in Serum-Derived EVs From GBM Patients

In a further pilot study, serum specimens from three GBM patients were obtained before and after surgical resection. All three patients suffered from tumor recurrence and underwent surgical resection for a second time. In all cases, the highest miR-181a-5p expression levels were observed in serum samples prior to the first surgical resection (Figure 5H). After the first surgery, a reduction in miR-181a-5p levels was observed in post-surgery serum-derived EVs, p < 0.05 (5H). In contrast, after the second surgery, miR-181a-5p expression was slightly upregulated (Figure 5I). A comparison of primary manifested GBM and recurrent GBM revealed a decrease in miR-181a-5p expression in EVs, p < 0.05 (5K). These results suggest that miR-181a-5p could serve as a tumor marker, but needs to be sufficiently powered in further studies.




Discussion

ADAM8 as a multidomain enzyme exhibits numerous tumor-supporting characteristics by promoting invasion, angiogenesis, and chemoresistance in GBM (10, 12). Due to these multiple functions, ADAM8 affects several intracellular pathways involving several important kinases and transcription factors such as JAK2/STAT, AKT/PI3K, ERK1/2, and CREB-1 (8–12). Mechanistically, the ADAM8 metalloprotease domain cleaves extracellular membrane components while the cytoplasmatic domain activates crucial signaling cascades in carcinogenesis (4). Thereby, ADAM8 induces the expression of several oncoproteins including MMP9 and SPP1/osteopontin (8, 10). Previously, we demonstrated that ADAM8-dependent MMP9 expression is mediated via the MAPK pathway and resulted in a strong correlation of ADAM8 and MMP9 in breast cancer-derived brain metastasis (8). By characterizing the expression profile of ADAM8 and MMP9 in GBM tissue samples, we confirmed these observations for GBM. To dissect the effects of ADAM8 on oncoproteins mechanistically, we hypothesized that ADAM8 could alter the expression levels of distinct miRNAs such as miR-720, as previously shown for breast cancer cells (13). Generation of stable ADAM8 KO clones with subsequent miRNA screening revealed that the tumor suppressor miRNA miR-181a-5p shows a significantly higher expression in GBM cells deficient in ADAM8. Since high ADAM8 levels are correlated with GBM progression, a downregulation of miRNA181a-5p would be expected. Indeed, a recent study linked the poor prognosis of GBM patients with low miRNA181a-5p expression levels (40). Together, these findings qualified miRNA181a-5p as a candidate for a detailed molecular analysis, as presented here. Transient re-expression of ADAM8 in U87_KO cells resulted in downregulation of miR-181a-5p, suggesting that ADAM8 actively suppresses the expression of miR-181a-5p. Downregulation of miR-181a-5p by ADAM8 is dependent on the presence of the cytoplasmatic domain. In GBM, miR-181a-5p acts as a tumor suppressor miRNA by reducing invasiveness and enhancing radio- and chemosensitivity (23, 41). We confirmed that overexpression of miR-181a-5p led to reduced proliferation rates in U87 cells. Moreover, a similar effect on cell proliferation was observed in ADAM8 deficient GBM cells. It was shown that miR-181a-5p suppresses cell colony formation and tumor growth, and regulates apoptosis by targeting BCL-2 (23, 41). It is interesting to note that GSCs express relatively high levels of miRNA181a-5p compared to differentiated GBM cells, which could be instrumental in regulating proliferation and cell survival of this particular cell type. We have evidence that ADAM8 and, negatively correlated, miRNA181a-5p levels change in GSCs under conditions favoring differentiation of GSCs (Schäfer, unpublished data). However, the mechanisms that lead to miR-181a-5p downregulation in GBM remained elusive until now. As ADAM8 is a membrane-anchored protein, we concluded that ADAM8 downregulates the expression of miR-181a-5p by downstream signaling and activation of transcription factors. Indeed, our results revealed that miR-181a-5p can be downregulated by the activation of STAT3 and MAPK pathways. Conversely, miRNA181a-5p can regulate either total STAT3 levels in U87 cells and, notably, affect levels of p-STAT3 in the primary GBM cell line GBM42, indicating an unknown mechanism of kinase regulation by miRNA, similar to an observation made for phospho-AKT and p-ERK in a previous study in glioma (42) Previously, the importance of STAT3 signaling in GBM has been demonstrated in numerous studies whilst our group showed that ADAM8 dependent activation of STAT3 signaling led to increased angiogenesis by upregulation of osteopontin (10, 43, 44, reviewed in 45). In agreement with these findings, the 3’UTR of SPP1/osteopontin contains a binding site for miR-181a-5p and can be downregulated upon miR-181a-5p overexpression (19). All these results support the existence of a possible ADAM8/STAT3/miR-181a/osteopontin axis in GBM (Figure 6 left). In addition, increased activation of the MAPK pathway is observed in numerous malignant tumors and leads to uncontrolled cell growth and mitosis (46). One of the best-known activators of the MAPK signaling pathway is the EGFR. Frequently, primary GBM tumors display a constitutively active variant, EGFRvIII (47). Apart from EGFR dependent MAPK activation, ADAM8 can activate the MAPK pathway EGFR independently (9). Interestingly, two kinases of the MAPK pathway, ERK2, and MEK1 as well as the downstream transcription factor CREB-1 are known to contain binding sites for miR-181a-5p (25, 26). In our experiments, phosphorylated and thus activated pCREB and pERK1/2 were downregulated in U87 cells transfected with miR-181a-5p mimics. We did not observe any effects on unphosphorylated CREB-1 and ERK1/2 as well as on MEK1/2 expression. Since miRNAs are post-transcriptional regulators of protein expression, we do not fully understand these results, but a TargetScan search revealed that CRBL2, a protein regulating phosphorylation of CREB1 is directly regulated by miR181a-5p, adding one more level of complexity to the network we have described here. A study by Fu et al. showed that CREB-1 suppresses miR-181a-5p transcription by directly binding to its promoter region (48). Thus, the interaction of miR-181a-5p and the MAPK pathway may constitute a regulatory loop that requires further investigation. Furthermore, we can postulate that our results describing the regulation of miR-181a-5p by ADAM8 are not restricted to the role of ADAM8 in GBM, as all other tumor cell lines that we investigated so far such as the triple-negative breast cancer cell line MDA-MB-231 and the PDAC cell line Panc89 show elevated levels of miR-181a-5p upon ADAM8 deficiency (unpublished observations). In accordance, MDA-MB-231 were among those cell lines that showed a strong correlation between ADAM8 and MMP9 expression in our previous study on breast cancer-derived brain metastases (8).

MMP9 plays a central role in tumor progression, especially for cell proliferation and invasion (27). Moreover, MMP9 expression is a prognostic factor in GBM and negatively correlated with patient survival (30). Thus, exploring the miR-181a-5p dependent MMP9 downregulation was particularly interesting. U87 cells overexpressing miR-181a-5p exhibited decreased MMP9 levels. This was observed in U87 ADAM8 knockout cells as well as U87_CTRL cells incubated with miR-181a-5p mimics. To further establish whether MMP9 mRNA contains a binding site for miR-181a-5p, we utilized target prediction tools and analyzed the mRNA sequence of MMP9. However, this analysis revealed that the MMP9 mRNA does not contain an authentic binding site for miR-181a-5p. Consequently, we concluded that miR-181a-5p can indirectly downregulate MMP9 expression by silencing the MAPK cascade (Figure 6 right). This conclusion is supported by data showing that ERK1/2 inhibition led to decreased MMP9 levels in U87 and GBM42 cells (Supplementary Figure 5).




Figure 6 | Sketch of ADAM8-dependent effects caused by regulation of miR-181a-5p in GBM cells. ADAM8 with homologous domains including the metalloprotease domain (MP), the disintegrin/cysteine-rich domain (DC), the EGF-like domain (EGF), the transmembrane (TM), and the cytoplasmic domain (CD). ADAM8 activates intracellular signaling cascades by STAT3 and MAPK in the presence of the cytoplasmic domain. ADAM8/STAT3/miR-181a/SPP1 axis: ADAM8 dependent STAT3 activation downregulates miR-181a-5p, as miR-181a-5p targets SPP1, disinhibition of SPP1 leads to several tumor progressing effects such as induction of angiogenesis and enhanced immune cell recruitment. ADAM8/MAPK/MMP9 axis: ADAM8 activates the MAPK pathway, the transcription factor CREB-1 induces MMP9 transcription and inhibits miR-181a-5p transcription. MMP9 promotes tumor cell proliferation and invasion. By targeting CREB-1, ERK2, and MEK1, miR-181a-5p downregulates MMP9 expression most likely by an indirect mechanism. Created with BioRender.com.



All these results demonstrate intracellular regulatory mechanisms of ADAM8/miR-181a-5p signaling so far. Cell-cell communication in the tumor microenvironment is essential for shaping either an immunosuppressive or a tumor-supportive microenvironment (34). As one mode of cell-cell communication, tumor cells release EVs. These heterogeneous nanoparticles contain a great variety of different molecules including miRNAs (35). Clinically, EVs received increasing attention, as their function as novel diagnostic and prognostic biomarkers is discussed (49). In our study, we analyzed the miR-181a-5p expression in U87 cells and serum-derived EVs. We recapitulated the higher abundance of miR-181a-5p in EVs from ADAM8 KO cells. Concerning patient sera, miR-181-5p expression in EVs dropped after the first surgical tumor resection. Moreover, miR-181a-5p expression was downregulated in serum-derived EVs from recurrent GBM. These results suggest that miR-181a-5p is further downregulated along with tumor progression. However, additional analyses must be carried out in a larger patient cohort to support this conclusion. The uptake of EVs can alter the behavior of recipient cells (50). Therefore, EVs might also be utilized as therapeutic vehicles (51). In our experiments, miR-181a-5p enriched vesicles were taken up by naive U87 cells demonstrating a role for ADAM8 in the tumor microenvironment. It remains to be determined if GBM resident immune cells such as macrophages that constitutively express ADAM8 could release EVs that might fail to suppress MMP9 expression in target cells, in conjunction with the possible tumor-promoting role of ADAM8 in macrophages (33).

Due to limited therapeutic options as well as the absence of early diagnostic biomarkers, GBM remains challenging as an incurable disease with a grim prognosis. Therefore, the identification of potential biomarkers as well as new therapeutic targets is of high importance. In summary, we identified that ADAM8 downregulates miR-181a-5p by activation of STAT3 and MAPK signaling. Considering that miR-181a-5p is a tumor suppressor miRNA in GBM, ADAM8 dependent silencing of miR-181a-5p could further contribute to tumor progression. We showed that overexpression of miR-181a-5p decreased cell proliferation and suppressed MMP9 expression by downregulation of the MAPK pathway Moreover, the presence of miR-181a-5p in clinical samples and EVs isolated from cellular supernatants as well as patient sera justifies further studies to reveal a potential role of miR-181a-5p in GBM diagnosis and progression.
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HOXC cluster antisense RNA 3 (HOXC-AS3) is a long noncoding RNA (lncRNA) that plays a crucial role in various tumors; nevertheless, its role in glioma and its mechanism have not been completely elucidated. In this research, we discovered that HOXC-AS3 was over-expression in glioma cells and tissues and was associated with prognosis. Next, we determined that HOXC-AS3 targeted miR-216 as a sponge and that the F11 receptor (F11R) was the target of miR-216 by online databases analysis, qRT–PCR, and luciferase reporter assay. In addition, the rescue experiments confirmed that HOXC-AS3 regulated the expression of F11R by competitively binding miR-216 and functioning as a competing endogenous RNA (ceRNA). The intracranial glioblastoma mouse model suggested that HOXC-AS3 could promote glioma malignant progression in vivo. In summary, our study shows that the HOXC-AS3/miR-216/F11R axis plays an important role in the malignant progression of glioma, and may provide new ideas for the treatment of glioma.
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Introduction

Glioma, the most common primary malignant tumor, accounts for 51.4% of all primary cerebral tumors in the central nervous system (CNS) (1). Glioblastoma (GBM) is the most fatal glioma and the most common glioma in adults, with a median survival of only 14 months (2). To date, glioma is characterized by tumoral genetic heterogeneity, rapid proliferation, extensive migration, and invasion. It is difficult to achieve satisfactory outcomes with therapeutic schedules involving maximal safe surgical resection, radiotherapy, and chemotherapy (3). Thus, it is vital to identify new molecules with regulatory functions and related signaling pathways to elucidate the mechanism of glioma.

Noncoding RNAs (ncRNAs), particularly long noncoding RNAs (lncRNAs), play an important role in various types of cellular and biological functions (4). LncRNAs are defined as RNAs of more than 200 nucleotides that do not encode proteins. LncRNAs can be involved in multiple biological behaviors by regulating gene expression at the epigenetic, transcriptional, and posttranscriptional levels. An increasing number of studies have revealed that lncRNAs are connected to multiple cellular processes, including cell differentiation, proliferation, apoptosis, migration, invasion, and immunotherapy resistance in cancer (5–9).

The lncRNA HOXC cluster antisense RNA 3 (HOXC-AS3), which is located at 12q13.13, has been observed to act as an oncogene in a variety of tumors. For instance, Yang B et al. reported that HOXC-AS3 promotes the proliferation of ovarian cancer cells by suppressing mature miR-96 (10). Yang Z et al. found that the lncRNA HOXC-AS3 accelerates pulmonary invasive mucinous adenocarcinoma progression by regulating FUS/FoxM1 and is probably considered a therapeutic marker (11). Another study showed that HOXC-AS3 modulates the tumorigenesis of gastric cancer by binding YBX1 (12). In glioma, studies have shown that HOXB13 directly binds the promoter of HOXC-AS3. In addition, HOXB13 promotes the proliferation, migration, and invasion of GBM cells through HOXC-AS3 (13). However, the specific mechanism by which HOXC-AS3 regulates GBM cell function is still unclear, and its downstream signaling pathway remains unascertained. Accordingly, it is significant to probe the potential mechanism of HOXC-AS3 in glioma.

At present, our research demonstrates that the expression level of HOXC-AS3 in glioma tissues and cell lines is elevated than that in normal tissues and cells. Furthermore, we disclosed that HOXC-AS3 modulates F11 receptor (F11R) expression by sponging miR-216 and facilitating glioma cell proliferation, migration, invasion, and tumor growth in vivo. Collectively, these results reveal that the HOXC-AS3/miR-216/F11R signaling pathway is involved in the biological behavior of glioma and may serve as a novel potential target for the treatment of glioma.



Materials and Methods


Clinical Tissue Specimens

Twenty-three glioma specimens and fifteen normal brain tissues (NBTs) were obtained from the Department of Neurosurgery, the Affiliated Brain Hospital of Nanjing Medical University. The tissues were snap-frozen in liquid nitrogen and placed at -80°C for preservation after surgical resection. Ethical approval was granted by the ethics committee of the Affiliated Brain Hospital of Nanjing Medical University, and all patients signed written informed consent.



Cell Culture

The glioma cell lines (LN229, T98G, A172, U87 and U251) were purchased from the Chinese Academy of Sciences Cell Bank (Shanghai, China), while the normal human astrocytes (NHAs) were acquired from ScienCell Research Laboratories (Carlsbad, CA, USA). The glioma cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, USA) supplemented with 10% fetal bovine serum (ScienCell, USA), and the NHAs were cultured in astrocyte medium (Life Technologies MA, USA). All cells were cultured in an incubator containing 5% CO2 at 37°C.



Cell Transfection

Short hairpin RNAs (shRNAs) targeting HOXC-AS3 (sh-HOXC-AS3-1 and sh-HOXC-AS3-2) and F11R (sh-F11R), overexpression plasmids targeting HOXC-AS3 (HOXC-AS3) and F11R (F11R), and their corresponding negative control RNAs (sh-NC) were designed by GenePharma (Shanghai, China). The miR-216 mimics, inhibitors, and relative controls were obtained from Sangon Biotech (Shanghai, China). The transfection assays were conducted using Lipofectamine 3000 (Invitrogen, CA, USA). All interfering nucleotides are shown in Table S1.



RNA Isolation and Quantitative Real-Time PCR (qRT–PCR)

The total RNA was extracted from the specimens and cells using TRIzol (Vazyme, Nanjing, China) according to the manufacturer’s protocol. qRT–PCR was carried out to test the expression levels of HOXC-AS3, miR-216, and F11R. The data was normalized to U6 and GAPDH, and the expression level was analyzed using the 2–ΔΔCt method. Reverse transcription (RT) was conducted according to the method specified in the instructions using a C1000 Touch Thermal Cycler (Bio–Rad, California, USA). The amplification reaction under predetermined conditions was performed using Applied Biosystems QuantStudio 5 (Thermo Fisher Scientific, MA, USA). Each experiment was conducted three times. All primers are shown in Table S2.



Luciferase Reporter Assay

The fragment of HOXC-AS3 that contained the miR-216 binding site was inserted into GP-miRGLO vectors. The 3′-UTR fragments of F11R containing the binding sites for miR-216 were inserted into GV272 vectors. MiR-216 mimics and the relative control were transfected into the glioma cell lines with the reporter plasmids and mutated plasmids, respectively. After 48 hours, luciferase activity was observed using a Dual Luciferase Reporter Assay System (Promega, Madison, WI, USA). Sequences are shown in Table S3.



Western Blot Assay

The total protein was isolated from the cells with RIPA buffer (YIFEIXUE BIO TECH, Nanjing, China). A BCA Protein Assay Kit (YIFEIXUE BIO TECH, Nanjing, China) was used to detect the protein concentration. SDS‐PAGE (12%) was used to resolve the protein, and after being transferred to PVDF membranes (Millipore, USA), it was blocked with skim milk (5%) for 2 h, washed three times with TBS-T, and then incubated at 4°C with primary antibodies against F11R (1:1000, Proteintech, IL, USA) overnight and HRP-conjugated secondary antibody (1:5000, Proteintech, IL, USA) for 2 hours. β-actin (1:1000, Proteintech, IL, USA) was used as a control.



Fluorescence In Situ Hybridization (FISH)

The HOXC-AS3 probe sequences (Table S4) were synthesized by GenePharma (Shanghai, China), and the fluorescent signals of the probe were tested using a FISH Kit (GenePharma, Shanghai, China). Briefly, U87 and U251 cells were fixed in 4% paraformaldehyde for 15 min. Then were incubated at 37°C using 0.1% Triton X-100 (15 min) and 2× SSC (30 min). After that, the cells were hybridized in denatured probes (concentration of 1 μM) at 37°C overnight, washed for 5 min with 0.1% Tween 20, 5 min with 2× SSC, and 5 min with 1× SSC at 42°C. Ultimately, DAPI (Beyotime, China) was used to stain the cell nuclei. Images were captured under a Carl Zeiss microscope (Carl Zeiss, Germany).



Cell Counting Kit-8 (CCK-8) Assay

U87 and U251 were seeded into 96-well plates at 10,000 cells/well overnight, cell proliferation was measured using a CCK-8 (KeyGEN Bio TECH, Nanjing, China) assay. Ten microliters of CCK-8 solution were added to each well, incubated at 37°C, 4 hours. The absorbance of each well was read at 450nm with a microplate reader (TECAN, Switzerland). Similarly, cell proliferation was detected after 24 h, 48 h, and 72 h, and then the cell growth curve was plotted.



5-Ethynyl-20-Deoxyuridine (EdU) Assay

Cells (75,000) were plated in 24-well plates with round coverslips overnight. 200 µl of EdU (10 µM, KeyGEN Bio TECH, Nanjing, China) were added to each well, and the cells were incubated at 37°C, 2 h. The cells were fixed by adding 4% neutral paraformaldehyde to each well and removed after 30 minutes at room temperature. Then, we added 0.5% TritonX-100 (KenGEN, Nanjing, China) in PBS (200 µl) to each well for 20 min and stained the samples with 200 µl Click-iT reaction mixture (KeyGEN Bio TECH, Nanjing, China) for 30 min under lightproof conditions. Next, DAPI (Beyotime, China) was used to stain the glioma cell nuclei. Round coverslips were observed using Carl Zeiss microscope (Carl Zeiss, Germany) to analyze the proportion of EdU-positive cells.



