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Editorial on the Research Topic
 Advances in brain tumors diagnosis and treatment




The 2021 WHO (World Health Organization) classification of Central Nervous System (CNS) tumors has integrated the histological findings with molecular characterization (1). The characterization of brain tumors to predict survival outcomes and treatment response has been significantly improved (2, 3). This Research Topic focused on the application of novel discovery in characterizing brain tumors for diagnostic, prognostic, or predictive purposes and draws together a series of reports focusing on different aspects of this important item.


New tumor types and rare entities

The 2021 WHO classification of CNS tumors recognized various new tumor types. PLNTY (Polymorphous low-grade neuroepithelial tumor of the young) is a novel epileptogenic neoplasm, included in the 2021 WHO classification (1). Fei et al. reported 8 new cases of PLNTY describing its clinical, histopathological, imaging, and molecular profile. The authors observed that all cases exhibited intense labeling of CD34 and the absence of IDH1/IDH2 mutations and 1p/19q codeletion. The BRAF p.V600E mutation was detected in 66.7% of cases. In this paper, the authors demonstrated that the post-operative seizure-free rate is improved by early surgical intervention and enlarged resection of epilepsy-associated PLNTY.

The skull-base meningiomas with extracranial extensions are a rare type of meningiomas. He et al. summarized the prognostic and clinical features of skull-base meningiomas with extracranial extensions. About 50 cases of skull-based meningiomas were investigated to review clinical symptoms, treatment strategies, radiological characteristics, and prognosis. Patients with communicative meningiomas were younger when compared with those with intracranial meningiomas. Moreover, these patients showed a higher tendency to develop low-grade tumors. Imaging allowed the detection of high bone invasion rate, heterogeneous enhancement, high dural tail sign rate, and high incidence of peritumoral edema.

Internò et al. overviewed the role of molecular aberrations in astrocytomas together with the most effective post-surgical strategies. According to their data, the subgroup of IDH1/IDH2 mutant astrocytomas showed a demonstrable survival benefit with adjuvant chemoradiotherapy, if compared to the IDH-WT group.



Prediction of post-operative mortality

The relationship between post-operative mortality in patients undergoing craniotomy and pre-operative blood urea nitrogen (BUN) was investigated by Liu Y. et al.. The study showed that post-operative mortality was associated with pre-operative BUN. Data demonstrated that the risk of post-operative mortality may be reduced by proper pre-operative management of BUN.



Radiotherapy in patients with glioblastoma

Chemoradiation followed by maintenance temozolomide (TMZ) with tumor-treating fields (TTFields) is a treatment for patients with newly diagnosed glioblastoma (GBM) (4). Miller et al. evaluated the safety of chemoradiation used concurrently with TTFields. The Authors evidenced that concurrent scalp-sparing chemoradiation with TTFields is a well-tolerated and feasible treatment option, with only limited toxicity.

Huang Y. et al. proposed an approach to delineate the clinical target volume in GBM, based on the relationship between the neural pathways and the growth patterns, enrolling a total of 69 patients. The clinical target volume (CTV) was delineated using a new approach. The used regimen showed a trend of lower rates of marginal recurrence, and the brain volume of high-dose radiation fields was similar to that of the European Organization for Research and Treatment of Cancer (EORTC).

Kaina et al. discussed the synergistic effect of temozolomide and radiation, proposing an optimal timing of TMZ treatment concurrent with radiotherapy. The authors assert that it could be concluded that the TMZ treatment should initially be carried out for 3 days without radiotherapy.



Immunotherapies in high-grade gliomas

The development of immunotherapies in the treatment of High-Grade Gliomas (HGG), has been limited by several elements, such as the anti-inflammatory tumor microenvironment (TME) (5). Franson et al. reviewed in depth the TME in HGG (adult and pediatric type), the various drivers of the TME in HGG, and different immunotherapeutic approaches. Namely, they focused on myeloid-derived suppressor cells (MDSCs), glioma-associated macrophages and microglia (GAMs), T cell infiltration and dysfunction, cytokines as a putative driver of tumor immune escape, IDH mutations, and effects on the TME, the actual immunotherapies and the challenges in immunotherapy development for HGG.

Immunotherapy may become a promising approach also for GBM treatment (6), even if the role of PD-1/PD-L1 expression in GBM is still controversial. Guo et al. performed a meta-analysis to verify the possible link between high/positive PD-L1 expression and overall survival (OS) in GBM. According to this study, in GBM there is a positive correlation between PD-L1 and low OS.

Inflammation is a crucial marker to promote tumorigenesis and tumor progression. However, the role of immune-related genes in GBM remains still unclear. Yu et al. looked for a relationship between the immune microenvironment and GBM. The Authors examined GBM-related RNA sequencing (RNA-seq), clinical data, and survival, acquiring data from four databases. According to their study, three immune-related genes (PTX3, TNFSF9, and BMP2) may be prognostic factors for patients with GBM.



Brain metastases

CNS metastases are the most common brain tumor type in adults. The extent of resection and the impact of post-operative residual tumor burden (RTB) in brain metastases are still not defined enough. In the study by Aftahy et al. the authors demonstrated that RTB is a predictor for survival.

Barakeh et al. performed NGS (Next-Generation Sequencing) on brain metastases from the following primary tumors: breast carcinomas, colorectal cancers, renal, and thyroid tumors. The Authors identified clinically relevant mutations in brain metastases that were not detected in the corresponding primary tumors, as alterations in the MAPK, PI3K, and CDK pathways. These data highlighted the possibility of having differences between brain metastases and primary cancers regards molecular profile, and thus the importance of performing the molecular analysis on brain metastatic samples for further clinical management.

Leptomeningeal metastases (LM) of lung cancer have been usually associated with poor prognosis. Osimertinib has shown promising efficacy in NSCLC–LM patients, however resistance to osimertinib develops over time. Yang et al. evaluated the clinical effects of EGFR amplification by targeted next-generation sequencing in Cerebrospinal fluid (CSF) samples in patients diagnosed with NSCLC–LM and who had received previous EGFR-TKI treatment. EGFR amplification had been evaluated by targeted next-generation sequencing in Cerebrospinal fluid (CSF) samples. Data suggested that the amplification of the EGFR gene may induce resistance of NSCLC–LM patients to EGFR-TKIs.

Tumor cell infiltration at the macro-metastasis/brain parenchyma interface (MMPI) is usually correlated with poor outcomes. Blazquez et al. identified specific magnetic resonance imaging (MRI) patterns in patients with brain metastasis, and correlated patient outcomes with these MRI patterns. The authors analyzed the preoperative magnetic resonance images of about 260 patients with brain metastasis. Their results indicated that the MRI breakout pattern is an imaging biomarker for particularly poor outcomes in patients with brain metastasis.



New diagnostic technologies

New approaches are increasingly leveraged to better understand complex biological systems. The tricarboxylic acid (TCA) cycle is related to the occurrence and development of glioma, and cuproptosis is closely related to the inhibition of the TCA cycle (7). Ye et al. developed and validated cuproptosis-associated prognostic signatures in WHO 2/3 gliomas. In their study, the authors found that eight cuproptosis-related genes (CRGs) were differentially expressed between glioma and normal tissues. The Authors constructed a cuproptosis-associated risk signature, able to predict the prognosis of glioma patients.

Ferroptosis, caused by excessive lipid peroxidation, is another form of form cell death (8). Huang Q. R. et al. have explored the prognostic value of ferroptosis-related lncRNAs (long non-coding RNAs) in low-grade glioma (LGG). Three databases (The Cancer Genome Atlas—TCGA, Chinese Glioma Genome Atlas—CGGA, and Gravendeel) were used to obtain the expression profiles. The analysis led to build a risk signature consisting of 8 lncRNAs, with a good performance in predicting the prognosis of LGG.

Necroptosis is a programmed inflammatory cell death or lysis cell death, playing a fundamental role in killing damaged cells and/or pathogen-infected (8). Xia et al. analyzed the differentially expressed necroptosis-related lncRNAs and their possible impact on the overall survival of glioma patients. The risk score model developed by the authors according to nine necroptosis-related lncRNAs allowed the prediction of the prognosis of glioma patients.

The detection of circulating tumor cells (CTCs) is a promising technology in tumor management (9). A karyoplasmic ratio (KR)-based identification method was developed by Zhu X. et al.. An automatic recognition algorithm was constructed, to determine the correlation between patients' clinical characteristics and high-KR circulating tumor cells. This study revealed a correlation between CTCs and patients' clinical characteristics and increased the efficiency of detecting glioma CTCs.

Liquid biopsy is a minimally invasive method of analysis of molecular biomarkers (e.g., circulating tumor cells, cell-free DNA) starting from any type of patient's body fluid (e.g., plasma, urine, bile, pleural effusion, and cerebrospinal fluid). The lack of permeability of the blood-brain barrier (BBB) may limit the release of ctDNA into the blood. However, it has been shown that exosomes microvesicles and apoptotic vesicles can all cross the intact BBB, and then peripheral blood may be sometimes used for analysis of circulating markers in glioma (10). Balana et al. reviewed several studies using radiogenomics and liquid biopsy in the characterization of gliomas. The authors demonstrated that liquid biopsies and radiogenomics will likely be used initially for additional diagnostic information that could be incorporated into routine clinical practice in the future.

Micro-RNAs are one of the circulating markers that can be analyzed in peripheral blood in patients with gliomas (11). Xu et al. have studied the potential clinical role of miR-4297 in glioma. The authors observed that miR-4297 levels were higher in females with high-grade glioma, but not in male patients, and a higher level of miR-4297 had been associated with a higher risk of glioma recurrence.

In the study by Liu X. et al. specific urine metabolites of Medulloblastoma (MB) were identified using liquid-chromatography–mass spectrometry (LC–MS)-based metabolomics. MB was distinguished with high diagnostic accuracy from non-MB by the combination of cortolone and tetrahydrocortisone, demonstrating that urine metabolomics might be also used for MB monitoring.

Based on the recent tumor classification, a comprehensive approach to molecular testing in the adolescents and young adults (AYA; aged 15–39) was proposed by Lim-Fat et al.. This review will help in improving the classification and identification of brain tumors in the AYA population.

Liu D. et al. explored tumor habitat characteristics in the peritumoral and intratumoral regions, to help in distinguishing primary central nervous system lymphoma (LMPA), common malignant brain tumors, and brain metastases. Quantitative radiomics features provide a useful tool for the non-invasive assessment of a CNS tumor. The model classifier can preoperatively differentiate GBM from brain metastases and LMPA by incorporating peritumoral information into the model.

High-grade glioma (HGG) and primary central nervous system lymphoma look similar under imaging. Zhang et al. performed a systematic metanalysis to determine the efficacy of 18F-fluorodeoxyglucose positron emission tomography-computed tomography (18F-FDG-PET/CT) in distinguishing PCNSL and HGG. According to their data, 18F-FDG-PET/CT had high accuracy for the differential diagnosis of HGG and PNCSL.

Artificial intelligence technologies, such as machine learning (ML), have improved radiomics predictive performance. Bahar et al. have systematically reviewed studies describing ML models for glioma grade prediction and evaluated the possibility of bringing ML from bench to clinic. The review highlighted that studies using ML applied to glioma had reported a high predictive accuracy. However, the authors have also demonstrated that to increase the standardization and the reproducibility of this technique in the glioma field, it is crucial to train and test on large, multi-institutional datasets, and adhere to reporting guidelines.

Anti-silencing function-1-B (ASF1B) belongs to the histone chaperone H3/H4 family. This protein is mainly involved in the regulation of cell proliferation and may be a potential prognostic marker in several tumors. Zhu H. et al. evaluated the role of ASF1B expression levels in gliomas. Transcriptomic clinical data were downloaded from three databases (genotypic tissue expression—GTEx, The Cancer Genome Atlas database—TCGA, and the Chinese Gliomas Genome Atlas database) and ASF1B levels were investigated in association with clinical variables. Authors found that high levels of ASF1B were associated with poor outcomes for glioma patients.



Conclusions

Recently we have observed the advent of new advanced methodologies, bioinformatics, and genomic investigations; we are now witnessing the impact of these advances in the study of brain tumors. The collection of articles on this Research Topic encompasses the extent of attempts being done to advance scientific research, clinical diagnosis, and therapeutic development; these efforts are needed to obtain the aim of improving and lengthening the life of brain tumor patients.
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Objective

Polymorphous low-grade neuroepithelial tumor of the young (PLNTY) is a novel distinct epileptogenic neoplasm, and its clinical, imaging, histopathological, and molecular features were already known in the existing literature. We aimed to analyze the surgical management of PLNTY combined with these known characteristics.



Methods

Eight patients underwent surgical treatment in our center between December 2017 and December 2020, and the postoperative pathology was diagnosed as PLNTY. Their clinical data, imaging, pathological, molecular characteristics, and seizure outcome were retrospectively analyzed. Follow-up evaluations and a literature review were performed.



Results

The 8 patients included 1 woman and 7 men, aged between 5 and 51 years old (mean = 31.6, median = 29). The preoperative symptoms of all 8 cases were seizures. Four tumors were situated in the temporal lobes, and one of the four extratemporal tumors was in the occipital lobe and three were in the frontal lobe. Enlarged and gross total resections were performed in 2 cases and the other 6 cases, respectively. All cases exhibited intense labeling of CD34, and absence of 1p/19q codeletion and IDH1 or IDH2 mutation. B-Raf proto-oncogene (BRAF) V600E mutation was presented in 4 (66.7%) of 6 detected cases. The postoperative seizure outcome of Engel class I was achieved in 6 cases (75%).



Conclusion

PLNTY represents distinctive histologic, immunophenotypic and biomolecular features, and has high epileptogenicity. Early surgical intervention and enlarged resection of PLNTY associated with epilepsy will help to improve the postoperative seizure-free rate.





Keywords: polymorphous low-grade neuroepithelial tumor of the young, epilepsy, surgical effect, pathology, radiology, genetic alterations



Introduction

Polymorphous low-grade neuroepithelial tumor of the young (PLNTY), a rare variant of the low-grade neuroepithelial tumor, was first described in 2017 by Huse et al. (1). Till now, only approximately 55 cases of PLNTY have been reported (1–14). Similar to ganglioglioma (GG), oligodendroglioma, pleomorphic xanthoastrocytoma (PXA), and dysembryoplastic neuroepithelial tumor (DNET), PLNTY was also defined as a member of long-term epilepsy-associated brain tumors (LEATs) or epileptomas (15, 16). However, PLNTY has distinct clinical, radiological, pathological, and molecular characteristics when compared to other kinds of LEATs.

PLNTY is often encountered in children and young adults, involving the temporal lobe (17–19). As for radiological features, PLNTY is often morphologically presented as a well-circumscribed lesion, solid with a frequent cystic alteration. In most of the cases, the CT shows a single lesion presented as intraparenchymal calcification, and the MRI appears as iso- or low signal in T1WI and high signal in T2WI, and with slight or no enhancement (4). Pathologically, the most evident morphological feature of PLNTY is infiltrative growth pattern with a mass of oligodendroglioma-like cellular components, and intense immunohistochemical staining with CD34. Recently, the molecular pathological characteristics of PLNTY have been reported as genetic alteration of BRAF V600E or fibroblast growth factor receptors 2 and 3 (FGFR2, FGFR3), which may be related to the pathogenesis of PLNTY (1).

PLNTY was included as a newly recognized tumor type in the 2021 WHO classification of tumors of the central nervous system, and was assigned to WHO grade I (16). However, it exhibits a strong epileptogenic propensity. Most PLNTY cases were found with intracranial lesions following new-onset seizures, some were found after a long history of refractory epilepsy. Previous reports have proved the seizure-free effect and optimal prognosis following surgical resection. However, not all PLNTY patients are free of seizure onset. The factors associated with the seizure control effect remain unclear. In this study, we will report a series of 8 PLNTY cases in our center and review the literature, aiming to explore surgical treatment and clinical management of PLNTY combined with its known common characteristics.



Methods


Clinical Data

This study retrospectively reviewed the medical records, surgical procedures, radiological, pathological, and molecular data of 8 cases with PLNTY who underwent surgery at our center from December 2017 to December 2020. Individualized presurgical evaluations, namely, history, symptoms, brain CT and MRI, detailed evaluation of seizure semiology, and long-term video-EEG monitoring, were performed in all patients. The MRI examinations used sequences, namely, conventional T1WI and T2WI sequence, T2 fluid-attenuated inversion recovery (T2 Flair) sequence, and T1WI after gadolinium enhancement. The radiological examination was reviewed by two independent neuroradiologists.



Surgical Procedures

All surgical plans were individually tailored. Preoperative video-EEG monitoring of epileptiform discharges in ictal or interictal periods was used to confirm the correlation between the occurrence of seizure and tumor. 3D image processing based on MRI to display the precise location of the tumor, adjacent structures of the tumor, and the shape of gyrus, aimed to plan a suitable surgical approach and resection range to increase the total tumor resection rate. Furthermore, MR-based neuronavigation and intraoperative electrocorticography (ECoG) were used during surgery. The tumor resection range was categorized as gross total resection (GTR, no distinct residual tumor), subtotal resection (STR, >90% of tumor removal), partial resection (PTR, <90% of tumor removal), and enlarged resection (ER). The enlarged resection included resection of tumors and peripheral cortex with abnormal discharge, which was conducted with the guide of intraoperative ECoG during surgery. Intraoperative ECoG identified abnormal spiking outside the tumor margin, and abnormal discharges remained in the peritumoral cortex after gross tumor resection, which guided us to perform ER.



Pathological Examination and Immunohistochemistry

The surgically resected tissues were fixed in paraffin with formaldehyde and stained with hematoxylin–eosin to observe their microscopic appearance. The streptavidin–biotin peroxidase complex method was used to conduct the immunohistochemical studies included the following antibodies: glial fibrillary acidic protein (GFAP), CD34, oligodendrocytic transcription factor 2 (Olig-2), soluble protein-100 (S100), synaptophysin (Syn), neurofilament (NF), neuronal nuclear antigen (NeuN), P53, Ki-67, α-thalassemia mental retardation X-linked (ATRX), and mutant isocitrate dehydrogenase 1/2 (IDH1/2). The pathological examination was performed by two experienced neuropathologists.



Molecular Examination

The genomic DNA of the tumors was isolated from paraffin-embedded tissue samples. The 1p/19q deletion was detected by fluorescent in situ hybridization (FISH), and the real-time PCR technique was utilized for detecting BRAF V600E gene mutation, using AmoyDx BRAF V600 Mutations Detection Kit and Applied Biosystems 7500 Real-Time PCR (Thermo Fisher Scientific). The internal control VIC signal of the tested samples should have an obvious amplification curve, and the Ct value should be between 13 and 21. If the FAM signal has an obvious amplification curve and the Ct value is less than 28, the sample does not need to be repeated, and the test result is positive for the BRAF V600E mutation; if the Ct value is ≥28, the test result is negative for the BRAF V600E mutation.



Follow-Up

The follow-up was conducted in the outpatient department every three months. Post-operative brain MRI was recommended to monitor the recurrence of the tumor, and seizure outcome was graded according to the Engel Outcome Scale (20): Engel class I (seizure-free with or without AEDs), Engel class II (nearly seizure free, ≤2 times per year), Engel class III (seizures significantly reduced, more than 90% reduction), and Engel class IV (no reduction or aggravation). Engel class I was defined as a good prognosis, while Engel class II–IV was defined as a poor prognosis.



Literature Review

The literature review was conducted by the search of the English literature related to PLNTY in PubMed up to December 2021. The keywords used in the search were (“polymorphous low-grade neuroepithelial tumor”) and (“PLNTY”). The cases with clinical data provided and pathologically proven as PLNTY were included. While, the papers were excluded when the full text was unavailable, or the cases reported by the papers had incomplete clinical data or were not pathologically determined as PLNTY.




Results


Patient Demographics

This study included 8 patients (seven men and one woman) with a mean age of 31.6 years (range between 5 and 51 years) at surgery, and 3 patients were older than 30 years. The preoperative symptoms were all partial epilepsy, and the duration of epilepsy ranged from 2 to 50 months, with a mean length of 17.4 months. Among them, 1 case (case a) received two or more first-line antiepileptic drugs (AEDs) treatment regularly, 3 cases received one AED and 4 cases were not formally treated with AEDs. No patient had a history of previous radiotherapy or surgery.



Radiological Evaluation

The lesion locations were temporal lobe in 4 (50%) patients, frontal lobe in 3 (37.5%) patients, and occipital lobe in 1 (12.5%) patient. Among the 4 PLNTY located in the temporal lobe, none was in the mesial temporal lobe. Three lesions were located on the left side, and five lesions were located on the right side. Except in 3 cases (2 located in the frontal lobe, 1 located in the temporal lobe), all lesions were superficially situated (cortical/subcortical location). The CT imaging showed a lesion-associated calcification in 6 cases (75%), while a cystic component in 4 cases (50%). A well-delineated region was present in all cases in MRI images. Save for two cases (d, e), the tumor manifested slightly hyperintensity in T1WI, all lesions demonstrated iso- or hypointensity in T1WI. Six cases demonstrated increased or mixed-signal on T2WI and 3 lesions manifested slight or partial enhancement in post-gadolinium T1WI. Only case d was associated with a slight mass effect and edema (Figure 1).




Figure 1 | The CT, MRI manifestation of PLNTY. Dense calcifications were often demonstrated in CT images (A, E). The MRI scans often appeared as iso- or low signal in T1W1 (B, I, K), and also can be slight hyperintense because of the composition of calcium salts (F). The increased or mixed-signal were seen in T2W2 (C, G, J, L), and the cystic components were also seen in (J, L). No enhancements were shown in post-gadolinium T1-weighted MR images (D, H).





Surgical Resection and Seizure Outcomes

The ER occurred in 2 (25%) cases, with lesions being located in the temporal lobe and occipital lobe respectively, and the other 6 (75%) cases achieved GTR. Both PR and STR were absent in this study. All patients recovered well postoperatively without immediate complication. The follow-up duration ranged between 11 and 42 months, with an average of 27 months, and no recurrence was observed in all the cases. Six patients (75%) were completely seizure-free (Engel class I) with or without AEDs, and the Engel class I of ER and GTR were achieved in 2 cases (100%) and 4 cases (66.7%) respectively (Table 1 and Figure 2).


Table 1 | Clinical, radiologic, and pathological characteristics of 8 PLNTY cases.






Figure 2 | Data of case c. (A) Axial CT showing a superficial situated mass in the right temporal lobe with patchy calcification (B–D). Preoperative MR scans. The mass displayed a heterogeneous signal with cystic components, and a hypointense signal on T1WI, a hyperintense signal on T2WI, and partial enhancement on T1W1 post-gadolinium imaging. (E) Operative view before tumor resection. (F) Postoperative MRI showing the gross-total resection. The patient was seizure-free for 22 months.





Pathological Examination

All tumors represented oligodendroglioma-like components arranged in an infiltrative manner with polymorphic cellular elements including pleomorphic and spindle cells, and have a round or oval nucleus with conspicuous perinuclear halo effects. Extensive microcalcification was identified in 6 of 8 cases. There were no typical elements of low-grade neuroepithelial neoplasms in all cases, such as myxoid microcysts, Rosenthal fibers, eosinophilic granular bodies, dysmorphic neuronal/ganglion cell forms, and neurocytic or ependymal rosettes. Peripheral focal cortex dysplasia (FCD) and neuronal vascular degeneration were present in case a who had preoperative drug-refractory epilepsy. The tumor necrosis and mitosis were absent in all cases (Figure 3).




Figure 3 | Representative morphological and immunohistochemical features of PLNTY (Case c and d). (A) H&E staining images showing oligodendroglioma-like cellular components with round or oval nuclei, abundant thin-walled blood vessels between tumor cells, and absence of mitoses and necrosis. (B) Extensive calcifications were shown in H&E staining. (C) Strong and widespread expression of CD34 in tumor cells. (D) Olig-2 immunostaining was positive in all cases. (E) Ki-67 labeling was below 2%. (F) IDH1 mutation negativity was demonstrated.



The patchy or widespread tumor cell expression of CD34 was demonstrated in all cases. Diffused positivity of Olig-2, expression of GAFP and ATRX were also manifested in 8 cases. Except for case c, which was focally and weakly positive for P53, the other cases had no overexpression of P53. The Ki-67 labeling index was below 2% in 6 cases, while that of case c and case h rose to 3 and 5%, respectively. IDH1 or IDH2 mutation and 1p/19q chromosomal codeletion were negative in all tumors. Six of the eight tumors in this study had qualified material for BRAF V600E mutations analyses, and BRAF V600E mutation was identified in four of six cases (66.7%) (Figure 4).




Figure 4 | Molecular examination images of PLNTY. (A, B) FISH analysis for 1p/19q showing absence of chromosome 1p/19q deletion (Case c). (C) The BRAF V600E gene mutation was detected by the Real-Time PCR technique. The orange curve, the red curve, the green line, and the blue line represented the tested sample, the positive control, the negative control, and the threshold line respectively. The FAM signal, as seen in Case c, had an obvious amplification curve, and the CT value is less than 28, which means the BRAF V600E mutation is positive. (D) The BRAF V600E gene mutation of Case a (the blue line representing the tested sample). The test result was negative for the BRAF V600E gene mutation as the FAM signal had no amplification curve.






Discussion

PLNTY is a recently recognized low-grade neuroepithelial tumor with a distinct biological entity affecting children and young adults. The age of the 10 patients initially reported by Huse et al. ranged from 4 to 32 years, with an average age of 17.6 years (1). With the increasing reports of PLNTY, the age spectrum has expanded, with the maximum age reported as 57 years old (21). The age of 55 patients reported in the current literature ranged from 4 to 57 years, with an average age of 20 years and a median age of 16 years. The age range of 8 patients in this study was 5–51 years old, with an average age of 31.6 years, which was older than that reported in the previous literature. It may be related to the fact that our center is mainly adult patients and the sample size is small. Like other LEATs, PLNTY can cause an early onset of epilepsy or a long history of refractory epilepsy because of its strong epileptogenic propensity (22). Of the 55 patients previously reported, 45 cases provided a clear medical history, and 37 of them had epilepsy onset (82.2%). In our study, 8 patients were all found to have intracranial lesions due to preoperative seizure, which is concordant with previous reports. The location of PLNTY also has the characteristics of LEATs, mainly in the temporal lobe (38/55 from the reports and 4/8 in our study), while the location in the parietal, frontal, and occipital lobes has also been reported.

The radiological characteristics of PLNTY have been gradually recognized, such as well-circumscribed, heterogeneous intralesional signal, and peripheral cysts. Moreover, the calcification on CT images is its more prominent feature. These calcifications are mainly the pattern of prominent central calcification or a few lamellar calcifications located in the periphery of the lesion. Three of the 10 cases reported by Huse et al. had complete images, and all of them had obvious circular calcifications on CT (1). Of the 9 cases reported by Johnson et al. (4), 8 cases had calcifications on CT. Five of 6 cases with calcification in this cohort were densely circular calcification foci, while the remaining was lamellar calcifications. PLNTY has the characteristics of benign mixed neuronal–glial tumor on MRI, however heterogeneous. It often manifests a well-circumscribed or slightly blurred lesion and hyperintense, isointense, or mixed intensity on T1 and T2 images. Moreover, many PLNTY often exhibits cystic components. The heterogeneous signal of PLNTY on MRI is mainly due to tumor calcification, while the signal of calcification is variable on MRI and is related to the composition of calcium salts. The typical imaging of PLNTY on T2WI demonstrates increased signal, mixed with the granulate mixed signals, which is called a “salt and pepper sign” in some research (5). Like the features of DNET or GG, PLNTY is seldom associated with significant mass effect or edema on MRI, while the tumor and its periphery often show hyperintense on T2-Flair images. PLNTY manifests slight or no enhancement on post-gadolinium T1WI, which indicates it has the characteristics of a benign tumor.

The pathological features of PLNTY were also gradually identified, namely, polymorphous appearance, the presence of oligodendroglioma-like cellular components, infiltrative growth pattern, and intense CD34 immunopositivity. Calcification is common in PLNTY, and the components of spindle, fibrous astrocytes and ependymoma-like pseudochrysanthemum clusters were also can be observed. Tumor mitosis, necrosis, and microvascular proliferation are rare in PLNTY. Eosinophilic granular bodies, myxoid microcysts, dysmorphic neuronal/ganglion cell forms, neurocytic or ependymal rosettes, and other characteristic structures were also absent in PLNTY, which can differentiate it from GG, DNET, PXA, and pilocytic astrocytoma. Intense and widespread tumor cell expression of CD34 is an immunohistochemical characteristic of PLNTY, however no specificity. The expression of CD34 can be observed in some LEATs, such as GG, DNET, and astrocytoma, and is also identified in regional cortical dysplasia which is associated with FCD. This is also the reason why this type of tumor has dual pathology and secondary epilepsy (23). On the other hand, the expression of CD34 is a useful tool that can readily discriminate PLNTY and oligodendroglioma, as CD34 is present in PLNTY and absent in oligodendroglioma (2, 24). Except for the expression of CD34, GAFP positivity is usually seen in PLNTY and Olig-2, which indicates the neuroepithelial origin of the tumor and the oligodendroglioma-like components within the tumor. Additional immunohistochemical studies showed PLNTY demonstrated retained expression of ATRX. Most of the Ki67 labeling index of PLNTY was less than 2%, and a few can reach 3 to 5%. In our study, all cases were positive for CD34, GFAP, Olig-2, and ATRX. Except for the Ki67 index of case c and case h which are 3 and 5% respectively, the other Ki67 indexes are around 1–2%.

In addition, 1p/19q codeletion and IDH1 or IDH2 mutation are typical molecular features in oligodendroglioma. However, PLNTY often exhibits no chromosome 1p/19q codeletion and absence of IDH1 or IDH2 genes. In our study, immunohistochemical examination showed IDH1 or IDH2 mutation was absent in all cases, and the lack of 1p/19q codeletion was also detected in all cases by FISH test. According to the genetic alterations of PLNTY, BRAF 600E mutation and FGFR2/FGFR3 fusions have been recurrently described, however mutually exclusive (1, 3). They have been both confirmed to activate the mitogen-activated protein (MAP) kinase pathway which promotes unlimited cell division and proliferation, leading to tumor formation (7, 25, 26). BRAF 600E mutation was identified as a common cancer-associated mutation that can be observed in many other LEATs, namely, GG, DNET, and PXA (27, 28). Among 55 cases of PLNTY reported to date, 19 cases displayed BRAF mutation (34.5%), and FGFR2/FGFR3 fusions were exhibited in 23 cases (41.8%). Six of the 8 cases in our sample set had qualified specimens to identify BRAF V600E mutation, and 4 (66.7%) cases were found to be positive. Unfortunately, FGFR gene fusion was not detected in our study.

PLNTY has been described as a benign tumor, so the PLNTY patients without epilepsy can be followed up, and close follow-up is necessary as the malignant transformation of PLNTY has been reported (13). On the other side, surgical treatment is recommended for patients with PLNTY complicated with epilepsy, especially drug-refractory epilepsy, because its secondary epilepsy can deteriorate the quality of life of patients. In this context, surgical tumor resection of PLNTY may provide effective seizure control, and it appears to be well controlled by gross total resection. However, some patients with PLNTY still have seizures after tumor resection (1). This was also confirmed in our study, in which 2 of 6 (33.4%) patients who underwent GTR still had seizures after surgery. We think it may be related to the residual FCD. Although tumors of PLNTY were removed, the remaining peripheral FCDs were still epileptic. Therefore, gross total resection of the tumor may not be enough, and enlarged resection of the tumor with the epileptic zone (EZ) is required. FCD is known to coexist with LEATs (29), and nowadays, an increasing number of studies reported the coexistence of PLNTY and FCD (5, 8, 30). The double pathology of PLNTY may be more frequent in cases with long seizure duration and drug-refractory epilepsy (30). In our study, the peritumoral cortex was obtained in 2 patients (cases a, b) with ER, and peritumoral FCD was observed in case a with drug-refractory epilepsy, which was located in the occipital lobe. The patient was postoperative seizure-free at 27 months. On the other hand, the rate of Engel class I of ER was high than that of GTR. The significance, however, needs to be verified by follow-up studies with large samples.

Under the circumstances, the identification of the EZ is critical to postoperative seizure control. Stereotactic EEG (SEEG) may be an ideal choice to accurately identify the EZ, however will greatly increase the hospitalization costs of patients in clinical reality. Referring to our experience in other LEATs surgery, preoperative PET-MR image fusion can be utilized to observe the tumor and the surrounding low FDG uptake area, while surgical resection of these low FDG uptake areas may effectively improve the postoperative seizure-free rate. Certainly, further studies are necessary to determine its benefit in PLNTY surgery. In addition, intraoperative ECoG can also help to identify the EZ, as the application of intraoperative ECoG can significantly improve the outcome of seizure control (31, 32).



Conclusion

PLNTY is a newly described low-grade neuroepithelial tumor which is often encountered in children and young adults. However, there are no specific diagnostic criteria of PLNTY because of the overlap of clinical, radiologic, histopathologic, and molecular characteristics between PLNTY and low-grade glioma or other mixed neuronal–glial tumors (2). These features, therefore, need to be combined to consider the diagnosis of PLNTY. PLNTY has high epileptogenicity, and its secondary epilepsy can deteriorate the quality of life of patients. Therefore, early surgical interventions are recommended for patients with PLNTY complicated with epilepsy. The identification of the epileptic zone is critical for the surgery, and enlarged resection may be a good prognosis factor for postoperative seizure-free.
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Purpose

Brain metastases (BM) can present a displacing or infiltrating growth pattern, independent of the primary tumor type. Previous studies have shown that tumor cell infiltration at the macro-metastasis/brain parenchyma interface (MMPI) is correlated with poor outcome. Therefore, a pre-therapeutic, non-invasive detection tool for potential metastatic cell infiltration at the MMPI would be desirable to help identify patients who may benefit from a more aggressive local treatment strategy. The aim of this study was to identify specific magnetic resonance imaging (MRI) patterns at the MMPI in patients with BM and to correlate these patterns with patient outcome.



Patients and Methods

In this retrospective analysis of a prospective BM registry, we categorized preoperative MR images of 261 patients with BM according to a prespecified analysis system, which consisted of four MRI contrast enhancement (CE) patterns: two with apparently regularly shaped borders (termed “rim-enhancing” and “spherical”) and two with irregular delineation (termed “breakout” and “diffuse”). The primary outcome parameter was overall survival (OS). Additionally analyzed prognostic parameters were the Karnofsky Performance Index, tumor size, edema formation, extent of resection, and RPA class.



Results

OS of patients with a breakout pattern was significantly worse than OS of all other groups.



Conclusion

Our data show that BM with a breakout pattern have a highly aggressive clinical course. Patients with such a pattern potentially require a more aggressive local and systemic treatment strategy.





Keywords: brain metastasis, infiltration, MRI, rim enhancing, spherical



Introduction

Brain metastases (BM) are the most common form of brain neoplasms in adults and mostly originate from primary tumors of the lung, breast, kidney, or skin (1–3). Although advances in systemic therapy have improved control of BM and subsequently prolonged overall survival (OS), an increased incidence of BM has been reported for several solid tumors (4). Modern imaging techniques, particularly magnetic resonance imaging (MRI), have increased the rate of BM detection in patients with cancer, therefore contributing to the increased incidence of BM (5). MRI is the current gold standard for detecting BM because of its high sensitivity and excellent spatial resolution (6). Routine MRI protocols for BM imaging consist of T2- and T1-weighted sequences with and without the administration of a gadolinium-containing contrast agent. Because of the increased permeability of the tumor vasculature (7), the contrast agent leaks into the interstitial space, causing enhanced T1 signaling, particularly in the peripheral segment of the BM bordering normal brain tissue (8). The resulting enhancement pattern can be spot-like, solid, and homogeneous, or ring-shaped in appearance; the ring shape is caused by central hypoxic necrosis starting at a certain time point and by the volume of the metastases during metastatic progression (9). On T2-weighted images, BM are mostly spherical in shape with well-circumscribed margins and display variable signal intensity due to central hemorrhage, calcification of the BM, cystic portions, or necrosis (10).

Historically, BM were considered to be sharply demarcated lesions without significant infiltration of the host organ (11, 12). In contrast, the histopathological results of more recent studies have shown a significant degree of tumor cell infiltration into the adjacent brain parenchyma (13–15). This observation is supported by significant local recurrence rates after the resection of contrast-enhanced areas in BM in patients who did not receive postsurgical adjuvant radiation, indicating the presence of residual metastatic cells or colonies, even after gross total resection (16, 17). In a recent review, we described several distinct patterns of tumor cell infiltration at the macro-metastasis/brain parenchyma interface (MMPI); such infiltration implicates specific molecular pathways, which generate different types of metastatic brain infiltration (18). A few years ago, a prospective study investigating the impact of tumor cell infiltration in patients with BM not only revealed the presence of tumor cells beyond the glial pseudo-capsule but also showed significantly worse OS of such a growth pattern (2-year OS = 6.6% vs. 43.5%; p = 0.009; HR = 3.4) (19). Consequently, pre-therapeutic, non-invasive, radiological detection of potential metastatic cell infiltration into the brain parenchyma would be extremely desirable to help stratify patients and to identify patients who may benefit from more aggressive local therapy of supramarginal resection (20–22) or intensified radiation treatment (23).

A few years ago. Itakura et al. reported three contrast enhancement (CE) patterns for glioblastoma (GBM) based on different MRI features capturing the shape, edge sharpness, and texture (24). The results of this study indicated a correlation of these imaging phenotypes not only with different molecular patterns but also with the probability of survival. In BM, particularly in the peripheral segment bordering normal brain tissue (8), the different distribution of contrast agents may lead to different CE patterns in MRI. To our best knowledge, no study is yet available trying to cluster BM based on their CE pattern.

Thus, we defined specific CE patterns in MRI of BM in analogy to the work of Itakura et al. on GBM. Moreover, we correlated the patterns with clinical parameters such as the primary tumor, the extent of resection, and OS. According to previous histopathological studies (19) and the work of Itakura et al. (24), we hypothesized that metastases infiltrating the adjacent brain parenchyma may display a more aggressive biology than well-demarcated metastases resulting in poor prognosis.



Methods and Materials


Patient Population and Ethical Approval

This prospective BM registry of patients undergoing surgical resection was approved by the ethical review boards of the University of Regensburg (protocol no. 19-1333-104). We included all patients with BM who had undergone surgical resection at the Department of Neurosurgery of the University Medical Center Regensburg between 2005 and 2016 regardless of the primary tumor. In the case of multiple metastases, a maximum of two lesions were resected and only lesions causing clinical symptoms. 82.3% of patients had received adjuvant irradiation and 54.2% systemic therapy. The selection criteria for analyzing the imaging pattern included i) at least one histologically confirmed BM, ii) age older than 18 years, and iii) availability of presurgical MRI containing at least one T2-weighted and one T1-weighted CE sequence. Of the initially 272 patients screened, 11 were excluded from analysis because of large areas of hemorrhagic transformation that did not allow any clear identification of the CE pattern.



Clinical Data

Presurgical functional impairment of the patients was classified with the Karnofsky Performance Index (KPI). Patients were grouped to recursive partitioning analysis (RPA) classes according to age and presurgical KPI. The extent of resection was classified as complete resection if no residual lesion was detectable in the postoperative MRI performed within 72 h after surgical resection. Time of metastasis was categorized into synchronous and metachronous metastases and the metastasis status in solitary (1 BM without any extracranial metastases), singular (1 BM with extracranial metastases), oligometastatic (2–3 metastatic tumors), and multiple (more than 3 metastatic tumors) (25). Clinical follow-up data were obtained from patient records and by contacting the primary care physicians. OS was calculated from the time point of surgical resection of the BM until the death of the patients.



Imaging Analysis

MR imaging of the included patients was performed according to a standardized scanning protocol; contrast-agent dosing was applied using a weight-adapted regimen. The different CE patterns of BM on MRI were defined by means of a cohort of 20 randomly selected patients with BM, who were also included in the final evaluation cohort (n = 261). In detail, these 20 BM were visually analyzed with regard to sharpness of the CE demarcation line and signal intensity of CE areas and extent of solid enhancing tumor parts/necrosis. Differences in the characteristics of these imaging markers were used to predefine several distinct CE patterns. An MRI-based assignment of all BM (n = 261) to one of the predefined CE patterns was performed by two blinded readers (CW and MK) using consensus rating. In patients with multiple BM, only the BM with the largest diameter in T1-post contrast was used for analysis.

In addition to the CE pattern, a set of three imaging features was determined for each BM: i) maximum diameter, ii) peritumoral edema, and iii) state of necrosis. The maximum diameter of BM in the CE sequences and the extent of the peritumoral edema in a T2-weighted image were manually measured using presurgical MRI scans in the axial plane. The area of edema around a BM was rated as “large” if its maximum diameter according to the T2-weighted axial images exceeded twice the diameter of the metastasis itself. Otherwise, it was rated as “small.” The existence of central necrosis and hemorrhagic transformation was also assessed combining the image information of T2, T1, and/or T2* images.



Statistical Analysis

For descriptive statistics, continuous values are reported as mean, median, and range; ordinal and categorical variables are stated in counts and percentages. OS was calculated using the Kaplan–Meier method; univariate analysis of factors associated with survival was performed using log-rank testing. Multivariate analysis of independent prognostic factors was done with cox proportional hazards modeling. Factors which showed statistically significant results in the univariate analysis were included in the multivariate analysis. The presurgical KPI was not included since it is an integral component of the RPA classification and therefore redundant in the multivariate analysis. Validation of proportionality assumption was performed using Schoenfeld residuals (p = 0.658). Results were considered statistically significant with a p-value of <0.05. All analyses were performed using Stata/IC (version 16.1, Stata Corp., College Station, USA).




Results


Description of CE Patterns in Human BM

Analysis of the MR images of BM yielded four different CE patterns which are described in detail in Figure 1. BM with a bright CE ring-like structure (rim), a sharp CE demarcation line, and a large central non-enhancing area (necrosis) were assigned to the subgroup “rim-enhancing CE pattern” (Figure 1A). Metastases showing a sharp CE demarcation line, a solid but poor-enhancing tumor within the contrast demarcation line, and relatively small necrosis were classified as spherical (Figure 1B). We also identified some metastases with poorly demarcated CE demarcation lines showing a rim-like enhancement which was interrupted at least at one position. This CE pattern was termed breakout (Figure 1C). Finally, metastases with blurry borders without any assessable well-demarcated line were allotted to the subgroup “diffuse CE pattern” (Figure 1D).




Figure 1 | Definition, examples (A1–D1) and description (A2–D2) of the four different MRI subtypes: (A) rim-enhancing, (B) spherical, (C) breakout, and (D) diffuse.





An MRI Breakout Pattern Is an Independent Factor Associated With Poor OS

Of the 261 metastases screened, 129 had a rim-enhancing CE pattern (49.4%), 59 a spherical pattern (22.6%), 39 a breakout pattern (14.9%), and 34 a diffuse CE pattern (13.0%) (Table 1). At the time of analysis, 203 patients (77.8%) had died. The median overall survival time of all patients was 7.23 months from the time of surgical resection (Table 1). Interestingly, patients with BM in the breakout group had significantly shorter OS than all other groups (4.71 vs. 7.52 months, respectively; p = 0.027, Table 1 and Figure 2). In an all-pairwise comparison, patients in the breakout group showed a significantly shorter survival compared to the rim-enhancing (p = 0.038) and the spherical group (p = 0.027; Table 2 and Supplement Figure 1). The clinical parameters of the breakout subgroup were similar to those of all other groups except for a significantly larger tumor size (p = 0.034) and a lower number of metastases (p = 0.021) (Table 3). Furthermore, the breakout pattern was not associated with the primary tumor (p = 0.584; Table 4).


Table 1 | Overall survival stratified according to the contrast enhancement pattern on magnetic resonance images.






Figure 2 | Kaplan–Meier curves showing the overall survival probability stratified by (A) breakout vs. all other MRI subgroups, (B) diffuse vs. all other MRI subgroups, (C) rim-enhancing vs. all other MRI subgroups, and (D) spherical vs. all other MRI subgroups. Statistical analysis was performed by calculating log-rank analyses.




Table 2 | All pairwise comparison of overall survival according to the contrast enhancement pattern on magnetic resonance images.




Table 3 | Clinical characteristics of the entire patient cohort stratified according to the breakout pattern and all other groups.




Table 4 | Distribution of primary tumors within the entire cohort stratified into breakout pattern and all other groups.



In contrast to the breakout pattern, complete resection (p = 0.023), good presurgical KPI (p = 0.011), low RPA class (p = 0.003), and solitary metastatic status (p = 0.001) were associated with better OS in the univariate analysis (Table 5 and Supplement Figure 2). This finding is in accordance with a series of studies of patients with BM (26–29), indicating that our cohort is representative and not subject to significant selection bias. In contrast, OS was not significantly correlated with age (p = 0.594), sex (p = 0.694), primary tumor type (p = 0.891), time of metastasis (synchronous vs. metachronous; p = 0.734), number of metastases (p = 0.150), size of the resected metastatic tumor (p = 0.072), or presence of necrosis (p = 0.299), hemorrhage (p = 0.505), or large edema (p = 0.307) (Table 5).


Table 5 | Univariate analysis of factors associated with overall survival in the entire cohort.



Finally, multivariate cox hazard regression analysis showed the breakout pattern (p = 0.003) and other well-established prognostic markers such as the solitary metastatic status (p = 0.005), good RPA class (p = 0.022), and complete resection (p = 0.030) to be independent factors associated with poor OS (Table 6).


Table 6 | Multivariate analysis of independent factors associated with overall survival.






Discussion

The aim of the present study was to define radiological MRI patterns of BM at the MMPI and to correlate these patterns with OS. Previous MRI studies of BM analyzed general morphological parameters, such as the shape of the lesion, edema formation, or the area of general contrast enhancement. Thereby, the MMPI was overlooked, and these parameters were not correlated with OS (30). Based on the fact that BM can present as either infiltrating or displacing (15, 18, 19) and in accordance with Itakura’s radiological segregation of GBM (24), we hypothesized that there must be different recognizable BM subtypes in CE patterns on MRI scans.

Our previous histological analysis of BM at the MMPI showed that displacing metastases may or may not be surrounded by a highly vascularized glial pseudo capsule (18, 19). Itakura et al. also described two GBM subtypes with regular edges: with or without a hypointense center (rim enhancing and spherical) (24). Thus, we assumed that these two different patterns should also be detectable in BM by means of MRI scans. In fact, we identified two CE patterns with regular borders, which were found in the majority of our study patients: one group with sharply demarcated edges with a bright rim and a necrotic and therefore hypointense core (rim-enhancing) and another group without a hyperintense rim around the solid metastasis (spherical). These two patterns resembled the patterns described by Itakura et al. for GBM.

Furthermore, our histological analysis of BM at the MMPI also revealed different MMPI patterns for infiltrative metastases. For example, we observed that epithelial infiltrative BM break through the glial-pseudo capsule with multiple strands and cohorts of metastatic cells, often only at one site in the entire circumvention. This MMPI pattern completely differs to BM with diffuse infiltrative and angiotropic MMPIs, where single tumor cells or small groups of cells can often be seen at a distance from the metastatic core (18, 19). Therefore, we assumed that metastases with diffuse infiltrative or angiotropic MMPIs should have a different radiological CE pattern at the MMPI than BM with an epithelial infiltrative MMPI. The study by Itakura et al. identified only one MRI pattern with irregular borders, which they termed “pre-multi-focal” (24). In our study, we broadened the observations made by Itakura et al. and identified two instead of one irregularly shaped CE pattern on MRI, as expected from our histopathological studies. First, we describe a breakout pattern with poorly demarcated CE instead of interrupted sharp rim-like enhancement at least at one position. In addition, we also describe a diffuse pattern without any assessable demarcation line.

One of our previous histopathological studies showed that infiltrative BM have worse OS than displacing BM (19). Itakura et al. also correlated the pre-multi-focal pattern with worse OS (24). Consequently, we hypothesized that BM showing irregular borders on MRI scans (breakout and/or diffuse pattern) may display a more aggressive biology than sharply demarcated BM (rim-enhancing and/or spherical pattern) and result in worse patient outcome. Indeed, our results showed the breakout pattern to be an independent prognostic factor for poor survival. The validity of these data is reinforced by the observations that other well-known prognostic markers such as solitary metastatic status and complete resection (26, 28, 29, 31) have also been identified as independent prognostic factors associated with better OS in this cohort. Furthermore, the breakout pattern in BM was independent of the primary tumor. Some primary tumors are well known for their association with poor outcome. For example, a retrospective study including 740 patients showed the highest survival rate (23.9%) 2 years after the diagnosis of BM for patients with ovarian carcinoma and the lowest survival rate (1.7%) for patients with small cell lung cancer (32). However, the breakout pattern identified in our BM cohort was not associated with any primary tumor, highlighting the irrefutable value of such a biomarker for patient stratification and clinical decision-making. The patients displaying a breakout pattern did not significantly differ in most clinical parameters from all other groups except for larger tumor size and a lower number of lesions.

The impact of tumor size in BM remains unclear. One study in patients with breast cancer and BM showed worse outcome of patients with a tumor size larger than 5 cm (33). In contrast, two studies did not yield any correlation between BM size and OS (34, 35). Although we did detect an association between tumor size and OS, this effect did not reach statistical significance, neither in the univariate nor in the multivariate analysis. Regarding the number of lesions, the majority of reports yielded poorer OS with increasing numbers of BM (31, 36–39), which is counterintuitive with regard to patients with a breakout pattern who have significantly shorter OS despite a lower number of lesions. Conceivably, the impact of the breakout pattern on outcome is independent from the number of lesions, but this aspect needs to be validated in a prospective manner.