Migration and Invasion Assays

To measure the ability of the cells to migrate and invade, Matrigel-covered (50 µl, 1:8 dilution, BD, USA) or uncovered Transwell insert chambers (Millipore, MA, USA) were utilized following the instructions. Then cells were collected and resuspended in serum-free medium and plated at 50,000 cells per upper chamber, while 500 µl medium with 10% FBS were added to the lower chambers. Forty-eight hours later, the residual cells in the upper chamber were removed. Simultaneously, penetrated cells were treated with paraformaldehyde and crystal violet (Beyotime, China). Three fields were randomly selected using the microscope (Nikon, Japan) to calculate the number of migrating and invading cells.



Immunohistochemistry

Paraffin-embedded human and nude mouse glioma samples sections were incubated with primary antibodies against F11R (1:200, Proteintech, IL, USA) or Ki-67 (1:500 dilution, Servicebio, Wuhan, China) overnight at 4°C, and then incubated with the secondary antibody (1:200 dilution, Servicebio, Wuhan, China) at room temperature for 1 h. Next, the sections were stained with diaminobenzidine until brown precipitation appeared and counterstained with hematoxylin for 5 minutes. Positive areas of the captured image were analyzed by ImageJ.



Terminal Deoxynucleotidyl Transfer-Mediated dUTP Nick End Labeling Staining (TUNEL)

After deparaffinization and rehydration, proteinase K was dropped onto the tissue sections for antigen retrieval. Following the instructions to block endogenous peroxidase, equilibrium was reached at room temperature, and the TUNEL reaction mixture was added (Servicebio, Wuhan, China). DAB development was then performed, and the nuclei were counterstained, followed by dehydration and mounting.



Intracranial GBM Mouse Model

Male BALB/c nude mice were obtained from the Vital River (Beijing, China), 1 × 106 U87 cells stably expressing EGFP-luciferase and transfected with sh-HOXC-AS3 or negative control were injected into the frontal lobes of nude mice for GBM orthotopic xenograft tumorigenesis (6 per group). The tumor volumes were measured 7, 14, and 21 days after the implantation using a bioluminescence imaging system (Caliper IVIS Spectrum, PerkinElmer, USA). D-Luciferin potassium salt (Beyotime, China) was injected intraperitoneally before the measurement. After the mice died, their brain tissue was removed and fixed with paraformaldehyde for further experiments.



Statistical Analysis

The data was analyzed using SPSS 20.0 software (IBM, New York, USA) and is expressed as the mean ± standard error. The statistical significance was evaluated by using t-tests between two groups, one/two-way ANOVA and post hoc test (Bonferroni) among multiple groups. Log-rank test was used for survival analysis, and the relation between HOXC-AS3 and miR-216 as well as miR-216 and F11R was assessed by Pearson’s correlation analysis. P < 0.05 was considered statistical significance. All experiments were performed at least three times independently.




Results


HOXC-AS3 Expression Is Upregulated in Both Glioma Tissues and Cell Lines

First, we evaluated the expression level of HOXC-AS3 using RNA sequencing data of 169 glioma tissues and 5 normal tissues in The Cancer Genome Atlas (TCGA) (https://portal.gdc.cancer.gov/) and found that HOXC-AS3 expression was markedly increased in GBM tissues compared to that in normal tissues (P < 0.05) (Figure 1A). Then, by conducting a GSEA (gene set enrichment analysis) (http://www.broadinstitute.org/gsea/index.jsp), we found that HOXC-AS3 may be related to some pathways involved in tumor metabolism (Figure 1B). Furthermore, we searched the TCGA dataset from GEPIA (http://gepia.cancer-pku.cn/index.html) (14), and the survival analysis indicated that the HOXC-AS3 expression level was inversely correlated with the overall survival of GBM patients (Figure 1C).




Figure 1 | HOXC-AS3 was upregulated in glioma and associated with poor prognosis. (A) The expression level of HOXC-AS3 in TCGA. (B) HOXC-AS3 associated pathways were investigated using gene set enrichment analysis (GSEA) by TCGA genes data. (C) The Survival Plots of HOXC-AS3 in GEPIA. (D) Expression of HOXC-AS3 in 15 normal brain tissues and 23 glioma tissues. (E) Expression of HOXC-AS3 in normal human astrocytes and glioma cell lines. Mann-Whitney test for (A); Log-rank test for (C); t-test for (D); one-way ANOVA and post hoc test for (E). ***P < 0.001, **P < 0.01.



We also collected clinical samples during surgery, tested the expression of HOXC-AS3 in glioma and normal brain tissues (15) by qRT–PCR and found that the expression level of HOXC-AS3 was similar to that predicted by online databases (Figure 1D). Then, we examined the expression of HOXC-AS3 in normal human astrocytes (NHAs) and glioma cell lines (LN229, T98G, A172, U87, and U251). The results demonstrated that the expression level of HOXC-AS3 in the glioma cell lines was elevated than that in the NHAs (Figure 1E).



HOXC-AS3 Promotes Glioma Cell Proliferation, Migration, and Invasion In Vitro

To analyze the effect of HOXC-AS3 in glioma, U87 and U251 cells were transfected with a shRNA targeting HOXC-AS3 (sh-HOXC-AS3-1 and sh-HOXC-AS3-2). The transfection efficiency was determined by qRT–PCR, and sh-HOXC-AS3-1 had better knockdown efficiency and was used for subsequent research (Figures S1A, B). Cell proliferation was identified by EdU and CCK-8 assays, and the migration and invasion abilities were assessed by Transwell assays. The results indicate that the functions of sh-HOXC-AS3 include inhibiting glioma cell proliferation, migration, and invasion in vitro (Figures S1C–L). In contrast, the upregulation of HOXC-AS3 showed the opposite results (Figures S2A–L). These results show that HOXC-AS3 acts as an oncogene that affects the biological processes of glioma cells in vitro.



HOXC-AS3 Directly Targeted miR-216 as a Sponge

Recently, numerous studies have confirmed that lncRNAs can serve as molecular sponges of miRNAs, thereby playing a role in regulating cell functions (16–18). We speculate that HOXC-AS3 may function through a competing endogenous RNA (ceRNA) pathway, i.e., HOXC-AS3 binds miRNAs to modulate the cell progression of glioma. Through a FISH analysis, we found that HOXC-AS3 was predominantly expressed in the cytoplasm of glioma cells (Figure 2A). This result further confirms our hypothesis that HOXC-AS3 functions through a ceRNA mechanism. Accordingly, we used the online databases starBase (http://starbase.sysu.edu.cn/) and miRcode (http://www.mircode.org/) to identify miRNAs that might interact with HOXC-AS3. We identified seven possible biological target miRNAs of HOXC-AS3 (Figure 2B). The expression of the target miRNAs in the U87 and U251 cells transfected with sh-HOXC-AS3 and NC was analyzed by qRT–PCR. The results showed that miR-216 expression was the most notably upregulated (Figures 2C, D). Potential miR-216 binding sites in HOXC-AS3 transcripts were identified by using starBase (Figure 2E). Furthermore, miR-216 was downregulated in glioma as revealed by qRT–PCR (Figure 2F). We tested the expression of miR-216 in five glioma cell lines and NHAs, and the results showed that miR-216 was underexpressed in glioma cells compared to NHAs (Figure 2G). Moreover, Pearson correlation analysis indicated that HOXC-AS3 was inversely correlated with miR-216 (Figure 2H). Finally, luciferase reporter plasmids were constructed including HOXC-AS3-WT and HOXC-AS3-MUT. The results indicated that miR-216 overexpression markedly reduced the luciferase activity of HOXC-AS3-WT without affecting the luciferase activity of HOXC-AS3-MUT (Figure 2I). These findings suggest that HOXC-AS3 directly targets miR-216 as a sponge.




Figure 2 | HOXC-AS3 acts as a sponge for miR-216. (A) The distribution of HOXC-AS3 in U87 and U251 cells was evaluated by FISH assays. (B) Targets of HOXC-AS3 were predicted by online databases. (C, D) The expression of seven miRNAs was detected in glioma cells transfected with sh-HOXC-AS3-1 or shNC. (E) Binding sites of miR-216 on HOXC-AS3. (F) Expression of miR-216 in normal brain tissues and glioma tissues. (G) Expression of miR-216 in glioma cell lines. (H) Pearson correlation analysis showed that HOXC-AS3 was inversely correlated with miR-216 in glioma tissues. (I) The association between miR-216 and HOXC-AS3 was verified by luciferase reporter assay. Pearson’s correlation analysis for (H); t-test for (C, D, I); Mann-Whitney test for (F); one-way ANOVA and post hoc test for (G). **P < 0.01.





MiR-216 Inhibits Glioma Progression by Regulating F11R Expression

To explore the mechanism of miR-216, we predicted 24 possible downstream mRNAs using four bioinformatics tools: RNA22 (https://cm.jefferson.edu/rna22/Precomputed/), starBase, miRDB (http://mirdb.org/), and TargetScan (http://www.targetscan.org/vert_72/). (Figure 3A). We searched the expression level of candidate genes by GEPIA and found that only five genes (F11R, YBX1, BCAT1, IMPAD1, and RP2) were significantly upregulated in gliomas (Figure S3 and Table S5). Subsequently, the changes in the mRNA expression levels after the miR-216 mimic/inhibitor transfection were examined by qRT–PCR, and we discovered that F11R expression was the most substantially downregulated/upregulated (Figures 3B, C). Additionally, we predicted the potential binding sites between miR-216 and F11R through a bioinformatic analysis using TargetScan (Figure 3D). The inverse correlation between miR-216 and F11R expression was also observed in Pearson correlation analysis (Figure 3E). The interaction between miR-216 and F11R was verified through a luciferase reporter assay, and results indicate that the overexpression of miR-216 significantly reduced the luciferase activity of the F11R-WT plasmid. However, no substantial change was detected in the F11R-MUT plasmid (Figure 3F). We collected clinical samples and detected the expression of F11R by qRT–PCR and immunohistochemistry. F11R is overexpressed in glioma and positively related to the grade of glioma, and similar results were obtained in the NHAs and glioma cell lines (Figures 3G–I). The western blot analysis further verified the above results (Figure 3J). These findings indicate that F11R is the target of miR-216.




Figure 3 | | MiR-216 directly binds F11R to regulate the level of F11R. (A) 24 potential downstream genes of miR-216 were predicted using online databases. (B, C) The effect of miR-216 on the expression of candidate mRNAs in U87 and U251 cells was detected by qRT-PCR. (D) Binding sites of miR-216 on F11R. (E) Pearson correlation analysis showed that F11R was inversely correlated with miR-216 in glioma tissues. (F) The association between miR-216 and F11R was verified by luciferase reporter assay. (G) Expression of F11R in normal brain tissues and glioma tissues. (H) Expression of F11R in normal human astrocytes and glioma cell lines. (I) Expression of F11R in different grades of glioma identified using immunohistochemistry. (J) The expression levels of F11R in different tissues and cell lines were tested by western blot analysis. At the same time, it was verified that F11R was regulated by HOXC-AS3 and miR-216. Pearson’s correlation analysis for (E); t-test for (B, C, F, G); one-way ANOVA and post hoc test for (H). **P < 0.01.



To further explore the relationship between miR-216 and F11R, a shRNA against F11R (sh-F11R), miR-216 mimics, and miR-216 mimics along with the F11R plasmid were transfected into glioma cells. As shown by qRT–PCR and a western blot analysis, the expression of F11R was decreased by the sh-F11R and miR-216 mimics, and this inhibitory effect was partially recovered by the F11R plasmid (Figures 4A–C). We also obtained some interesting results. According to the EdU and CCK-8 assay results, the reduced proliferation caused by the miR-216 mimics was ameliorated by the transfection with the F11R plasmid (Figures 4D–I). The inhibitory effect of the miR-216 mimics on migration and invasion was reversed by the F11R plasmid (Figures 4J–M). Hence, we deduce that miR-216 inhibits glioma progression by regulating F11R expression.




Figure 4 | MiR-216 could inhibit glioma proliferation, migration, and invasion by targeting F11R. (A–C) qRT-PCR and western blot were used to test the expression of F11R in U87 and U251 cells transfected with NC, sh-F11R, miR-216 mimics, or miR-216 mimics together with F11R plasmids. (D, E) CCK-8 assay was used to test the proliferation of U87 and U251 cells transfected with NC, sh-F11R, miR-216 mimics, or miR-216 mimics together with F11R plasmids. (F–I) EdU assay was used to test the proliferation of U87 and U251 cells transfected with NC, sh-F11R, miR-216 mimics, or miR-216 mimics together with F11R plasmids. (J, K) Transwell assay was used to test the migration of U87 and U251 cells transfected with NC, sh-F11R, miR-216 mimics, or miR-216 mimics together with F11R plasmids. (L, M) Transwell assay was used to test the invasion of U87 and U251 cells transfected with NC, sh-F11R, miR-216 mimics, or miR-216 mimics together with F11R plasmids.One-way ANOVA and post hoc test for (A, B, G, I, K, M). Two-way ANOVA and post hoc test for (D, E). *P < 0.05, **P < 0.01.





HOXC-AS3, as a ceRNA, Regulates F11R by Competitively Binding miR-216

Current research suggests that HOXC-AS3 targets miR-216 as a sponge and that miR-216 regulates glioma progression by acting on F11R. To elucidate the HOXC-AS3-mediated ceRNA mechanism in glioma, the following rescue assays were conducted to analyze whether HOXC-AS3 modulates the expression of F11R in a miR-216-dependent manner. An shRNA against HOXC-AS3 (sh-HOXC-AS3), and sh-HOXC-AS3 along with miR-216 inhibitors were transfected into glioma cells. As shown by qRT–PCR and a western blot analysis, sh-HOXC-AS3 downregulated the expression of F11R, and the suppressive effect was partially counteracted by the miR-216 inhibitors (Figures 5A–C). Moreover, the effect of sh-HOXC-AS3 on glioma cell proliferation, migration, and invasion was also largely abrogated by the miR-216 inhibitor (Figures 5D–M). Overall, these results demonstrate that HOXC-AS3, as a ceRNA, regulates F11R by competitively binding miR-216.




Figure 5 | HOXC-AS3 promoted the glioma malignancy phenotype by targeting the miR-216/F11R axis. (A–C) qRT-PCR and western blot were used to test the expression of F11R in U87 and U251 cells transfected with NC, sh-HOXC-AS3, or sh-HOXC-AS3 together with miR-216 inhibitors. (D, E) CCK-8 assay was used to test the proliferation of U87 and U251 cells transfected with NC, sh-HOXC-AS3, or sh-HOXC-AS3 together with miR-216 inhibitors. (F–I) EdU assay was used to test the proliferation of U87 and U251 cells transfected with NC, sh-HOXC-AS3, or sh-HOXC-AS3 together with miR-216 inhibitors. (J, K) Transwell assay was used to test the migration of U87 and U251 cells transfected with NC, sh-HOXC-AS3, or sh-HOXC-AS3 together with miR-216 inhibitors. (L, M) Transwell assay was used to test the invasion of U87 and U251 cells transfected with NC, sh-HOXC-AS3, or sh-HOXC-AS3 together with miR-216 inhibitors. *P < 0.05, **P < 0.01. One-way ANOVA and post hoc test for (A, B, G, I, K, M). Two-way ANOVA and post hoc test for (D, E). *P < 0.05, **P < 0.01.





HOXC-AS3 Promotes Tumor Growth By Regulating miR-216 And F11R In Vivo

To assess the oncogenic function of HOXC-AS3 in vivo, an orthotopic xenograft tumorigenicity assay was performed by stereotactic intracerebral injection of luciferase-expressing U87 cells (lacking HOXC-AS3 expression and negative control). The in vivo imaging conducted on the 7th, 14th, and 21st days after implantation showed that tumor growth in the sh-HOXC-AS3 group was significantly inhibited (Figures 6A, B). The survival rate of the mice injected with sh-HOXC-AS3-expressing cells was also elevated than that of the control mice (Figure 6C). The immunohistochemical results of the tumor sections showed that the expression level of Ki-67 in the sh-HOXC-AS3 group was substantially decreased; however, TUNEL staining was upregulated (Figures 6D, E). We further analyzed the expression of miR-216 and F11R in the brain sections, and the results indicated that silencing HOXC-AS3 raised the expression of miR-216 and suppressed F11R expression (Figures 6F–I). In conclusion, HOXC-AS3 facilitates glioma growth through regulating miR-216 and F11R expression in vivo.




Figure 6 | HOXC-AS3 promotes glioma growth in vivo. (A) Luciferase signals were assessed at 7,14 and 21 days after implantation of glioma cells (6 mice per group). (B) Tumor maximum diameter was determined using H&E staining. (C) Overall survival of the sh-HOXC-AS3 and control groups was compared by Kaplan-Meier survival curves. (D) Ki-67 expression in the sh-HOXC-AS3 and sh-NC groups was measured by immunohistochemistry. (E) TUNEL staining was used to detect cell apoptosis in the sh-HOXC-AS3 and sh-NC groups. (F, G) Expression and quantification of miR-216 in the brain sections. (H, I) Expression and quantification of F11R in the brain sections. Log-rank test for (C) and t-test for (G, I). *P < 0.05, **P < 0.01.






Discussion

Temozolomide (TMZ) is the most commonly used chemotherapy protocol for glioma treatment. Resistance to TMZ is the leading cause of inefficient chemotherapy (19). LncRNA CASC2 increased the sensitivity of glioma cells to TMZ by upregulating the expression of tumor suppressor PTEN through sponging miR-181a (20). LncRNA TALC was overexpressed in drug-resistant GBM cells, and TALC/miR-20b-3p/c-Met axis induced GBM chemotherapy resistance by promoting O6-methylguanine DNA methyltransferase (MGMT) function (21). Moreover, LncRNA SNHG12 was upregulated in TMZ-resistant tissues and cells. SNHG12 served as a sponge for miR-129-5p and raised E2F7 and MAPK1 expression. Silencing SNHG12 improved glioma cell sensitivity to TMZ (17). Therefore, LncRNA can directly affect sensitivity to TMZ, thus guiding the development of chemotherapeutic agents.

Exosomes are small vesicles secreted by cells, ranging in diameter from 40nm to 140nm, that play a vital role in intercellular signaling. Exosomes involved in various cellular and biological functions are the current research focus (22). Drug-resistant GBM cells could deliver SBF2-AS1 to drug-sensitive GBM cells through exosomes, leading to wide-spread chemotherapy resistance (23). Exosomes are small in size and can act as lncRNA carriers across the blood-brain barrier (BBB). Targeting exosome may be a promising treatment strategy (24). MiR-146b-overexpressing exosomes released by MSCs could significantly inhibit glioma growth in a primary glioma rat model (25). MSCs could also deliver anti-miR-9 exosomes to promote GBM sensitivity to TMZ (26). Marleau et al. proposed to use plasmapheresis technology combined with renal dialysis to selectively capture or retain exosomes in the circulatory system for subsequent treatment (27). However, the specificity of exosome packaging molecules and the mechanisms by which exosomes target cells or tissues need to be further researched, thus their clinical use is still challenging.

Recently, research has shown that lncRNAs play an indispensable role in the biological progression of various tumors. For instance, Li SY et al. reported that Lnc-APUE is restrained by HNF4α and facilitates hepatocellular carcinoma growth through the HNF4α/lnc-APUE/miR-20b/E2F1 axis (28). Chen C et al. showed that exosomal LNMAT2 facilitated lymphangiogenesis, lymphatic metastasis, HLEC tube formation, and migration by upregulating PROX1 expression in bladder cancer (29). Liu et al. demonstrated that lncRNA-HOTAIR sponges miR-126 as a ceRNA to facilitate glioma progression (30). In this research, we elucidated the mechanism of HOXC-AS3 in glioma progression.