The second subgroup with irregular edges (diffuse MRI pattern) showed no significant difference in OS to the other groups. One reason for this lack of statistical significance despite a descriptively shorter survival in this group might be the relatively low patient number, potentially leading to insufficient statistical power. Alternatively, it is possible to speculate that some of the diffuse infiltrative BM do not potentially get their nutrients by neovascularization but by co-opting existing blood vessels without inducing a leakage (18). This process results in a potential lack of CE in these areas, which may lead to the incorrect categorization of BM with a diffuse MRI pattern. In this context, Spanberger et al. reported that metastases with small brain edema are significantly correlated with a metastatic brain-infiltrative growth pattern, lower HIF1α expression, and less angiogenetic activity in contrast to metastases with large peritumoral edema. Spanberger et al. hypothesized that vascular co-option and low microvascular density, as seen in the infiltration zone, are potential reasons for small peritumoral edema of infiltrating metastases (40). Thus, the correlation of histological diffuse infiltration on the single-cell level with the pre-interventional MRI seems to be the biggest challenge.

In this study, we identified for the first time four BM subtypes that were solely differentiated by qualitative MRI features and showed the prognostic relevance of the breakout pattern. The correlation of the breakout pattern with poor OS are in alignment with previous observations (18, 19, 24). The easily identifiable focally blurred borders as the hallmark of the breakout pattern are thereby suggestive of compact epithelial infiltrative tumor growth that is within the range of the MRI resolution.



Conclusion

Our data indicate that the MRI breakout pattern is an imaging biomarker for particularly poor outcome in patients with BM. Prospective trials are underway to analyze the histological and biological MMPI characteristics of patients with BM with an MRI breakout pattern. In addition, we propose that such patients may require more aggressive local and systemic treatment.
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Supplementary Figure 1 | Kaplan-Meier curves showing the overall survival probability in an all – pairwise comparison between the four predefined CE pattern. (A) Rim-enhancing vs. breakout; (B) Rim-enhancing vs. diffuse; (C) Rim-enhancing vs. spherical; (D) Breakout vs. diffuse; (E) Breakout vs. spherical and (F) Diffuse vs. spherical.

Supplementary Figure 2 | Kaplan-Meier curves showing the overall survival probability stratified by (A) extent of resection consisting of complete (blue curve) and incomplete (red curve) resection, (B) overall survival times in months correlated to the presurgical KPI classes, (C) RPA class, and (D) metastasis status consisting of solitary (one BM, no extracranial metastases), singular (one BM combined with extracranial metastases), oligo (2-3 BM) and multiple metastases (> 3 BM). Statistical analysis was performed by calculating log rank analyses.
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BM, brain metastasis; CE, contrast enhancement; CI, confidence interval; f, female; HR, hazard ratio; KPI, Karnofsky Performance Index; m, male; MRI, magnetic resonance imaging; MMPI, macro-metastasis/brain parenchyma interface; OMD, oligo-metastatic disease; OS, overall survival; RPA, recursive partitioning analysis; vs., versus.
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Objectives

To systematically review, assess the reporting quality of, and discuss improvement opportunities for studies describing machine learning (ML) models for glioma grade prediction.



Methods

This study followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses of Diagnostic Test Accuracy (PRISMA-DTA) statement. A systematic search was performed in September 2020, and repeated in January 2021, on four databases: Embase, Medline, CENTRAL, and Web of Science Core Collection. Publications were screened in Covidence, and reporting quality was measured against the Transparent Reporting of a multivariable prediction model for Individual Prognosis Or Diagnosis (TRIPOD) Statement. Descriptive statistics were calculated using GraphPad Prism 9.



Results

The search identified 11,727 candidate articles with 1,135 articles undergoing full text review and 85 included in analysis. 67 (79%) articles were published between 2018-2021. The mean prediction accuracy of the best performing model in each study was 0.89 ± 0.09. The most common algorithm for conventional machine learning studies was Support Vector Machine (mean accuracy: 0.90 ± 0.07) and for deep learning studies was Convolutional Neural Network (mean accuracy: 0.91 ± 0.10). Only one study used both a large training dataset (n>200) and external validation (accuracy: 0.72) for their model. The mean adherence rate to TRIPOD was 44.5% ± 11.1%, with poor reporting adherence for model performance (0%), abstracts (0%), and titles (0%).



Conclusions

The application of ML to glioma grade prediction has grown substantially, with ML model studies reporting high predictive accuracies but lacking essential metrics and characteristics for assessing model performance. Several domains, including generalizability and reproducibility, warrant further attention to enable translation into clinical practice.



Systematic Review Registration

PROSPERO, identifier CRD42020209938.





Keywords: machine learning, deep learning, artificial intelligence, glioma, systematic review



1 Introduction

Gliomas are the most common primary brain malignancy (1). They are classified according to histopathologic and molecular World Health Organization (WHO) criteria: grades 1/2 (low-grade gliomas (LGG) and grades 3/4 [high-grade gliomas (HGG)] (2). Glioblastomas, WHO grade 4 tumors, are the most aggressive with a 15-month median overall survival (3).

Because prognosis (3, 4) and treatment (5) vary with glioma grade, accurate classification is essential for guiding clinical decision-making and mitigating risks posed by unnecessary or delayed surgery due to misdiagnosis (6). The gold standard for diagnosis, histopathology, requires surgical resection or stereotactic biopsy for analysis. These invasive procedures, however, carry significant risks and complications (7). Gliomas also exhibit intratumoral heterogeneity with associated sampling error (8). Therefore, a need exists for timely pre-operative whole-glioma grading. As a non-invasive tool for analyzing entire lesions, imaging overcomes the limitations of diagnostic surgical procedures. Although conventional MRI has had modest success in glioma grading (sensitivity 55-83%) (9), the diagnostic potential of imaging has expanded with the use of advanced imaging, radiomics, and artificial intelligence.

Radiomics quantitatively characterizes medical images using image-derived features that serve as biomarkers for tumor phenotypes (10). Artificial intelligence technologies, such as machine learning (ML), have augmented radiomics. By leveraging robust high-dimensional data, ML enhances predictive performance (11). Deep learning (DL) is a subtype of ML that has sparked recent interest given its superior performance in image analysis and suitability for high volumes of data (12). For imaging applications, DL generates useful outputs from input images using multilayer neural networks. Convolutional Neural Networks are the primary DL architecture for image classification (13).

In clinical practice, ML models may increase the value of diagnostic imaging and enhance patient management, for example, by motivating earlier grade-appropriate interventions (14, 15). Despite these opportunities, ML has not been implemented clinically because of numerous technical (data requirements, need for training, low standardization and interpretability) and non-technical (ethical, financial, legal, educational) barriers (16).

High-quality scientific reporting is necessary for readers to critically interpret or replicate studies and encourage translation into practice. Prior work indicates that reporting quality in prediction studies is poor (17). To address this, the Transparent Reporting of a multivariable model for Individual Prognosis or Diagnosis (TRIPOD) Statement was published in 2015 (18). Most of TRIPOD is applicable to ML-based prediction model studies; however, ML-specific guidelines are lacking. The need for such guidelines has initiated development of a TRIPOD extension for ML-based prediction models (TRIPOD-AI) (19, 20).

While ML demonstrates promise for accurate glioma grading, few works have characterized the state of ML in glioma grade prediction (21–23). A systematic review of the literature can identify potential ML methods for clinical use and generate insights for implementation. This study aims to (1) systematically review and synthesize the body of literature using ML for classification of glioma grade, (2) evaluate study reporting quality using TRIPOD, and (3) discuss opportunities for bridging the ML bench-to-clinic implementation gap.



2 Materials and Methods

This study followed the guidelines in the Preferred Reporting Items for Systematic Reviews and Meta-Analyses of Diagnostic Test Accuracy (PRISMA-DTA) statement (24) and was registered with the International Prospective Register of Systematic Reviews (PROSPERO, CRD42020209938). An institutional librarian searched the literature published through September 18, 2020, using four databases: Cochrane Central Register of Controlled Trials, EMBASE, Medline, and Web of Science Core Collection. A multi-database approach was pursued because prior work has demonstrated that a single database search may omit pertinent studies (25). Keywords and controlled vocabulary included the following terms and combinations thereof: “artificial intelligence,” “machine learning,” “deep learning,” “radiomics,” “magnetic resonance imaging,” “glioma,” and related terms. The search was repeated on January 29, 2021, to gather additional articles published through this date. A full search strategy is provided in Appendix A1 (Supplementary). A second institutional librarian reviewed the search prior to execution.

Only peer-reviewed studies were imported into Covidence (Veritas Health Innovation Ltd) for screening. Covidence is an online tool designed to streamline the systematic review process. Duplicate studies were identified and removed. Study abstracts were then screened for relevance to neuro-oncology by two of three independent reviewers: an experienced board-certified neuroradiologist, radiology resident, and graduate student in artificial intelligence. The board-certified neuroradiologist resolved discrepancies in screening recommendations. Relevant articles were subsequently assessed for eligibility. To ensure completeness, appropriateness, and understandability of eligible studies, the following exclusion criteria were established: (1) abstract-only; (2) not primary literature; (3) non-English; (4) unrelated to artificial intelligence; (5) unrelated to gliomas; (6) unrelated to imaging; (7) non-human research subjects; and (8) duplicates. Studies were not excluded based on publication year in order to have comprehensive analysis of historical and contemporary literature. Eligible studies underwent full text review to identify those using ML to classify gliomas by grade. Studies exclusively developing predictive models with distinct focuses (e.g., predicting glioma IDH status, glioma segmentation) were not included in analysis. A PRISMA flow diagram describing our study selection process is depicted in Figure 1.




Figure 1 | PRISMA flow diagram of study search strategy. ML, machine learning; PRISMA, Preferred Reporting Guidelines for Systematic Reviews and Meta-Analyses.



Whole data was independently extracted by two trained medical student researchers using a standardized Microsoft Excel (Microsoft Corporation) form. Conflicts were resolved through team discussion and consensus. When necessary, articles were carefully re-reviewed to obtain missing information after data extraction. The following data points were extracted: article characteristics (title, lead author, country of lead author, publication year), data characteristics (data source, country (or countries) of data acquisition, dataset size, types and number of tumors for training/testing/validation, model validation technique), grading characteristics (study definition of HGG and LGG, gold standard for glioma grading), model characteristics (best performing ML classifier, classification task, supervised/semi-supervised/unsupervised learning, types of features in classifier, imaging sequences used by classifier, measures of classifier performance) and reporting characteristics (TRIPOD items, explained below).

Reporting quality was assessed against the TRIPOD statement in agreement with the TRIPOD adherence assessment form (26) and author explanations (18, 27). TRIPOD contains 20 main items (e.g., main item 5) that apply to studies developing prediction models, 10 of which contain subitems (e.g., 5a, 5b, 5c). Among the 30 total items that can be evaluated and scored, three (item 5c, 11, 14b) were excluded because they were not applicable to our studies. The remaining 27 items were scored for every study. Each item includes one or more elements, all of which must score a “yes” for the item to score “1.” To calculate a study’s adherence rate to TRIPOD, the number of items scoring “1” was divided by the total number of scored items for the study. Adherence rate for a given TRIPOD item across all studies was calculated by dividing the number of studies scoring “1” for that item by the total number of studies scored.

TRIPOD adherence rates and descriptive statistics (e.g., frequencies, mean ± standard deviation) were calculated and displayed with GraphPad Prism 9 (GraphPad Software). GraphPad Prism 9 is a scientific graphing and statistical software supporting data analysis. Descriptive statistics were obtained to summarize study characteristics, dataset and model characteristics, features, imaging modalities, and model prediction performance, among other domains. Only the best performing classifiers’ performance metrics (accuracy, AUC, sensitivity, specificity, positive predictive value, negative predictive value, and F1 score) defined in each study are presented. Best performing classifiers were determined based on accuracy results. In the few instances when accuracy was not reported, AUC determined the best performing classifier. All studies meeting our inclusion criteria ((1) identified by search strategy; (2) relevant to neuro-oncology; (3) not excluded during eligibility assessment; and (4) clearly evaluate ML-based classification of glioma grade) contributed to the sample size of our study. References for included studies are listed in Appendix A4 (Supplementary).



3 Results


3.1 Study Characteristics

The search identified 11,727 candidate articles, with 11,637 studies screened for relevance to neuro-oncology. Agreement between screeners was substantial [(Cohen’s kappa: 0.77 ± 0.04, see Table A1 (Supplementary)]. 1,135 articles underwent full text review, and 85 articles were included in analysis (Figure 1).

67 articles (79%) were published between 2018 and 2021, with 26 articles (31%) published in 2019 alone (Figure 2). Based on lead author affiliations, most articles were from China, the US, or India (n=45, 51%) (Figure 3).




Figure 2 | Number of studies published per year from 1995-2020.






Figure 3 | (A) Number of studies by first author’s country of affiliation and respective continent. (B) Number of studies by country (or countries) of data acquisition.



36 articles (42%) defined HGG as grade 3 and 4 and LGG as grade 1 and 2. 17 articles (20%) defined HGG as grade 4 and LGG as grades 2 and 3. 32 articles (38%) didn’t define grades for HGG and LGG (Figure 4).




Figure 4 | Classification systems used across studies for defining HGG vs. LGG by grade 1-4. HGG, high-grade gliomas; LGG, low-grade gliomas.





3.2 Study Findings


3.2.1 Dataset and Model Characteristics

Among the 84 articles with identifiable patient data sources, data was most commonly acquired multi-nationally (n=38, 45%), entirely in China (n=15, 18%), or entirely in the US (n=10, 12%) (Figure 3). BraTS (28) and TCIA (29) datasets, which are publicly available multi-institutional datasets containing multi-parametric MRI scans, were used in 45% (n=38) of studies. Conventional ML was the primary ML model for glioma grade prediction in 59 (69%) studies and DL in 26 (31%) studies. Of all 85 studies included, 80 (94%) reported the number of patients in their datasets (mean: 177 ± 140). Studies developing conventional ML models reported mean dataset sizes of 168 ± 150 patients. DL studies reported mean dataset sizes of 199 ± 109 patients. Among the 67 studies whose best performing models were binary classifiers of HGG and LGG and reported the number of HGG and LGG used in model development, 58 (87%) had imbalanced datasets characterized by an unequal number of HGG and LGG patients. Most studies (n=44, 66%) used datasets containing more HGG than LGG patients (i.e., HGG : LGG ratio >1). 14 studies (21%) had fewer HGG than LGG patients (HGG : LGG ratio <1).

Only 5 (6%) studies reported external validation. Of the 80 other studies, 68 (85%) reported internal validation and 12 (15%) did not clearly report validation methods. 82 (96%) of studies had supervised learning algorithms and 3 (4%) used semi-supervised learning. No studies reported unsupervised learning algorithms. The gold standard for glioma grading was histopathology in all studies.



3.2.2 Features

Texture (second-order) features and first-order features were the most common feature subsets, extracted in 45 (53%) and 42 (49%) studies, respectively. Shape and/or size features (n=28, 33%) and DL extracted features (n=20, 24%) were also common. Hemodynamic (n=5), qualitative (n=6), higher-order (n=4) and spectroscopic features (n=8) were observed in less than 10% of studies. Definitions for feature types are provided in Table A7 (Supplementary).



3.2.3 Imaging Modalities

T1-weighted contrast-enhanced (T1CE) imaging was the most common sequence used in best performing models (n=54, 64%), followed by T2 (n=46, 54%) and FLAIR (n=40, 47%). T1 pre-contrast was less common (n=35, 41%). Perfusion-weighted imaging (n=15), MR Spectroscopy (n=9) and diffusion-weighted imaging (n=12) were used in 11-18% of models. PET and fMRI were only used in one model each.



3.2.4 Prediction Performance

A summary of model performance measures across studies is shown in Table 1. The mean glioma grade prediction accuracy of the best performing algorithm per study was 0.89 ± 0.09. This parameter was determined by taking the prediction accuracy of the best performing algorithm in each study for all studies and calculating a mean value and standard deviation. Lower accuracies were reported for models undergoing external validation (mean: 0.82 ± 0.09, n=5). DL models had a mean prediction accuracy of 0.92 ± 0.08 and conventional ML models 0.88 ± 0.09.


Table 1 | Mean (± standard deviation) aggregate performance metrics across studies.



The most common best performing conventional ML model was Support Vector Machine (mean accuracy: 0.90 ± 0.07) and DL model was Convolutional Neural Network (mean accuracy: 0.91 ± 0.10) (Figure 5).




Figure 5 | Prediction accuracy of most common algorithm types, measured in the best performing algorithm of each study. Circle at mean. Error bars indicate standard deviation.



We grouped all studies by data source into 4 categories: BraTS, TCIA, single center, and multicenter (excluding BraTS and TCIA) data. Studies which used BraTS as a data source had a mean accuracy of 0.93 ± 0.04 (n=27) and studies using TCIA had a mean accuracy of 0.91 ± 0.08 (n=12). Single center datasets were the most common (n=43) with a mean accuracy of 0.88 ± 0.07, and multicenter hospital datasets the least common (n=6, mean accuracy: 0.80 ± 0.18).

We additionally identified studies whose models were built on relatively large (n≥200) datasets and externally validated, two characteristics indicating potential generalizability. Only one study (1%) had both characteristics (accuracy: 0.72) (30). Further analysis of model performance by dataset source, dataset size, validation technique, and glioma grade classification task can be found in Appendix A2 and Tables A2-A5 (Supplementary). Characteristics of the 10 studies reporting the highest accuracy results for their best performing algorithms are summarized in Table 2. Characteristics of all included studies may be seen in Table A6 (Supplementary).


Table 2 | Characteristics of the 10 studies reporting the highest accuracy results for their best performing models, including: glioma grade classification task, dataset source and size, ratio of high- to low-grade gliomas, validation technique, imaging sequences used in prediction, feature types used in prediction, best performing algorithm (based on accuracy results), and performance metrics.






3.3 Quality Assessment

The mean adherence rate to TRIPOD was 44.5% ± 11.1%, with poor reporting adherence in categories including model performance (0%), abstract (0%), title (0%), justification of sample size (2.4%), full model specification (2.4%), and participant demographics and missing data (7.1%). High reporting adherence was observed for results interpretation (100%), background (98.8%), study design/source of data (96.5%), and objectives (95.3%) (Figure 6).




Figure 6 | TRIPOD adherence of machine learning glioma grade prediction studies. Adherence rate for individual items represents the percent of studies scoring a point for that item: 1 – title. 2 – abstract. 3a – background. 3b – objectives. 4a – study design. 4b – study dates. 5a – study setting. 5b – eligibility criteria. 6a – outcome assessment. 6b – blinding assessment of outcome. 7a – predictor assessment. 7b – blinding assessment of predictors. 8 – sample size justification. 9 – missing data. 10a – predictor handling. 10b – model type, model-building, and internal validation. 10d – model performance. 13a – participant flow and outcomes. 13b – participant demographics and missing data. 14a – model development (participants and outcomes). 15a – full model specification. 15b – using the model. 16 – model performance. 18 – study limitations. 19b – results interpretation. 20 – clinical use and research implications. 22 – funding. Overall – mean TRIPOD adherence rate of all studies. TRIPOD, Transparent Reporting of a multivariable prediction model for Individual Prognosis Or Diagnosis.



Titles (0%) did not identify the development of prediction models. Abstracts (0%) frequently lacked source of data, overall sample size, and calibration methods. Regarding model performance (0%), very few studies reported measures for model calibration or confidence intervals. Most studies failed to specify model regression coefficients (2.4%) or provide justifications of sample size (2.4%), e.g., how sample size was arrived at according to statistical or practical grounds. More detailed explanations of TRIPOD items and their adherence rates can be found in Table A8 (Supplementary).




4 Discussion

Our systematic review analyzed 85 articles describing ML applications for glioma grade prediction and revealed several trends. First, the number of studies published per year grew steadily between 2016 and 2019. Second, imaging sequences and ML models became less conventional, with the emergence of advanced MRI sequences (MR Spectroscopy, Perfusion) in the early 2000s (41) and DL models in 2018 (42). Third, datasets recently expanded to encompass multiple institutions, with BraTS and TCIA datasets appearing in 2017. While ML model studies report high predictive accuracies, they underreport critical model performance measures, lack a common validation dataset, and vary remarkably in glioma classification systems, ML algorithms, feature types and imaging sequences used for prediction, etc., limiting model comparison. Here, we identify several opportunities for improvement to prepare models for multicenter clinical adoption.


4.1 Study Datasets, Validation Techniques, Classification Systems, and Reporting Quality

Prior to broad clinical use, ML models must be trained and validated on large, multi-institutional datasets to ensure generalizability (43). Dataset sizes, however, were low in our study, and most publications lacked external validation. These findings are consistent with those from a similar systematic review by Tabatabaei et al. (23). Moreover, while studies based on highly curated datasets, including BraTS or TCIA, showed consistently high accuracy results, algorithms trained on these datasets without external validation may not have reproducible results in clinical practice, where imaging protocols are less standardized, image quality is variable, and tumor presentations are heterogeneous. To show that models perform well across distinct populations and are fit for broad clinical implementation, future works should use sizable, less-curated, multicenter datasets and externally validate their models.

ML models should also be trained according to standardized definitions of glioma grade. Interestingly, definitions were variable for HGG and LGG, with some studies considering grade 3 gliomas to be high-grade and others low-grade. Lack of a unified classification system may hinder predictive model performances on external datasets, given that the images used for segmentation, feature extraction, and model training/testing are labeled HGG or LGG based on non-uniform definitions. As glioma grade guides clinical management, it is essential that algorithm outputs of “HGG” and “LGG” reflect a universal definition consistent with current WHO criteria.

An alternative to binary high-or-low grading is to report numerical glioma grades (1, 2, 3, or 4) and tumor entities. Importantly, grade and entity classifications are evolving. In 2016, purely histopathological classification was succeeded by classification based on both molecular and histopathologic parameters (44). In 2021, cIMPACT-NOW established further changes to glioma grading, for example, by redefining GBM to be an IDH (Isocitrate Dehydrogenase)-wild-type lesion distinct from IDH-mutant grade 4 astrocytomas (45, 46). Classification changes may have led to inconsistencies in tumor entities and grades reported in glioma grade prediction studies across the years, limiting model comparison. As WHO criteria continue to evolve and affect generalizability of study results, we recommend that studies clearly reference the criteria used in glioma grading, report the glioma entities and corresponding grade used in model development, and describe the predictive performances by both entity and grade. This will promote comprehensible and traceable results over time. Moreover, integrated techniques that characterize disease according to both radiological and biological features are emerging in neuro-oncology (47). We advise future researchers to consider the implementation of these techniques into ML model development studies predicting glioma grade, molecular markers, response to treatment, prognosis, and other applications within neuro-oncology.

Finally, reporting of ML models should be transparent, thorough, and reproducible to facilitate proper assessment for use in clinical practice (48). Several comprehensive checklists are used to assess reporting quality of diagnostic models, including Checklist for Artificial Intelligence in Medical Imaging (49) and TRIPOD. In our study, mean adherence to TRIPOD was low, with key assessment elements such as model performance scoring poorly. These findings reflect inadequate study reporting. To address this, we recommend future studies use appropriate reporting frameworks to guide all phases of study execution, from initial design through manuscript writing. For ML studies, the relevance of TRIPOD as a benchmark for reporting quality may be questioned. Published explanations and elaborations of TRIPOD focus on regression-based models, a shortcoming that TRIPOD authors have recently acknowledged (19). We support their initiative to create a TRIPOD Statement specific to ML (TRIPOD-AI) (19, 20), and in the context of this work, to improve the reporting quality of literature concerning ML in glioma grade prediction.



4.2 Limitations

This study has several limitations. First, the timing and criteria of our search may have missed relevant studies (e.g., recent and unpublished works). Moreover, 191 of the 1,135 (16.8%) studies assessed for eligibility were excluded because they were abstracts (n=169, 14.9%) or not in English (n=22, 1.9%), creating a potential selection bias. However, full texts were required for complete data extraction and quality of reporting analysis, and we unfortunately did not have the resources to translate non-English articles. Second, we determined best performing algorithms based on accuracy, which excluded the three studies that did not report accuracy results for their models. Accuracy, furthermore, may be considered a flawed performance metric for ML models applied to imbalanced datasets (50), which constituted most datasets in our study. With imbalanced datasets, ML models intrinsically overfit toward the majority class, risking higher misclassification rates for minority classes (51, 52). Because accuracy may be high even if a minority class is poorly predicted, we recommend study authors consistently report a full slate of model performance metrics. Including metrics sensitive to performance differences within imbalanced datasets (e.g., AUC) (53) will enable a more thorough assessment of ML model performance. Third, the inconsistent definitions for HGG and LGG, evolving grading criteria, high heterogeneity of our included articles and low number of articles reporting confidence intervals for their performance metrics limited the pooling of results across studies and subsequent generation of conclusions. As a result, we could not perform a meta-analysis (54, 55).




5 Conclusion

The application of ML to glioma grade prediction has grown substantially, with ML model studies reporting high predictive accuracies but lacking essential metrics and characteristics for assessing model performance. To increase the generalizability, standardization, reproducibility, and reporting quality necessary for clinical translation, future studies need to (1) train and test on large, multi-institutional datasets, (2) validate on external datasets, (3) clearly report glioma entities, corresponding glioma grades, and a full state of predictive performance metrics by both grade and entity, and (4) adhere to reporting guidelines.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



Author Contributions

All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



Funding

SM receives funding in part from the Biomedical Education Program (BMEP). RB receives funding in part from the National Institute of Diabetes and Digestive and Kidney Disease of the National Institutes of Health under Award Number T35DK104689. MA received funding from American Society of Neuroradiology Fellow Award 2018. This publication was made possible by KL2 TR001862 (MA) from the National Center for Advancing Translational Science (NCATS), components of the National Institutes of Health (NIH), and NIH roadmap for Medical Research. Seyedmehdi Payabvash has grant support from NIH/NINDS K23NS118056, foundation of American Society of Neuroradiology (ASNR) #1861150721, Doris Duke Charitable Foundation (DDCF) #2020097, and NVIDIA. Funders were not involved in the study design, collection, analysis, interpretation of data, the writing of this article or the decision to submit it for publication.



Acknowledgments

We would like to thank our institutional librarians (Alexandria Brackett and Thomas Mead) for developing and executing our search strategy, and Mary Hughes and Vermetha Polite for their technical support. We also would like to thank Julia Shatalov for assisting with eligibility screening and Irena Tocino for her continuous support throughout the execution of this study.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2022.856231/full#supplementary-material



References

1. Ostrom, QT, Cioffi, G, Gittleman, H, Patil, N, Waite, K, Kruchko, C, et al. CBTRUS Statistical Report: Primary Brain and Other Central Nervous System Tumors Diagnosed in the United States in 2012-2016. Neuro Oncol (2019) 21(Suppl 5):v1–v100. doi: 10.1093/neuonc/noz150

2. Louis, DN, Perry, A, Wesseling, P, Brat, DJ, Cree, IA, Figarella-Branger, D, 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

3. Tran, B, and Rosenthal, MA. Survival Comparison Between Glioblastoma Multiforme and Other Incurable Cancers. J Clin Neurosci (2010) 17(4):417–21. doi: 10.1016/j.jocn.2009.09.004

4. Ohgaki, H, and Kleihues, P. Population-Based Studies on Incidence, Survival Rates, and Genetic Alterations in Astrocytic and Oligodendroglial Gliomas. J Neuropathol Exp Neurol (2005) 64(6):479–89. doi: 10.1093/jnen/64.6.479

5. Gallego Perez-Larraya, J, and Delattre, JY. Management of Elderly Patients With Gliomas. Oncologist (2014) 19(12):1258–67. doi: 10.1634/theoncologist.2014-0170

6. Zonari, P, Baraldi, P, and Crisi, G. Multimodal MRI in the Characterization of Glial Neoplasms: The Combined Role of Single-Voxel MR Spectroscopy, Diffusion Imaging and Echo-Planar Perfusion Imaging. Neuroradiology (2007) 49(10):795–803. doi: 10.1007/s00234-007-0253-x

7. Thon, N, Tonn, JC, and Kreth, FW. The Surgical Perspective in Precision Treatment of Diffuse Gliomas. Onco Targets Ther (2019) 12:1497–508. doi: 10.2147/OTT.S174316

8. Hu, LS, Hawkins-Daarud, A, Wang, L, Li, J, and Swanson, KR. Imaging of Intratumoral Heterogeneity in High-Grade Glioma. Cancer Lett (2020) 477:97–106. doi: 10.1016/j.canlet.2020.02.025

9. Law, M, Yang, S, Wang, H, Babb, JS, Johnson, G, Cha, S, et al. Glioma Grading: Sensitivity, Specificity, and Predictive Values of Perfusion MR Imaging and Proton MR Spectroscopic Imaging Compared With Conventional MR Imaging. AJNR Am J Neuroradiol (2003) 24(10):1989–98.

10. Gillies, RJ, Kinahan, PE, and Hricak, H. Radiomics: Images Are More Than Pictures, They Are Data. Radiology (2016) 278(2):563–77. doi: 10.1148/radiol.2015151169

11. Giger, ML. Machine Learning in Medical Imaging. J Am Coll Radiol (2018) 15(3 Pt B):512–20. doi: 10.1016/j.jacr.2017.12.028

12. Chartrand, G, Cheng, PM, Vorontsov, E, Drozdzal, M, Turcotte, S, Pal, CJ, et al. Deep Learning: A Primer for Radiologists. Radiographics (2017) 37(7):2113–31. doi: 10.1148/rg.2017170077

13. Cheng, PM, Montagnon, E, Yamashita, R, Pan, I, Cadrin-Chênevert, A, Perdigón Romero, F, et al. Deep Learning: An Update for Radiologists. Radiographics (2021) 41(5):1427–45. doi: 10.1148/rg.2021200210

14. He, J, Baxter, SL, Xu, J, Xu, J, Zhou, X, and Zhang, K. The Practical Implementation of Artificial Intelligence Technologies in Medicine. Nat Med (2019) 25(1):30–6. doi: 10.1038/s41591-018-0307-0

15. Lasocki, A, Tsui, A, Tacey, MA, Drummond, KJ, Field, KM, and Gaillard, F. MRI Grading Versus Histology: Predicting Survival of World Health Organization Grade II-IV Astrocytomas. AJNR Am J Neuroradiol (2015) 36(1):77–83. doi: 10.3174/ajnr.A4077

16. Jin, W, Fatehi, M, Abhishek, K, Mallya, M, Toyota, B, and Hamarneh, G. Artificial Intelligence in Glioma Imaging: Challenges and Advances. J Neural Eng (2020) 17(2):021002. doi: 10.1088/1741-2552/ab8131

17. Park, JE, Kim, HS, Kim, D, Park, SY, Kim, JY, Cho, SJ, et al. A Systematic Review Reporting Quality of Radiomics Research in Neuro-Oncology: Toward Clinical Utility and Quality Improvement Using High-Dimensional Imaging Features. BMC Cancer (2020) 20(1):29. doi: 10.1186/s12885-019-6504-5

18. Collins, GS, Reitsma, JB, Altman, DG, and Moons, KG. Transparent Reporting of a Multivariable Prediction Model for Individual Prognosis or Diagnosis (TRIPOD): The TRIPOD Statement. Ann Intern Med (2015) 162(1):55–63. doi: 10.7326/M14-0697

19. Collins, GS, and Moons, KGM. Reporting of Artificial Intelligence Prediction Models. Lancet (2019) 393(10181):1577–9. doi: 10.1016/S0140-6736(19)30037-6

20. Collins, GS, Dhiman, P, Andaur Navarro, CL, Ma, J, Hooft, L, Reitsma, JB, et al. Protocol for Development of a Reporting Guideline (TRIPOD-AI) and Risk of Bias Tool (PROBAST-AI) for Diagnostic and Prognostic Prediction Model Studies Based on Artificial Intelligence. BMJ Open (2021) 11(7):e048008. doi: 10.1136/bmjopen-2020-048008

21. Buchlak, QD, Esmaili, N, Leveque, JC, Bennett, C, Farrokhi, F, and Piccardi, M. Machine Learning Applications to Neuroimaging for Glioma Detection and Classification: An Artificial Intelligence Augmented Systematic Review. J Clin Neurosci (2021) 89:177–98. doi: 10.1016/j.jocn.2021.04.043

22. Sohn, CK, and Bisdas, S. Diagnostic Accuracy of Machine Learning-Based Radiomics in Grading Gliomas: Systematic Review and Meta-Analysis. Contrast Media Mol Imaging (2020) 2020:2127062. doi: 10.1155/2020/2127062

23. Tabatabaei, M, Razaei, A, Sarrami, AH, Saadatpour, Z, Singhal, A, and Sotoudeh, H. Current Status and Quality of Machine Learning-Based Radiomics Studies for Glioma Grading: A Systematic Review. Oncology (2021) 99(7):433. doi: 10.1159/000515597

24. Frank, RA, Bossuyt, PM, and McInnes, MDF. Systematic Reviews and Meta-Analyses of Diagnostic Test Accuracy: The PRISMA-DTA Statement. Radiology (2018) 289(2):313–4. doi: 10.1148/radiol.2018180850

25. Whiting, P, Westwood, M, Burke, M, Sterne, J, and Glanville, J. Systematic Reviews of Test Accuracy Should Search a Range of Databases to Identify Primary Studies. J Clin Epidemiol (2008) 61(4):357–64. doi: 10.1016/j.jclinepi.2007.05.013

26. TRIPOD Statement Web Site. Adherence to TRIPOD (2020). Available at: https://www.tripod-statement.org/adherence/ (Accessed 10 Jul 2021).

27. Moons, KG, Altman, DG, Reitsma, JB, Ioannidis, JP, Macaskill, P, Steyerberg, EW, et al. Transparent Reporting of a Multivariable Prediction Model for Individual Prognosis or Diagnosis (TRIPOD): Explanation and Elaboration. Ann Intern Med (2015) 162(1):W1–73. doi: 10.7326/M14-0698

28. Menze, BH, Jakab, A, Bauer, S, Kalpathy-Cramer, J, Farahani, K, Kirby, J, et al. The Multimodal Brain Tumor Image Segmentation Benchmark (BRATS). IEEE T Med Imaging (2015) 34(10):1993–2024. doi: 10.1109/Tmi.2014.2377694

29. Clark, K, Vendt, B, Smith, K, Freymann, J, Kirby, J, Koppel, P, et al. The Cancer Imaging Archive (TCIA): Maintaining and Operating a Public Information Repository. J Digital Imaging (2013) 26(6):1045–57. doi: 10.1007/s10278-013-9622-7

30. Park, YW, Choi, YS, Ahn, SS, Chang, JH, Kim, SH, and Lee, SK. Radiomics MRI Phenotyping With Machine Learning to Predict the Grade of Lower-Grade Gliomas: A Study Focused on Nonenhancing Tumors. Korean J Radiol (2019) 20(9):1381–9. doi: 10.3348/kjr.2018.0814

31. Hedyehzadeh, M, Nezhad, SYD, and Safdarian, N. Evaluation of Conventional Machine Learning Methods for Brain Tumour Type Classification. Cr Acad Bulg Sci (2020) 73(6):856–65. doi: 10.7546/Crabs.2020.06.14

32. Bashir Gonbadi, F, and Khotanlou, H. Glioma Brain Tumors Diagnosis and Classification in MR Images Based on Convolutional Neural Networks. 9th International Conference on Computer and Knowledge Engineering (Iccke 2019) (2019) 1–5. doi: 10.1109/ICCKE48569.2019.8965143

33. Polly, FP, Shil, SK, Hossain, MA, Ayman, A, and Jang, YM. Detection and Classification of HGG and LGG Brain Tumor Using Machine Learning. 32nd International Conference on Information Networking (Icoin), (2018) 813–7. doi: 10.1109/ICOIN.2018.8343231

34. De Looze, C, Beausang, A, Cryan, J, Loftus, T, Buckley, PG, Farrell, M, et al. Machine Learning: A Useful Radiological Adjunct in Determination of a Newly Diagnosed Glioma's Grade and IDH Status. J Neuro-Oncol (2018) 139(2):491–9. doi: 10.1007/s11060-018-2895-4

35. Sharif, MI, Li, JP, Khan, MA, and Saleem, MA. Active Deep Neural Network Features Selection for Segmentation and Recognition of Brain Tumors Using MRI Images. Pattern Recogn Lett (2020) 129:181–9. doi: 10.1016/j.patrec.2019.11.019

36. Muneer, KVA, Rajendran, VR, and Joseph, KP. Glioma Tumor Grade Identification Using Artificial Intelligent Techniques. J Med Syst (2019) 43(5). doi: ARTN 113 10.1007/s10916-019-1228-2


37. Dandil, E, and Bicer, A. Automatic Grading of Brain Tumours Using LSTM Neural Networks on Magnetic Resonance Spectroscopy Signals. Iet Image Process(2020) 14(10):1967–79. doi: 10.1049/iet-ipr.2019.1416

38. Tian, Q, Yan, LF, Zhang, X, Zhang, X, Hu, YC, Han, Y, et al. Radiomics Strategy for Glioma Grading Using Texture Features From Multiparametric MRI. J Magnetic Resonance Imaging (2018) 48(6):1518–28. doi: 10.1002/jmri.26010

39. Lo, CM, Chen, YC, Weng, RC, and Hsieh, KLC. Intelligent Glioma Grading Based on Deep Transfer Learning of MRI Radiomic Features. Appl Sci-Basel (2019) 9(22). doi: ARTN 4926 10.3390/app9224926


40. Kumar, R, Gupta, A, Arora, HS, Pandian, GN, and Raman, B. CGHF: A Computational Decision Support System for Glioma Classification Using Hybrid Radiomics- and Stationary Wavelet-Based Features. IEEE Access(2020) 8:79440–58. doi: ARTN 4926 10.1109/Access.2020.2989193


41. Devos, A, Simonetti, AW, van der Graaf, M, Lukas, L, Suykens, JAK, Vanhamme, L, et al. The Use of Multivariate MR Imaging Intensities Versus Metabolic Data From MR Spectroscopic Imaging for Brain Tumour Classification. J Magn Reson (2005) 173(2):218–28. doi: 10.1016/j.jmr.2004.12.007

42. Ge, C, Gu, IY, Jakola, AS, and Yang, J. Deep Learning and Multi-Sensor Fusion for Glioma Classification Using Multistream 2d Convolutional Networks. Annu Int Conf IEEE Eng Med Biol Soc (2018) 2018:5894–7. doi: 10.1109/EMBC.2018.8513556

43. Choy, G, Khalilzadeh, O, Michalski, M, Do, S, Samir, AE, Pianykh, OS, et al. Current Applications and Future Impact of Machine Learning in Radiology. Radiology (2018) 288(2):318–28. doi: 10.1148/radiol.2018171820

44. Louis, DN, Perry, A, Reifenberger, G, von Deimling, A, Figarella-Branger, D, Cavenee, WK, et al. The 2016 World Health Organization Classification of Tumors of the Central Nervous System: A Summary. Acta Neuropathol (2016) 131(6):803–20. doi: 10.1007/s00401-016-1545-1

45. Brat, DJ, Aldape, K, Colman, H, Figrarella-Branger, D, Fuller, GN, Giannini, C, et al. cIMPACT-NOW Update 5: Recommended Grading Criteria and Terminologies for IDH-Mutant Astrocytomas. Acta Neuropathol (2020) 139(3):603–8. doi: 10.1007/s00401-020-02127-9

46. 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

47. Maggio, I, Franceschi, E, Gatto, L, Tosoni, A, Di Nunno, V, Tonon, C, et al. Radiomics, Mirnomics, and Radiomirrnomics in Glioblastoma: Defining Tumor Biology From Shadow to Light. Expert Rev Anticancer Ther (2021) 21:1265–72. doi: 10.1080/14737140.2021.1971518

48. Whiting, PF, Rutjes, AW, Westwood, ME, Mallett, S, Deeks, JJ, Reitsma, JB, et al. QUADAS-2: A Revised Tool for the Quality Assessment of Diagnostic Accuracy Studies. Ann Intern Med (2011) 155(8):529–36. doi: 10.7326/0003-4819-155-8-201110180-00009

49. Mongan, J, Moy, L, and Kahn, CE Jr. Checklist for Artificial Intelligence in Medical Imaging (CLAIM): A Guide for Authors and Reviewers. Radiol Artif Intell (2020) 2(2):e200029. doi: 10.1148/ryai.2020200029

50. Saito, T, and Rehmsmeier, M. The Precision-Recall Plot is More Informative Than the ROC Plot When Evaluating Binary Classifiers on Imbalanced Datasets. PloS One (2015) 10(3):e0118432. doi: 10.1371/journal.pone.0118432

51. Knowler, WC, Pettitt, DJ, Savage, PJ, and Bennett, PH. Diabetes Incidence in Pima-Indians - Contributions of Obesity and Parental Diabetes. Am J Epidemiol (1981) 113(2):144–56. doi: 10.1093/oxfordjournals.aje.a113079

52. Li, DC, Liu, CW, and Hu, SC. A Learning Method for the Class Imbalance Problem With Medical Data Sets. Comput Biol Med (2010) 5):509–18. doi: 10.1016/j.compbiomed.2010.03.005

53. Ling, CX, Huang, J, and Zhang, H. AUC: A Better Measure Than Accuracy in Comparing Learning Algorithms. Lect Notes Artif Int (2003) 2671:329–41. doi: 10.1007/3-540-44886-1_25

54. Cronin, P, Kelly, AM, Altaee, D, Foerster, B, Petrou, M, and Dwamena, BA. How to Perform a Systematic Review and Meta-Analysis of Diagnostic Imaging Studies. Acad Radiol (2018) 25(5):573–93. doi: 10.1016/j.acra.2017.12.007

55. Macaskill, P, Gatsonis, C, Deeks, JJ, Harbord, RM, Takwoingi, Y, and The Cochrane Collaboration. Chapter 10: Analysing and Presenting Results. In:  JJ Deeks, PM Bossuyt, and C Gatsonis, editors. Cochrane Handbook for Systematic Reviews of Diagnostic Test Accuracy Version 1.0 Birmingham, UK: The Cochrane Collaboration (2010). Available at: http://srdta.cochrane.org/.



Author Disclaimer: The content is solely the responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health.


Conflict of Interest: Author ML is an employee and stockholder of Visage Imaging, Inc., and unrelated to this work, receives funding from NIH/NCI R01 CA206180 and is a board member of Tau Beta Pi engineering honor society. KB is an employee of Visage Imaging, GmbH. JI has funding support for an investigatorinitiated clinical trial from Novartis Pharmaceuticals (unrelated to this work).

The remaining 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 Bahar, Merkaj, Cassinelli Petersen, Tillmanns, Subramanian, Brim, Zeevi, Staib, Kazarian, Lin, Bousabarah, Huttner, Pala, Payabvash, Ivanidze, Cui, Malhotra and Aboian. 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.




ORIGINAL RESEARCH

published: 29 April 2022

doi: 10.3389/fonc.2022.896246

[image: image2]


Scalp-Sparing Radiation With Concurrent Temozolomide and Tumor Treating Fields (SPARE) for Patients With Newly Diagnosed Glioblastoma


Ryan Miller 1, Andrew Song 1, Ayesha Ali 1, Muneeb Niazi 1, Voichita Bar-Ad 1, Nina Martinez 2, Jon Glass 2, Iyad Alnahhas 2, David Andrews 2, Kevin Judy 2, James Evans 2, Christopher Farrell 2, Maria Werner-Wasik 1, Inna Chervoneva 3, Michele Ly 4, Joshua Palmer 5, Haisong Liu 1 and Wenyin Shi 1*


1 Department of Radiation Oncology, Thomas Jefferson University, Philadelphia, PA, United States, 2 Department of Neuro-Oncology, Thomas Jefferson University, Philadelphia, PA, United States, 3 Department of Pharmacology and Experimental Therapeutics, Thomas Jefferson University, Philadelphia, PA, United States, 4 Sidney Kimmel Medical College, Thomas Jefferson University, Philadelphia, PA, United States, 5 Department of Radiation Oncology, The Ohio State University, Columbus, OH, United States




Edited by: 

Gianluca Marucci, Carlo Besta Neurological Institute Foundation (IRCCS), Italy

Reviewed by: 

Ashley Ghiaseddin, University of Florida, United States

Marcello Marchetti, Carlo Besta Neurological Institute Foundation (IRCCS), Italy

*Correspondence: 

Wenyin Shi
 wenyin.shi@jefferson.edu 

Specialty section: 
 This article was submitted to Neuro-Oncology and Neurosurgical Oncology, a section of the journal Frontiers in Oncology


Received: 14 March 2022

Accepted: 06 April 2022

Published: 29 April 2022

Citation:
Miller R, Song A, Ali A, Niazi M, Bar-Ad V, Martinez N, Glass J, Alnahhas I, Andrews D, Judy K, Evans J, Farrell C, Werner-Wasik M, Chervoneva I, Ly M, Palmer J, Liu H and Shi W (2022) Scalp-Sparing Radiation With Concurrent Temozolomide and Tumor Treating Fields (SPARE) for Patients With Newly Diagnosed Glioblastoma. Front. Oncol. 12:896246. doi: 10.3389/fonc.2022.896246




Introduction

Standard-of-care treatment for patients with newly diagnosed glioblastoma (GBM) after surgery or biopsy includes concurrent chemoradiation followed by maintenance temozolomide (TMZ) with tumor treating fields (TTFields). Preclinical studies suggest TTFields and radiotherapy work synergistically. We report the results of our trial evaluating the safety of TTFields used concurrently with chemoradiation.



Methods

This is a single-arm pilot study (clinicaltrials.gov Identifier: NCT03477110). Adult patients (age ≥ 18 years) with newly diagnosed glioblastoma and a Karnofsky performance score (KPS) of ≥ 60 were eligible. All patients received concurrent scalp-sparing radiation (60 Gy in 30 fractions) with TMZ (75 mg/m2 daily) and TTFields (200 kHz). Maintenance therapy included TMZ and continuation of TTFields. Scalp-sparing radiation treatment was used to reduce radiation dermatitis. Radiation treatment was delivered through the TTFields arrays. The primary endpoint was safety and toxicity of tri-modality treatment within 30 days of completion of chemoradiation treatment.



Results

There were 30 patients enrolled, including 20 (66.7%) men and 10 (33.3%) women, with a median age of 58 years (range 19 to 77 years). Median KPS was 90 (range 70 to 100). A total of 12 (40%) patients received a gross total resection and 18 (60%) patients had a subtotal resection. A total of 12 (40%) patients had multifocal disease at presentation. There were 20 (66.7%) patients who had unmethylated O(6)-methylguanine-DNA-methyltransferase (MGMT) promotor status and 10 (33.3%) patients who had methylated MGMT promoter status. Median follow-up was 15.2 months (range 1.7 to 23.6 months). Skin adverse events were noted in 83.3% of patients, however, these were limited to Grade 1 or 2 events, which resolved spontaneously or with topical medications. The primary end point was met; no TTFields discontinuation occurred during the evaluation period due to high grade scalp toxicity. A total of 27 (90%) patients had progression, with a median progression-free survival (PFS) of 9.3 months (95% confidence interval (CI): 8.5-11.6 months). The 1-year progression-free survival was 23% (95% CI: 12%-45%). The median overall survival (OS) was 15.8 months (95% CI: 12.5 months-infinity). The 1-year overall survival was 66% (95% CI: 51%-86%).



Conclusions

Concurrent TTFields with scalp-sparing chemoradiation is a feasible and well-tolerated treatment option with limited toxicity. A phase 3, randomized clinical trial (EF-32, clinicaltrials.gov Identifier: NCT04471844) investigating the clinical benefit of concurrent TTFields with chemoradiation treatment is currently enrolling.



Clinical Trial Registration

Clinicaltrials.gov, identifier NCT03477110.
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Introduction

Concurrent chemoradiation and maintenance temozolomide (TMZ) with tumor treating fields (TTFields) is a category 1 recommendation for patients with newly diagnosed glioblastoma (GBM) (1). Addition of TMZ concurrently with radiation, and as maintenance therapy, has shown significant improvements in both progression-free survival (PFS) and overall survival (OS) (2, 3). Furthermore, the addition of TTFields to maintenance TMZ chemotherapy has led to improvements in both outcomes (4, 5). TTFields uses low intensity, intermediate frequency (200 kHz) alternating electric fields to arrest cell proliferation and disrupt cancer cell replication (6, 7). Preclinical models have demonstrated that TTFields causes mitotic arrest and apoptosis by disrupting mitotic spindle formation during metaphase; furthermore, it causes dielectrophoretic movement of polar molecules during cytokinesis (6–9). TTFields has not been associated with an increase in systemic adverse events compared with TMZ alone; however, previous studies have shown an increase in mild-to-moderate skin irritation (~52%) under the transducer arrays (5).

The concept of introducing TTFields not only as maintenance therapy, but concurrently with chemoradiation is supported by prior clinical work. A pilot study which combined TTFields treatment concurrently with chemoradiation in newly diagnosed GBM demonstrated a median PFS of 8.9 months, which is in comparison to a median PFS of 6.9 months and 6.7 months in the European Organisation for Research and Treatment of Cancer/National Cancer Institute of Canada Clinical Trials Group (EORTC/NCIC) and EF-14 studies, respectively (3, 5, 10). In addition to introducing TTFields earlier, it has been demonstrated that compliance and longer use lead to better outcomes, with > 90% usage leading to a median survival of 24.9 months on an EF-14 subgroup analysis (11). Administering TTFields concurrently with chemoradiation is also supported by preclinical studies in glioma cell cultures (12, 13). These studies have shown that administration of TTFields with radiation demonstrates synergy, possibly by inhibition of DNA damage repair (12). Cell apoptosis, DNA damage, and mitotic abnormalities were increased when TTFields were combined with ionizing radiation (13).