By analyzing the differentially expressed lncRNA data in the TCGA database, we discovered that the expression of HOXC-AS3 in tumor tissues was significantly higher than that in normal tissues. HOXC-AS3 is a lncRNA that acts in many human tumors. For instance, Su J et al. reported that HOXC-AS3 can combine with YBX1 to directly transcriptionally activate TK1 and then regulate breast cancer progression (31). Fu T et al. found that HOXC-AS3 might regulate a series of HOX genes and has great value in the diagnosis of gastric adenocarcinoma (32). Li B et al. showed that HOXC-AS3 can interact with HOXC10, which increases the stability of HOXC10 and then promotes its expression, thereby reducing the osteogenic potential of Mesenchymal stem cells (MSCs) (33). These studies suggest that HOXC-AS3 may play a role as an oncogene in various tumors; however, the potential mechanism requires further investigation. In this study, we first confirmed the overexpression of HOXC-AS3 in both glioma tissues and cells. A high expression of HOXC-AS3 predicted a detrimental prognosis in glioma patients. The function of HOXC-AS3 on glioma cell proliferation, migration, invasion, and tumor growth in vivo was also examined.

Ample evidence has indicated that lncRNAs sponge miRNAs as ceRNAs and suppress the target binding of miRNAs to mRNAs, therefore modulating the expression of target mRNAs. Previous studies have shown that HOXC-AS3 can promote breast cancer metastasis by acting as a miR-3922-5p sponge (34). Our FISH assay identified that HOXC-AS3 is principally expressed in the cytoplasm of glioma cells. Based on these studies, HOXC-AS3 may function via a ceRNA mechanism in glioma. We subsequently probed the bound miRNA of HOXC-AS3 by a biological analysis, and seven miRNAs were predicted as targets of HOXC-AS3. MiR-216 was determined to be a target of HOXC-AS3 through qRT–PCR and a luciferase reporter analysis. It also has been shown to have an antitumor effect in various human tumors. For instance, Roscigno G et al. reported that miR-216a acts as a suppressor to reduce stem-like properties and influence the interaction between cells and the microenvironment in breast cancer (35). Qu XH et al. showed that miR-216 affects the growth, metastasis, and cell apoptosis of OSCC cells (36). Sun T et al. demonstrated that miR-216 inhibits the cell progression of ESCC through the miR-216/KIAA0101 axis (37). Wang W et al. found that miR-216a suppressed glioma cell progression and promoted apoptosis through the miR-216a/LGR5 axis (38). In this research, we demonstrate that miR-216 could interact with HOXC-AS3 and that the expression of miR-216 was negatively correlated with HOXC-AS3 expression in glioma cells and clinical samples.

Subsequently, the target mRNA of miR-216 was examined. F11R is a functional target of miR-216. In previous studies, F11R was originally identified as a monoclonal antibody receptor (39) that acts as a tight junction protein and is expressed in several leukocyte populations and platelets (40, 41). A series of studies revealed that the expression of F11R is inversely correlated with prognosis in many tumors, such as multiple myeloma (42), oral squamous cell carcinoma (43), and epithelial ovarian cancer (44). F11R is overexpressed in tumor tissues and promotes biological processes in HNSCC (45). However, in some tumors, a low expression of F11R may lead to a poor prognosis; for example, Communal L et al. showed that expression of F11R is a reliable prognostic biomarker of HGSC that may be used to distinguish tumors that respond to EMT therapy. The decreased F11R gene indicates a poor outcome (46). F11R can also act as a tumor suppressor gene in anaplastic thyroid carcinoma (47) and nasopharyngeal carcinoma (48). In glioma cancer stem cells (CSCs), F11R functions to promote tumor initiation, cell proliferation, and self-renewal in vitro, and F11R is suppressed by miR-145 (49). Rosager AM et al. reported that F11R is colocalized with stem cell markers and that the expression of F11R is positively correlated with the grade of glioma. In GBMs, F11R is an independent prognostic factor (50, 51). In the female tumor microenvironment, F11R inhibits pathogenic microglial activation and indicates sex differences in glioma initiation (52). However, its biological function has not been described in detail. In this study, we discovered that the expression of F11R increased with the grade of glioma and that F11R promoted malignant progression downstream of miR-216. We also performed rescue experiments, and the results showed that the effect of miR-216 mimics was abolished by F11R plasmids and that the function of sh-HOXC-AS3 could be reversed by miR-216 inhibitors in glioma cells.

In conclusion, HOXC-AS3 facilitates glioma progression via miR-216 to regulate F11R. Hence, the HOXC-AS3/miR-216/F11R signaling pathway may provide a potential target for the treatment of glioma. HOXC-AS3 may become a target to improve TMZ sensitivity, or regulate glioma tumorigenesis through exosome packaging, which requires further research.
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Supplementary Figure 1 | Downregulation of HOXC-AS3 inhibits proliferation, migration, and invasion of glioma in vitro. (A, B) qRT-PCR was used to test the expression of HOXC-AS3 in U87 and U251 cells transfected with shNC, sh-HOXC-AS3-1, or sh-HOXC-AS3-2. (C, D) CCK-8 assay was used to test the proliferation of U87 and U251 cells transfected with shNC, sh-HOXC-AS3-1, or sh-HOXC-AS3-2. (E–H) EdU assay was used to test the proliferation of U87 and U251 cells transfected with shNC, sh-HOXC-AS3-1, or sh-HOXC-AS3-2. (I, J) Transwell assay was used to test the migration of U87 and U251 cells transfected with shNC, sh-HOXC-AS3-1, or sh-HOXC-AS3-2. (K, L) Transwell assay was used to test the invasion of U87 and U251 cells transfected with shNC, sh-HOXC-AS3-1, or sh-HOXC-AS3-2. One-way ANOVA and post hoc test for (A, B, F, H, J, L). Two-way ANOVA and post hoc test for (C, D). *P < 0.05, **P < 0.01.

Supplementary Figure 2 | Upregulation of HOXC-AS3 promotes proliferation, migration, and invasion of glioma in vitro. (A, B) qRT-PCR was used to detect the expression of HOXC-AS3 in U87 and U251 cells transfected with NC or HOXC-AS3 plasmid. (C, D) CCK-8 assay was used to detect the proliferation of U87 and U251 cells transfected with NC or HOXC-AS3 plasmid. (E–H) EdU assay was used to detect the proliferation of U87 and U251 cells transfected with NC or HOXC-AS3 plasmid. (I, J) Transwell assay was used to detect the migration of U87 and U251 cells transfected with NC or HOXC-AS3 plasmid. (K, L) Transwell assay was used to detect the invasion of U87 and U251 cells transfected with NC or HOXC-AS3 plasmid. T-test for (A, B, F, H, J, L). Two-way ANOVA and post hoc test for (C, D). *P < 0.05, **P < 0.01.

Supplementary Figure 3 | The expression of 24 genes downstream of miR-216 was predicted by GEPIA.

Supplementary Figure 4 | Quantification and statistical analysis of the tumors in xenograft mouse model. T-test was used. *P < 0.05, **P < 0.01.

Supplementary Figure 5 | Median survival analysis of xenograft mouse model. Log-rank test was used. *P < 0.05, **P < 0.01.

Supplementary Figure 6 | Statistical analysis of the three random fields of the expression level of Ki-67 and TUNEL staining. T-test was used. *P < 0.05, **P < 0.01.
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Background

Previously, we reported that bevacizumab (Bev) produces histological and neuroradiographic alterations including changes in tumor oxygenation, induction of an immunosupportive tumor microenvironment, and inhibition of stemness. To confirm how those effects vary during Bev therapy, paired samples from the same patients with newly diagnosed glioblastoma (GBM) who received preoperative neoadjuvant Bev (neoBev) were investigated with immunohistochemistry before and after recurrence.



Methods

Eighteen samples from nine patients with newly diagnosed GBM who received preoperative neoBev followed by surgery and chemoradiotherapy and then autopsy or salvage surgery after recurrence were investigated. The expression of carbonic anhydrase 9 (CA9), hypoxia-inducible factor-1 alpha (HIF-1α), nestin, and Forkhead box M1 (FOXM1) was evaluated with immunohistochemistry.

For comparison between neoBev and recurrent tumors, we divided the present cohort into two groups based on neuroradiographic response: good and poor responders (GR and PR, respectively) to Bev were defined by the tumor regression rate on T1-weighted images with gadolinium enhancement (T1Gd) and fluid-attenuated inversion recovery images. Patterns of recurrence after Bev therapy were classified as cT1 flare-up and T2-diffuse/T2-circumscribed. Furthermore, we explored the possibility of utilizing FOXM1 as a biomarker of survival in this cohort.



Results

A characteristic “pseudo-papillary”-like structure containing round-shaped tumor cells clustered adjacent to blood vessels surrounded by spindle-shaped tumor cells was seen only in recurrent tumors. Tumor cells at the outer part of the “pseudo-papillary” structure were CA9-positive (CA9+)/HIF-1α+, whereas cells at the inner part of this structure were CA9−/HIF-1α+ and nestin+/FOXM1+. CA9 and HIF-1α expression was lower in T1Gd-GR and decreased in the “T2-circumscribed/T2-diffuse” pattern compared with the “T1 flare-up” pattern, suggesting that tumor oxygenation was frequently observed in T1Gd-GR in initial tumors and in the “T2-circumscribed/T2-diffuse” pattern in recurrent tumors. FOXM1 low-expression tumors tended to have a better prognosis than that of FOXM1 high-expression tumors.



Conclusion

A “pseudo-papillary” structure was seen in recurrent GBM after anti-vascular endothelial growth factor therapy. Bev may contribute to tumor oxygenation, leading to inhibition of stemness and correlation with a neuroimaging response during Bev therapy. FOXM1 may play a role as a biomarker of survival during Bev therapy.





Keywords: bevacizumab, glioblastoma, FOXM1, magnetic resonance imaging (MRI), tumor microenvironment, pseudo-papillary structure



Introduction

Bevacizumab (Bev) is a monoclonal antibody against vascular endothelial growth factor (VEGF)/vascular permeability factor and blocks endothelial proliferation and vascular permeability, thus reducing enhancement and perifocal edema in glioblastoma (GBM). The effect of Bev on GBM depends on not only inhibition of tumor angiogenesis but also alteration of the tumor microenvironment (TME) from immunosuppressive to immunosupportive (1).

The alteration in the TME induces tumor oxygenation from a hypoxic TME, leading to inhibition of stemness in the perivascular niche (2–4) and infiltration of immunosuppressive cells including regulatory T cells and M2 tumor-associated macrophages (5, 6). Although these effects including an immunosupportive TME are sustained for a long time, improvement in tumor oxygenation is transient (3), indicating that the therapeutic efficacy of Bev is difficult to maintain over a long period of time. Bev induces oxygenation of the TME, leading to tumor dormancy. A hypoxic TME restimulates stemness, which may be a reason for the dismal clinical outcome of GBM in a short period of time (7). The duration of maintenance of the TME in a dormant state may impact the clinical outcome, regardless of the initial response to Bev on gadolinium-enhanced neuroimages and perifocal edema.

In recent years, glioma stem cells (GSCs) have become a cell type of increasing interest. GSCs survive in hypoxic and starvation conditions (8, 9). A number of molecular markers are generally used to isolate and characterize GSCs (10, 11). The TME, including vascularity and tumor oxygenation, is very important for the survival of GSCs. More importantly, GSCs are resistant to radiation (RT) and temozolomide (TMZ) compared with differentiated tumor cells (12). In addition, a hypoxic TME induces VEGF expression, resulting in resistance to RT and TMZ and difficulty in controlling GSCs in recurrent tumors (13, 14).

CD133-positive (CD133+) cells include vascular endothelial cells and other cells in the perivascular niche that maintain GSC characteristics via VEGF and NOTCH signaling in the microenvironment (2). Bev is considered to be a reasonable treatment to control GSCs and maintain an oxygenated and immunosupportive TME. However, its efficacy is transient, and the biomarkers that predict survival remain unknown.

Among these molecular markers, nestin is an intermediate filament protein expressed in neural progenitor stem cells (15). Nestin is expressed in many GBMs, and the differentiation of GBM cells leads to the downregulation of nestin, a potential marker for GSCs (16). Whether the level of nestin expression is correlated with the histological grade of malignancy in gliomas and the clinical outcome is still controversial (17–19). Therefore, whether nestin expression is a biomarker for survival is uncertain.

We also focused on the possibility that Forkhead box M1 (FOXM1) may be a biomarker of survival during Bev therapy. FOXM1 is a key transcription factor, plays a critical role in tumorigenesis and transformation of normal astrocytes, and is overexpressed in GBM (20). FOXM1 also binds to the VEGF promoter and contributes to angiogenesis and growth of GSCs in GBM by upregulation of VEGF (21). Furthermore, FOXM1 is upregulated in recurrent GBM, both at the mRNA and protein levels, and a high level of FOXM1 expression is associated with poor prognosis in recurrent GBM (22). However, no previous studies have investigated alterations in FOXM1 expression or its reliability as a predictive biomarker of survival in GBM during anti-VEGF therapy.

Previously, we reported that Bev induces tumor oxygenation in accordance with a decrease in microvessel density (MVD) and inhibition of immunosuppressive cell and stem cell infiltration by comparative analyses among initial GBM (naive-Bev), GBM with radiological effectiveness of Bev at the time of treatment with preoperative neoadjuvant Bev (neoBev, effective-Bev), and recurrent GBM after Bev failure (refractory-Bev) (3, 5). However, in our previous studies, all samples of refractory-Bev were derived from patients who did not receive neoBev.

As far as we know, the present study is the first report to investigate the neuroradiographic response before and after recurrence with a comparison of paired samples from the same patients who received preoperative neoBev followed by surgery combined with RT, TMZ, and Bev, and then autopsy or salvage surgery after Bev failure. The purpose of this study was to investigate the following: 1) the difference between neoBev and refractory-Bev according to histological and immunohistochemical findings, 2) changes in FOXM1 expression during anti-VEGF therapy and its potential as a biomarker of survival, and 3) TME change in accordance with the neuroradiographic response during Bev therapy.



Methods


Patient Characteristics and Treatment Protocol

The present study used 18 paired surgical samples from nine patients with newly diagnosed GBM obtained from surgery at the time of initial and recurrent tumors, including nine tumor samples obtained from surgery following neoBev, eight tumor samples obtained from autopsy, and one recurrent tumor. Four of these nine patients were included in the Japan Registry of Clinical Trials (jRCT1031180233).

All patients were treated with preoperative neoBev at a dose of 10 mg/kg on day 0. Surgical resection was performed 3–4 weeks after neoBev. Concomitant RT and TMZ were commenced more than 2 weeks after surgery. Maintenance treatment with TMZ began more than 4 weeks after completion of RT at a starting dose of 150 mg/m2 for 5 consecutive days of a 28-day cycle. Bev (at a dose of 10 mg/kg) concomitant with TMZ (every 4 weeks at a dose of 150 mg/m2) was readministered every 2 weeks at the time of recurrence and continued until reprogression or beyond reprogression in tolerant patients. The mean number of cycles of Bev was 16.1 (range, 7~38 cycles).



Neuroradiological Assessment

The tumor volumes of T1-weighted images with gadolinium enhancement (T1Gd) or fluid-attenuated inversion recovery (FLAIR) were estimated by the sum of each slice on neuroimages and multiplication of longitudinal and transverse slices. Tumor volume was assessed by the sum of perpendicular diameters as previously described (23). The tumor regression rate with neoBev was evaluated by the change in tumor volume before and after treatment. Patterns of recurrence after Bev therapy were classified as cT1 flare-up, T2-diffuse, or T2-circumscribed as previously described (3, 24).

Briefly, the cT1 flare-up is characterized by an initial decrease in contrast enhancement (CE) on T1-weighted images after treatment initiation and an increase (flare-up) of CE again at tumor progression. T2 signal stays stable or increased. T2-diffuse is characterized by a signal increase on T2-weighted images with a poorly defined border despite the fact that CE on T1-weighted images remains decreased. Hypointensity on T1-weighted images is faint and disproportionally smaller than T2 hyperintensity. T2-circumscribed is characterized by a signal increase on T2-weighted images with a bulky structure and sharp borders that correspond to a T1 hypointense signal. CE on T1-weighted images remains decreased, or only a few faintly speckled CE lesions are visible.



Immunohistochemical Analyses

Immunohistochemical analyses were performed on 4-µm sections of formalin-fixed, paraffin-embedded tissue from 18 tumors. Sections were stained with anti-FOXM1 antibody (1:250, #ab207298, abcam), anti-hypoxia-inducible factor-1 alpha (HIF-1α) antibody (1:100, #ab82832, Dako), anti-nestin antibody (1:1,000, MAB5326, Chemical), anti-carbonic anhydrase 9 (CA9) antibody (1:1,000, #ab15086, abcam), and anti-CD34 antibody (1:100, M7165, abcam). Antigen retrieval was performed in 10 mM citrate buffer (pH 6.0) using an autoclave for FOXM1, HIF-1α, and CD34 staining. Immunohistochemical staining was assessed by three authors (JT, NF, and TT) who were blinded to the clinical information, and the results of consensus among these authors were reported.

Immunohistochemical findings were assessed as previously described (5, 25, 26). For FOXM1 quantitative evaluation, the percentage of tumor nuclei reactive to FOXM1 antibody was estimated following examination of a middle-power field (×200) using the software Gunma labeling index (27). The expression of nestin was assessed as a positive cell ratio analyzed in five high-power fields (×400) and calculated as the mean value of [(positive cells/positive cell + negative cell) × 100] from five areas. The expression of HIF-1α was predominantly detected in the nuclei of tumor cells around sites of necrosis and was also found in tumor cells not directly adjacent to necrotic areas. The degree of expression was assessed as follows: ++, expression in >10% of tumor cells; +, expression in ≤10% of tumor cells; −, negative staining. The membranous expression of CA9 was predominantly found in perinecrotic tumor cells as previously reported (28). The degree of expression was assessed as follows: ++, universal strong expression around necrotic regions; +, occasional expression (typically around necrotic regions); −, negative staining. For quantitative evaluation of CD34+ vessels, the stained sections were screened in a low-power field (×40), and five middle-power fields (×200) with the most dense spots were assessed. The mean MVD in these areas was determined using Fiji software (version 2.0.0-re-69/1.52p) (29).



Statistical Analyses

Continuous data are described as the mean ± standard deviation, median, and interquartile range, and categorical data as numbers and percentages. The Mann–Whitney U test and Wilcoxon signed rank test were used for comparison of continuous data between two groups. Fisher’s exact test was used to determine if non-random associations were present between two categorical variables. All p-values were two-sided with the significance level set to ≤0.05. Statistical analyses were performed with STATA 14 (Stata Corp. LP, College Station, TX, USA).




Results


Description of the Present Cohort

The characteristics of the patients in the present study are summarized in Table 1. Patients who were enrolled in the present study consisted of eight men and one woman with a mean age of 65.6 years (range, 50–78 years). Histological findings revealed that all tumors were diagnosed as GBM, isocitrate dehydrogenase (IDH)-wild type. Median tumor regression rates after neoBev were 38% and 54% on T1Gd and FLAIR magnetic resonance imaging (MRI), respectively. Median progression-free survival (PFS) (the interval from initial Bev administration to recurrence) was 9.8 months. Median overall survival (OS) (the interval from initial Bev to death) was 16.6 months.


Table 1 | Patient characteristics.





Illustrative Neuroimages After NeoBev

Patients receiving neoBev were selected according to MRI findings that represented “typical” GBM including a ring-enhanced tumor (Figures 1A, B) with perifocal edema (Figures 1C, D). After a single dose of Bev (10 mg/kg), the tumor and the perifocal edema regressed as shown by a representative maximal (Figures 1E, F) and minimal response (Figures 1G, H) 2 weeks after treatment.




Figure 1 | “Typical” GBM demonstrating a huge enhanced tumor with perifocal edema before (A–D) and after (E–H) neoBev. Regression rates of T1Gd-GR (A, E), T1Gd-PR (C, G), FLAIR-GR (B, F), and FLAIR-PR (D, H) after neoBev were −61%, −14%, −71%, and −26%, respectively. FLAIR, fluid-attenuated inversion recovery; GBM, glioblastoma; GR, good rensponder; PR, poor responder; T1Gd, T1-weighted images with gadolinium enhancement.





Typical Histological Findings of “Pseudo-Papillary Structures” at the Time of Recurrence After NeoBev Demonstrating Colocalization of FOXM1, Nestin, CA9, and HIF-1α Expression

Histological findings of initial tumors after neoBev demonstrated that typical glomeruloid microvasculature was seldom observed. Tumor cells predominantly accumulated around the vessels (the so-called vascular co-option), and CD34+ cells were observed along the vessel walls (Figures 2A, B). The expression of CA9 was predominantly found in perinecrotic tumor cells (Figure 2C), but the positive expression of HIF-1α, nestin, and FOXM1 was widely distributed (Figures 2F).




Figure 2 | Histological finding of initial tumors revealing that tumor cells predominantly accumulated around the vessels (so-called vascular co-option). Hematoxylin and eosin staining (A) and CD34 (B), CA9 (C), HIF-1α (D), nestin (E), and FOXM1 expression (F). Photomicrograph of immunohistochemistry (×200) (bar = 100 μm). Note that CA9 expression was found in the perinecrotic tumor cells, and the expression of HIF-1α, nestin, and FOXM1 was widely distributed. Typical histological findings of “pseudo-papillary” structures resembling “vascular co-option” in recurrent tumors. Hematoxylin and eosin staining (G) and CD34 (H), CA9 (I), HIF-1α (J), nestin (K), and FOXM1 expression (L). Photomicrograph of immunohistochemistry (×200; bar = 100 μm); (×400; bar = 100 μm). Note that colocalization of FOXM1- and HIF-1α-positive cells was prominent in the perivascular area. Comparison of expression of FOXM1, MVD, and tumor oxygenation between the presence and absence of “pseudo-papillary” structures. FOXM1 (M), nestin (N), MVD (O), CA9 (P), and HIF-1α expression (Q). Error bar; standard deviation. CA9, carbonic anhydrase 9; FOXM1, Forkhead box M1; HIF-1α, hypoxia inducible factor-1 alpha; MVD, microvessel density.



Round-shaped tumor cells clustered adjacent to the blood vessels were further surrounded by spindle-shaped tumor cells (Figures 2G, H). We defined these characteristic histological findings as “pseudo-papillary” structures that were seen only in recurrent tumors but not in initial tumors. On the whole sections, these structures were observed in three out of nine recurrent tumors (33%).

Spindle-shaped cells were CA9+, and HIF-1α was strongly positive away from the blood vessels (Figures 2I, J). The distance from the blood vessel to the CA9+ cells was approximately 150 μm (data not shown). Interestingly, we noted a discrepancy in which the cells in the outer part of “pseudo-papillary” structures were CA9+/HIF-1α+, whereas the cells in the inner part of the structures were CA9−/HIF-1α+ (Figures 2I, J).

In the inner part of “pseudo-papillary” structures, nestin+ and FOXM1+ cells were clustered in round-shaped tumor cells adjacent to the blood vessels (Figures 2K, L), suggesting that proliferating GSCs adjacent to the microvasculature were surrounded by hypoxic tumor cells in recurrent tumors at the time of Bev failure.

MVD was not different between tumors with and without “pseudo-papillary” structures. However, the expression of FOXM1, nestin, and hypoxic markers including CA9 and HIF-1α tended to be higher in recurrent tumors with “pseudo-papillary” structures (Figures 2M–Q).

Patient characteristics, neuroradiological response rate after neoBev, recurrent pattern after Bev failure, and extent of resection were compared between the presence and absence of “pseudo-papillary” structures. The clinical outcome and clinical parameters were not significantly different (Table 2).


Table 2 | Comparison of clinical characteristics between positive and negative “pseudo-papillary” structures.





Comparison of Tumor Vascularity and Tumor Oxygenation Between Initial Tumors After NeoBev and Recurrent Tumors After NeoBev

To assess vascular density and stemness in accordance with tumor oxygenation, the expression levels of FOXM1, nestin, CD34, CA9, and HIF-1α were analyzed with immunohistochemistry using paired samples from the same patients treated with neoBev followed by surgery, RT, TMZ, and TMZ/Bev combined therapy, and then salvage surgery or autopsy at the time of recurrence after Bev (Figure 3).




Figure 3 | Comparison of expression of FOXM1, tumor vascularity, and tumor oxygenation between initial tumors after neoBev and recurrent tumors after neoBev. FOXM1 (A), nestin (B), MVD (C), CA9 (D), and HIF-1α expression (E). Error bar; standard deviation. Kaplan–Meier survival curves showing overall survival stratified by labeling index of FOXM1 expression (p = 0.053, log-rank test) (F), labeling index of nestin expression (p = 0.89, log-rank test) (G), microvascular density (p = 0.43, log-rank test) (H), qualitative reaction of CA9 expression (p = 0.72, log-rank test) (I), and qualitative reaction of HIF-1α expression (p = 0.83, log-rank test) (J). CA9, carbonic anhydrase 9; FOXM1, Forkhead box M1; HIF-1α, hypoxia inducible factor-1 alpha; MVD, microvessel density; neoBev, neoadjuvant bevacizumab.



FOXM1 tended to decrease at the time of recurrence (Figure 3A), and nestin was found to be significantly decreased at the time of recurrence (Figure 3B). MVD diminished during Bev therapy, but the difference was not statistically significant (Figure 3C). The expression of CA9 (++) was slightly higher in recurrent tumors compared with initial tumors, but HIF-1α expression decreased in recurrent tumors (Figures 3D, E). To determine whether or not these parameters have prognostic significance, we investigated CD34, CA9, HIF-1a, nestin, and FOXM1. We divided the current cohort into two groups according to the median index score of those parameters in initial specimens. FOXM1 low-expression tumors tended to occur in patients with a better prognosis than FOXM1 high-expression tumors (p = 0.053, log-rank test) (Figure 3F). Whereas other parameters including expression levels of nestin (p = 0.89, log-rank test) (Figure 3G), microvascular density as quantified by CD34 positivity (p = 0.43, log-rank test) (Figure 3H), qualitative reaction of CA9 (p = 0.72, log-rank test) (Figure 3I), and qualitative reaction of HIF-1α (p = 0.83, log-rank test) (Figure 3J) were not associated with OS in the current cohort.



T1Gd-GR vs. T1Gd-PR in the Tumor Microenvironment Including Tumor Oxygenation, Stemness, and Tumor Vascularity

To analyze the correlation between the TME assessed with immunohistochemistry and responsiveness to neoBev assessed with T1Gd and FLAIR, the expression of FOXM1, nestin, CD34, CA9, and HIF-1α was compared between GR and PR after neoBev.

We divided this cohort into two groups according to the imaging neoadjuvant therapy response rate. Thus, T1Gd good responders (T1Gd-GRs) and T1Gd poor responders (T1Gd-PRs) were defined as having a response rate of ≥35% and <35%, respectively.

Regarding stemness, FOXM1 in recurrent tumors was significantly decreased in T1Gd-GRs, whereas no significant difference was found in T1Gd-PRs (Figure 4A). Nestin expression in recurrent tumors tended to be decreased in both T1Gd-GRs and PRs (Figure 4B). MVD showed no significant difference between T1Gd-GRs and T1Gd-PRs (Figure 4C).




Figure 4 | T1Gd-GRs vs. T1Gd-PRs in tumor oxygenation, stemness, and immunological TME. FOXM1 (A), nestin (B), MVD (C), CA9 (D), and HIF-1α expression (E). Error bar; standard deviation. CA9, carbonic anhydrase 9; FOXM1, Forkhead box M1; GR, good rensponder; HIF-1α, hypoxia inducible factor-1 alpha; MVD, microvessel density; PR, poor responder; TME, tumor microenvironment; T1Gd, T1-weighted images with gadolinium enhancement.



Regarding the hypoxic TME, comparing initial tumors, the expression of CA9 and HIF-1α was higher in T1Gd-PRs, and tumor oxygenation was frequently observed in T1Gd-GRs, although no significant difference was found between the two groups (Figures 4D, E). Thus, these results suggested that the responsiveness to neoBev determined on T1Gd may reflect tumor oxygenation.



FLAIR-GR vs. FLAIR-PR in the Tumor Microenvironment Including Tumor Oxygenation, Stemness, and Tumor Vascularity

FLAIR good responders (FLAIR-GRs) and FLAIR poor responders (FLAIR-PRs) were defined as having a response rate of ≥50% and <50%, respectively. No significant difference in FOXM1 or nestin expression was found between FLAIR-GRs and FLAIR-PRs in the initial tumors. However, the expression of both FOXM1 and nestin significantly decreased in FLAIR-GRs at the time of recurrence (Figures 5A, B). MVD showed no significant difference between FLAIR-GR and FLAIR-PR (Figure 5C).




Figure 5 | FLAIR-GRs vs. FLAIR-PRs in tumor oxygenation, stemness, and immunological TME. FOXM1 (A), nestin (B), MVD (C), CA9 (D), and HIF-1α expression (E). Error bar; standard deviation. CA9, carbonic anhydrase 9; FLAIR, fluid-attenuated inversion recovery; FOXM1, Forkhead box M1; GR, good rensponder; HIF-1α, hypoxia inducible factor-1 alpha; MVD, microvessel density; PR, poor responder; TME, tumor microenvironment.



Regarding the hypoxic TME, CA9 and HIF-1α expression tended to decrease in FLAIR-PRs compared with that in FLAIR-GRs in both initial and recurrent tumors (Figures 5D, E). No significant difference was found between groups. Thus, neuroradiographic response on T1Gd and FLAIR to neoBev may illustrate opposite changes in both CA9 and HIF-1α expressions.



Recurrence Pattern in Tumor Oxygenation, Stemness, and Immunological Tumor Microenvironment

To analyze the correlation between the TME assessed with immunohistochemistry and the recurrence pattern after Bev therapy as previously described (24), the expression of FOXM1, nestin, CD34, CA9, and HIF-1α was compared between “T1 flare-up” and “T2-circumscribed/T2-diffuse” patterns. FOXM1 expression tended to decrease in the “T2-circumscribed/T2-diffuse” pattern at the time of recurrence (Figure 6A). Nestin expression was reduced at recurrence in both patterns, but this reduction was not statistically significant (Figure 6B).




Figure 6 | Recurrence pattern on MRI after Bev therapy; “cT1 flare-up” vs. “T2-diffuse/T2-circumscribed” in tumor oxygenation, stemness, and immunological TME. Recurrent GBM after Bev therapy in cT1 flare-up and T2-diffuse GBM. FOXM1 (A), nestin (B), MVD (C), CA9 (D), and HIF-1α expression (E). Error bar; standard deviation. Bev, bevacizumab; CA9, carbonic anhydrase 9; FOXM1, Forkhead box M1; GBM, glioblastoma; HIF-1α, hypoxia inducible factor-1 alpha; MRI, magnetic resonance imaging; MVD, microvessel density; TME, tumor microenvironment.



MVD was not significantly different between the two groups (Figure 6C).

Regarding the hypoxic TME, CA9 and HIF-1α expression decreased in the “T2-circumscribed/T2-diffuse” pattern compared with that in the “T1 flare-up” pattern in recurrent tumors (Figures 6D, E). HIF-1α expression in particular significantly indicated oxygenation (p = 0.024, Fisher’s exact test). Thus, the recurrence pattern after Bev therapy may be correlated with tumor oxygenation after multidisciplinary treatment of GBM including Bev.




Discussion


Histological Assessment and Bevacizumab Responsiveness

Our previous reports described histological findings of GBM with resistance to Bev (refractory-Bev) because Bev is usually administered to patients with recurrent GBM (3, 26). Over the past decade, the measurement of tumor vascularity with MVD has been suggested to provide histological assessment, be correlated with the invasiveness of cancer, and provide prognostic information (30). In addition, histological assessment of both tumor oxygenation and angiogenesis may be useful for the assessment of the effectiveness of antiangiogenic therapy such as Bev. However, in the present study, no relationship between hypoxia and MVD was found, as previously described (31). More reliable histological parameters are required.

Vascular co-option has received particular attention as a major mechanism of resistance to antiangiogenic treatment (32–34). Vascular co-option is a mechanism by which tumors incorporate the existing vessels of the host organs, preserving the vascular scaffold of the surrounding tissue. Vascular co-option may be an adaptive mechanism that enables tumors to survive and progress when angiogenesis is inhibited. In the present study, “pseudo-papillary” structures containing nestin+/FOXM1+ cells in the perivascular niche and CA9/HIF-1α positivity in the area surrounding stem cell accumulation resembled co-opted tumor vessels and were observed in refractory-Bev (Figure 2). Recurrent GBM may exploit vascular co-option as a strategy to escape anti-VEGF treatment. Optimization of anticancer therapy should consider the importance of hypoxia as a master driver of tumor angiogenesis and immunoregulatory response.

In the present study, we found that “pseudo-papillary” structures were only present in recurrent tumors. Because they are not found in initial tumors after neoBev, this phenomenon may be the result of long-term anti-VEGF therapy. A peculiar point regarding “pseudo-papillary” structures is the discrepancy in the expression pattern between CA9 and HIF-1α and nestin+/FOXM1+ cells revealed by immunohistochemical staining. The outer cells were CA9+/HIF-1α+/nestin−/FOXM1−, and the inner cells were CA9−/HIF-1α+/nestin+/FOXM1+. The discrepancy between CA9 and HIF-1α expression has been reported by Kaluz et al. (35) and reproduced in vivo. HIF-1α expression is induced not only in hypoxic conditions but also for various reasons, especially in RAS and phosphoinositol-3 kinase (PI3K) hyperactivation (35). Furthermore, nestin+ GSCs located in the perivascular niche adjacent to the blood vessels may survive via PI3K pathway hyperactivation after RT (36).

In addition, the distance of more than 150 μm of cells from the blood vessels indicates that the cells are in a hypoxic TME (37–39). The present study demonstrated that CA9+ cells were present at 150 μm from the blood vessels in the “pseudo-papillary” structures, which is in agreement with a previous theory. CA9 is also induced by downregulation of tumor suppressor genes such as p53 and PTEN, induction of oncogenic pathways including PI3K, and other environmental conditions including acidosis and glucose deprivation (35). These findings suggest that the inner cells of “pseudo-papillary” structures may consist of nestin+ GSCs with enhanced PI3K activity in a hypoxic environment as evidenced by high expression of HIF-1α. In other words, “pseudo-papillary” structures may reflect a mechanism of resistance of tumor cells to anti-VEGF therapy by producing a favorable TME for GSCs.



FOXM1 as a Potential Biomarker for Survival

In the present study, we investigated FOXM1 and nestin expression and found that changes in the expression of both were similar during Bev therapy. FOXM1 is involved in tumorigenesis and transformation of normal astrocytes, reflects the histological malignancy of glioma, and is proposed to be a surrogate marker for OS (20, 22). Interestingly, FOXM1 also binds the VEGF promoter and contributes to the angiogenesis and growth of GSCs in GBM by upregulation of VEGF (21). Thus, FOXM1 may be a marker for GSCs with growth potential and a prediction biomarker for survival and may thus be useful for optimizing VEGF-targeted antiangiogenic therapy including neoBev in newly diagnosed GBM.

To verify this hypothesis, the present cohort was restricted to preoperative and recurrent GBM after neoBev in the same patients. The cohort was divided into high and low levels of FOXM1 in initial samples to compare OS. Patients in the group with lower expression of FOXM1 after neoBev tended to show better OS than those with higher expression of FOXM1, suggesting that FOXM1 as a marker of proliferating GSCs may be a predictive factor for long-term survival during Bev therapy for newly diagnosed GBM. No previous studies have investigated this point.

An additional interesting finding about FOXM1 in the present study was that FOXM1 expression tended to decrease in recurrent samples and was significantly decreased in T1Gd-GRs and FLAIR-GRs. This finding is contrary to that of Zhang et al. (22) who found that FOXM1 expression is upregulated in recurrent GBM samples. This inconsistency may be due to the presence or absence of anti-VEGF therapy. The previous study by Zhang et al. (22) included 38 pairs of primary and recurrent GBM tumor samples, and all 38 patients received concomitant RT and TMZ after surgery. The present study included nine patients who received neoBev, followed by TMZ plus RT after surgery, and then subsequent Bev. Hence, anti-VEGF therapy for GBM may inhibit FOXM1 expression for a long period of time up to the point of recurrence, or recurrent GBM may be able to proliferate without FOXM1 upregulation during anti-VEGF therapy. Further investigation is needed to address this question.



Neuroimaging and Bevacizumab Responsiveness

With regard to the therapeutic response to Bev assessed with neuroimaging, the type of radiological progression after Bev therapy and its relationship to PFS and OS were investigated. Newly diagnosed GBM responded to Bev therapy, but the therapeutic effects are usually transient. GBM progression during Bev therapy can exhibit non-enhancing T2-weighted image/FLAIR-bright growth with invasion or restricted enhancement with contrast medium. The difference between non-enhancing and enhancing lesions after Bev therapy in terms of PFS and OS is controversial (40, 41). Whether favorable and poor responsiveness during Bev therapy determines the clinical outcome is still controversial. Previous studies in the cohort of newly diagnosed and recurrent GBM concluded that complete resolution of CE during treatment is a favorable factor for the clinical outcome (40, 42).

In contrast, Ellingson et al. (43) insisted that objective response rates are not clinically meaningful in newly diagnosed GBM and suggested that a measure of early PFS or treatment failure rates during the maintenance phase may be extremely useful for predicting the long-term outcome. Despite this observation, a survival difference in patients with growing vs. shrinking tumors was not maintained, suggesting that this may not be the most sensitive method for evaluating efficacy and predicting OS in newly diagnosed GBM (43). The mechanism of sustaining tumor dormancy is probably related to the TME and is an important issue to be investigated. Understanding the mechanism of sustaining tumor dormancy by comparing histological or molecular features between the effective and refractory phase during Bev therapy may be useful. Volumetric analyses as described above investigated newly diagnosed and recurrent GBM in different therapeutic situations of Bev combined with surgical resection followed by RT and TMZ. To the best of our knowledge, the present study is the first report to include an exploratory volumetric analysis during Bev treatment alone in newly diagnosed GBM.

One of the most important issues for comprehending the mechanism of Bev effectiveness and resistance is the variable TME from hypoxic and normoxic conditions with reversible alterations. Tumor oxygenation in relation to Bev effectiveness was demonstrated by neuroimaging using a representative hypoxia positron emission tomography (PET) tracer, 18F-fluoromisonidazole (FMISO) PET. According to a previous investigation regarding the association between FMISO PET findings and Bev treatment for high-grade glioma, recurrent gliomas with decreasing FMISO accumulation after short-term Bev application derive a survival benefit from Bev therapy (44). In addition, a correlation was found between FMISO uptake and HIF-1α/VEGF expression detected with immunohistochemistry in newly diagnosed GBM (45). These results suggested that tumor oxygenation was maintained during Bev effectiveness as evidenced by histological findings with support of neuroimaging.

In the present study, the difference in stemness and oxygenation during effectiveness and refractoriness was demonstrated with immunohistochemistry. In addition, responsiveness to neoBev was also represented by neuroradiological findings including T1Gd. A comparison of stemness/oxygenation of the TME assessed with FMISO PET and immunohistochemistry between the Bev-effective and Bev-refractory periods is of great interest.

A hypoxic TME causes resistance to Bev due to stem cell accumulation (46). We previously reported that Bev-effective GBM exhibits reduced hypoxia along with reduced infiltration of GSCs compared with naive-Bev GBM (3). Very few reports have demonstrated that tumor oxygenation is maintained during Bev effectiveness in GBM by histological analysis with molecular profiling.