Currently, the only clinical study reported in the literature which combined TTFields with chemoradiation included 10 patients, for which the electrode array was removed during radiation treatment (10). On this study, 80% of patients experienced Grade 1-2 TTFields-related skin toxicity; no other TTFields-related toxicities were reported and there was no increase in chemoradiation-related toxicity. At our institution, a previous study was published on a cranial radiation phantom model with transducer arrays in place (14). This study demonstrated that there was minimal impact on deep dose measurements with a mean reduction of planning treatment volume (PTV) dose by 0.5 to 1%. However, there was an increase in measured surface dose by a mean ratio of 2.2 for a volumetric modulated arc therapy (VMAT) plan and the scalp dose was increased by a mean of 0.5 to 1.0 Gy. Due to the known skin toxicity associated with TTFields as discussed above, a scalp-sparing radiation treatment volume adjustment was used for our current study.

Previously, a 10-patient initial experience by our institution was published and showed a skin toxicity of 80% and was limited to Grade 1-2 events which resolved spontaneously or responded to topical medications (15). We report the final results with 30 patients evaluating toxicity and tolerability of Scalp Preservation Chemoradiation Plus Alternating Electric Tumor Treating Fields (SPARE) with delivery of radiation through the transducer arrays, followed by maintenance TMZ and TTFields.



Materials and Methods

This study was approved by the Institutional Review Board (IRB) at Thomas Jefferson University in Philadelphia, PA.


Study Population

Eligible patients included those adults, age ≥ 18 years, with a Karnofsky performance score (KPS) ≥ 60, with a pathology-confirmed diagnosis of World Health Organization (WHO) Grade IV glioma. Patients had to have adequate hematologic, hepatic, and renal function. Patients with infratentorial disease, implanted pacemaker, defibrillator, deep brain stimulator, skull defects, known hypersensitivity to conductive hydrogels, non-healing surgical incision or wounds on the scalp, and prior radiation and/or TMZ were excluded.



Study Design

This single-arm pilot trial was conducted at Thomas Jefferson University in Philadelphia, PA with the intent of evaluating the safety and toxicity of combination chemoradiation with TTFields for newly diagnosed GBM. Patients were treated with concurrent scalp-sparing radiation (60 Gy in 30 fractions), TMZ (75 mg/m2), and TTFields (200 kHz). Patients had to have recovered from the effects of surgery per the treating physician’s judgment; there was a minimum of 21 days from the day of surgery to the initiation of protocol treatment; for core or needle biopsy, there was a minimum of 14 days from the day of biopsy to the initiation of protocol treatment. Concurrent treatment started ≤ 7 weeks from the time of surgery or biopsy.

Following the concurrent phase, patients continued TTFields without interruption as tolerated. After 4 weeks (28 days, with up to additional 7 days), maintenance TMZ was started for 12 cycles on Days 1-5 every 28 days, unless there was disease progression, intolerable toxicity, voluntary withdrawal, or death.



Primary and Secondary Endpoints

The primary endpoint of the study was the discontinuation rate of TTFields due to skin toxicity during the concurrent chemoradiation phase and up to 30 days after completion of the concurrent phase. Discontinuation events were defined as discontinuation of TTFields for > 7 days due to a skin toxicity of Grade 3 or higher.

Secondary endpoints included median PFS, defined as the time from the start of radiation treatment to first disease progression or death, and median OS, which was measured from the start of radiation treatment to death. An additional secondary endpoint included quality of life evaluation for patients treated with concurrent chemoradiation and TTFields with maintenance TMZ and TTFields.



Pathology and Molecular Testing

Tumor O(6)-methylguanine-DNA-methyltransferase (MGMT) methylation status and isocitrate dehydrogenase (IDH) mutation status were tested on tumor specimens at the Department of Pathology at Thomas Jefferson University in Philadelphia, PA.



Radiation Treatment

At the time of simulation, patients were immobilized in the supine position using a Brainlab thermoplastic mask (Brainlab, Munich, Germany) using custom latex-free open cell styrene butadiene rubber (SBR) foam (Jaybird & Mais, Lawrence, MA) cutouts to accommodate patients’ TTFields transducer arrays. All patients underwent treatment planning computed tomography (CT) imaging, which was fused with post-operative magnetic resonance (MRI) imaging for target delineation and identifying organs at risk (OARs).

Regarding contours, the protocol initially defined target volumes following EORTC guidelines (16). These guidelines define the gross tumor volume (GTV) as the T1 post-contrast enhancing lesion and surgical cavity. The clinical target volume (CTV) was a 2- cm expansion of the GTV with adjustments made around natural barriers to tumor growth, such as the skull, falx, or tentorium. The planning target volume (PTV) was a uniform 3-mm expansion of the CTV. Radiation was prescribed as 60 Gy in 30 fractions with 95% of the PTV receiving 100% of the prescribed dose. The protocol was revised to allow Radiation Therapy Oncology Group (RTOG) target guidelines as well to accommodate provider preference (16). In their guidelines, GTV1 was defined as the T1 post-contrast enhancing lesion and surgical cavity, as well as any FLAIR abnormality. CTV1 was a 2-cm expansion on the GTV1 with a reduction around natural barriers to tumor growth as listed above. PTV1 was a 3-mm uniform expansion of the CTV1. Radiation was prescribed as 46 Gy in 23 fractions to PTV1. GTV2 included the T1 post-contrast enhancing lesion and surgical cavity only. CTV2 was a 2-cm expansion of the GTV2 with a reduction around natural barriers to tumor growth as listed above. PTV2 was a 3-mm uniform expansion of the CTV2. PTV2 was prescribed to 14 Gy in 7 fractions, with a total accumulated dose of 60 Gy in 30 fractions.

The scalp was used as an avoidance structure for planning and was defined as 5-mm thickness from the skin surface above the level of the foramen magnum. The following dose constraints were used: mean < 20 Gy, D20cc < 50 Gy, and D30cc < 40 Gy (14). PTV coverage was prioritized over scalp dose constraints when necessary. The Volumetric Modulated Arc Therapy (VMAT) technique was utilized. All radiation treatment planning was done with Eclipse (Varian, Palo Alto, CA), and all patients were treated with TrueBeam STx (Varian, Palo Alto, CA) with daily ExacTrac (Brainlab, Munich, Germany) image guidance.

At the time of treatment, radiation was delivered through the TTFields arrays. The power supply was disconnected before treatment and left outside the radiation vault; after the radiation treatment, the device was reconnected and resumed promptly.



Tumor Treating Fields

TTFields started concurrently with the first day of radiation treatment (with up to 1 week acceptable). TTFields was administered continuously with a planned ≥ 18 h per day duration of usage. If a patient required an intervention prohibiting the use of TTFields, such as a surgery for recurrence, then TTFields could be discontinued for ≤ 60 days before resuming. Monthly device logs were obtained for all patients on trial, including average daily use (ADU). Non-adherence to TTFields was defined as < 75% ADU per monthly device logs absent of any medical indication necessitating an interruption in treatment, such as skin reaction or ulceration.

The scalp skin below the electrode was inspected by the physician and/or patient during transducer array placement. The electrode location was shifted between two alternate sites at every electrode gel change (17).



Response Assessment

Treatment response and disease progression were monitored with serial brain MRI imaging as per the Updated Response Assessment Criteria for High-Grade Gliomas: Response Assessment in Neuro-Oncology Work Group (RANO criteria) (18).



Toxicity

The Common Terminology Criteria for Adverse Events (CTCAE) 5.0 was used to grade toxicity (19). If there was localized skin toxicity, including any breakdown or infection which required more than 3 days of treatment interruption, this was reported as an adverse event. If a patient developed skin toxicity prohibiting continued use of TTFields during the concurrent phase of treatment, TTFields would be discontinued while chemoradiation treatment was continued.



Mental Status and Quality of Life Assessment

A Mini-Mental State Examination (MMSE) was administered to patients at baseline before starting the concurrent phase of treatment, during the concurrent phase of treatment, and during the maintenance phase of treatment. In addition, patients were given the EORTC Core Quality of Life questionnaire (QLQ-C30 version 3) and a brain cancer-specific health-related quality of life questionnaire (QLQ-BN20) to complete at these same timepoints. The QLQ-C30 version 3 questionnaire includes 30 questions which assess quality of life and is divided into several domains including global health status, physical functioning, role functioning, emotional functioning, cognitive functioning, social functioning, and general symptoms. QLQ-BN20 contains 20 questions which are more specific to brain cancer patients and includes domains such as future uncertainty, visual symptoms, motor dysfunction, communication deficit, and additional symptoms often experienced by these patients.



Statistical Analysis

The TTFields discontinuation rate during the concurrent chemoradiation phase and within 30 days of completion due to skin toxicity was estimated with the corresponding 95% exact binomial confidence interval (CI). PFS and OS were evaluated using Kaplan-Meier estimates for the entire cohort and by methylation status. The estimates for PFS and OS were based on 30 patients. The difference in PFS or OS by methylation status was tested using the log-rank test. All statistical analyses were performed using R 4.0.4. Descriptive analysis was performed on acute toxicity data, as well as TTFields duration of usage and quality of life data.




Results


Study Participants

A total of 30 patients were enrolled in the trial (Table 1). There were 20 (66.7%) men and 10 (33.3%) women. The median age was 58 years (range 19-77 years). The median KPS was 90 (range 70-100). There were 20 (66.7%) patients who had unmethylated MGMT promotor status and 10 (33.3%) patients who had methylated promoter status. A total of 12 (40%) patients received a gross total resection and 18 (60%) patients had a subtotal resection. The median time from surgery to radiation was 34 days (range 26-49 days). The median follow-up was 15.2 months (range 1.7 to 23.6 months).


Table 1 | Patient demographics.





Treatment Delivery and Duration of Usage

The median scalp dose volume was 455 cc (range 352.3-682.7 cc). Scalp dose constraints were achieved for all patients in the trial. The mean dose median was 8.3 Gy (range 4.3-14.7 Gy), the D20 cc median was 25.9 Gy (range 17.7-42.8 Gy), and the D30 cc median was 23.5 Gy (range 14.8-35.4 Gy). The max dose median was 51.6 Gy (range 33.4-65.7 Gy).

Regarding the primary endpoint, the TTFields discontinuation rate during the concurrent phase and within 30 days of completion of the concurrent phase due to skin toxicity was 0% (95% CI: 0-11.6%). Regarding TTFields compliance, the median usage was 10.7 months (range 1.6-21.7 months) from the time of initiation. The ADU for patients during the concurrent phase had a median of 82.6% (range 9-92.5%). The ADU for patients during the maintenance phase had a median of 74.6% (range 0-91%).



Toxicity

Regarding toxicity, no Grade 3 or higher toxicity during the concurrent or maintenance phase was observed on trial. Grade 1 events reported during the concurrent phase and up to 30 days after completion of the concurrent phase included 22 (73.3%) patients with skin toxicity (dermatitis, erythema, folliculitis), 9 (30%) with fatigue, 1 (3.3%) with cognitive impairment, 11 (36.7%) with pruritus, 3 (10%) with headache, 2 (6.7%) with dizziness, and 4 (13.3%) with nausea (Table 2). Grade 2 events reported during the concurrent phase and up to 30 days after completion of the concurrent phase included 3 (10%) patients with skin toxicity and 1 (3.3%) with headache (Table 2). No radiation treatment interruption occurred due to TTFields-related toxicity for the 30 patients on trial.


Table 2 | Adverse events deemed possible or greater relatedness to therapy.





Progression-Free and Overall Survival

At the time of this writing, 27 (90%) patients had progression. The median PFS for the entire cohort was 9.3 months (95% CI: 8.5-11.6 months) (Figure 1). The 1-year progression-free survival was 23% (95% CI: 12%-45%). The median PFS was 8.3 months for those patients without MGMT promotor methylation status (95% CI: 6.4 months-infinity) (Figure 2). The median PFS was 11.7 months for those patients with MGMT promotor methylation status (95% CI: 10.1 months-infinity) (Figure 2). A total of 4 (13.3%) patients were compliant with concurrent TTFields for > 90% ADU, and among these patients, the median PFS was 10.1 months (95% CI: 6.6-13.2 months).




Figure 1 | Kaplan-Meier estimates of progression-free survival (A) and overall survival (B) (both represented by solid lines). The dashed lines represent the corresponding 95% confidence pointwise confidence intervals.






Figure 2 | Kaplan-Meier estimates of progression-free survival (A) and overall survival (B) by methylation status. In both figure panels, the black line represents unmethylated MGMT promoter patients and the blue line represents methylated MGMT promoter patients.



The median OS for the entire cohort was 15.8 months (95% CI: 12.5 months-infinity) (Figure 1). The 1-year overall survival was 66% (95% CI: 51%-86%). The median OS was 12.7 months for those patients without MGMT methylation (95% CI: 10.1 months-infinity) (Figure 2). The median OS was 18.4 months for those patients with MGMT methylation (95% CI: 15.8 months-infinity) (Figure 2). Among the 4 patients compliant with concurrent TTFields for > 90% ADU, the median OS could not be reached.



Mental Status and Quality of Life

The median MMSE score at baseline was 30 (range 1-30). The median MMSE during the concurrent phase of treatment was 29 (range 1-30). In comparison to baseline MMSE examination, the median change in score during the concurrent phase was 0 (range -7 to +5). Among the 6 patients with a decline in MMSE during the concurrent phase, 2 returned to baseline, 3 did not have a maintenance MMSE conducted, and 1 patient continued to decline during the maintenance phase.

The median change in score between baseline and the concurrent phase for global health status was 0% (range -33.3% to +58.3%), for physical functioning was -3.3% (range -53.3% to +20%), for role functioning was 0% (range -50% to +83.3%), for emotional functioning was -8.3% (-16.7% to +25%), for cognitive functioning was 0% (-83.3% to +33.3%), and for social functioning was 0% (-66.7% to +83.3%) (Figure 3). The median change in score between baseline and the concurrent phase for future uncertainty was 0% (range -50% to +33.3%), for visual symptoms was 0% (range -44.4% to +11.1%), for motor dysfunction was 0% (range -22.2% to +22.2%), and for communication deficit was 0% (range 0% to +33.3%) (Figure 3).




Figure 3 | Quality of life as measured by the EORTC Core Quality of Life questionnaire (QLQ-C30 version 3) and brain cancer-specific health-related quality of life questionnaire (QLQ-BN20). Individual scales are shown on the Y-axis. The percentage change from baseline questionnaire administration to concurrent phase questionnaire administration (at approximately Week 3) is shown on the X-axis, including the range (black line represents minimum and gray line represents maximum), as well as the median (represented by black circle).






Discussion

Our trial is one of the first to combine TTFields concurrently with chemoradiation with the radiation treatment delivered through the TTFields arrays. No Grade 3 or higher adverse events were noted, and no patient discontinued TTFields due to skin toxicity. Grade 1 skin toxicity was 73.3% and Grade 2 skin toxicity was 10%, but these resolved spontaneously or responded to topical medications. No patient had an interruption in their radiation treatment course as a result of TTFields-related toxicity, and there was negligible change in mental status and quality of life between baseline and the concurrent treatment phase.

The other clinical study reported in the literature which combined TTFields with chemoradiation included 10 patients, for which the electrode array was removed during radiation treatment (10). On their study, 80% of patients experienced Grade 1-2 TTFields-related skin toxicity, similar to our results. They found a median PFS from enrollment to be 8.9 months. In contrast, EF-14 demonstrated a PFS of 6.7 months when TTFields was given with maintenance TMZ only (5). In our cohort, we found a median PFS of 9.3 months when TTFields was given concurrently with chemoradiation and with maintenance TMZ, which suggests a potential improvement in comparison to previously reported studies (3, 5, 10, 20, 21). A planned multi-institutional study is investigating a similar strategy of concurrent TTFields with chemoradiation and has a separate arm planned for elderly patients with reduced KPS who are receiving hypofractionated radiation (22). In addition, EF-32, or the TRIDENT trial, is a phase 3, randomized study currently enrolling that will further investigate introduction of TTFields concurrently with chemoradiation on clinical outcomes (23).

Patients with methylated MGMT promotor status in our study had a median PFS of 11.7 months and patients with unmethylated MGMT promotor status had a median PFS of 8.3 months. A recent systematic review and meta-analysis reported the median PFS for methylated patients treated with chemoradiation alone to be 9.51 months and for unmethylated patients to be 4.99 months (24). Taken together, it is promising that the addition of TTFields concurrently with chemoradiation leads to benefit regarding disease progression for both MGMT methylated and unmethylated patients.

Overall survival for the cohort was 15.8 months, which was less than in EF-14 (5). This could be due to the number of patients who underwent a subtotal resection (60%), as well as the number of patients who had multifocal disease at diagnosis (40%) including 1 (3.3%) patient with gliomatosis, a presentation known to lead to worse prognosis (25). Furthermore, 2 (6.7%) patient deaths early in the trial were attributed to non-GBM-related causes (sepsis and pulmonary embolism). Last, the population in our study included patients with early disease progression, which was excluded in EF-14 (5). Patients with progression received salvage therapy and, thus, we acknowledge that OS is not an optimal indicator to evaluate the efficacy of a first line treatment. Nevertheless, the data presented is hypothesis generating and provides support regarding the safety and feasibility of concurrent TTFields. PFS and OS will be further investigated in a phase 3 trial (23).

Regarding salvage treatments for patients with recurrent disease, 16 (53.3%) continued TTFields, 15 (50%) received Bevacizumab, 11 (36.7%) underwent re-resection, 9 (30%) received further radiation, 9 (30%) received lomustine, and 4 (13.3%) received immunotherapy. Four (13.3%) patients experienced significant early progression of disease and elected to pursue hospice measures rather than additional treatments.

This study is a pilot and had a small sample size of 30 patients. In addition, overall survival data is still maturing for the patients alive at last follow up. Nevertheless, the patient population enrolled demonstrated adherence to the treatment protocol, both during the concurrent and maintenance phases as shown by the ADU results. There are barriers to accepting TTFields from a patient experience, with approximately 65% declining this treatment due to personal reasons or lack of social support when offered in both the primary and recurrent settings (26). By allowing patients on this trial to undergo radiation treatment with their TTField arrays in place has the potential to reduce some of the possible reluctance that comes with electrode reapplication. In the maintenance setting, 75% of patients were adherent with TTFields in EF-14, similar to our study (5). This demonstrates that adding TTFields concurrently with chemoradiation does not negatively affect adherence during subsequent maintenance therapy. In addition, quality of life scores did not significantly decline during the concurrent phase and for most patients when there was a reduction, they had a return to baseline during the maintenance phase.

Our precautions to create a separate volume for the scalp and follow the dose constraints specified in the methods limited TTFields-related skin toxicity to either Grade 1 or 2 only, and as a result, no patient had a break in their treatment course. In summary, we conclude that concurrent TTFields and scalp-sparing chemoradiation is a safe and feasible option with limited toxicity. This trial provides feasibility data for further investigation. A phase 3, randomized study (EF-32, clinicaltrials.gov Identifier: NCT04471844) is currently enrolling and is investigating the clinical benefit of concurrent TTFields with chemoradiation treatment.
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Background

Brain metastases were considered to be well-defined lesions, but recent research points to infiltrating behavior. Impact of postoperative residual tumor burden (RTB) and extent of resection are still not defined enough.



Patients and Methods

Adult patients with surgery of brain metastases between April 2007 and January 2020 were analyzed. Early postoperative MRI (<72 h) was used to segment RTB. Survival analysis was performed and cutoff values for RTB were revealed. Separate (subgroup) analyses regarding postoperative radiotherapy, age, and histopathological entities were performed.



Results

A total of 704 patients were included. Complete cytoreduction was achieved in 487/704 (69.2%) patients, median preoperative tumor burden was 12.4 cm3 (IQR 5.2–25.8 cm3), median RTB was 0.14 cm3 (IQR 0.0–2.05 cm3), and median postoperative tumor volume of the targeted BM was 0.0 cm3 (IQR 0.0–0.1 cm3). Median overall survival was 6 months (IQR 2–18). In multivariate analysis, preoperative KPSS (HR 0.981982, 95% CI, 0.9761–0.9873, p < 0.001), age (HR 1.012363; 95% CI, 1.0043–1.0205, p = 0.0026), and preoperative (HR 1.004906; 95% CI, 1.0003–1.0095, p = 0.00362) and postoperative tumor burden (HR 1.017983; 95% CI; 1.0058–1.0303, p = 0.0036) were significant. Maximally selected log rank statistics showed a significant cutoff for RTB of 1.78 cm3 (p = 0.0022) for all and 0.28 cm3 (p = 0.0047) for targeted metastasis and cutoff for the age of 67 years (p < 0.001). (Stereotactic) Radiotherapy had a significant impact on survival (p < 0.001).



Conclusions

RTB is a strong predictor for survival. Maximal cytoreduction, as confirmed by postoperative MRI, should be achieved whenever possible, regardless of type of postoperative radiotherapy.





Keywords: brain metastasis, postoperative MRI, extent of resection (EOR), overall survival (OS), neuro-oncology, tumor burden



Introduction

Unsatisfying data exist about standards of postoperative care and diagnostic procedures regarding brain metastases (BMs). Several studies have analyzed the correlation between postoperative tumor remnants and local in-brain progression by postoperative magnetic resonance imaging (MRI) (1–9). However, extent of resection (EOR) or residual tumor burden (RTB) has been defined sufficiently. No comparable publication has objectively analyzed EOR in BMs regarding survival.

Previous studies suggest that intraoperative estimates of EOR are inaccurate compared with early postoperative MRI (1, 10, 11). Early postoperative MRI is still not established in the neuro-oncological workflow (1, 12, 13), and incidence of BMs is growing due to improved control of systemic disease (14). BMs have still been considered to be anatomically well-defined lesions, but retrospective autopsy analysis revealed perivascular protrusion into surrounding brain parenchyma and diffuse infiltrating patterns (15). In contrast, for malignant gliomas, the necessity of gross total resection is well known (16–18). The impact of surgical cytoreduction of BMs has still not been satisfyingly defined. Literature only makes certain presumptions about the benefits of surgical treatment (19, 20).

In order to discuss the impact of cytoreductive therapy in patients with BMs and the importance of postoperative MRI, we retrospectively analyzed 704 patients with BMs. The primary objective was to determine any significant impacts on survival dependent on the RTB.



Materials and Methods


Patient Collection

Our department surgically treated 761 patients for newly diagnosed BMs between April 2007 and January 2020. Twenty-eight of 761 (3.7%) patients underwent biopsy-only, and 29/761 (3.8%) patients did not receive postoperative MRI. A total of 704 (92.5%) patients met inclusion criteria of histopathological diagnosis of a BM, pre- and postoperative MRI, and tumor resection beyond only biopsy.

Patients’ medical charts, tumor localization, number of BMs, date of surgery, pre- and postoperative Karnofsky Performance Status Scale (KPSS), pre- and postoperative tumor burden, date of death, or date of last contact (for living patients) were reviewed. Data of postoperative radiotherapy were recorded and analyzed as well.



Surgery

Surgery was performed with the aim of maximum tumor resection preserving eloquent regions. Intraoperative neuronavigation was used routinely. If needed, neuromonitoring and preoperative mapping were performed as well. Indications for surgical treatment were based on interdisciplinary neurooncological board decisions and mainly (independent of number of BMs) included (1) symptomatic lesion, (2) mass effect, (3) intratumoral hemorrhage, (4) unclear diagnosis, and (5) large posterior fossa tumors with consecutive risk of herniation/hydrocephalus.



Residual Tumor Burden

All early (within 72 h) postoperative (T1-weighted, with and without gadolinium contrast-media) MRIs were evaluated, and residual tumor remnants were detected. As in the case of glioblastomas, the importance of postoperative precise enhancement quantification has already been demonstrated well, and any discussable contrast-media-active or subsequent postoperative reactive barrier disturbances were classified as remnants (21). An experienced neuroradiologist (BW, 11 years of experience) and neurosurgeon (AA, 7 years of experience) performed volumetric measurements. Volumes of the contrast-enhancing tumor part were manually segmented using the Origin® software (Origin®, Brainlab, version 3.1, Brainlab AG, Munich, Germany). Contrast-enhancing lesions measuring less than 10 mm in at least one dimension were also graded as RTB (22) defined as residual tumor volume independent from targeted BMs. In the case of single BM, RTB was equivalent to postoperative volume. The term postoperative tumor volume was always referred to the targeted BM.



Statistical Analysis

Statistical analyses were performed using R Version 4.0.0 (© The R Foundation, https://www.r-project.org/). Logistic regression analyses were performed to identify possible risk factors for outcome changes. A difference with an error probability of less than 0.05 was considered statistically significant. Descriptive statistics for the demographic variables were generated with means and standard deviations or medians with interquartile ranges. Survival analyses were performed using Kaplan–Meier estimates for univariate analysis and Cox regression proportional hazards model for multivariate analysis. To determine the optimal cutoff for differences in survival curves, the maximally selected log-rank statistic was found, followed by comparison of the survival curves, separated by the resulting cutoff. Bootstrapping (repeated 1,000 times) was performed to estimate a 95% confidence interval around the correlation coefficient ρ.