We investigated the expression levels of hypoxic markers (CA9 and HIF-1α) and a GSC marker (nestin) using GBM samples obtained from three different settings including tumors before Bev therapy (naive-Bev), tumors resected following neoBev (effective-Bev), and recurrent tumors following Bev therapy (refractory-Bev) (3). Recurrent tumors after neoBev were not included in those studies. The clinical outcome following neoBev and the impact of a change in response on OS assessed with neuroradiological findings and the TME, including oxygenation and stemness with immunohistochemical analysis, has not been previously investigated. Thus, to confirm whether a change in the TME determines disease control during Bev therapy, paired samples between effective-Bev and refractory-Bev were compared using neuroradiological and histological analyses.



Recurrent Pattern and Change in the Tumor Microenvironment After Bevacizumab Failure

Regarding molecular features when the tumor recurred during Bev therapy, DeLay et al. (41) showed that non-enhancing Bev-resistant GBM and enhancing Bev-resistant GBM have different molecular features and that the TME including vessel density and hypoxia is also different. Compared with paired samples before Bev therapy, non-enhancing Bev-resistant GBM exhibited reduced vessel density and increased hypoxia as evidenced by increased CA9 and HIF-1α staining. In contrast, enhancing Bev-resistant and naive-Bev GBM exhibited unchanged vessel density and hypoxia. Interestingly, VEGF/VEGF receptor expression was not altered in pre-Bev compared to post-Bev therapy tumors in their series. However, invasion molecules including integrin β1 were elevated in non-enhancing Bev-resistant GBM, indicating that neuroimaging reflects molecular profiling (41). In the present study, CA9 and HIF-1α expression decreased in the “T2-circumscribed/T2-diffuse” pattern compared with the “T1 flare-up” pattern in recurrent tumors (Figure 6). This result seemed to be inconsistent with the previous study by DeLay et al. (41), but the background was different in two ways. First, the present study focused on paired comparisons of GBM during effectiveness (effective-Bev) and refractoriness of Bev (refractory-Bev), whereas DeLay et al. (41) described naive-Bev and refractory-Bev. Second, the current study followed the definition of the recurrence pattern as described by Nowosielski et al. (24), whereas DeLay et al. (41) used the percentage of FLAIR-bright volume exhibiting T1Gd enhancement. Therefore, our results suggested that the growth potential was preserved in recurrent GBM with the “T2-circumscribed/T2-diffuse” pattern in the absence of severe hypoxia at the time of recurrence.



Mechanism of Duration of Bevacizumab Effectiveness in Light of Metabolic Adaptation

According to a previous report (47), mutant epidermal growth factor receptor variant III (EGFR vIII) mutation and EGFR overexpression glioma cells impaired physiological adaptation to starvation and rendered cells sensitive to hypoxia-induced cell death. Theoretically, the activation of EGFR enhances vulnerability to hypoxia-inducing therapies via a decrease in Nicotinamide adenine dinucleotide phosphate (NAPDH) levels. Therefore, we should consider the possibility of the biological behavior of tumor cells related to their metabolism adaptation during Bev therapy.

As we indicated in the current and previous papers, Bev could change from normoxic during its effectiveness to hypoxic TME after its failure (3). The duration of Bev effectiveness might be associated with the status of EGFR overexpression or EGFR vIII mutation in GBM probably due to the impact of Bev on metabolism adaptation (48). To address these issues, further investigation is needed.



Limitations

The present study using infrequently available clinical specimens has some limitations. The first limitation is the paucity of the number of paired samples from the same patients due to the extreme rarity of salvage surgery or autopsy for recurrent GBM after the failure of RT and TMZ with Bev. The second limitation is that the influence of RT and TMZ combined with Bev was not considered. The third limitation is that the present study evaluated surgically resectable large enhanced tumors with expanding perifocal edema as seen with neuroimaging, which adds bias.

The fourth limitation is that an initial favorable neuroradiographic response to neoBev on a FLAIR image does not always reflect prolonged PFS and OS, thus initial neuroradiological responsiveness after Bev therapy could not reflect a clinical benefit of Bev, especially for newly diagnosed GBM. Based on the present study, FOXM1 seemed to be a predictive prognostic biomarker, but it was not verified whether the expression level of this biomarker should determine the duration of Bev effectiveness and advantage of neoBev. Further investigation would be needed to solve this clinical question.

In summary, whether a visible favorable response on neuroimaging following Bev therapy predicts the clinical outcome is uncertain. However, this is the first report regarding an investigation of neuroradiographic response to neoBev associated with hypoxic and stem cell markers as evidenced by immunohistochemistry. Based on results in the present study demonstrating that Bev produced an oxygenated TME in addition to stemness inhibition, combination therapy with Bev and immunotherapy may contribute to improvements in the currently dismal clinical outcome of GBM.




Conclusion

“Pseudo-papillary” structures were seen in recurrent GBM after anti-VEGF therapy. An interesting discrepancy in CA9 and HIF-1α expression in these “pseudo-papillary” structures was observed. A neuroradiographic response after neoBev may reflect the status of the TME including stemness and oxygenation. Bev may produce tumor oxygenation, leading to suppression of proliferation of GSCs. Results in the present study suggested that FOXM1 plays a potential role as a biomarker of survival during anti-VEGF therapy.
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The glioma-associated tumor microenvironment involves a multitude of different cells ranging from immune cells to endothelial, glial, and neuronal cells surrounding the primary tumor. The interactions between these cells and glioblastoma (GBM) have been deeply investigated while very little data are available on patients with lower-grade gliomas. In these tumors, it has been demonstrated that the composition of the microenvironment differs according to the isocitrate dehydrogenase status (mutated/wild type), the presence/absence of codeletion, and the expression of specific alterations including H3K27 and/or other gene mutations. In addition, mechanisms by which the tumor microenvironment sustains the growth and proliferation of glioma cells are still partially unknown. Nonetheless, a better knowledge of the tumor-associated microenvironment can be a key issue in the optic of novel therapeutic drug development.
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Introduction

Gliomas are the most frequent primary tumors of the central nervous system (CNS) with an estimated incidence of 7.1/100,000 cases in the United States (1). Glioblastoma (GBM) encounters 55% of all glioma diagnoses while the remaining 45% of cases are represented by other glioma subtypes (1). Overall, gliomas are mainly divided into isocitrate dehydrogenase (IDH) mutant and IDH wild-type (wt) tumors (1–3). In the primary group, composed of IDH-mutated tumors, the World Health Organization (WHO) 2021 classification recognizes oligodendroglioma (presenting 1p19q codeletion) and astrocytoma (without 1p19q codeletion) (4). These tumors can be further divided into WHO grade 2 (oligodendroglioma and diffuse astrocytoma) and 3 (anaplastic oligodendroglioma and anaplastic astrocytoma) gliomas.

Gliomas without IDH mutations are defined as IDH-wt gliomas. According to the WHO 2021 classification, the presence of IDH-wt and other molecular alterations such as TERT (Telomerase Reverse Transcriptase), EGFR (Epidermal Growth Factor Receptor), or gain of chromosome 7/loss of chromosome 10 allows defining these tumors as a molecular GBM (4). Gliomas with H3K27 alterations (27th amino acid of Histone 3) is a new entity of IDH-wt gliomas diagnosed in pediatric patients but occasionally also in adults (4).

The prognosis of patients with gliomas (5) is extremely variable, ranging from decades in low-grade IDH-mutated gliomas to a few months in IDH-wt tumors (6). The standard clinical therapeutic approach is represented by maximal safe surgical resection followed by radiation therapy and chemotherapy (2, 3, 6).

In the last few years, important improvements toward a better understanding of genetic and epigenetic pathways regulating glioma development and growth have been done. These mechanisms could explain the different clinical courses and evolution of these malignancies. Indeed, genomic and epigenomic alterations differ in each glioma subtype explaining the different histology, clinical course, and biological behavior. The tumor-associated microenvironment appears to be another key element influencing the development, progression, and clinical evolution of gliomas.

Indeed, the tumor microenvironment (TME) composition is manipulated directly by cancer cells; therefore, TME composition changes according to the different alterations expressed by tumors. On the other hand, TME can sustain tumor growth and development in different ways (7).

Interactions between TME and GBM have been largely evaluated (7), while few data are available on patients with IDH-mutated/wt low-grade gliomas.

In this review, we examine current knowledge toward TME surrounding IDH-mutated and IDH-wt glioma (excluding GBM). To better understand TME composition, we analyzed the genomic landscape of each tumor subtype. Finally, we investigated possible therapeutic strategies aimed to target TME. Our focus is mainly oriented on adult gliomas; thus, we exclude pediatric malignancies and GBM from this review.



IDH-Mutated Gliomas

Microscopically IDH-mutated, 1p19q codeleted oligodendrogliomas appear as tumor cells with rounded nuclei, clear perinuclear halons, frail capillaries, and focal microcalcification (3, 4, 6). An increased number of mitoses, vascular proliferation, and necrosis is observed in CNS WHO grade 3 oligodendrogliomas (3, 4, 6).

IDH-mutated 1p19q non-codeleted astrocytomas spread with perineuronal, perivascular, or subpial patterns and present nuclear atypia and pleomorphism (Table 1). The higher tumor grade is associated with increased mitotic activity, angiogenesis, and necrosis (3, 4, 6).


Table 1 | Summary of adult glioma clinical behaviors.



Oligodendrogliomas and astrocytomas represent 40%–45% and 50%–55% of all glioma diagnoses with an estimated survival ranging from 6.5 to over 15 years (6, 11–13).

Maximal safe surgical resection is the standard of care for these tumors (2, 3). In WHO grade 2 astrocytomas and oligodendrogliomas, follow-up after surgery is considered in low-risk patients while adjuvant radiation therapy (RT) followed by chemotherapy [temozolomide/TMZ (9) or procarbazine plus lomustine plus vincristine/PCV (10, 15)] is commonly used in high-risk patients (8, 9).


Genomic Landscape of IDH-Mutated Gliomas

Oligodendroglioma and astrocytoma significantly differ in their genomic alterations (16).

In addition to IDH1 or IDH2 mutations and 1p19q codeletion, oligodendrogliomas frequently present mutations of TERT (96%), CIC (Capicua Transcriptional Repressor, 62%), FUBP1 (Far Upstream Element Binding Protein 1, 29%), and/or PI3K (phosphoinositide 3-kinase, 20%) with overexpression of NOTCH1 (Notch homolog 1, translocation-associated, 31%) genes (16). Notably, ATRX (X-linked nuclear protein) mutations are rare in oligodendrogliomas and are mutually exclusive with TERT since both these two genes target the lengthening telomeres (16).

Almost all astrocytomas present p53 (94%) alterations, ATRX (86%) loss, or CDKN2A/CDKN2B (cyclin-dependent kinase inhibitor 2A/2B, 10%) homozygous deletion (16, 17). Curiously, astrocytomas present often non-canonical IDH1 mutations that are associated with improved survival (18–20). Recently, a next-generation sequencing (NGS) analysis carried out on 432 patients with anaplastic astrocytomas enrolled in the CATNON trial revealed a prognostic role of some selected genes. In particular, amplification of PDGFR (platelet-derived growth factor receptor) genes, CDKN2A/CDKN2B homozygous deletion, and PI3K mutations were independently associated with worse prognosis in patients with anaplastic (WHO grade 3) astrocytomas (17).

Another improvement toward a better knowledge of glioma genomic assessment was carried out in a large study adopting single-cell RNA sequencing (21). Researchers were able to evaluate with high precision the single-cell expression silencing confounding factors related to intratumoral genetic heterogeneity and genomic analysis of TME that can pollute large NGS studies (16).

In this study, researchers were able to identify, within tumor specimens assessed, three specific cellular populations: two differentiated tumoral cells belonging to oligodendrogliomas or astrocytomas and an undifferentiated phenotype (21). Through this precise gene expression analysis, the authors highlighted a shared expression between undifferentiated cells from oligodendrogliomas and astrocytomas, suggesting a shared progenitor of these two entities. These progenitor cancer cells presented alterations of key transcription factors such as SOX4 (SRY-Box Transcription Factor 4), SOX11 (SRY-Box Transcription Factor 11), and TCF4 (Transcription Factor 4). The percentage of these alterations increased according to CNS grade and the number of recurrences (21).

IDH-mutated gliomas seem to originate from a shared progenitor stem cell. Early acquired alterations are IDH with or without 1p19q codeletion. These events drive subsequent genomic alterations and explain the differences in terms of gene expression and TME (see below) within these two subtypes (21).

The progenitor cell of oligodendrogliomas and astrocytomas has a transcriptional phenotype similar to progenitor neural cells. These neural lineages can differentiate toward astrocytic or oligodendrocyte-like tumoral cancer cells (21, 22). These findings overturned the previous belief that there were two distinct progenitor cells for oligodendrogliomas and astrocytomas (23).

Differently, the progenitor cells of IDH-wt gliomas assume high levels of cellular state plasticity. Indeed, these ancestral cells can differentiate toward different transcriptional subtypes named mesenchymal, classic, and/or proneural (24). Subsequent studies differentiated the transcriptional subtypes into four main groups named astrocyte (EGFR amplified), oligodendrocyte (PDGFRA amplified), neural progenitor (CDK mutated), and mesenchymal (NF1 mutated)-like lineages (25).

Another important issue is the absence of a defined hierarchy between tumoral subtypes within IDH-wt gliomas (25). Thus, cancer cells can proliferate and switch from one subtype to another with high plasticity and heterogeneity (25). This finding diverges from what was observed in IDH-mutated and IDH-wt H3K27 gliomas. Indeed, IDH-wt H3K27 altered gliomas present a specific progenitor cell that has an oligodendrocyte-like transcription lineage (26). During the evolution, these progenitor cells lose (due to the alterations of histone 3) oligodendrocyte lineage differentiating toward an astrocyte-like cancer cell phenotype (26).



Microenvironment of IDH-Mutated Gliomas

Interactions between tumor cells and surrounding cells are complex and depend on the genetic expression of a specific tumor subtype (Figure 1). In general, tumor cells interact with immune cells, endothelial cells, and neurons (Table 2).




Figure 1 | The tumor-associated microenvironment of IDH-mutated and IDH-wt gliomas. Red lines represent blood vessels. (A) Oligodendroglioma and diffuse astrocytoma without a significant blood vessel proliferation. The oligodendroglioma microenvironment presents a reduced percentage of macrophages, microglia, and astro-like cells as compared to diffuse astrocytoma. (B) The same composition of microenvironment associated with oligodendroglioma and astrocytoma is maintained in anaplastic gliomas. However, there is an increased tumor cell proliferation as well as increased angiogenesis. (C) Composition of microenvironment associated to GBM with CD4 immune regulatory and CD8 T-lymphocyte. Notably, CD8 lymphocytes assume the classical exhaustion phenotype expressing several inhibitory receptors including the PD-1, T-cell membrane protein 3 (TIM3), lymphocyte activation gene 3 protein (LAG3), and T-cell immunoreceptor with immunoglobulin and ITIM domains (TIGIT) (27).




Table 2 | The microenvironment of low-grade glioma.



Important insights into connections between IDH mutant gliomas and immune cells have been provided by the study carried out by Venteicher et al. investigating single-cell RNA expression (21).

The authors identified an inflammatory expression derived from two specific and different signatures (21). The first was a microglia signature characterized by specific markers such as CX3CR1 (C-X-C motif chemokine receptor 1), P2RY12 (purigenic receptor P2Y12), and P2RY13 (purigenic receptor P2Y13). The second signature was a macrophage signature identified by the expression of CD163, TGFβ1 (transforming growth factor β1), and F13A1 (coagulation factor XIII A chain) (21). Notably, the distribution of the signature markers of both microglia and macrophages followed a continuum more than a bimodal scheme. Therefore, a macrophage that has reached the TME can acquire a microglia-like expression according to the phenotype expressed by cancer cells (21). On the other hand, microglia cannot differentiate to a macrophage immune profile (21). Finally, a subtle but reported difference between resident and tissue-derived macrophages has been reported (21).

Other important findings of this study revealed that macrophage signature and expression were more frequently associated with astrocytoma as compared to oligodendroglioma (21). Moreover, the macrophage signature was significantly associated with angiogenesis and endothelial activities. The same association was not true in cells expressing microglia signature.

According to these results, the presence of macrophages seems to enhance angiogenesis, progression, and glioma development. However, the mechanisms behind these interactions are unknown (21).

In this optic, it is essential to observe that the role of macrophages on glioma proliferation and development has only been investigated with a single-cell approach; thus, no definitive conclusions can be deduced. This is mainly because mechanisms beyond macrophage and glioma proliferation stimulation are largely unknown.

A subsequent study investigated TME composition in patients with IDH-mutated gliomas. These studies adopted different approaches involving flow cytometry, RNA sequencing, protein arrays, culture assays, and spatial tissue characterization (42) or also high-dimensional single-cell profiling (43). These assessments revealed a disease-specific enrichment of immune cells with a significant difference in proportional abundance of microglia, macrophages, neutrophils, and T cells (42). In particular, macrophages showed a distinctive signature trajectory that differs according to the primary tumor subtype (43).

A similar interaction has also been observed in GBM. This confirms that the macrophage signature is associated with angiogenesis and tumor progression (28–32). GBM cancer cells can attract monocyte, microglia, and macrophage by the production of several factors including CCL2 (C-C motif chemokine ligand 2), CCL7 (C-C motif chemokine ligand 7), GDNF (glial cell-derived neurotrophic factor), SDF1 (stromal cell-derived factor 1), TNF (tumor necrosis factor), VEGF (vascular endothelial growth factor), ATP (adenosine triphosphate), CSF-1 (colony-stimulating factor 1), GM-CSF (granulocyte-macrophage colony-stimulating factor), and expression of OLIG2 (oligodendrocyte transcription factor 2). Once attracted into the TME, macrophages can attract monocytes by the production of CCL2 and CCR2. Monocytes can be further oriented toward a macrophage signature by factors secreted by GBM (7, 28–32).

Macrophages contribute to the development of an immune-suppressive environment by the production of TGFβ1, ARG1 (arginase 1), and/or IL-10 (interleukin 10) (44). Macrophages can further stimulate angiogenesis through the production of VEGF (vascular endothelial growth factor) and metalloproteases (44).

It is important to remark that all these interactions have been demonstrated in GBM while no data are available on low-grade IDH-mutated gliomas.

A recent study investigating transcriptomic data of low-grade gliomas associated with TME identified three specific immune signatures (45). The first signature (Im1) identified a high number of T cells, Th17, and mast cells. The second signature (Im2) was composed of macrophages and exhausted CD8+ T cells. Tumors harboring the Im2 signature were associated with worst prognosis. Finally, the third signature (Im3) was composed of T-helper, antigen-presenting cells, and macrophages; 23.7% of tumor samples analyzed in this study were IDH-wt tumors; therefore, it is unknown which patterns are present in IDH mutant low-grade gliomas (45).

Another trial (37) assessed the single-cell expression of TME associated with 10 WHO grade 2 astrocytomas and 4 WHO grade 2 oligodendrogliomas. This study identified the presence of several immune cells like CD8+, CD4+, regulatory T cells, and natural killer cells (37). This is one of the first studies characterizing tumor-associated lymphocytes in low-grade gliomas. Notably, the authors identified that TME associated with astrocytoma presented a more inhibitory feature as compared with those observed in oligodendrogliomas. Finally, the increased percentage of CD8+ PD-1 (programmed death receptor 1) expressing T cell and CD4+ TIM3 (T-cell immunoglobulin and mucin-domaining containing-3) expressing T cell in association with regulatory T cells and macrophages was mainly responsible for an immune-suppressive contexture (37).

Interactions between IDH-mutated glioma cells and neurons and normal glial cells are largely unknown. It is well known that glioma is clinically associated with several neurological symptoms including cognitive or motility deficits, verbal fluency, headaches, and seizures (46–48). Notably, before diagnosis, low-grade gliomas often have a pre-symptomatic period. At this time, tumors may occupy a significant volume of the brain without manifesting significant symptoms. It has been proposed that neurons and glial cells can adapt to the tumor presence by activating a reactive response resulting in plasticity (49–51). There are several remarkable examples of this plasticity (50).

Brain tissue could adapt to the presence of tumors even if the mechanisms of this plasticity remain largely hidden. Furthermore, we ignore if low-grade IDH-mutated tumor cells can directly interact with neurons and altered glial cells. Tumor cells produce glutamate, which is released through the SLC7A11 (solute carrier family 7 member 11) glutamate–cysteine exchanger (38–40). The glutamate excess interacts with NMDA (N-methyl-D-aspartate receptor) receptors, inducing an influx of calcium on neurons and resulting in seizure onset and neuron death (38–40). Astrocytes activated after an injury can promote the secretion of cytokines and growth factors (52). Furthermore, astrocytes can also alter the permeability of the blood–brain barrier (BBB) (52). It has been demonstrated that GBM cells use astrocyte activation to sustain tumor growth and development while this has not been demonstrated in low-grade IDH-mutated tumors. Curiously, a recent study recognizes the importance of the glucose transporter GLUT1, which seems to mediate glioma cells’ perineuronal satellitosis in mice (53).

The study of the interactions between low-grade IDH-mutated tumor cells and surrounding neurons/glial cells is one of the most attractive and emerging issues. Future studies will probably offer novel insights into these important connections. Notably, it has been demonstrated that GBM interacting with neurons in a specific niche can differentiate toward an oligodendrocyte subtype (54), losing their infiltrative behaviors. Neuron stimulation could therefore modify tumor cell proliferation and development, making these interactions of particular interest.




IDH-wt Gliomas

The IDH-wt gliomas represent a heterogeneous family of tumors. In general, IDH-wt astrocytoma represent 5%–12% of all low-grade gliomas (6, 11–13). These tumors are diagnosed in older age (45–55 years) compared to IDH-mutated gliomas and are associated with shorter survival (from 15 to 36 months) (6, 11–13).

No randomized trials have been designed to assess the role of systemic treatments in IDH-wt WHO grade 2 or 3 tumors (2, 3). A second interim analysis of the CATNON trial showed in a subgroup analysis that neither concurrent nor adjuvant TMZ was associated with a survival improvement in this population (8). To date, the most appropriate clinical management after surgical resection of IDH-wt gliomas (excluding GBM) is unclear.

The diffuse midline H3K27M glioma is a novel entity recognized by the WHO 2021 classification (4). This tumor involves 80% of brain stem tumors in children and adolescents with an estimated median survival of 9–11 months. Occasionally, these tumors can also be diagnosed in adult patients and are associated with the same dismal prognosis observed in children (1). To date, no standard therapeutic approaches for midline gliomas have been approved, and inclusion in clinical trials should be encouraged (3).


Genomic Landscape of IDH-wt Gliomas

The TCGA assessed 282 low-grade gliomas, of which 56 (19.8%) were low-grade IDH-wt subtypes. In this study, the most frequent mutated genes were as follows: TERT (64%), EGFR (27%), PTEN (23%, phosphatase and tensin homolog), NF1 (20%, neurofibromin 1), TP53 (14%), and PIK3CA (9%) (16). Focal deletions of CDKN2A and RB1 (retinoblastoma-associated protein 1) occurred in 63% and 25% of cases, respectively. Gain of chromosome 7/loss of chromosome 10 was evident in 56% of cases (16).

As previously reported, IDH-mutated tumors could share a common progenitor that can differentiate into an astrocytic or oligodendroglioma phenotype (21). IDH-wt tumors are composed of cancer cells with the ability to modify their transcriptional profile assuming cellular plasticity (24, 25, 55, 56) and assuming all transcriptional subtypes (57) exchange within the same tumors (24, 25, 56). In other words, IDH-wt cancer cells can modify their phenotype ranging from the following subtypes:

	1) Astrocytic-like cells characterized mainly by EGFR amplification,

	2) Oligodendrocyte/neural progenitor phenotype frequently associated with PDGFRA/CDK4 amplification, and

	3) Mesenchymal transcriptome associated with NF1 mutation.



The complexity of this scheme makes it clear how IDH-wt can be heterogeneous and therefore extremely similar to GBM (25).

It is important to remark that all these data have been provided by patients harboring an IDH-wt GBM while no studies focused on precursor cells within low-grade IDH-wt gliomas.



Genomic Landscape of IDH-wt H3K27 Midline Gliomas

In midline gliomas, the pathognomonic alterations are represented by the lysine-to-methionine substitution at position 27 of histones 3.1 and 3.3 (58–61).

These alterations lead to the inactivation of the PRC2 (polycomb repressive complex-2 methyltransferases complex) hiding gene expression (58–61). This alteration is diagnosed in about 80% of cases of midline glioma. Nonetheless, other mechanisms converge to PRC2 altered function (4). Indeed, the EZH inhibitory protein (EZHIP, CXorf7) is overexpressed in some midline gliomas and posterior fossa type A ependymomas (62). The hyperexpression of EZHIP leads to an inhibitory activity on PCR2 similar to H3 mutations (62). These tumors often present p53 (42%), ACVR1 (activin A receptor type 1), PPM1D (9%–23%, phosphatase Mg2+/Mn2+-dependent 1D), and PI3K mutations (58–61, 63, 64). Notably, PPM1D mutations are mutually exclusive with p53 (activation of PPM1D leads to p53 inactivation) (65). Other amplified genes are PDGFB (platelet-derived growth factor B), CCND1 (cyclin D1), CCND2 (cyclin D2), CCND3 (cyclin D3), CDK4 (cyclin-dependent kinase 4), and CDK6 (cyclin-dependent kinase 6) (58–61, 63, 64).

Precursor cells of diffuse midline gliomas display an oligodendrocyte phenotype (26). Nonetheless, the alteration occurring in PRC2 blocks the differentiation toward oligodendrocyte subtype; thus, the cancer cells assume an astrocyte-like phenotype instead of an oligodendrocyte one (26).



Microenvironment of IDH-wt Gliomas

Before the 2021 WHO classification, which recognized the diagnosis of “molecular glioblastoma”, IDH-wt gliomas were considered distinct tumor subtypes (66). In a study published in 2015 by Reuss et al. evaluating the molecular assessment of 160 IDH-wt glioma specimens, almost all tumors were finally classified as GBM or midline glioma (66). Not surprisingly, studies assessing TME on IDH-wt gliomas present the same results observed in similar analyses carried out on GBM patients (7, 67). In 2020, a study assessed and validated a specific immune signature in cohorts of patients with low-grade IDH wild-type gliomas (68). The authors identified an immune signature associated with a worse prognosis and characterized by high expression of immune-exhaustion markers and immune-depressive cytokines released by macrophages (68). On the other hand, researchers also identified a second phenotype associated with an elevated expression of lymphocyte and plasma cell-related genes (68).

In conclusion, most studies assessing TME on IDH-wt gliomas assessed the TME composition of GBM (7, 67). The complex interactions between tumor cells and TME (42, 43, 69, 70) required a specific and detailed discussion and are outside the scope of the current paper.

There are few studies investigating the TME of patients with midline gliomas. Nonetheless, there are particular issues concerning the tumor immune-associated stroma of these malignancies. These are immunologically cold tumors with a low percentage of T/NK cells (14). The main factors expressed are CCL2, CCL5, CSF1, CXCL12, and PDGFA with mainly enhanced microglia surrounding tumor cells (14).

It has been demonstrated that microglia associated with midline glioma assume their morphology with enlarged cell bodies and shorter processes (33–35). Similar to IDH-mutated astrocytomas and GBM, the microenvironment of midline gliomas is also enriched with macrophages. The PDGFB seems to be mainly responsible for macrophage recruitment (33–35). Compared to other CNS primary tumors, macrophages associated with midline gliomas have a lower expression of IL6, IL1A, IL1B, CCL3, and CCL4. Of interest, a gene-expression study demonstrated a significant difference between macrophages associated with GBM and midline gliomas (35). In particular, GBM-associated macrophages express mainly genes related to monocyte/neutrophil chemotaxis and chemokine while midline glioma-associated macrophages express genes related to angiogenesis, extracellular matrix organization, and angiogenesis (33–35). Furthermore, these tumors present a non-inflammatory environment as demonstrated by a low concentration of natural killer cells and infiltrating lymphocytes. This inflammation-desert microenvironment can be partially attributed to the reduced presence of key cytokines including the IL2 resulting from high levels of TGFβ and IL8 (14, 34). The other two key factors commonly observed in midline gliomas are a high concentration of the chemokines CCL2, CCL5, and the receptor PDGFRA, which directly support proliferation and cell survival (71).

While the midline glioma-associated immune contexture has just begun to be investigated, there is no data regarding interactions of these cells with other elements such as neurons, white matter, and glial cells.

In brief, GBM TME has a large infiltration of immune cells; however, their immune activity is mainly shifted toward an immune-suppressive phenotype. Midline glioma TME presents unique macrophages and microglia with its characteristics and morphology. Midline glioma shows a reduced presence of inflammation cells rather than a high number of immune cells with an inhibited response as observed in GBM TME.




Therapeutic Implications and Future Developments

The TME offers novel targets for the treatment of malignant gliomas (72–74). The clinical importance of TME has been largely investigated in GBM (7), while only recently has it been assessed in patients with low-grade gliomas. Furthermore, the majority of studies concentrate their investigation on the immune cells’ composition of TME excluding other important elements such as neurons, stromal cells (such as fibroblasts), and other glial cells (75).

Among patients with IDH-mutated gliomas, the importance of tumor-associated cells is gaining increasing interest; however, no therapeutic drugs are acting directly on TME.

There are several systemic agents shown to modify the TME (76).

Immune checkpoint inhibitors (ICIs) are agents able to restore a suppressed immune response against tumors by targeting specific receptors named immune checkpoints. The programmed death receptor 1 (PD1) is the target of the monoclonal antibodies nivolumab and pembrolizumab, which have been tested in patients with GBM. In GBM, pembrolizumab has been investigated as a neoadjuvant treatment shown to induce a significant modification of the TME. These modifications consisted of an increased number of T cells, reduced monocytic population, activation of interferon γ-related gene expression, and downregulation of cell-cycle-related genes (77). Similarly, also the PD-1 inhibitor nivolumab can modulate the TME composition of GBM patients (78). Despite these positive results, no trials demonstrated that ICIs improved the clinical outcome of patients with GBM (79). To date, nivolumab is under evaluation in combination with the IDH inhibitor ivosidenib in patients with IDH-mutated tumors (NCT04056910).

Vaccines are other treatment strategies employed for the treatment of patients with gliomas (80). The NOA16 trial was a phase I study testing an IDH1-specific peptide vaccine among patients with IDH1-mutated gliomas. Notably, of the 33 patients receiving the vaccine, 93.3% presented an immune response (81). Patients responding to the vaccine more frequently had a pseudo-progression suggesting inflammation on the tumor site. Moreover, these same patients showed an increased T-cell response switching from an immune-inhibited to an immune-active environment (81). IDH vaccines are under evaluation in patients with gliomas (NCT03893903).

IDH inhibitors are a promising treatment approach (82), and a phase III trial (INDIGO, NCT04164901) is currently assessing the IDH pan-inhibitor vorasidenib. Modifications of TME during IDH inhibition are unknown and could be an interesting issue to investigate in case of a successful approval of these drugs.

Differently, manipulation of the TME is an emerging treatment strategy in patients with IDH-wt gliomas and especially H3K27 altered diffuse midline gliomas.

Peptide vaccines targeting the H3K27 mutation as well as dendritic cell vaccines have been investigated in the pre-clinical model (83, 84). In particular, peptide vaccine was shown to improve immune response against tumors shifting from an immune-suppressive microenvironment to an active one.

Phase I studies (NCT03396575 and NCT02960230) are currently investigating vaccines in this setting.

Other strategies that aimed to switch the immune microenvironment of midline gliomas consist of oncolytic virus (NCT02960230) and ICIs (NCT03330197 and NCT02359565). Engineered T lymphocytes (CAR T cells) are a new class of compounds consisting of lymphocytes obtained from patients, amplified and activated against tumor cells artificially, and then reinjected into the patients (85). This approach has been successfully tested on hematological malignancies and will also be evaluated in solid tumors. A phase I study employing HER 2 oriented CAR T cells showed promising activity in midline gliomas and a safety profile (86). There are some phase I trials evaluating this approach on patients with newly diagnosed (NCT04099797, NCT04196413, and NCT04185038) and recurrent (NCT04099797) midline glioma.

IDH-wt diffuse gliomas represent a heterogeneous class of tumors. It is reasonable to suppose that these tumors display a similar TME of GBM and thus could benefit from strategies aimed to target angiogenesis as well as an immune response against tumors (7). To date, there are no trials investigating agents modifying TME tailored for patients with IDH-wt diffuse gliomas.

The study of microenvironment composition is an emerging issue in patients with low-grade gliomas. In the majority of cases, we have only limited data about its composition according to tumor subtype. On the other hand, improved knowledge of this key element would improve the clinical management of these tumors in different possible ways. For example, microenvironment composition could be an element associated with prognosis and/or different responses to treatment provided. In this optic, the microenvironment could be assessed as a prognostic or predictive factor independently associated with clinical outcomes. A deeper knowledge of microenvironment composition would also improve the selection of patients to enroll in clinical trials (which is essential considering the rarity of the diseases and the long follow-up required for final data). Targeting microenvironment composition could also be a promising therapeutic option. Due to the approval of ICIs, the composition of immune cells surrounding tumors is the most assessed issue. Nonetheless, interactions between neurons, glial cells, endothelial cells, and stromal cells could hide important potential targets for therapy.



Conclusion

Few studies investigated the TME of patients with glioma (excluding GBM). The composition of TME differs according to the genomic expression and mutations exhibited by cancer cells and can be modified by systemic treatments. Vaccines built with IDH1 and H3K27 peptides could be an interesting approach as these agents showed to modify microenvironment composition and improve immune response against tumors. A combination of different agents can further amplify the effect on TME resulting in improved anti-tumor activity.



Author Contributions

VN and LG: writing and draft. EF, AB, AT, and SB: project conception and reviewing. All authors contributed to the article and approved the submitted version.



Abbreviations

ACVR1, Activin A receptor type 1; ARG1, Arginase 1; ATP, Adenosine triphosphate; ATRX, X-linked nuclear protein; CCL2, C-C Motif Chemokine Ligand 2; CCL3, C-C Motif Chemokine Ligand 3; CCL4, C-C Motif Chemokine Ligand 4; CCL7, C-C Motif Chemokine Ligand 7; CCND1, Cyclin D1; CCND2, Cyclin D2; CCND3, Cyclin D3; CDK4, Cyclin-dependent kinase 4; CDK6, Cyclin-dependent kinase 6; CDKN2A/CDKN2B, cyclin-dependent kinase inhibitor 2A/2B; CIC, Capicua Transcriptional Repressor; CNS, Central nervous system; CX3CR1, C-X-C Motif Chemokine Receptor 1; CSF-1, Colony-stimulating factor 1; EZHIP, EZH inhibitory protein; F13A1, Coagulation Factor XIII A Chain; FUBP1, Far Upstream Element Binding Protein 1; EGFR, Epidermal Growth Factor Receptor; GBM, Glioblastoma; GDNF, Glial Cell-Derived Neurotrophic Factor; GM-CSF, Granulocyte-Macrophage Colony-Stimulating Factor; H3K27, 27th amino acid of Histone 3; H3G34, 34th amino acid of Histone 3; IDH, Isocitrate Dehydrogenase; IL-1A/B, Interleukin 1A/1B; IL-6, Interleukin 6; IL-10, Interleukin 10; NF1, Neurofibromin 1; NGS, Next-Generation Sequencing; NMDA, N-methyl-D-aspartate receptor; NOTCH1, Notch homolog 1, translocation-associated; OLIG2, Oligodendrocyte transcription factor 2; RT, Radiation Therapy; P2RY12, Purigenic Receptor P2Y12; P2RY13, Purigenic Receptor P2Y13; P53, Tumor suppressor protein 53; PCV, Procarbazine, lomunstine, vincristine; PD-1, Programmed Death Receptor 1; PDGFA, Platelet-derived growth factor subunit A; PDGFB, Platelet-derived growth factor subunit B; PDGFR, Platelet-Derived Growth Factor Receptor; PI3K, Phosphoinositide 3-kinase; PPM1D, Phosphatase Mg2+/Mn2+ dependent 1D; PRC2, Polycomb repressive complex-2 methyltransferases complex; PTEN, Phosphatase and tensin homolog; RB1, Retinoblastoma-associated protein; SLC7A11, Solute Carrier Family 7 Member 11; SDF1, Stromal cell-derived factor 1; SOX4, SRY-Box Transcription Factor 4; SOX11, SRY-Box Transcription Factor 11; TCF4, Transcription Factor 4; TERT, Telomerase Reverse Transcriptase; TGCA, The Cancer Genome Atlas; TGFβ1, Transforming growth factor β1; TIM3, T-cell immunoglobulin and mucin-domaining containing-3; TME, Tumor microenvironment; TMZ, Temozolomide; TNF, Tumor necrosis factor; VEGF, Vascular Endothelial Growth Factor; WHO, World Health Organization;



References

1. Miller, KD, Ostrom, QT, Kruchko, C, Patil, N, Tihan, T, Cioffi, G, et al. Brain, and Other Central Nervous System Tumor Statistics, 2021. CA Cancer J Clin (2021) 71(5):381–406. doi: 10.3322/caac.21693

2. Weller, M, van den Bent, M, Preusser, M, Le Rhun, E, Tonn, JC, Minniti, G, et al. EANO Guidelines on the Diagnosis and Treatment of Diffuse Gliomas of Adulthood. Nat Rev Clin Oncol (2021) 18(3):170–86. doi: 10.1038/s41571-020-00447-z

3. Mohile, NA, Messersmith, H, Gatson, NT, Hottinger, AF, Lassman, A, Morton, J, et al. Therapy for Diffuse Astrocytic and Oligodendroglial Tumors in Adults: ASCO-SNO Guideline. J Clin Oncol (2022) 40(4):403–26. doi: 10.1200/JCO.21.02036

4. Louis, DN, Perry, A, Wesseling, P, Cree, IA, Figarella-Branger, D, Hawkins, C, et al. The 2021 WHO Classification of Tumors of the Central Nervous System: A Summary. Neuro Oncol (2021) 23(8):1231–51. doi: 10.1093/neuonc/noab106

5. Compostella, A, Tosoni, A, Blatt, V, Franceschi, E, and Brandes, AA. Prognostic Factors for Anaplastic Astrocytomas. J Neurooncol (2007) 81(3):295–303. doi: 10.1007/s11060-006-9232-z

6. Mair, MJ, Geurts, M, van den Bent, MJ, and Berghoff, AS. A Basic Review on Systemic Treatment Options in WHO Grade II-III Gliomas. Cancer Treat Rev (2021) 92:102124. doi: 10.1016/j.ctrv.2020.102124

7. Broekman, ML, Maas, SLN, Abels, ER, Mempel, TR, Krichevsky, AM, and Breakefield, XO. Multidimensional Communication in the Microenvirons of Glioblastoma. Nat Rev Neurol (2018) 14(8):482–95. doi: 10.1038/s41582-018-0025-8

8. van den Bent, MJ, Tesileanu, CMS, Wick, W, Sanson, M, Brandes, AA, Clement, PM, et al. Adjuvant and Concurrent Temozolomide for 1p/19q non-Co-Deleted Anaplastic Glioma (CATNON; EORTC Study 26053-22054): Second Interim Analysis of a Randomised, Open-Label, Phase 3 Study. Lancet Oncol (2021) 22(6):813–23. doi: 10.1016/S1470-2045(21)00090-5