Ethics approval

Our study was approved by the local ethics committee (no. 5626:12). It was conducted in accordance with the ethical standards of the 1964 Declaration of Helsinki and its later amendments (23). The requirement for written informed consent was waived by the ethics committee




Results


Patient Population

A total of 704 patients were included. Median age at surgery was 64.0 years (range 18–93 years), with 350/704 (49.7%) female and 354/704 (50.3%) male patients. Median pre- and postoperative KPSS was 80.0% (IQR 70.0–90.0). Of 704 patients, 372 (52.8%) presented with a single BM, 122/704 (17.3%) presented with 2, 142/704 (20.2%) presented with 3, and 68/704 (9.7%) presented with more than 3 BMs.

Of 704 patients, 505 (71.7%) underwent postoperative radiotherapy. For 40/704 (5.7%) patients, no data were available anymore. Whole-brain radiotherapy (WBRT) was performed in 208/505 (41.2%) patients. Single fraction stereotactic radiosurgery (SRS) was conducted in 26/505 (5.1%) patients and hypofractionated stereotactic radiotherapy (HSRS) was conducted in 231/505 (45.7%) patients. Of 704 patients, 301 (42.8%) underwent postoperative chemotherapy and 76/704 (10.8%) underwent immunotherapy (Table 1).


Table 1 | Demographics and tumor characteristics.



Complete cytoreduction was achieved in 487/704 (69.2%) patients, median preoperative tumor burden was 12.4 cm3 (IQR 5.2–25.8 cm3), and median RTB was 0.14 cm3 (IQR 0.0–2.05 cm3), regardless of the number of BMs.

Median postoperative tumor volume of the targeted BM was 0.0 cm3 (IQR 0.0–0.1 cm3).

Median overall survival was 6 months (IQR 2–18) (Figure 1A). Maximally selected log rank statistics showed a significant cutoff for RTB of 1.78 cm3 (p = 0.0022) for all patients, regardless of the number of BMs (Figures 1B, C).




Figure 1 | (A) Overall survival of patients with BMs modeled by Kaplan–Meier estimator. (B) Maximally selected log rank statistics displaying the cutoff of postoperative RTB regarding overall survival in patients with BMs. (C) Functions of overall survival in all patients for subgroups of cutoff residual tumor demonstrating significantly divergent survival curves.



In multivariate analysis, preoperative KPSS (HR 0.981982, 95% CI, 0.9761–0.9873, p < 0.001), age (HR 1.012363; 95% CI, 1.0043–1.0205, p = 0.0026), preoperative tumor burden (HR 1.004906; 95% CI, 1.0003–1.0095, p = 0.00362), and whole postoperative tumor burden (HR 1.017983; 95% CI; 1.0058–1.0303, p = 0.0036) were identified as significant.

Postoperative volume was evaluated with a focus on the targeted BM, and maximum selected log rank statistics revealed a significant cutoff for RTB of 0.28 cm3 (p = 0.0047) (Figures 2A, B).




Figure 2 | (A) Maximally selected log rank statistics displaying the cutoff of postoperative tumor volume of the targeted BM. (B) Functions of overall survival in all patients for these subgroups demonstrating significantly divergent survival curves. (C) Functions of overall survival in subgroups of complete/incomplete cytoreduction, regardless of number of BMs.



In a further subgroup analysis, the influence of complete vs. incomplete cytoreduction was examined in the absence of statistically significantly divergent survival curves in the Kaplan–Meier estimates (Figure 2C).

A subgroup analysis distinguishing between patients with and without systemic progression was performed; 473 (67.2%) patients had systemic progression. No significance could be detected comparing both groups (p = 0.79) regarding RTB, but within the subgroup with controlled primary neoplastic disease, maximally selected log rank statistics showed a significant cutoff for RTB of 0.13 cm3 (p < 0.001) (Figure 3A) and a significant impact of complete cytoreduction on overall survival (p = 0.035) (Figure 3B).




Figure 3 | (A) Maximally selected log rank statistics displaying the cutoff of postoperative tumor volume in a subgroup with systemic tumor progression. (B) Functions of overall survival demonstrating significantly divergent survival curves after complete surgical cytoreduction.





Impact of Postoperative Radiotherapy, Number of BMs, and Age on Survival

As mentioned above, 505/704 (71.7%) patients underwent postoperative radiotherapy. WBRT was performed in 208/505 (41.2%) patients. SRS was conducted in 26/505 (5.1%) and HSRS was conducted in 231/505 (45.7%) patients. The different types of conducted radiotherapy were compared regarding overall survival. Postoperative radiotherapy, especially SRS and HSRS, had a significant impact on survival (p < 0.001) (Figure 4A).




Figure 4 | (A) Overall survival of patients with operated BMs with and without postoperative radiotherapy modeled by Kaplan–Meier estimates. (B) Survival functions according to number of BMs in favor of single BM. (C) Functions of overall survival in subgroups with WBRT and number of BMs demonstrating no significantly divergent survival curves (p = 0.14), and (D) survival estimates in patients with postoperative SRS significantly divergent in favor of patients with a single BM (p = 0.043).



Regardless of postoperative radiotherapy, we observed that patients with a single BM had a higher overall survival (p < 0.001), as shown by Kaplan–Meier estimates (Figure 4B).

In terms of WBRT and the number of BMs, we detected no significant impact on overall survival (p = 0.14) (Figure 4C), whereas SRS had a significant impact on patients with single BMs (p = 0.043) (Figure 4D).

Further subgroup analysis revealed that the outcome after WBRT significantly differed from targeted entity shown by the three most common types of cancer in the present population with breast cancer in 124/704 (17.6%), lung cancer in 131/704 (18.6%), malignant melanoma in 107/704 (15.2%), and another group with all other cancer types in 342/704 (48.6%) (Figure 5A). With a median age of 64.0 years (range 18–93) of the analyzed population, maximally selected log rank statistics revealed a significant cutoff for the age of 67 years (p < 0.001), whereby 439/704 (62.4%) patients are ≤67 years and 265/704 (37.6%) are >67 years old (Figure 5B).




Figure 5 | (A) Kaplan–Meier estimates in all patients for these subgroups demonstrating how the impact of WBRT significantly differs from entity. (B) Functions of overall survival in all patients of cutoff age demonstrating significantly divergent survival curves in favor of patients who are ≤67 years old.






Discussion


Survival Analysis and Impact of Postoperative Tumor Burden

Median overall survival was 6 months. These results are in line with other reports emphasizing the relevance of improving postoperative outcome of patients with BM, the most common type of brain tumor alongside meningiomas. Preoperative KPSS (HR 0.981982, 95% CI, 0.9761–0.9873, p < 0.001) and preoperative tumor burden (HR 1.004906; 95% CI, 1.0003–1.0095, p = 0.00362) were significant prognostic factors regarding overall survival. These findings are consistent with the reports of previous publications (4–9). However, postoperative tumor burden (HR 1.017983; 95% CI; 1.0058–1.0303, p = 0.0036) was identified as significant as well, indicating the importance of maximal cytoreduction, which was also underlined by a significant cutoff for RTB of 1.78 cm3 (p = 0.0022) exhibiting divergent survival curves in the Kaplan–Meier estimates. As a result, the relevance of postoperative MRI is also emphasized. Focusing on the targeted BM, postoperative volume was analyzed and maximally selected log rank statistics showed a significant cutoff for RTB of 0.28 cm3 (p = 0.0047). Botch cutoff values and their survival functions display the impact of RTB. Interestingly, subgroup analyses comparing the effects of complete vs. incomplete cytoreduction revealed no statistically significant differences in survival curves. However, in the case of >1 BM (332/704, 47.2%), the aim of surgery was based on neurooncological board decisions, and symptomatic space-occupying lesions were targeted, explaining the non-significance since complete removal was not intended and almost 50% of the population had multiple BMs. With the newly available data and results regarding RTB, a paradigm shift could be discussed, and the target could be “extended”, especially now with the background knowledge that the cutoff RTB of 1.78 cm3 significantly favors survival for all patients.

Age, time of surgery, and the prognostic value of age in terms of survival have been the subject of research with different statements as the aim of research varied or only single cancer entities were analyzed (3, 24–26). Nevertheless, two messages can be stated, which are also significantly reflected by our results: First, younger age at time of surgery is correlated with a favored survival (26), and second, in an older population (3), tumor remnant in early postoperative MRI is the only risk factor for local in-brain recurrence. With a median age of 64.0 years (range 18–93) of the analyzed population, maximally selected log rank statistics revealed a significant cutoff for the age of 67 years (p < 0.001), whereby 439/704 (62.4%) patients are ≤67 years. Age (HR 1.012363; 95% CI, 1.0043–1.0205, p = 0.0026) was a significant prognostic factor in multivariate analysis as well. Thus, a non-negligible large part of patients does profit from maximal cytoreduction, regardless of cancer type. That fact should be considered in future interdisciplinary discussions.

The present study highlights that RTB is important for survival. Autopsy analyses revealed perivascular protrusion into surrounding brain parenchyma and diffuse infiltrating patterns (15). Therefore, EOR shall be confirmed by postoperative MRI as complete resection is not always warranted by intraoperative estimates, already displayed by previous reports (1–3).

Regarding systemic progression of the primary neoplasm, the minority of the collective had no systemic progression. When interpreting the results, a trend was recognizable but without statistical significance. Anyway, within the subgroup with systemic progression, both RTB and complete cytoreduction had a significant impact on survival being in line with the results of the whole patient population. Having in mind that occurrence of BM itself may be considered as a form of systematic progression of the primary neoplasm, the importance of our findings remains relevant notwithstanding the systematic disease.

EOR has been of great interest for treating glioma patients. Patients with gross total resection have superior survival (16, 17, 27, 28). Although cytoreduction showed importance to overall survival in glioma patients, in the case of BMs, the procedure’s effects are controversial and still undefined.

To our knowledge, this study shows for the first time the significance of EOR on overall survival in BMs, regardless of number of BMs, in a large patient population with sufficient follow-up.



Postoperative Treatment and Outlook

Radiotherapy is another important keystone of oncological therapy of BMs. Data from prospective randomized trials show that WBRT enhances local control at the surgical bed, and stereotactic radiosurgery of the cavity significantly improves surgical bed control compared with resection alone (29–31). Brown et al. prospectively analyzed the outcomes of postoperative stereotactic radiotherapy compared to WBRT after resected BMs in 194 cases, with a median overall survival of 12.2 and 11.6 months, respectively (32). Stereotactic radiosurgery provided patients with better cognitive outcomes but had inferior 6-month local control compared with WBRT. Interestingly, we also revealed a significant impact of WBRT on overall survival in a subgroup analysis of the three most common types of cancer in the present population with breast cancer, lung cancer, malignant melanoma, and another group with all other cancer types. Reasons for those findings are inconclusive. Retrospective data, using different dose regimens compared to the mentioned trials, showed an advantage of stereotactic radiosurgery over WBRT in terms of local control (33). At our institution, a paradigm shift towards SRS occurred. Our subgroup analysis revealed similar results; different types of conducted radiotherapy were evaluated in terms of overall survival, and a significant relation between therapy and survival was observed in favor of SRS and HSRS (p < 0.001) and in the case of SRS for patients with single BM (p = 0.043). However, patients with single BM tend to have a favored survival, regardless of type of radiotherapy (p < 0.001).

Challenges of postoperative stereotactic radiosurgery include the optimal definition of the targeted volume, total dose, fractionation, and definition of the maximal volume (29, 33–35). Previous analyses, focusing on postoperative radiotherapy, identified EOR as a strong prognostic factor for overall survival, which emphasizes the importance of complete surgical cytoreduction and suggests that typical adjuvant irradiation doses are insufficient to long-term local control (33, 36, 37), which we could reflect in the present study as well.

As the current analysis focused on the treatment effect of surgical cytoreduction, detailed analysis of postoperative systemic therapies was not paramount, but nevertheless, chemo- and radiotherapy oftentimes impact survival and are important variables. Their value is not negligible and must be taken into consideration, even though we could point towards the relevance of in-brain tumor burden.



Study Limitations

The retrospective study design might introduce an unavoidable bias due to the patient selection, the more aggressive treatment in patients with better KPSS, or unavoidable follow-ups in some patients. Although systemic progression was not analyzed, in-brain tumor burden may be seen as an expression of systemic disease. Therefore, based on the extent of the systemic disease, complete cytoreduction was not indicated in every case, as already mentioned above, particularly in cases of multiple metastases. In these cases, symptomatic metastases with a relevant mass effect were usually targeted.

Furthermore, only patients with follow-up MRI were analyzed. In addition, mainly patients in good oncological condition underwent follow-up MRIs, whereas patients in a moribund state often only obtain a cranial CT scan, which should be seen as another limitation of this study.

New histopathological findings have been discovered and therapy options have been extended, catalyzing heterogeneity among present population. This study cannot reflect continuous improvements in systemic chemotherapy for, e.g., primary breast, lung, renal cancer, or malignant melanoma (38–40). However, the longer the patient survives, the more relevant in-brain progression and overall survival become.



Conclusion

Among patients with BMs, the EOR was below the proclaimed 100%. The RTB is a valid predictor for survival. Maximal cytoreduction directly influences in-brain progression and overall survival. Maximal cytoreduction, confirmed by postoperative MRI, should be achieved whenever possible. This study also advocates early postoperative MRI in patients with BMs to assess EOR. Postoperative radiotherapy has its raison d’être, especially in the case of SRS and single BM; however, maximal cytoreduction remains of utmost importance.
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Background

Detection of circulating tumor cells (CTCs) is a promising technology in tumor management; however, the slow development of CTC identification methods hinders their clinical utility. Moreover, CTC detection is currently challenging owing to major issues such as isolation and correct identification. To improve the identification efficiency of glioma CTCs, we developed a karyoplasmic ratio (KR)-based identification method and constructed an automatic recognition algorithm. We also intended to determine the correlation between high-KR CTC and patients’ clinical characteristics.



Methods

CTCs were isolated from the peripheral blood samples of 68 glioma patients and analyzed using DNA-seq and immunofluorescence staining. Subsequently, the clinical information of both glioma patients and matched individuals was collected for analyses. ROC curve was performed to evaluate the efficiency of the KR-based identification method. Finally, CTC images were captured and used for developing a CTC recognition algorithm.



Results

KR was a better parameter than cell size for identifying glioma CTCs. We demonstrated that low CTC counts were independently associated with isocitrate dehydrogenase (IDH) mutations (p = 0.024) and 1p19q co-deletion status (p = 0.05), highlighting its utility in predicting oligodendroglioma (area under the curve = 0.770). The accuracy, sensitivity, and specificity of our algorithm were 93.4%, 81.0%, and 97.4%, respectively, whereas the precision and F1 score were 90.9% and 85.7%, respectively.



Conclusion

Our findings remarkably increased the efficiency of detecting glioma CTCs and revealed a correlation between CTC counts and patients’ clinical characteristics. This will allow researchers to further investigate the clinical utility of CTCs. Moreover, our automatic recognition algorithm can maintain high precision in the CTC identification process, shorten the time and cost, and significantly reduce the burden on clinicians.
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Introduction

Circulating tumor cells (CTCs) are an important component of liquid biopsies and play an increasingly important role in cancer management (1–6). They have the advantage of non-invasive and convenient sampling and are commonly used for cancer diagnosis, dynamic monitoring of disease progression, and prognostic prediction. Undoubtedly, this technological advancement holds promise for further application in glioma, the deadliest brain tumor for which there is no safe monitoring method routinely. In particular, since scientists have successfully captured CTCs from the peripheral blood of patients with glioblastoma multiforme (GBM), World Health Organization (WHO) grade 4 glioma, a more comprehensive and in-depth understanding of glioma CTC characteristics has been achieved (7–9). However, the low detection efficiency with the currently available methods is still the most important factor limiting the clinical utility of CTCs in glioma.

Currently, the challenges of CTC detection are mainly focused on the two major issues of isolation and identification; correct identification is even more difficult than isolation. Because complete separation of CTCs and blood cells can barely be achieved by “positive enrichment,” “negative depletion,” or physical isolation, researchers need to further screen out CTCs from thousands of isolated nucleated cells. Among the various identification approaches, immunofluorescence (IF) staining is currently the most widely used technique (7–14). However, the use of antibodies against one or more protein surface markers will render the detection fragile to changes in the expression level of the selected marker, while targeting several proteins using an antibody cocktail will increase the risk of false-positive results and high background levels because healthy cells might express one or more of the included markers (7, 9, 11, 14). Thus, we believe that the development of other identification parameters will be an important component of IF staining for CTC identification. To address this issue, we proposed an identification method of IF staining combined with cell morphological features in our previous study, in which cell size was used as an important index for determination, which remarkably increased the specificity compared to IF staining alone (14). By using this identification strategy, the threshold of CTCs in healthy donors and detection level in glioma patients was 3.0 and 5.5 ± 3.0 (median: 5.0 CTCs, range: 0–13) CTCs per blood sample. It was noteworthy that our detection rate was as high as 85.7 (36/42 glioma patients), which was the highest yet reported. Although this strategy remarkably reduced background levels in healthy donors and increased the CTC detection rate, it also led to misidentification of a proportion of CTCs that were small in size. In particular, CTCs below the normal cell size have been increasingly reported, especially in highly heterogeneous GBM (15). Hence, evaluation of the role of other parameters (other morphological features) in distinguishing a broad repertoire of glioma CTCs from leukocytes is urgently required.

In addition, the interpretation of IF images is highly dependent on visual identification and annotation under the microscope by specialized physicians, who need to accurately discern 1–10 CTCs from thousands of nucleated cells, making this endeavor challenging. This is discussed in three aspects: First, there may be subtle differences in labeling results among CTCs owing to the use of antibody cocktail, as well as batch effects, easily leading to the occurrence of false-positive results (7, 13, 14); second, because of the background interference after the enrichment of CTCs (normal cells may express one or more of the targeted markers), the identification process needs to be combined with more parameters (including KR, cell volume, and nucleus morphology), further increasing the difficulty of microscopic identification through the naked eye; third, because of limited identification with human vision, misinterpretation of the results may be possible during macroscopic identification of CTCs under the microscope. In view of the above three demands and the remarkable progress made by artificial intelligence (AI) in the field of medical image recognition (16–18), we believe that developing computer technology and image processing technology to realize automatic identification and annotation of CTCs in gliomas would be of great clinical value for further application of CTCs.

Herein, after a comprehensive assessment of the roles of several morphological features in CTC identification in a previous study (19–21), we developed and validated a novel identification method to quantify CTCs isolated from peripheral blood samples of patients based on a method combining IF staining and KR, an important feature of malignant cells. Subsequently, we aimed to investigate the correlation between high-KR CTCs and patients’ clinical characteristics to evaluate clinical utility. Finally, based on acquired glioma CTC images and the aforementioned identifying parameters, we combined computer technology with digital image processing technology to construct an algorithm that mimics the CTC identification process by specialized physicians and achieve automated identification and annotation of CTCs in gliomas.



Methods


Blood Samples of Patients and Healthy Donors

Sixty-eight patients who were diagnosed with glioma underwent surgery and were enrolled in this study. After receiving written informed consent, peripheral blood samples were collected from patients and healthy donors under the Institutional Review Board-approved protocols. All patients in the study were free of significant comorbid medical conditions or prior cancer, deemed operable, and underwent a biopsy, subtotal, or gross total surgical resection (Table 1). Peripheral blood samples (5 ml × 2) were collected in EDTA buffer and processed by our ISET device (14) through the automatic isolation and staining procedure. All of the samples were collected before initial treatment and handled within 4 h. For postoperative patients, peripheral blood samples (5 ml × 2) were collected 2 weeks after surgery.


Table 1 | Baseline information of patients.





Cell Lines

To establish the stable cell lines of U87-GFP and U251-GFP, a lentiviral plasmid, pLVX-GFP-puro (Miaolingbio, Wuhan, China), was transfected with two helper vectors, pMD2.G (#12259, Addgene, USA) and psPAX2 (#12260, Addgene, USA), into 293T cells using the Lipofectamine 2000 transfection reagent (Invitrogen, Carlsbad, CA, USA) to produce lentiviruses. The cells were infected with the lentiviruses and selected by puromycin (#73342, Stemcell, Canada) (5 mg/ml for U87 and 8 mg/ml for U251). The efficiency of viral infection was monitored by an Olympus BX51 microscope (Olympus, Tokyo, Japan).



Isolation Procedure of the ISET Device

The blood sample (5 ml) was diluted 1:2 with BD wash buffer (BD, USA) containing 0.2% paraformaldehyde (PFA), 0.1% bovine serum albumin (BSA), and 0.0372% EDTA. It was incubated for 10 min at room temperature and then detected by our ISET device. Our ISET device and the protocols of isolation were introduced in detail in our previous study (14). Subsequently, the filtrate was gently aspirated by a vacuum suction pump. After aspiration, the retained cells were washed three times with pure water and fixed in 100% methanol. After disassembly from the filter, the membrane was placed on a slide and coverslipped after it had air-dried. The protocols of CTC isolation and detection were performed in our previous study (14).



STEAM Staining

STEAM staining was a specific antibody cocktail against GBM CTCs developed by researchers in 2014 (7). Given the heterogeneity of GBM and the unknown expression profile of putative GBM CTCs, researchers sought to develop a cocktail of antibodies that would identify a broad spectrum of GBM cells, by searching the GBM biomarker literature and utilized publicly available microarray data on GBM tumors, cell lines, and purified WBC populations to identify GBM-specific markers. From this process, five antibodies were selected, based on their strong immunofluorescent staining of GBM cells and their complete absence in normal blood cells. This antibody cocktail, annotated as STEAM (SOX2, Tubulin beta-3, EGFR, A2B5, and c-MET), was combined into a single IF staining channel.

We fixed the captured cells on the membrane with 4% PFA for 5 min and subsequently washed it with PBS 3 times. Then, 150 μl of 0.3% Triton-X 100 was added for 3 min in order to allow for intracellular staining. After that, we added 10% goat serum (Jackson ImmunoResearch) to block nonspecific binding for half an hour. Then, we discarded the serum and added the primary rabbit antibodies against Sox2 (CST), EGFR (CST), Met (CST), A2B5 (Abcam), and Tubulin (Abcam); the mouse antibodies against CD14 (BD) and CD16 (Santa Cruz Biotechnology); and the rat antibody against CD45 (Santa Cruz Biotechnology) diluted 1:100 for incubation overnight at 4°C. On the next day, we washed the membrane with PBS 3 times and added the secondary Alexa Fluor 488 Goat anti-Rabbit IgG (Thermo Fisher), Alexa Fluor 546 Goat anti-Mouse IgG (Invitrogen), and Alexa Fluor 546 Goat anti-Rat IgG (Invitrogen) diluted 1:200 for incubation for 45 min at 37°C. The nuclei were stained with DAPI. The slides were imaged by an automated fluorescence microscopy scanning system (OLYMPUS IX81) under ×40 magnification.



Low-Pass Whole-Genome Sequencing of CTC

Because the permeabilization process for STEAM staining is not compatible for the isolation of intranuclear DNA, CTCs were identified using fluorescently labeled antibodies against the surface markers: EGFR, MET, and CDH11. Subsequently, IF staining-positive CTCs were isolated by laser capture microdissection (LCM) technology. The minute amounts of DNA from CTC were amplified by the multiple annealing and looping-based amplification cycles (MALBAC) technique. DNA sequencing was performed by Illumina HiSeq 2500 system.



Automatically Segmentation and Recognition Algorithm

Our CTC recognition algorithm is designed to imitate the process of manually counting CTC (Figure 4). First, the image is read and converted to a grayscale image (the 24-bit color JPEG image with a resolution of 1,920 × 1,440 is converted to an 8-bit grayscale image by reading only the grayscale values of the corresponding dye channel). Then, the nucleus is located in the blue channel (DAPI). The green channel (STEM) and the red channel (CD45) are segmented according to the location of the nucleus (Figures 5A–C). The KR and the proportion of the red part are calculated. The specific flow of our algorithm is as follows:

	The image obtained by the CTC detection device is used as the input data of the algorithm, in which DAPI is input as the blue channel image, STEM is input as the green channel image, and CD45 is input as the red channel image, and is converted into a grayscale image.

	Since the background levels in blue channel (DAPI) are relatively low, the Otsu method is directly used to divide each pixel of the blue channel into two categories: target and background, and the blue channel is binarized.

	Find the connection region of the binarized image of the blue channel (DAPI) and obtain the maximum width (W) and maximum height (H) of each connected region.

	Set the upper and lower thresholds of height (h1 and h2) and the upper and lower thresholds of width w1 and w2 and make conditional judgments: if h1 < H < h2 and w1 < W < w2, go to the next step. If there is no connected region that meets the above conditions, it is determined that there are no CTCs, and the picture is output (where h1 and w1 take the value slightly smaller than the diameter of the filter hole, and h2 and w2 take the value slightly larger than the distance between the two filter holes. In our picture, the filter hole diameter is about 56 pixels, h1 = w1 =46. The distance between the centers of two filter hole is 180 pixels, h2 = w2 = 200, which is used to remove large-scale pollution and reduce the amount of calculation).