9. van den Bent, MJ, Baumert, B, Erridge, SC, Vogelbaum, MA, Nowak, AK, Sanson, M, et al. Interim Results From the CATNON Trial (EORTC Study 26053-22054) of Treatment With Concurrent and Adjuvant Temozolomide for 1p/19q Non-Co-Deleted Anaplastic Glioma: A Phase 3, Randomised, Open-Label Intergroup Study. Lancet (2017) 390(10103):1645–53. doi: 10.1016/S0140-6736(17)31442-3

10. Shaw, EG, Wang, M, Coons, SW, Brachman, DG, Buckner, JC, Stelzer, KJ, et al. Randomized Trial of Radiation Therapy Plus Procarbazine, Lomustine, and Vincristine Chemotherapy for Supratentorial Adult Low-Grade Glioma: Initial Results of RTOG 9802. J Clin Oncol (2012) 30(25):3065–70. doi: 10.1200/JCO.2011.35.8598

11. Reuss, DE, Mamatjan, Y, Schrimpf, D, Capper, D, Hovestadt, V, Kratz, A, et al. IDH Mutant Diffuse and Anaplastic Astrocytomas Have Similar Age at Presentation and Little Difference in Survival: A Grading Problem for WHO. Acta Neuropathol (2015) 129(6):867–73. doi: 10.1007/s00401-015-1438-8

12. Aoki, K, Nakamura, H, Suzuki, H, Matsuo, K, Kataoka, K, Shimamura, T, et al. Prognostic Relevance of Genetic Alterations in Diffuse Lower-Grade Gliomas. Neuro Oncol (2018) 20(1):66–77. doi: 10.1093/neuonc/nox132

13. Pekmezci, M, Rice, T, Molinaro, AM, Walsh, KM, Decker, PA, Hansen, H, et al. Adult Infiltrating Gliomas With WHO 2016 Integrated Diagnosis: Additional Prognostic Roles of ATRX and TERT. Acta Neuropathol (2017) 133(6):1001–16. doi: 10.1007/s00401-017-1690-1

14. Price, G, Bouras, A, Hambardzumyan, D, and Hadjipanayis, CG. Current Knowledge on the Immune Microenvironment and Emerging Immunotherapies in Diffuse Midline Glioma. EBioMedicine (2021) 69:103453. doi: 10.1016/j.ebiom.2021.103453

15. van den Bent, MJ, Carpentier, AF, Brandes, AA, Sanson, M, Taphoorn, MJ, Bernsen, HJ, et al. Adjuvant Procarbazine, Lomustine, and Vincristine Improves Progression-Free Survival But Not Overall Survival in Newly Diagnosed Anaplastic Oligodendrogliomas and Oligoastrocytomas: A Randomized European Organisation for Research and Treatment of Cancer Phase III Trial. J Clin Oncol (2006) 24(18):2715–22. doi: 10.1200/JCO.2005.04.6078

16. Brat, DJ, Verhaak, RG, Aldape, KD, Yung, WK, Salama, SR, Cooper, LA, et al. Comprehensive, Integrative Genomic Analysis of Diffuse Lower-Grade Gliomas. N Engl J Med (2015) 372(26):2481–98.doi: 10.1056/NEJMoa1402121

17. Tesileanu, CMS, van den Bent, MJ, Sanson, M, Wick, W, Brandes, AA, Clement, PM, et al. Prognostic Significance of Genome-Wide DNA Methylation Profiles Within the Randomized, Phase 3, EORTC CATNON Trial on non-1p/19q Deleted Anaplastic Glioma. Neuro Oncol (2021) 23(9):1547–59. doi: 10.1093/neuonc/noab088

18. Di Nunno, V, Franceschi, E, Tosoni, A, Gatto, L, Maggio, I, Lodi, R, et al. Clinical and Molecular Features of Patients With Gliomas Harboring IDH1 Non-Canonical Mutations: A Systematic Review and Meta-Analysis. Adv Ther (2022) 39(1):165–77. doi: 10.1007/s12325-021-01977-3

19. Franceschi, E, Biase, D, Di Nunno, V, Pession, A, Tosoni, A, Gatto, L, et al. IDH1(105GGT) Single Nucleotide Polymorphism Improves Progression Free Survival in Patients With IDH Mutated Grade II and III Gliomas. Pathol Res Pract (2021) 221:153445. doi: 10.1016/j.prp.2021.153445

20. Franceschi, E, De Biase, D, Di Nunno, V, Pession, A, Tosoni, A, Gatto, L, et al. IDH1 Non-Canonical Mutations and Survival in Patients With Glioma. Diagnostics (Basel) (2021) 11(2):342. doi: 10.3390/diagnostics11020342

21. Venteicher, AS, Tirosh, I, Hebert, C, Yizhak, K, Neftel, C, Filbin, MG, et al. Decoupling Genetics, Lineages, and Microenvironment in IDH-Mutant Gliomas by Single-Cell RNA-Seq. Science (2017) 355(6332):eaai8478. doi: 10.1126/science.aai8478

22. Tirosh, I, Venteicher, AS, Hebert, C, Escalante, LE, Patel, AP, Yizhak, K, et al. Single-Cell RNA-Seq Supports a Developmental Hierarchy in Human Oligodendroglioma. Nature (2016) 539(7628):309–13. doi: 10.1038/nature20123

23. Pei, Y, and Wechsler-Reya, RJ. A Malignant Oligarchy: Progenitors Govern the Behavior of Oligodendrogliomas. Cancer Cell (2010) 18(6):546–7. doi: 10.1016/j.ccr.2010.11.031

24. Patel, AP, Tirosh, I, Trombetta, JJ, Shalek, AK, Gillespie, SM, Wakimoto, H, et al. Single-Cell RNA-Seq Highlights Intratumoral Heterogeneity in Primary Glioblastoma. Science (2014) 344(6190):1396–401. doi: 10.1126/science.1254257

25. Neftel, C, Laffy, J, Filbin, MG, Hara, T, Shore, ME, Rahme, GJ, et al. An Integrative Model of Cellular States, Plasticity, and Genetics for Glioblastoma. Cell (2019) 178(4):835–849.e21. doi: 10.1016/j.cell.2019.06.024

26. Filbin, MG, Tirosh, I, Hovestadt, V, Shaw, ML, Escalante, LE, Mathewson, ND, et al. Developmental and Oncogenic Programs in H3K27M Gliomas Dissected by Single-Cell RNA-Seq. Science (2018) 360(6386):331–5. doi: 10.1126/science.aao4750

27. Wherry, EJ, and Kurachi, M. Molecular and Cellular Insights Into T Cell Exhaustion. Nat Rev Immunol (2015) 15(8):486–99. doi: 10.1038/nri3862

28. Li, W, and Graeber, MB. The Molecular Profile of Microglia Under the Influence of Glioma. Neuro Oncol (2012) 14(8):958–78. doi: 10.1093/neuonc/nos116

29. Hambardzumyan, D, Gutmann, DH, and Kettenmann, H. The Role of Microglia and Macrophages in Glioma Maintenance and Progression. Nat Neurosci (2016) 19(1):20–7. doi: 10.1038/nn.4185

30. Chang, AL, Miska, J, Wainwright, DA, Dey, M, Rivetta, CV, Yu, D, et al. CCL2 Produced by the Glioma Microenvironment Is Essential for the Recruitment of Regulatory T Cells and Myeloid-Derived Suppressor Cells. Cancer Res (2016) 76(19):5671–82. doi: 10.1158/0008-5472.CAN-16-0144

31. Brandenburg, S, Müller, A, Turkowski, K, Radev, YT, Rot, S, Schmidt, C, et al. Resident Microglia Rather Than Peripheral Macrophages Promote Vascularization in Brain Tumors and are Source of Alternative Pro-Angiogenic Factors. Acta Neuropathol (2016) 131(3):365–78. doi: 10.1007/s00401-015-1529-6

32. Bayik, D, Zhou, Y, Park, C, Hong, C, Vail, D, Silver, DJ, et al. Myeloid-Derived Suppressor Cell Subsets Drive Glioblastoma Growth in a Sex-Specific Manner. Cancer Discov (2020) 10(8):1210–25. doi: 10.1158/2159-8290.CD-19-1355

33. Ross, JL, Chen, Z, Herting, CJ, Grabovska, Y, Szulzewsky, F, Puigdelloses, M, et al. Platelet-Derived Growth Factor Beta Is a Potent Inflammatory Driver in Paediatric High-Grade Glioma. Brain (2021) 144(1):53–69. doi: 10.1093/brain/awaa382

34. Lin, GL, Nagaraja, S, Filbin, MG, Suvà, ML, Vogel, H, Monje, M, et al. Non-Inflammatory Tumor Microenvironment of Diffuse Intrinsic Pontine Glioma. Acta Neuropathol Commun (2018) 6(1):51. doi: 10.1186/s40478-018-0553-x

35. Gieryng, A, Pszczolkowska, D, Walentynowicz, KA, Rajan, WD, and Kaminska, B. Immune Microenvironment of Gliomas. Lab Invest (2017) 97(5):498–518. doi: 10.1038/labinvest.2017.19

36. Di Nunno, V, Franceschi, E, Tosoni, A, atto, L, Bartolini, S, and Brandes, AA. Glioblastoma Microenvironment: From an Inviolable Defense to a Therapeutic Chance. Front Oncol (2022) 12:852950. doi: 10.3389/fonc.2022.852950

37. Fu, W, Wang, W, Li, H, Jiao, Y, Weng, J, Huo, R, et al. High Dimensional Mass Cytometry Analysis Reveals Characteristics of the Immunosuppressive Microenvironment in Diffuse Astrocytomas. Front Oncol (2020) 10:78. doi: 10.3389/fonc.2020.00078

38. Buckingham, SC, Campbell, SL, Haas, BR, Montana, V, Robel, S, Ogunrinu, T, et al. Glutamate Release by Primary Brain Tumors Induces Epileptic Activity. Nat Med (2011) 17(10):1269–74. doi: 10.1038/nm.2453

39. Campbell, SL, Buckingham, SC, and Sontheimer, H. Human Glioma Cells Induce Hyperexcitability in Cortical Networks. Epilepsia (2012) 53(8):1360–70. doi: 10.1111/j.1528-1167.2012.03557.x

40. Sontheimer, H. A Role for Glutamate in Growth and Invasion of Primary Brain Tumors. J Neurochem (2008) 105(2):287–95. doi: 10.1111/j.1471-4159.2008.05301.x

41. Nakanishi, H, Ni, J, Nonaka, S, and Hayashi, Y. Microglial Circadian Clock Regulation of Microglial Structural Complexity, Dendritic Spine Density and Inflammatory Response. Neurochem Int (2021) 142:104905. doi: 10.1016/j.neuint.2020.104905

42. Klemm, F, Maas, RR, Bowman, RL, Kornete, M, Soukup, K, Nassiri, S, et al. Interrogation of the Microenvironmental Landscape in Brain Tumors Reveals Disease-Specific Alterations of Immune Cells. Cell (2020) 181(7):1643–1660.e17. doi: 10.1016/j.cell.2020.05.007

43. Friebel, E, Kapolou, K, Unger, S, Núñez, NG, Utz, S, Rushing, EJ, et al. Single-Cell Mapping of Human Brain Cancer Reveals Tumor-Specific Instruction of Tissue-Invading Leukocytes. Cell (2020) 181(7):1626–1642.e20. doi: 10.1016/j.cell.2020.04.055

44. Ma, T, Hu, C, Lal, B, Zhou, W, Ma, Y, Ying, M, et al. Reprogramming Transcription Factors Oct4 and Sox2 Induce a BRD-Dependent Immunosuppressive Transcriptome in GBM-Propagating Cells. Cancer Res (2021) 81(9):2457–69. doi: 10.1158/0008-5472.CAN-20-2489

45. Wu, F, Wang, ZL, Wang, KY, Li, GZ, Chai, RC, Liu, YQ, et al. Classification of Diffuse Lower-Grade Glioma Based on Immunological Profiling. Mol Oncol (2020) 14(9):2081–95. doi: 10.1002/1878-0261.12707

46. Bosma, I, Vos, MJ, Heimans, JJ, Taphoorn, MJ, Aaronson, NK, Postma, TJ, et al. The Course of Neurocognitive Functioning in High-Grade Glioma Patients. Neuro Oncol (2007) 9(1):53–62. doi: 10.1215/15228517-2006-012

47. Miotto, EC, Junior, AS, Silva, CC, Cabrera, HN, Machado, MA, Benute, GR, et al. Cognitive Impairments in Patients With Low Grade Gliomas and High Grade Gliomas. Arq Neuropsiquiatr (2011) 69(4):596–601. doi: 10.1590/S0004-282X2011000500005

48. Taphoorn, MJ, and Klein, M. Cognitive Deficits in Adult Patients With Brain Tumours. Lancet Neurol (2004) 3(3):159–68. doi: 10.1016/S1474-4422(04)00680-5

49. Duffau, H. Diffuse Low-Grade Gliomas and Neuroplasticity. Diagn Interv Imaging (2014) 95(10):945–55. doi: 10.1016/j.diii.2014.08.001

50. Kong, NW, Gibb, WR, and Tate, MC. Neuroplasticity: Insights From Patients Harboring Gliomas. Neural Plast (2016) 2016:2365063. doi: 10.1155/2016/2365063

51. Torres, D, and Canoll, P. Alterations in the Brain Microenvironment in Diffusely Infiltrating Low-Grade Glioma. Neurosurg Clin N Am (2019) 30(1):27–34. doi: 10.1016/j.nec.2018.08.001

52. Liddelow, SA, and Barres, BA. Reactive Astrocytes: Production, Function, and Therapeutic Potential. Immunity (2017) 46(6):957–67. doi: 10.1016/j.immuni.2017.06.006

53. Miyai, M, Kanayama, T, Hyodo, F, Kinoshita, T, Ishihara, T, Okada, H, et al. Glucose Transporter Glut1 Controls Diffuse Invasion Phenotype With Perineuronal Satellitosis in Diffuse Glioma Microenvironment. Neurooncol Adv (2021) 3(1):vdaa150. doi: 10.1093/noajnl/vdaa150

54. Brooks, LJ, Clements, MP, Burden, JJ, Kocher, D, Richards, L, Devesa, SC, et al. The White Matter Is a Pro-Differentiative Niche for Glioblastoma. Nat Commun (2021) 12(1):2184. doi: 10.1038/s41467-021-22225-w

55. Bhaduri, A, Di Lullo, E, Jung, D, Müller, S, Crouch, EE, Espinosa, CS, et al. Outer Radial Glia-Like Cancer Stem Cells Contribute to Heterogeneity of Glioblastoma. Cell Stem Cell (2020) 26(1):48–63.e6. doi: 10.1016/j.stem.2019.11.015

56. Weng, Q, Wang, J, Wang, J, He, D, Cheng, Z, Zhang, F, et al. Single-Cell Transcriptomics Uncovers Glial Progenitor Diversity and Cell Fate Determinants During Development and Gliomagenesis. Cell Stem Cell (2019) 24(5):707–723.e8. doi: 10.1016/j.stem.2019.03.006

57. Nicholson, JG, and Fine, HA. Diffuse Glioma Heterogeneity and Its Therapeutic Implications. Cancer Discov (2021) 11(3):575–90. doi: 10.1158/2159-8290.CD-20-1474

58. Khuong-Quang, DA, Buczkowicz, P, Rakopoulos, P, Liu, XY, Fontebasso, AM, Bouffet, E, et al. K27M Mutation in Histone H3.3 Defines Clinically and Biologically Distinct Subgroups of Pediatric Diffuse Intrinsic Pontine Gliomas. Acta Neuropathol (2012) 124(3):439–47. doi: 10.1007/s00401-012-0998-0

59. Lewis, PW, Müller, MM, Koletsky, MS, Cordero, F, Lin, S, Banaszynski, LA, et al. Inhibition of PRC2 Activity by a Gain-of-Function H3 Mutation Found in Pediatric Glioblastoma. Science (2013) 340(6134):857–61. doi: 10.1126/science.1232245

60. Schwartzentruber, J, Korshunov, A, Liu, XY, Jones, DT, Pfaff, E, Jacob, K, et al. Driver Mutations in Histone H3.3 and Chromatin Remodelling Genes in Paediatric Glioblastoma. Nature (2012) 482(7384):226–31. doi: 10.1038/nature10833

61. Wu, G, Broniscer, A, McEachron, TA, Lu, C, Paugh, BS, Becksfort, J, et al. Somatic Histone H3 Alterations in Pediatric Diffuse Intrinsic Pontine Gliomas and non-Brainstem Glioblastomas. Nat Genet (2012) 44(3):251–3. doi: 10.1038/ng.1102

62. Jain, SU, Rashoff, AQ, Krabbenhoft, SD, Hoelper, D, Do, TJ, Gibson, TJ, et al. H3 K27M and EZHIP Impede H3K27-Methylation Spreading by Inhibiting Allosterically Stimulated Prc2. Mol Cell (2020) 80(4):726–735.e7. doi: 10.1016/j.molcel.2020.09.028

63. Wu, G, Diaz, AK, Paugh, BS, Rankin, SL, Ju, B, Li, Y, et al. The Genomic Landscape of Diffuse Intrinsic Pontine Glioma and Pediatric Non-Brainstem High-Grade Glioma. Nat Genet (2014) 46(5):444–50. doi: 10.1038/ng.2938

64. Zarghooni, M, Bartels, U, Lee, E, Buczkowicz, P, Morrison, A, Huang, A, et al. Whole-Genome Profiling of Pediatric Diffuse Intrinsic Pontine Gliomas Highlights Platelet-Derived Growth Factor Receptor Alpha and Poly (ADP-Ribose) Polymerase as Potential Therapeutic Targets. J Clin Oncol (2010) 28(8):1337–44. doi: 10.1200/JCO.2009.25.5463

65. Zhang, L, Chen, LH, Wan, H, Yang, R, Wang, Z, Feng, J, et al. Exome Sequencing Identifies Somatic Gain-of-Function PPM1D Mutations in Brainstem Gliomas. Nat Genet (2014) 46(7):726–30. doi: 10.1038/ng.2995

66. Reuss, DE, Kratz, A, Sahm, F, Capper Schrimpf, D, Koelsche, D,  , C, et al. Adult IDH Wild Type Astrocytomas Biologically and Clinically Resolve Into Other Tumor Entities. Acta Neuropathol (2015) 130(3):407–17. doi: 10.1007/s00401-015-1454-8

67. Chen, Z, and Hambardzumyan, D. Immune Microenvironment in Glioblastoma Subtypes. Front Immunol (2018) 9. doi: 10.3389/fimmu.2018.01004

68. Wu, F, Li, GZ, Liu, HJ, Zhao, Z, Chai, RC, Liu, YQ, et al. Molecular Subtyping Reveals Immune Alterations in IDH Wild-Type Lower-Grade Diffuse Glioma. J Pathol (2020) 251(3):272–83. doi: 10.1002/path.5468

69. Abdelfattah, N, Kumar, P, Wang, C, Leu, JS, Flynn, WF, Gao, R, et al. Single-Cell Analysis of Human Glioma and Immune Cells Identifies S100A4 as an Immunotherapy Target. Nat Commun (2022) 13(1):767. doi: 10.1038/s41467-022-28372-y

70. Liu, F, Peng, B, Li, M, Ma, J, Deng, G, Zhang, S, et al. Targeted Disruption of Tumor Vasculature via Polyphenol Nanoparticles to Improve Brain Cancer Treatment. Cell Rep Phys Sci (2022) 3(1):100691. doi: 10.1016/j.xcrp.2021.100691

71. Paugh, BS, Zhu, X, Qu, C, Endersby, R, Diaz, AK, Zhang, J, et al. Novel Oncogenic PDGFRA Mutations in Pediatric High-Grade Gliomas. Cancer Res (2013) 73(20):6219–29. doi: 10.1158/0008-5472.CAN-13-1491

72. Di Nunno, V, Franceschi, E, Tosoni, A, Di Battista, M, Gatto, L, Lamperini, C, et al. Treatment of Recurrent Glioblastoma: State-of-the-Art and Future Perspectives. Expert Rev Anticancer Ther (2020) 20(9):785–95. doi: 10.1080/14737140.2020.1807949