	Taking the width and height obtained in step (3) as parameters, enlarge the width and height by 3 times, respectively, and take the bounding box where the nucleus is located and mark it. We can get bounding boxes of varying numbers according to the number of nuclei.

	Region growth in the bounding box is marked in the blue channel. Select the central 11 × 11 area of the bounding box and select the point where the grayscale value in this area is between 80% and 95% of the grayscale histogram of the entire bounding box as the seed point and begin growing based on the seed points. Choose the grayscale value with the most occurrences in the bounding box as the background grayscale in the bounding box. When a point in the 8 neighborhoods of the seed point matches the condition, (1) the difference between the grayscale value of the point and the grayscale value of the center point is less than the grayscale value of the center point multiplied by p; and (2) the grayscale value of the center point is greater than the background grayscale value plus the standard deviation of the grayscale value of the bounding box. Label the point as a target point and a new seed. Repeat the above process until no new seed point is added, and the blue channel growth ends. To enhance the connectivity of the image, morphological operations are implemented on the image, such as open and close operations to remove discrete points and fill holes.

	According to the bounding box in the blue channel, the detection areas in the green channel and the red channel are locked, respectively, and regional growth is implemented within the bounding box. When generating the bounding box, it has been known that there must be a target in the bounding box of the blue channel, but there may not be a target in the bounding box of the green channel and the red channel. We need to find whether there is a target in the green channel and the red channel. First, select the grayscale value with the most occurrences in the whole picture as the global background grayscale value, and then choose the grayscale value with the most occurrences in the bounding box as the local background grayscale value in the bounding box. Calculate the average grayscale value of the target in the same position in the green channel and red channel in the binarized blue channel generated in step (6). When the bounding box of the green channel and the red channel matches the condition, (1) the difference between the average grayscale value and the global background grayscale value is less than the standard deviation of the global grayscale value; and (2) the difference between the average grayscale value and the local background grayscale value is less than the standard deviation of the bounding box. It is considered that there is no target in this channel. If there is a target in the channel, the same region growth as in step (6) is performed. Because it has been obtained, the binarized blue channel in step (6), the area for selecting the seed point, needs to change from an 11 × 11 area in the center of the bounding box to the target area of the blue channel, which is generated in step (6).

	Calculate karyoplasmic ratio (KR) and the proportion of red (Red_prop) according to the binarized DAPI, STEAM, and CD45 images segmented in steps (6) and (7).

	Using the result of step (7) to compare with the threshold, the threshold of the KR and the proportion of red are set to K and R, respectively. Cells with a proportion of red higher than R were considered to have a common leukocyte antigen, and cells with KR less than K were considered non-CTCs. The output bounding box binarized image and calculation results. After processing all bounding boxes in the picture, the CTCs were marked with a red box and the picture was output.





Evaluation Criteria for Our Classification Algorithm

After the segmentation of these images, some performance evaluation criteria were involved to evaluate the performance of our classification algorithm. There are four basic categories—True Positives (TP), False Positives (FP), True Negatives (TN), and False Negatives (FN)—that are commonly used to describe the overlap of predictions with ground-truth labels. True means the prediction is correct, False means the prediction is wrong, Positive means the label is CTC, and Negative means the label is non-CTC. Here, we choose five metrics—accuracy, sensitivity (Se or recall), specificity (Sp), precision, and F1 score—to evaluate the performance of our classification algorithm.

	

	

	

	

	



Statistical Analysis

Statistical analysis was mainly performed with R (https://www.r-project.org/) with several publicly available packages. p < 0.05 was considered to indicate statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, as indicated in the figures and legends).




Results


Confirmation of Identification of Cells of Smaller Size Through Copy Number Variation detection

First, of the 10 patients with gliomas of WHO grades 2–4 enrolled in this study, we focused on whether IF staining-positive cells with a small size (<16 μm) belong to CTCs. In particular, we found that “smaller CTCs” were more often observed in GBM, a WHO grade 4 glioma (Figure S1).

To clarify this subtype of CTCs, we utilized a single-cell DNA sequencing technique to analyze its variation patterns (Figure 1A). Because the permeabilization process for STEAM staining is not compatible with the isolation of intranuclear DNA, CTCs were identified using fluorescently labeled antibodies against the surface markers EGFR, MET, and CDH11 (7). Single-cell low-pass whole-genome sequencing (lp-WGS) analysis revealed that copy number variation in “smaller CTCs” was highly similar to that in normal CTCs, whereas it was quite different from that in leukocytes (Figure 1B). This result was consistent with that of a previous study and urged us to focus on smaller CTCs. Diffuse glioma is a highly heterogeneous disease with different tumor cell sizes. In particular, its heterogeneity might increase with an increase in tumor malignancy, leading to various sizes of CTC in high-grade gliomas. Our findings are consistent with this phenomenon. Therefore, other morphological features of malignant cells must be evaluated to develop a new CTC identification standard.




Figure 1 | The isolation and sequencing of glioma CTC. (A) Schematic of the experimental design. CTCs were collected by LCM technology and amplification was performed by MALBAC technology. The amplified products were used to perform DNA-seq. (B) The CNV pattern in normal CTC (upper), smaller CTC (middle), and leukocytes (lower).





Defining Karyoplasmic Ratio as an Important Parameter in CTC Identification

Notably, after DAPI staining and antibody labeling, larger nuclei were observed in STEAM+/CD45- cells than in STEAM-/CD45+ leukocytes (Figure 2A). Even in cells that were smaller in size, their nuclei appeared significantly larger than those in the cytoplasm (Figure 2A). Dysregulated KR is among the most representative feature of tumor cells owing to uncontrolled division that makes the nucleus grow much faster than the cell does. Therefore, we deduced that abnormal KR may play an important role in CTC identification.




Figure 2 | Comparing identification effect of methods based on karyoplasmic ratio and cell size in clinical samples. (A) The representative IF image of CTC in glioma, containing CTC with normal size and smaller size. Scale bar = 20 μm. (B) Left panel: method based on karyoplasmic ratio decreased the background level and false-positive risk in healthy donors (p = 0.002). Right panel: method based on cell size also decreased the background level and false-positive risk in healthy donors (p = 0.0014). (C) Compared with the method based on cell size (blue), the method based on karyoplasmic ratio significantly increased detectable level of CTC in glioma with WHO grade 2-4 (p = 0.015, p = 0.02, and p = 0.01, respectively). Before: method with cell size; after: method with KR. (D) Left panel: ROC curve for single IF staining in glioma diagnosis (AUC = 0.875). Middle panel: ROC curve for IF staining with cell size in glioma diagnosis (AUC = 0.940). Right panel: ROC curve for IF staining with KR in glioma diagnosis (AUC = 0.935).



To verify our conjecture, 20 blood samples collected from glioma patients (5 patients each in WHO grades 1–4) were analyzed for further details. Peripheral blood was collected using our ISET isolation device, and enriched cells were marked with an antibody cocktail annotated as STEAM and antibody against CD45 as well as DAPI. By converting the raw image to a grayscale image and calculating the area of DAPI and STEAM staining, a new parameter, the ratio of the area of the nucleus to that of the cytoplasm, was defined as KR of the cells. Using this new parameter, cells labeled with a single nucleus were divided into two categories. In the STEAM+/CD45- cell group, the vast majority showed a high KR (HKR), while very few showed a low KR (LKR). Corresponding to this, the STEAM-/CD45+ group showed LKR. These results indicated that HKR cells were more likely to be tumor cells.

For the quantification of KR in CTCs and white blood cells, we developed an algorithm based on the calculation of the IF-labeled area (KR = DAPI area/total cell area). In the above samples, we found that the KR of STEAM+/CD45- cells was 0.807 ± 0.055, 0.821 ± 0.065, 0.787 ± 0.047, and 0.878 ± 0.046, respectively, ranging from WHO grades 1 to 4, while the KR of STEAM-/CD45+ cells was 0.450 ± 0.031, 0.449 ± 0.082, 0.396 ± 0.061, and 0.531 ± 0.041, respectively. In blood samples from five healthy donors, the KR of STEAM+/CD45- cells was 0.848 ± 0.039, whereas that of STEAM-/CD45+ cells was 0.425 ± 0.044. Furthermore, we selected two glioma cell lines for quantification. The KR of U87 cell lines was 0.802 ± 0.059 and that of U251 was 0.772 ± 0.042 (Table 2). In addition, the threshold of HKR cells was similar to that in Liu’s study (19), revealing that KR might be a much more reliable identification parameter for glioma CTCs.


Table 2 | Quantization of karyoplasmic ratio in clinical samples and cell lines.





Comparing the Identification Effect of Methods Based on Karyoplasmic Ratio and Cell Size in Clinical Samples

First, the development of a KR-based identification method for CTCs was aimed at reducing the risk of false-positive results and high background levels. To further study this strategy, blood samples obtained from 20 healthy donors were randomly selected and tested using the same methods. In our previous study, we demonstrated that this identification strategy was able to reduce the background levels in healthy donors using a cell size identification method. Interestingly, when we used KR as an ancillary identification method, we observed that a subset of cells with LKR was present in STEAM+/CD45- CTCs from the peripheral blood of healthy donors (Figure 2A). Using the KR-based identification strategy, the detectable number of STEAM+/CD45-/HKR cells was remarkably decreased in healthy donors (Figure 2B). In addition, no significant difference in the decrease in the background level was observed between the two identification methods (p > 0.05). Because the limitation of the antibody cocktail for several surface markers mainly focuses on the high background level and false-positive results (7, 11, 14), our findings indicate that this strategy could overcome the drawbacks of targeting several proteins and be an important complement of IF staining in CTC identification.

Second, our KR-based identification strategy has the advantage of increasing the detection rate by detecting CTCs of smaller sizes. Thus, we further validated it in clinical samples to compare the detection level of CTCs using the above two methods. Among 68 glioma patients, with an increase in tumor malignancy and WHO grade, the detectable level of CTCs was remarkably increased (Figure 2C). For WHO grade 2 glioma, the detectable level of CTCs increased from 6.7 (median: 6 cells, range: 0–16, mean: 6.7 ± 4.2) to 8.4 (median: 7 cells, range: 0–21, mean: 8.4 ± 5.1) (p = 0.015). For patients with WHO grade 3, the detectable level of CTCs increased from 5.9 (median: 5.5 cells, range: 2–12, mean: 5.9 ± 3.7) to 7.1 (median: 6 cells, range: 2–12, mean: 7.1 ± 3.4) (p = 0.02). For GBM, the detectable level of CTCs increased from 6.1 (median: 5.5 cells, range: 0–14, mean: 6.1 ± 3.3) to 7.4 (median: 6 cells, range: 0–27, mean: 7.4 ± 5.3) (p = 0.01). To further evaluate the efficiency of three identification methods in glioma diagnosis, we used an ROC curve to determine sensitivity and specificity. The ROC curve showed that the area under the curve (AUC) of single IF staining, IF with cell size, and IF with KR were 0.875, 0.940, and 0.935, respectively (Figure 2D). These results indicate that the KR-based method can increase the sensitivity of CTC identification compared to the cell size-based method. Therefore, further studies on the relationship between CTC counts and patients’ clinical characteristics are required to reevaluate their clinical utility.



Correlation Between CTCs and Clinical Characteristics in Glioma Patients

When validated in clinical samples, we found that the detectable level of CTCs in the peripheral blood of glioma patients was not related to the WHO grade of the tumor, which was consistent with the finding of a previous study (10, 14). One explanation is that the high heterogeneity of high-grade gliomas results in the loss of our targeted markers, leading to CTC capture being a small proportion of total glioma CTCs. Another explanation is that the group of determinant CTCs had not been precisely identified, exemplified by the fact that only vimentin-positive CTCs were related to patients’ outcomes rather than EpCAM-positive CTCs in colon cancers (22). In addition to the aforementioned potential cases, the specificity of CTC detection in brain tumors using peripheral blood should also be considered. Although CTCs have been detected in the peripheral blood of glioma patients, their clinical significance remains unknown. On the one hand, GBM-related tumor metastases were rare; on the other hand, it remains debatable whether the detection of CTCs using 5 ml of peripheral blood was able to reflect the situation in 5 L of whole blood.

However, we could still observe a close relationship between CTC counts and patients’ histopathology and molecular pathology (Figures 3A, B). Consistent with the findings of our previous research, low CTC counts were found in patients with an isocitrate dehydrogenase (IDH) mutant status (p = 0.024). We also observed that patients with 1p19q co-deletion status were more likely to have low CTC counts (p = 0.05). IDH and 1p19q status have important roles in the molecular diagnosis of diffused glioma (23, 24). Therefore, we further investigated the correlation between CTC counts and glioma histopathology. We found that oligodendroglioma (WHO grades 2–3, IDH mutant, and 1p19q co-deletion) showed a remarkably lower CTC count than astrocytoma (WHO grades 2–4, p = 0.011) and GBM (WHO grades 2–4, IDH wild type, p = 0.043) (Figure 3C). Despite the lack of correlation between CTC counts and tumor malignancy, we still demonstrated the potential application of CTCs in tumor diagnosis. These results highlight the potential value of CTCs in glioma classification, including histopathological and molecular pathological diagnosis.




Figure 3 | The correlation between CTC level and clinical characteristics. (A) Representative IF image of CTC in 5 subtypes of glioma from WHO grade 2 to grade 4. Scale bar = 20 μm. (B) Left panel: low CTC level was significantly related to IDH mutant status (p = 0.024). Right panel: low CTC level was significantly related to 1p19q co-deletion status (p = 0.05). (C) Left panel: CTC level in oligodenroglioma was significantly lower than that in astrocytoma and GBM (p < 0.05 and p < 0.05, respectively). Right panel: ROC curve revealed that low CTC level was a good predictor for oligodenroglioma pathological subtype (AUC = 0.770). ns, no significance.





Development of an HKR-Based CTC Identification Assay Using an Automatic Segmentation and Recognition Algorithm

For the precise localization of CTCs and the accurate calculation of the above-mentioned parameters, we developed an algorithm for automatic segmentation and identification based on CTC IF images (Figure 4). Because a full image is extremely large, the complexity of the algorithm is positively related to the size of the image. To reduce the number of calculations, we selected part of the image to perform the following tests. There may be only one CTC or multiple CTCs in these images and possibly other non-CTCs. The resolution of the selected part of the image was 1,920 × 1,440. Our CTC recognition algorithm was designed to imitate the manual counting of CTCs. First, the image is read and converted into a grayscale image. The nuclei were then located in a blue channel (DAPI). The green (STEAM) and red (CD45) channels were segmented according to the location of the nucleus (Figures 5A–C).




Figure 4 | Flowchart of automatic CTC recognition algorithm. Schematic of the algorithm design.






Figure 5 | Validation of CTC recognition algorithm in clinical samples. (A–C) Representative IF image of cells isolated from glioma patients’ peripheral blood. Cells were sequentially labeled by DAPI (blue), STEAM (green), and CD45 (red). (D, E) Automatic segmentation of nucleated cells. (F) Automatic recognition of CTC through our algorithm. CTCs were marked by red anchor box. Scale bar = 20 μm.



Together with the findings described above, we incorporated both the calculation of KR and the co-expression profile of CD45 into the CTC identification standard. A previous study reported that the nucleus with a proportion of red higher than 30% was commonly defined as having a common leukocyte antigen (25). In this study, because we used an automatic recognition algorithm, filter pore and impurities on the images may interfere with calculation of proportion of CD45 and thus affect the final identification results. To quantify the threshold of HKR and CD45 co-expression profiles, 337 images containing 353 CTCs and 1,271 leukocytes were labeled for calculation. After referring to previous studies and our clinical data (Table 2), we established a standard for CTC: cells with a CD45 proportion of less than 35% and KR of >70% were considered CTCs (20).



Validation of Our CTC Recognition Algorithm Using Clinical Samples

To further validate the clinical utility of our CTC recognition algorithm, we applied it to 197 images with at least one CTC, out of which there were 258 CTCs and 809 non-CTCs. The results obtained using our segmentation and recognition algorithms are listed (Table 3). The accuracy, sensitivity, and specificity were 93.4%, 81.0%, and 97.4%, respectively, whereas the precision and F1 score reached 90.9% and 85.7%, respectively, indicating that our CTC recognition algorithm was able to achieve automated identification and annotation of CTC in gliomas. Compared with the study by He et al. (21), our algorithm showed higher accuracy and specificity, indicating that our CTC recognition algorithm might perform better than machine learning in the case of small sample sizes.


Table 3 | Validation of CTC recognition algorithm in clinical samples.






Discussion

The present study showed that KR was a better parameter for detecting glioma cells than cell size. The accuracy, sensitivity, and specificity of the developed algorithm were 93.4%, 81.0%, and 97.4%, respectively.

Although CTCs are a promising technology for the diagnosis and monitoring of glioma, they play a key role in improving patient outcomes, and the isolation and identification of CTC have been proven challenging (7–14). With advances in technology, the capture efficiency of CTCs has greatly improved. However, the slow development of CTC identification methods has not received sufficient attention, which might hinder their further application. Currently, the identification of glioma CTC mainly faces two issues: (1) it is difficult to identify CTCs with high efficiency by single IF staining due to the highly heterogeneous nature of GBM; and (2) the interpretation of IF images is highly dependent on visual identification and annotation under the microscope by specialized physicians, which can easily produce errors.

To improve the identification efficiency of glioma CTCs, we developed and validated a novel identification method to quantify CTCs isolated from peripheral blood samples based on a combination of IF staining and KR, an important morphological feature of tumor cells. We found that this identification method remarkably increased the detection level of CTCs, compared with that reported in previous studies (7–11, 14). Subsequently, we combined computer technology with digital image processing technology to construct an algorithm that mimics the process of CTC identification by specialized physicians and achieve the automated identification and annotation of glioma CTCs.

This study is significant on four major fronts. First, this study identified a potential reason for the low efficiency of detecting glioma CTCs. Although CTCs are generally considered larger than 16 μm, CTCs below the normal size have been increasingly reported in several solid tumors (15). Our study confirmed the same phenomenon in glioma CTCs, particularly in GBM. These findings will contribute to a more efficient CTC detection strategy for evaluating the clinical utility of glioma CTCs.

Second, we developed a novel KR-based IF staining strategy for glioma CTC identification. Dysregulated KR is among the most representative features of tumor cells, owing to uncontrolled division, which makes the nucleus grow much faster than the cell does (19–21). A previous study proposed a KR-based imaging flow cytometry for the detection of CTCs in hepatocellular carcinoma and pointed out that the technique relying on the KR had a higher sensitivity than traditional techniques relying on antibodies or cell surface markers (20). However, this study relied on imaging flow cytometry, which was not a first-line method for isolating CTCs and might have led to biased results. Therefore, we combined IF staining and the KR-identifying technique in subsequent studies. We demonstrated that our KR-based IF staining strategy could significantly increase detection efficiency in glioma patients while reducing background levels in healthy donors. This finding may open a new window for glioma CTC detection and application, as only a sufficient number of CTCs can shed light on its clinical value.

Third, this study further revealed a correlation between CTC counts and patients’ clinical characteristics. Unlike previous studies (10), we confirmed the potential relationship between CTCs and tumor pathological diagnosis, including histopathology and molecular pathology. Based on our previous study (14), we further demonstrated the correlation between CTC counts, IDH status, and 1p19q status of glioma. IDH and 1p19q are two of the most important molecular pathological markers of glioma, which are closely related to tumor classification and patient outcomes (23, 24). We observed a remarkably lower CTC count in glioma patients with IDH mutation and 1p19q co-deletion status, which are typical features of oligodendrogliomas, suggesting that CTC count might be a good predictor for histopathological and molecular pathological diagnosis of glioma. Moreover, the IDH status plays an important role in predicting patient prognosis. However, limited by the short follow-up period, this study did not reveal a correlation between CTC counts and patient survival. Future work should further expand the sample size and refine the follow-up of patients to further evaluate the clinical utility of CTCs in glioma. It is also worth noting that the correlation between CTC count and tumor malignancy (from WHO grades 2 to 4) has not yet been observed, contrary to the favorable relationship between CTC counts and tumor molecular pathology. This may be because the group of determinant CTCs has not been precisely identified, as exemplified by the fact that only vimentin-positive CTCs were related to patient outcomes rather than EpCAM-positive CTCs in colon cancers (22). This finding urges investigators to further explore the subtypes of glioma CTCs that are decisive in predicting patient survival in future studies. In addition to the aforementioned potential reasons, the specificity of CTC detection in brain tumors using peripheral blood should also be considered. Although CTCs have been detected in the peripheral blood of glioma patients, their clinical significance remains unknown. On the one hand, GBM-related tumor metastases were rare; on the other hand, it remains debatable whether the detection of CTCs in 5 ml of peripheral blood could reflect the situation in 5 L of whole blood. Recent research has pointed out that cerebrospinal fluid (CSF) is a more appropriate sample for the liquid biopsy of brain tumors (26–29). Therefore, further detection of CTCs in CSF may have a positive effect in clarifying their clinical significance.

Finally, this study established an algorithm for automatic segmentation and recognition of glioma CTCs. Undoubtedly, machine-learning-based AI has made remarkable progress in the field of image recognition (16–18). To date, there have been some deep-learning-based methods for CTC recognition. However, these methods are based on complex neural networks, which require high-performance computers to accelerate computation and large amounts of data so that the networks have better generalization performance. Despite the extremely poor prognosis of glioma, its incidence remains relatively lower than that of breast and lung cancers, making it difficult to obtain a large amount of data for machine learning. By contrast, our CTC recognition algorithm requires much less computation, only requires tuning a few parameters, and does not require a large amount of labeled data for training. This automatic recognition algorithm can maintain high precision in the CTC identification process, shorten the time and cost, and greatly reduce the burden on clinicians.

There were still some limitations in this study. First, although our recognition algorithm showed high efficiency in small samples (<600 images) compared with AI, machine-learning-based AI remained the better method for identifying CTC images when the sample size is large enough. Second, limited by the short follow-up period, this study did not reveal a correlation between CTC counts and patient survival. Third, the correlation between CTC level and clinical characteristics remained unknown. Therefore, future work should focus on three aspects: (1) Continued expansion of clinical samples and research cohorts with close follow-up should be performed to investigate the relationship between CTCs, clinical characteristics, and patients’ survival. (2) Deep-learning-based methods are still a more accurate approach for the recognition of medical images than our simple algorithm because AI can obtain a larger amount of information that human eyes cannot capture from images. Therefore, future work is still needed to rationally utilize AI technology after obtaining sufficient CTC images to achieve the precise identification of CTCs and precision medicine for patients. (3) Last but not least, targeting CSF-derived CTCs might help to better understand the role of CTCs in glioma malignant behavior.



Conclusion

In summary, we demonstrated that smaller CTCs (<16 μm) accounted for a proportion of glioma CTCs and were an important factor contributing to the low efficiency of the previous assays. We developed a novel KR-based IF staining strategy for glioma CTC identification, which remarkably increased the detection rate and reduced the number of false-positive events. Our findings also revealed a correlation between CTC counts and molecular pathological diagnosis of glioma. We established an algorithm for automatic segmentation and recognition of glioma CTCs. Based on our research, the KR-based automatic recognition method could simplify the identification process, increase the detection efficiency, and provide a bridge for further clinical application of CTCs in tumor management. Future work shall focus on utilizing AI to precisely identify images and investigate the correlation between CTC and patients’ clinical characteristics in larger clinical samples.
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Gliomas are a heterogenous group of central nervous system tumors with different outcomes and different therapeutic needs. Glioblastoma, the most common subtype in adults, has a very poor prognosis and disabling consequences. The World Health Organization (WHO) classification specifies that the typing and grading of gliomas should include molecular markers. The molecular characterization of gliomas has implications for prognosis, treatment planning, and prediction of treatment response. At present, gliomas are diagnosed via tumor resection or biopsy, which are always invasive and frequently risky methods. In recent years, however, substantial advances have been made in developing different methods for the molecular characterization of tumors through the analysis of products shed in body fluids. Known as liquid biopsies, these analyses can potentially provide diagnostic and prognostic information, guidance on choice of treatment, and real-time information on tumor status. In addition, magnetic resonance imaging (MRI) is another good source of tumor data; radiomics and radiogenomics can link the imaging phenotypes to gene expression patterns and provide insights to tumor biology and underlying molecular signatures. Machine and deep learning and computational techniques can also use quantitative imaging features to non-invasively detect genetic mutations. The key molecular information obtained with liquid biopsies and radiogenomics can be useful not only in the diagnosis of gliomas but can also help predict response to specific treatments and provide guidelines for personalized medicine. In this article, we review the available data on the molecular characterization of gliomas using the non-invasive methods of liquid biopsy and MRI and suggest that these tools could be used in the future for the preoperative diagnosis of gliomas.
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INTRODUCTION

Gliomas originate from glial precursor cells and comprise 27% of all primary brain tumors (1). The World Health Organization (WHO) guidelines divides gliomas into diffuse and circumscribed, and diffuse gliomas are now classified as either adult- or pediatric-type diffuse gliomas. In the 2021 WHO classification, adult-type diffuse gliomas are subclassified as astrocytoma, IDH-mutant (grade 2, 3, or 4); oligodendroglioma, IDH-mutant and 1p/19q-codeleted (grade 2 or 3); molecular glioblastoma (lower grade astrocytoma with chromosome 7 gains/chromosome 10 losses, epidermal growth factor receptor (EGFR) amplification, and/or telomerase reverse transcriptase (TERT) and glioblastoma, IDH-wildtype (grade 4). Pediatric-type diffuse gliomas are further subdivided into low- and high-grade tumors. Most pediatric-type gliomas are new, although previously known entities, such as diffuse midline glioma, H3 K27-altered are also included (2). Glioblastoma, the most common malignant central nervous system (CNS) tumor in adults, accounts for 48.6% of all CNS tumors and 57.7% of all gliomas, while the remaining 42.3% are other histologies and grades, with a different prognosis and different treatment options. The standard treatment for gliomas is only follow-up in some resected diffuse gliomas without a high recurrence risk or a combination of surgery, which is essential both to obtain tissue for diagnosis and to debulk the tumor, followed by irradiation and/or chemotherapy depending on the tumor grade and molecular characterization and on patient clinical features (3).