73. Di Nunno, V, Franceschi, E, Tosoni, A, Gatto, L, Lodi, R, Bartolini, S, et al. Glioblastoma: Emerging Treatments and Novel Trial Designs. Cancers (Basel) (2021) 13(15):3750. doi: 10.3390/cancers13153750

74. Gatto, L, Di Nunno, V, Franceschi, E, Tosoni, A, Bartolini, S, and Brandes, AA. Pharmacotherapeutic Treatment of Glioblastoma: Where Are We to Date? Drugs (2022) 82(5):491–510. doi: 10.1007/s40265-022-01702-6

75. Busek, P, Mateu, R, Zubal, M, Kotackova, L, and Sedo, A. Targeting Fibroblast Activation Protein in Cancer - Prospects and Caveats. Front Biosci (Landmark Ed) (2018) 23(10):1933–68. doi: 10.2741/4682

76. Tosoni, A, Franceschi, E, Poggi, R, and Brandes, AA. Relapsed Glioblastoma: Treatment Strategies for Initial and Subsequent Recurrences. Curr Treat Options Oncol (2016) 17(9):49. doi: 10.1007/s11864-016-0422-4

77. Cloughesy, TF, Mochizuki, AY, Orpilla, JR, Hugo, W, Lee, AH, Davidson, TB, et al. Neoadjuvant Anti-PD-1 Immunotherapy Promotes a Survival Benefit With Intratumoral and Systemic Immune Responses in Recurrent Glioblastoma. Nat Med (2019) 25(3):477–86. doi: 10.1038/s41591-018-0337-7

78. Schalper, KA, Rodriguez-Ruiz, ME, Diez-Valle, R, López-Janeiro, A, Porciuncula, A, Idoate, MA, et al. Neoadjuvant Nivolumab Modifies the Tumor Immune Microenvironment in Resectable Glioblastoma. Nat Med (2019) 25(3):470–6. doi: 10.1038/s41591-018-0339-5

79. Reardon, DA, Brandes, AA, Omuro, A, Mulholland, P, Lim, M, Wick, A, et al. Effect of Nivolumab vs Bevacizumab in Patients With Recurrent Glioblastoma: The CheckMate 143 Phase 3 Randomized Clinical Trial. JAMA Oncol (2020) 6(7):1003–10. doi: 10.1001/jamaoncol.2020.1024

80. Crunkhorn, S. Vaccine for IDH Mutant Glioma. Nat Rev Drug Discov (2021) 20(5):344. doi: 10.1038/d41573-021-00058-y

81. Platten, M, Bunse, L, Wick, A, Bunse, T, Le Cornet, L, Harting, I, et al. A Vaccine Targeting Mutant IDH1 in Newly Diagnosed Glioma. Nature (2021) 592(7854):463–8. doi: 10.1038/s41586-021-03363-z

82. Gatto, L, Franceschi, E, Tosoni, A, Di Nunno, V, Maggio, I, Lodi, R, et al. IDH Inhibitors and Beyond: The Cornerstone of Targeted Glioma Treatment. Mol Diagn Ther (2021) 25(4):457–73. doi: 10.1007/s40291-021-00537-3

83. Benitez-Ribas, D, Cabezón, R, Flórez-Grau, G, Molero, MC, Puerta, P, Guillen, A, et al. Immune Response Generated With the Administration of Autologous Dendritic Cells Pulsed With an Allogenic Tumoral Cell-Lines Lysate in Patients With Newly Diagnosed Diffuse Intrinsic Pontine Glioma. Front Oncol (2018) 8:127. doi: 10.3389/fonc.2018.00127

84. Ochs, K, Ott, M, Bunse, T, Sahm, F, Bunse, L, Deumelandt, K, et al. K27M-Mutant Histone-3 as a Novel Target for Glioma Immunotherapy. Oncoimmunology (2017) 6(7):e1328340. doi: 10.1080/2162402X.2017.1328340

85. Gatto, L, Nunno, VD, Franceschi, E, and Brandes, AA. Chimeric Antigen Receptor Macrophage for Glioblastoma Immunotherapy: The Way Forward. Immunotherapy (2021) 13(11):879–83. doi: 10.2217/imt-2021-0054

86. Vitanza, NA, Johnson, AJ, Wilson, AL, Brown, C, Yokoyama, JK, Künkele, A, et al. Locoregional Infusion of HER2-Specific CAR T Cells in Children and Young Adults With Recurrent or Refractory CNS Tumors: An Interim Analysis. Nat Med (2021) 27(9):1544–52. doi: 10.1038/s41591-021-01404-8




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Di Nunno, Franceschi, Tosoni, Gatto, Bartolini and Brandes. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




[image: image]


OPS/images/fonc.2022.845009/fonc-12-845009-g004.jpg





OPS/images/fonc.2022.845009/fonc-12-845009-g005.jpg





OPS/images/fonc.2022.845009/fonc-12-845009-g006.jpg
-
i)

=, |






OPS/images/fonc.2022.898614/crossmark.jpg
©

2

i

|





OPS/images/fonc.2022.845009/crossmark.jpg
©

2

i

|





OPS/images/fonc.2022.845009/fonc-12-845009-g001.jpg





OPS/images/fonc.2022.845009/fonc-12-845009-g002.jpg
ot AL, S, PR LAl SSE

[
s
i
HE
H
o
s 2 2 £
l"’) & '{t s b NBTs  glioma






OPS/images/fonc.2022.845009/fonc-12-845009-g003.jpg





OPS/images/fonc.2022.826273/fonc-12-826273-g006.jpg





OPS/images/fonc.2022.826273/table1.jpg
Number

8
o*
10

1

12
18
14
15

16
17
18

19
20

21
22
238"
24*
25

Age at diagnosis
(vears)

71

65

T

75
63

87
78

66
66
65

70

61
64
65
66

61
57
62

56
69

61
76
76
54
74

Sex

g3

3323 £3

323

Tumor localization

Septum pellucidum
Left parietal lobe
Right frontal lobe

Right temporal and parietal lobe
Left frontal lobe

Right parietal and occipital lobe
Buitterfly glioma, predominantly right
frontal lobe

Left frontal lobe

Right occipital lobe

Left temporal lobe

Left frontal lobe

Right temporal lobe

Right frontal and temporal lobe

Left temporal lobe

Right temporal lobe and right Insula

Left temporal lobe
Right frontal lobe
Right temporal and parietal lobe

Left temporal lobe
Right parietal and occipital lobe

Right frontal lobe
Right frontal lobe
Left parietal

Right frontal lobe
Left parietal lobe

Type of resec-

tion

Subtotal

Subtotal

Subtotal

Subtotal
Subtotal

Gross Total
Subtotal

Subtotal
Gross total
Subtotal

Subtotal

Gross total
Gross total
Subtotal
Subtotal

Gross total
Gross total
Gross total

Gross total
Gross total

Gross total
Gross total
Gross total
Gross total
Gross total

MGMT promoter
meth ylation

Methylated
Not methylated
Methylated

Methylated
Methylated

Methylated
Not methylated

Methylated
Not methylated
Not methylated

Methylated

Methylated
Methylated
Methylated
Methylated

Not methylated
Weakly methylated
Not methylated

Methylated
Weakly methylated

Weakly methylated
Not methylated
Methylated
Methylated
Methylated

EGFR  Ki67-Li

vl

= Upto
30%
+ Up to
40%
- Upto
20%

- 10%
= Up to
30%

++ 5%
unknown  20%

= 25%
+ 20%
= Upto

15%
+ Up to

25%
- 30%
= 20%
= 30%
- Up to

20%
& 50%
+ 20%
- Upto

20%
- 20%
- Up to

50%
& 30%
= 30%
- 20%
- 30%
- 40%

Survival
(days)

114

119

135
63

49
336

278

626
930
579
126

398
410
457

578
388

94
225
unknown
450
unknown

Only initial manifested primary glioblastomas were included. Here, we show further parameters regarding the patient cohort including age at diagnosis,

sex, survival in days, and type of

surgical resection (gross total or subtotal). Furthermore, histopathological data such as methylation status of the Osrmemy(guanmerDNAAmerhyltransferase (MGMT), Ki67-Labelling index
(Ki67-Li), and expression of epidermal growth factor variant lll (EGFRVII|) are presented here. Patients’ 1 to 22 tissue samples were analyzed for miR-181a-5p, ADAMB, and MMP9 mRNA
expression (Figures 5A-D), matched samples (initial and recurrence GBM) from patients 9, 23, and 24 (*) were used for serum-EV separation and analysis (Figures 5H-J) and patient 25
was used for the analysis via MR-spectroscopy (Figures 5E-G).
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Pseudo-papillary structures

Positive (n = 3) Negative (n = 6) p value
No. of Patients (%) No. of Patients (%)

Age (years) Mean 57.7 69.5 0.121*
SD 10.8 9.2

Sex ‘Women 0.0 0.0 1 16.7 1.000t
Men 3.0 100.0 5 83.3

Neuroradiographic response after neoBev

T1Gd Mean 12.7% 4M1.7% 0.302*
SD 37.8 231

FLAIR Mean 47.3% 46.7% 0.796*
SD 20.8 20.2

Surgical removal Total 2 66.7 4 66.7 1.0001
Not total 1 33.3 2 33.3

Recurrence pattern Not described 0 0 0 0.0 0.7621
T2-circumscribed 0 0 2 33.3
T2-diffuse 0 0 2 33.3
cT1 flare-up 3 100 2 33.3

PFS (months) Mean 8.7 10.4 0.663%
SD 15 5.6

OS (months) Mean 16.7 174 0.927%
SD 5.1 5.8

FOXM1 index score at the time of recurrence
Mean 21.2 10.3 0.197*
SD 10.3 8.4

*Mann-Whitney U test.
tFisher’s exact test.
tLog-rank test.
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Age (years)
Sex

Neuroradiographic response after neoBev
T1Gd

FLAR

Recurrence pattern

PFS (months)

OS (months)

Mean
SD
Women
Men

Median

IGR

Median

IGR
Nonresponder
T2-circumscribed
T2-diffuse

cT1 flare-up
Mean

sD

Mean

sD

Total (n =9)
No. of Patients

65.6
10.8

(%)

1.1
88.9

222
222
55.6

FLAIR, fluid-attenuated inversion recovery; neoBev, neoadjuvant bevacizumab; OS, overall survival; PFS, progression-free survival: SD, standard deviation; T1Gd, T1-weighted image with

gadolinium enhancement.
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Variable All patients Patients with concomitant chemoradiotherapy
Explorative phase Validation Explorative phase Validation
phase phase
Number of patients 19 77 11 30
Age (years; median, range) 64 (42-75) 64 (30-80) 60 (42-71) 61 (33-74)
Gender (men) 11 (68%) 41 (53%) 6 (55%) 19 (63%)
IDH 1/2 mutation 0(0%) 6 (8%) 0(0%) 2 (7%)
MGMT methylation 5 (26%) 22 (29%) 3 (27%) 9 (30%)
Concomitant RT with TMZ 11 (58%) 36 (47%) 1 (100%) 30 (100%)
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Upregulated piRNAs in GBM

Downregulated piRNAs in GBM

PiRNA

piR-hsa-5938
piR-hsa-28319
piR-hsa-18709
piR-hsa-5937

piR-hsa-1207

piR-hsa-28131
piR-hsa-1282

piR-hsa-25781
piR-hsa-28877
piR-hsa-25780
piR-hsa-24672
piR-hsa-28876
piR-hsa-27493
piR-hsa-28487
piR-hsa-1281

piR-hsa-1580

piR-hsa-28189
piR-hsa-25782
piR-hsa-23209
piR-hsa-27622
piR-hsa-27140
piR-hsa-7193

piR-hsa-28188

logFC

1.429
1.851
1.700
1.123
1.342
1.341
1.102
1.189
1.147
1.099
0.846
0.881
0.856
0.821
0.787
0.742
0.742
0.614
1114
0.724
0.774
0.706
0.669

AveExpr

17.409
9.843
10.275
16.535
16.538
16.538
12.993
10.880
17.55
10.725
16.164
9.845
1367
10.189
10.073
8.714
8.714
11.677
8.802
15.945
1397
9.222
8.315

adj. p-value

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.001
0.001
0.006
0.007
0.015
0.019
0.019
0.019
0.025
0.028
0.025
0.028
0.03
0.04

piRNA

piR-hsa-12488
piR-hsa-12487
piR-hsa-9491

piR-hsa-1849
piR-hsa-26683
piR-hsa-26686
piR-hsa-26685
piR-hsa-26682
piR-hsa-26684
piR-hsa-26681

piR-hsa-24684
piR-hsa-25783
piR-hsa-28467
piR-hsa-27616
piR-hsa-27731

logFC

-2.355
-2.335
-3.159
-1.875
-1.953
-1.883
-1.848
-1.844
-1.826
-1.825
-1.17
-0.904
-0.949
-0.807
-0.718

AveExpr

10.116
9.971
8.670

10.348
11.898
11.842
1.778
11.765
11.748
11.742
9.249
12.762
10.640
8.783
9.427

adj. p-value

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.001
0.002
0.007
0.01
0.052

Five piRNAs in bold were selected for further validation by gRT-PCR.
log Fold Change = logFC, average expression = AveExpr, adjusted p-value = adj. p-value
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Name Percentage  IDH 1p19q Grade H3K27  TERTEGFR7 Median age at  Prognosis Treatment after
of all gain/10 loss diagnosis surgery
non-GBM
gliomas
Oligodendroglioma (3, 4, 6, 8-  19%-26%  Mutated Codeleted 2 No No 42-44 17.5 years  Follow-up
12) or
RT—CT (PCV preferred
to TMZ)
Anaplastic oligodendroglioma 14%-20% Mutated Codeleted 3 No No 48-48.5 11.2years RT—CT (PCV preferred
3, 4,6,8-12) to TM2)
Diffuse astrocytoma (3, 4, 6, 24%-26%  Mutated Non- 2 No No 36-37 8.5-11 RT—CT (PCV preferred
8-12) codeleted to TMZ)
Anaplastic astrocytoma (3, 4, 10%-23%  Mutated Non- 3 No No 35-40 6.5-9.3  RT—CT (TMZ preferred
6, 8-12) codeleted to PCV)
IDH-wt glioma (3, 4, 6, 11-14) 6%-12%  Wild- Non- 2-3 No No 44-46 Unknown RT—CT (TM2) could be
type codeleted considered
Molecular GBM (3, 4, 6, 11— Wild- No- 2-3 No Yes 44-46 9-24 RT—CT (TM2)
14) type codeleted months  OR
RT/CT— (TMZ)
Midline Glioma (4, 14) <5% Wild- No- 2 Yes No Young adult 6-20 RT—CT (TM2) could be
type codeleted months  considered

RT, radiation therapy; CT, chemotherapy; PCV, procarbazine, CCNU, vincristine; TMZ, temozolomide; GBM, glioblastoma; IDH, isocitrate dehydrogenase.
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Oligodendroglioma

Astrocytoma

H3K27 glioma

IDH-wt gliomas**

The microenvironment
expression reflects a microglia
signature (CX3CR1, P2RY12/13)
* more than the macrophage one
(21, 28-32).

Microglia signature is not
associated with angiogenesis
(21).

Lower percentage of CD8+PD1
+, CD4+ TIM3+, and regulatory
T cells is associated with a less
immune-suppressive stroma

@37).

Inflammatory expression following
macrophage signature (CD163,
TGFp1, and F18A1) (21, 28-32).

Macrophage signature is

associated with angiogenesis (21).

Increased percentage of CD8
+PD1+, CD4+ TIM3+, and
regulatory T cells is associated
with an increased immune-
suppressive stroma (37).

Unknown interactions with neurons. Possible release of glutamate by
SLC7A11, which interacts with NMDA receptor inducing calcium

intake (38-40).

Microglia assumes a specific morphology with

enlarged cell bodies and shorter processes (33—

35).

Microenvironment enriched in microglia and
macrophage concentration (33-35) with low
lymphocytes

Macrophages associated with H3K27 gliomas
present a lower expression of IL6, IL1A, IL1B,
CCL3, and CCL4 (33-35). Increased
percentage of CCL2, CCL5, CSF1, CXCL12,
and PDGFA (14).

Unknown interactions with neurons.

The environment is mainly composed of
microglia and tumor-associated
macrophages (7, 36).

Recruitment of monocytes by secretion of
CCL2-7, GDNF, TNF, CSF-1, and GM-CSF
(7, 36).

Macrophages are associated with immune-
suppressive stroma mainly due to the
secretion of TGFB (7, 36).

Astrocytes switch from a physiological
phenotype to tumor-initiating cells. Neurons
can stimulate tumor growth by secretion of
glutamate, PI3K, FAK, HSPAS, and neuroglin
3 (7, 36).

* CX3CR1 and P2RY12/13 could be associated with specific functions carried out by microglia regulating trophic functions and interactions with neurons (41).

** The majority of data about microenvironment composition in patients with IDH-wt gliomas are provided by studies investigating glioblastoma cancer cells.

CCL3-4, C-C motif chemokine ligand 3-4; CX3CR1, C-X-C motif chemokine receptor 1; CSF-1, colony-stimulating factor 1; FAK, focal adhesion kinase; F13A1, coagulation factor Xill A
chain; GDNF, glial cell-derived neurotrophic factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; HSPAS, health shock protein family A; IL6/1A/1B, intereukin 6; interleukin
1A; interfeukin 1B; PD1, programmed death receptor 1; PI3K, phosphoinositide 3-kinase; P2RY12/13, purigenic receptor P2Y12/13; SLC7A11, solute carrier family 7 member 11; TGFB1,
transforming growth factor B1; TIM3, T-cell immunoglobulin and mucin-domaining containing-3; TNF, tumor necrosis factor.





OPS/images/fonc.2021.702983/crossmark.jpg
©

2

i

|





OPS/images/cover.jpg
& frontiers | Research Topics

Adult diffuse glioma
microenvironment:
Insight into cancer
ecology

ekl Sado, Ahmed Idbaih and Bozen Kaminska
Published in
Frontiersin Oncology






OPS/images/fonc.2022.826273/fonc-12-826273-g005.jpg





OPS/images/fonc.2022.826273/fonc-12-826273-g001.jpg
A
o





OPS/images/fonc.2022.826273/fonc-12-826273-g002.jpg





OPS/images/fonc.2022.826273/fonc-12-826273-g003.jpg





OPS/images/fonc.2022.826273/fonc-12-826273-g004.jpg





OPS/images/fonc.2021.805628/table1.jpg
Class Substrate

Mechanosensitive lon Channel PIEZO1
TRP1
ENaC

Non-lon Channel-Based Mechanosensation HA/CD44
IL-33/ST2-R/TNC

HA, hyaluronic acid: TNC, Tenascin-C; ST2-R, ST2 receptor.

Effect

Promotes glioma aggression, growth; reduces survival in vivo
Cell migration, chemotaxis

Cell volume regulation

Cell adhesion, migration, invasion

Cell invasion

Model

Murine, Xenograft
Cell Cutture
Cell Culture
Cell Culture
Cell Cutture
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Method Substrate Mechanism Ref.
MRE Brain/Tissue Stiffiness map of ROI (59, 60, 67)
us Brain/Tissue Stiffiness based on permeability to ultrasonic waves (85)
SWE Brain/Tissue Stiffiness based on propagation of ultrasonic waves and tissue displacement (68)
Needle biopsy Tissue Solid stress based on tissue deformation (564-56, 85)
Serial slices Tissue Solid stress based on tissue deformation (64-56, 85)
Planar cut Tissue Solid stress based on tissue deformation (54-56, 85)
AFM Tissue/Cell Stiffiness based on force measurement between probe and tissue (47, 85)
Particle tracking Tissue/Cell Live imaging and measurement of particle movement, viscosity measurement (85)

MRE, Magnetic Resonance Elastography; US, ultrasound; SWE, shear wave elastography.

AFM, Atomic Force Microscopy; ROI, region of interest.
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