The correct diagnosis and treatment of gliomas is based on what is known as an “integrated diagnosis,” which combines the WHO CNS grade, histologic, and molecular information (2). Glioma grading was traditionally a strict morphological parameter that took into account cell pleomorphism, mitotic activity, vascular proliferation and necrosis. Histological subtyping was also traditionally based on the morphological aspect of tumor cells—whether they were more similar to astrocytes or oligodendrocytes. This traditional method of determining the histopathological diagnosis has several drawbacks, such as intra-tumoral spatial heterogeneity and sampling errors, which are often due to the difficulty of obtaining sufficient tissue in deep tumors or those located in eloquent areas, where surgical resection is limited. These factors have led to high intra-and inter-observer variability in diagnosis (4). The molecular characterization of gliomas has important implications for patient prognosis, treatment planning, and prediction of treatment response and also reduces the variability in diagnosis. Several molecular biomarkers were already incorporated in the 2016 WHO guidelines for gliomas and newly identified biomarkers have been introduced into the WHO 2021 classification. These biomarkers can help to better define both the grade and the histological subtype of diffuse gliomas (5).

Standard clinical protocols for the evaluation of molecular alterations in gliomas are usually based on tissue biopsies (2) but other techniques, such as liquid biopsies and radiomics/radiogenomics, are showing promise. A liquid biopsy enables the analysis of tumor products shed in body fluids and its growing use in other tumors to provide diagnostic and prognostic information and real-time information on tumor status makes it a promising method in gliomas, as well (6–9). Magnetic resonance imaging (MRI), the method of choice for the preoperative assessment of brain tumors, provides valuable information on whole tumor structure and composition, physiology, hemodynamics and microenvironment at voxel level. In addition, diffusion-weighted imaging (DWI), perfusion-weighted imaging (PWI), diffusion tensor imaging (DTI), and spectroscopy (MRS) have improved the imaging characterization of the tumor (10). The digitization of images has led to the development of radiomics, which studies the link between imaging and different phenotypes, and radiogenomics, which can predict the status of molecular markers, genetic mutations and chromosomal aberrations by using imaging features as a surrogate for the presence of these genetic alterations (11, 12). Growing evidence suggests that the underlying gene alteration patterns that steer the characteristics and morphological features of gliomas can be captured by quantitative imaging (13). Artificial intelligence (AI), machine learning and, more recently, deep learning are techniques based on the study of the image. They apply progressively more complicated readings of imaging features and computational processes, which could potentially lead to a highly accurate prediction of the molecular alterations that are currently mandatory for the correct diagnosis of gliomas (5, 14–16).

In summary, liquid biopsy and radiomics/radiogenomics—both individually and in combination—can potentially achieve a non-invasive diagnosis of disease and provide guidance in treatment planning. This is of special interest in brain tumors given the invasiveness of the common procedure for diagnosis and obtaining tumor samples and especially in tumors located in difficult to access locations where biopsy is not exempt from the risk of causing severe neurological lesions such as in midline tumors. Here we review current data on the use of liquid biopsy and radiogenomics in the characterization of gliomas.



MOLECULAR ALTERATIONS FOR DIAGNOSIS OF GLIOMAS

The 2016 WHO Classification of Tumors of the Central System (17) defined diagnostic entities combining molecular and histological data. The accelerated understanding of the additional molecular characteristics of brain tumors made it necessary to update this classification and led to the creation of the Consortium to Inform Molecular and Practical Approaches to CNS Tumor Taxonomy (cIMPACT-NOW), which reported seven updates that have now been incorporated in the current WHO 2021 classification (2, 18). In fact, molecular studies are currently mandatory for the correct diagnosis of gliomas in adults and children since they clarify diagnosis and better define prognosis, leading to the optimal therapeutic decision for each patient and tumor subtype (3, 19). Once a brain tumor has been confirmed as a glioma, several molecular alterations are now essential for assigning the grade and histological subtype and for reaching an integrated diagnosis (Table 1).


Table 1. Molecular alterations linked to the diagnosis of glioma subtypes.
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IDH Mutations

Mutations in the NADP+ dependent isocitrate dehydrogenase genes IDH1 and IDH2 are involved in the pathogenesis of a subgroup of diffuse and anaplastic gliomas. After they were first characterized (20, 21) and their mechanistic role described (22), the assessment of IDH mutations became an important tool in the diagnosis of gliomas. IDH mutations are associated with longer survival than wild-type IDH regardless of tumor grade. They are present in all oligodendrogliomas by definition (oligodendroglioma, IDH-mutant and 1p/19q-codeleted), in most low-grade diffuse astrocytomas in adults and in a subset of glioblastomas that are now renamed astrocytoma, IDH-mutant, grade 4 (2). There are three isoforms of the IDH gene, of which the most important in gliomas are cytosolic IDH1 and mitochondrial IDH2 mutations; most IDH-mutated gliomas harbor IDH1 mutations in the form of IDH (R132H). (23) A routine use of immunohistochemistry (IHC) to determine the presence of IDH (R132H) is recommended. IDH1-IDH2 sequencing is mandatory in the case of lack of immunopositivity, in order to rule out the presence of non-canonical mutations in all glioblastomas in patients younger than 55 years, in those with loss of ATRX expression, in those with a previous history of a lower-grade glioma, and in all grade 2 or 3 diffuse gliomas. Hotspot mutations are described for both IDH1 (R132) and IDH2 (R172) and are mutually exclusive. IDH2 tumors may have different outcomes than IDH1 tumors. (24, 25) IDH assessment can distinguish diffuse gliomas with IDH mutations from glioblastoma, IDH-wildtype and other types of IDH-wildtype gliomas, including diffuse midline glioma, H3 K27-altered, and diffuse hemispheric glioma, H3 G34-mutant.



ATRX Mutation

Mutations in the alpha-thalassemia/mental-retardation-syndrome-X-linked (ATRX) gene are frequent in astrocytoma, IDH-mutant (more than 90% of cases). They usually coexist with TP53 mutations and are mutually exclusive with 1p/19q codeletions. ATRX mutations are also frequently seen (95%) in diffuse hemispheric glioma, H3 G34-mutant, with wild-type IDH. In contrast to IDH mutations, hotspot ATRX mutations do not occur so all of the gene should be sequenced to rule out mutations. ATRX mutations are usually detected by a loss of ATRX expression by IHC, which can serve as a surrogate of ATRX mutation analysis (2, 26, 27). In an IDH-mutant glioma, the loss of nuclear ATRX immunopositivity is indicative of an astrocytic lineage and thus precludes the need for 1p/19q analysis.



TP53 Mutation

TP53 is a tumor suppressor gene encoding a tumor suppressor protein (p53) that responds to cellular stress by inducing cell cycle arrest, apoptosis, senescence, DNA repair and metabolism changes (28). Although not specific, TP53 mutations are more frequently seen in astrocytoma, IDH-mutant (more than 90% of cases) and, like ATRX mutations, also in diffuse hemispheric glioma, H3 G34-mutant (90%). In daily practice, the TP53 mutation is detected by IHC, where a pattern of more than 10% of tumor cells with strong nuclear positivity or a complete negative stain indicates the presence of a TP53 mutation. As in the case of ATRX mutations, TP53 mutations can occur throughout the gene, with no known hot spot (2).



1p/19q Codeletion

After the allelic deletions of 1p and 19q were first identified and associated with chemosensitivity, the determination of the concomitant 1p/19q codeletion was deemed essential for the diagnosis of gliomas, as it is one of the defining criteria of oligodendroglioma (29, 30). The presence of the 1p/19q codeletion is used to distinguish oligodendroglioma, IDH-mutant and 1p/19q-codeleted from astrocytoma, IDH-mutant and from other non-glial brain tumors. Although different techniques can be employed, one of the most frequently used is fluorescent in situ hybridization (FISH).



EGFR Alterations

Amplification of the EGFR is one of the most frequent genetic alterations associated with glioblastoma. EGFR amplification results in overexpression of the EGFR transmembrane kinase receptor (31). More than 50% of glioblastomas with EGFR amplification also contain the EGFRvIII gene mutation, which is characterized by the deletion of exons 2 to 7, resulting in a sense mutation with a truncated extracellular domain and ligand-independent constitutive activity (32). EGFR amplification occurs in 40–50% of morphologically defined glioblastoma, IDH wildtype and in a subset of what had previously been classified as IDH-wildtype lower-grade (grade 2 or 3) diffuse astrocytomas (16) which are currently classified as molecular glioblastomas, if they have certain molecular alterations, such as EGFR amplification, TERT promoter mutation and/or +7/−10 signature that confer them a prognosis similar to that of classical glioblastoma (5). EGFR amplification is usually detected by FISH, while reverse transcription polymerase chain reaction (RT-PCR) could constitute a good option for the detection of the EGFRvIII mutation.



TERT Promoter Mutation

Mutations in the promoter of TERT commonly occur in diffuse gliomas (28, 33) but are also present in other types of brain tumors, such as pleomorphic xantoastrocytomas and ependymal tumors. TERT promoter mutations occur in about 70% of glioblastoma, IDH-wildtype and in >95% of oligodendrogliomas, IDH-mutant and 1p/19q-codeleted. As is the case with EGFR amplification, diffuse gliomas formerly classified as IDH-wildtype grade 2–3 diffuse astrocytomas with TERT promoter mutations are now classified as glioblastomas, IDH-wildtype (5). However, some recent studies suggest that in the specific case of grade 2 astrocytomas, the presence of TERT promoter mutations as the only high-grade factor does not seem to justify classification as grade 4 (34). In the case of TERT promoter mutation two different hotspot mutations have been described for TERT: C228T and C250T.



+7/−10 Signature

Chromosome 7 harbors genes encoding the Platelet Derived Growth Factor Subunit A (PDGFA) and EGFR, while chromosome 10 harbors the Phosphatase and Tensin Homolog (PTEN) and MGMT. The combination of whole chromosome 7 gain and whole chromosome 10 loss is known as the +7/−10 signature. It is present in 79% of glioblastoma, IDH-wildtype (35) and constitutes the third molecular criteria to define glioblastoma, IDH-wildtype in an otherwise IDH-wildtype morphologically grade 2–3 diffuse astrocytoma (5).



BRAF Mutation

The BRAFV600E mutation is rare in adult-type diffuse gliomas and can occasionally be used to distinguish pilocytic astrocytoma or pleomorphic xanthoastrocytoma from a diffuse astrocytoma (36), even though BRAF fusions are more frequent than this mutation in these subtypes. It can help to identify epithelioid glioblastoma (37) and a subset of pediatric diffuse low-grade gliomas and glioneuronal tumors (2). It is an oncogenic driver mutation and can have consequences in treatment with promising success (38).



H3F3A Histone Mutations

H3F3A histone mutations affect two critical amino acids, K27 (K28M) and G34 (G35R/V), and define two pediatric-type diffuse high-grade gliomas: diffuse midline glioma, H3 K27-altered, and diffuse hemispheric glioma, H3 G34-mutant. H3F3A histone mutations are mutually exclusive with IDH mutations (39) and, like IDH mutations, can be detected by IHC or by sequencing. They are more common in children and young adults, although they can be seen at any age. Gliomas with these mutations are now classified as grade 4 (5). The term diffuse midline glioma has now been expanded to incorporate cases with H3.1 or 3.2 mutations and H3-wildtype with EZHIP overexpression and EGFR mutations (2). However, other types of gliomas, like pilocytic astrocytomas, and glioneuronal tumors can harbor H3K27M mutations so the term diffuse midline glioma should be restricted to cases located in midline and radiologically infiltrating.



CDKN2A/B Homozygous Deletion

Multiple studies have identified the homozygous deletion of CDKN2A/B as a marker of poor prognosis in patients with IDH-mutant astrocytomas, and a correlation with shorter survival has been confirmed in several studies (40, 41). The 2021 WHO classification considers the homozygous deletion of CDKN2A/B as a molecular feature of grade 4 in IDH-mutant astrocytomas and also as a molecular feature of grade 3 oligodendroglioma (5). Most laboratories use FISH for CDKN2A assessment in daily practice.



MGMT Promoter Methylation

Methylation of the promoter of O(6)-methylguanine-DNA methyltransferase (MGMT) is directly related to the silencing of the repair protein MGMT, which leads to a special sensitivity to alkylating therapy, the current mainstay of glioma treatment (42). MGMT promoter methylation is a recognized prognostic and predictive marker of response to chemotherapy. Several methods can be employed for the determination of MGMT methylation status, with the most frequent being methylation-specific PCR (MS-PCR), pyrosequencing, or multiplex-ligation dependent probe amplification.



GFAP Expression

Glial fibrillary acidic protein (GFAP) is encoded by the GFAP gene and is expressed in different proportions by both non-tumoral and tumoral glial cells. While its expression is not diagnostic of a specific tumor, it is it is a very useful marker to distinguish a primary from a secondary metastatic tumor.




THE LIQUID BIOPSY IN CANCER

The presence of circulating cell-free DNA (cfDNA) in healthy individuals and patients was first described by Mandel and Metais (43) and has since been analyzed in different scenarios. For example, aneuploidies were identified in fetal cfDNA using diagnostic kits during pregnancy, and increased levels of cfDNA were observed in autoimmune rheumatic diseases, trauma, burn injuries, sepsis, and myocardial infarction (44). The identification of circulating tumor DNA (ctDNA) occurred later when certain gene alterations found in the tumor, such as KRAS mutations, were detected in the blood of patients (45). The term “liquid biopsy” for the study of ctDNA was first introduced in 2010, with reference to circulating tumor cells found in the peripheral blood of cancer patients (46). Today the concept of liquid biopsy encompasses multiple biological fluids, including blood, urine, cerebrospinal fluid (CSF), and pleural fluid. The analysis of a liquid biopsy can identify multiple molecular alterations in different components released by the tumor and can provide information on DNA, RNA, proteins, carbohydrates, lipids, and metabolites and even tumor cells released by the tumor (Figure 1).
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FIGURE 1. Elements of the liquid biopsy. B lymph, B lymphocyte; CSF, cerebrospinal fluid; cfDNA, cell-free DNA; CTC, circulating tumor cells; ctDNA, circulating tumor DNA; lnc RNA, long non-coding RNA; NK, natural killers; TEP, tumor-educated platelets; T lymph, T lymphocyte; miRNA, microRNA. Extracellular vesicles include exosomes, microvesicles and apoptotic vesicles.


The information obtained from these components has evolved from the identification of single DNA aberrations to more extensive analyses evaluating multiple genes simultaneously by next generation sequencing (NGS) of DNA and RNA. Multiple different NGS methods can provide information on the genome, transcriptome and epigenetic mechanisms that modify genomic information. As such a rich source of biomarkers, the liquid biopsy can be used for screening, early diagnosis, analysis of the molecular heterogeneity of the tumor during its evolution, evaluation of early response, patient follow-up, monitoring of residual minimal disease, real-time analysis of the evolution of treatment resistance, and identification of actionable genetic alterations (47).

Nonetheless, while liquid biopsies have long been used in the diagnosis and monitoring of several cancers, it is only recently that this technique has become the subject of intensive research in CNS tumors (6–9), where both blood and CSF have been shown to provide crucial genomic information (48–51). Tables 2, 3 summarize the most salient studies of molecular alterations identified in liquid biopsies of glioma patients.


Table 2. Liquid biopsy studies of molecular alterations essential for the diagnosis of gliomas.
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Table 3. Alterations detected in liquid biopsy by next-generation sequencing (NGS).
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COMPONENTS OF THE LIQUID BIOPSY

Tumors leave traces of their presence by releasing various tumor components, including cells or their fragments, DNA, and RNA. These components have different molecular characteristics than those in healthy tissue and can thus be easily identified in various fluids and be used to identify molecular alterations in the tumor itself. Among the components that carry information from the tumor are ctDNA, circulating tumor RNA (ctRNA), microRNAs (miRNAs), circulating tumor cells (CTCs), extracellular vesicles, tumor-educated platelets (TEPs), and proteins.


CfDNA and CtRNA

DNA and RNA are freely present in blood and CSF as the result of the normal process of digestion, necrosis and apoptosis of both normal and cancer cells (86). The concentration of cfDNA is higher in cancer patients than in healthy individuals and is directly proportional to tumor burden (45) although ctDNA represents <1% of total cfDNA (87). Both cfDNA and ctRNA can be captured, amplified and analyzed to identify molecular alterations specific to certain types of gliomas, such as loss of heterozygosity (LOH), copy number variations (CNVs) in microsatellites, gene mutations, and epigenetic alterations like methylation of tumor suppressor genes. In addition, liquid biopsies can be used for the study of multiple genes by NGS, WES and genome wide methylation profiling (75, 76, 79, 80, 82, 85, 88) (Tables 2, 3).



MiRNAs and Long Non-coding RNAs (LncRNAs)

miRNAs are small non-coding RNAs of about 21–25 nucleotides that modulate gene transcription and expression. They negatively regulate genes at the mRNA and protein levels by degrading their mRNA target or by silencing translation (89). They are involved in multiple cellular processes, including development, apoptosis, proliferation and differentiation, and can act as tumor suppressor genes or oncogenes in several cancers, including gliomas. While mRNA is rapidly degraded by blood RNAses, miRNAs are resistant to these enzymes and are easily detectable in biological fluids (90). Different miRNA signatures associated with specific tumor types have been related to cancer diagnosis and prognosis. The isolation of miRNAs is of special interest due to their frequent deregulation in cancer, their stability in paraffin-embedded tumor tissue and in blood, and their specific profile for each tumor type (91). miRNAs were differentially detected in the blood of glioblastoma patients and in that of healthy controls (92), and miRNAs detected in CSF were able to differentiate between a metastatic brain injury and glioblastoma (93). In addition, specific miRNAs have been suggested as potential biomarkers for the diagnosis and prognosis of gliomas (94, 95).

lncRNAs are non-coding RNAs of ≥200 nucleotides that modulate key molecules at every step of cancer metastasis, including dissemination of carcinoma cells, intravascular transit, and metastatic colonization. Their important role in cancer has recently been recognized (90) and is now being intensely investigated, including in glioblastoma, where they have been detected in the serum of patients (96).



CTCs

CTCs can be released into the circulation as single cells or clusters of cells from either the primary tumor or metastases. They have been found in several tumor types and are associated with poor outcome and metastasis. Patients with metastatic disease can have up to 10 CTCs per mL of blood, while they are rarely found in healthy individuals (97). CTCs can be isolated through different techniques and commercial platforms, most of which are based on autoantibodies able to detect cell surface proteins to capture CTCs, such as anti-epithelial cell adhesion molecule (EpCAM), and the absence of expression of CD45, a marker of lymphocyte antibodies (98). However, since CTCs are not present in early-stage disease, their usefulness in diagnosis or detection of early relapse is limited (99). In gliomas, systemic metastases are anecdotal, yet glioblastoma sheds CTCs with invasive mesenchymal characteristics into the circulation (100, 101). These cells seem to undergo epithelial-mesenchymal transition, which gives them a mesenchymal phenotype and increased migratory potential (101–103). Few studies have reported different methods for CTC enrichment and identification in gliomas (98, 100, 104–106), mainly due to the fact that the methods used to isolate these cells generally rely on EpCAM, an epithelial marker that is not expressed in glioblastoma cells.



Extracellular Vesicles

Extracellular vesicles include exosomes (30–100 nm in diameter), microvesicles (100–500 nm), and apoptotic vesicles (>500 nm). A recent consensus recommended classifying them as “small” or “medium/large” according to their physical and biochemical characteristics in order to standardize research methods and results (107). These vesicles are released by normal and tumor cells into the cellular microenvironment and biological fluids and carry in their interior a variety of molecules representative of their cells of origin (108), including fragments of RNA and DNA. Their stability and membranous envelope protect their cargo from nucleases, proteases and other degradation enzymes that are found in the extracellular medium (109), making them a good source of tumor molecular signatures. In glioma patients, circulating extracellular vesicles have been found in CSF and in peripheral blood, indicating that they seem to cross the intact blood-brain barrier (BBB) (56, 59, 60, 62, 81, 110).



Tumor Educated Platelets (TEPs)

Platelets are part of the tumor microenvironment and participate in tumorigenesis, progression, and treatment response (111). The RNA, DNA and proteins released by tumors can be sequestered by platelets, which integrate them in their own genetic material. This provides the platelets with a highly dynamic repertoire of spliced RNA with different functions, giving rise to the concept that tumors can “educate” platelets and tumor-derived alterations can then be studied in blood (63, 112). mRNA sequencing of TEPs has identified differential mRNA profiles in several cancers when compared to healthy individuals (111, 113). TEPs have been reported to play a role in angiogenesis and tumor aggressiveness in gliomas (114).



Proteins

Proteins can be detected in blood as a normal event or as an indication of abnormal processes in the brain. GAFP, an intermediate filament highly expressed in glial cells, is the protein most studied in gliomas, but other proteins related to brain tumors have also been studied in both blood and CSF (73, 74, 115, 116). The cut-off point of the protein concentration in blood for the diagnosis of brain tumors varies across different studies (73, 74). Nevertheless, the level of some proteins seems to correlate with tumor grade and volume, indicating that they could be useful as a predictor of tumor grade (73). In addition to GAFP, several proteins that are potentially important in gliomas are myelin basic protein, vascular endothelial growth factor, YKL-40, matrix metallopeptidase-9, interleukin 6, 2-hydroxyglutarate (2-HG) (as a surrogate of IDH mutations), histidine, and tryptophan (117, 118).




SOURCE OF LIQUID BIOPSY: BLOOD OR CSF

ctDNA has been detected in blood in <10% of patients with gliomas (119) but at a higher rate in CSF. The amount of ctDNA released in blood and CSF depends on tumor size and grade and, importantly, on the distance from the tumor to the ventricular system (53, 67), and the ctDNA seems to be released from the tumor directly into the CSF, rather than reaching it indirectly through plasma (49, 50, 53, 76). Additionally, the amount of ctDNA obtained may be different if the CSF is obtained intraoperatively, from lumbar puncture, or from ventricular-peritoneal shunts (57, 82). Lumbar puncture is more aggressive than blood extraction and would be contraindicated in patients with cerebral edema, large tumors, hydrocephalus, or midline deviation (82). Moreover, lumbar puncture is difficult to implement serially in cases where the liquid biopsy is used for monitoring response. In contrast, peripheral blood can be obtained non-invasively and used in longitudinal studies for patient monitoring, making it a more convenient alternative for obtaining genomic information on the tumor. Nevertheless, there are also several problems involved in studying ctDNA in blood, including the variable sensitivity of the different techniques, interobserver differences in the interpretation of findings, divergent thresholds used in different studies, and the short half-life (<1.5 h) of ctDNA, which is rapidly cleared from the blood through the liver and kidney (120). The lack of permeability of the BBB may also be an impediment to the release of ctDNA into blood, although several studies in animals and humans have shown that exosomes, microvesicles, and apoptotic vesicles can all cross the intact BBB (56, 121). However, ctDNA fragments are shorter than circulating non-tumor DNA and specific alterations could well not be present in the circulating ctDNA fragment (122) although the sensitivity of the procedure could be improved with selective sequencing and enhanced identification of ctDNA (122, 123). In spite of all these drawbacks, some studies have detected somatic alterations with NGS, and genome wide methylation profiling with new techniques has recently been shown to deliver reliable results with only small amounts of DNA (124) from blood ctDNA or exosomes (83–85) (Table 3). Taken together, all these findings suggest that at present, peripheral blood is the source where further investigation and development should be focused Figure 2.
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FIGURE 2. Liquid biopsy obtained from blood or CSF. BBB, brain-blood barrier; CSF, cerebrospinal fluid; ctDNA, circulating tumor DNA; GWM, genome wide methylation; NGS, next generation sequencing; VPS, ventricular-peritoneal shunt.




IMAGING TESTS IN GLIOMA

Computed tomography (CT) and especially MRI are the standard imaging tests for diagnosis, follow-up and treatment planning in brain tumors (125, 126). Other techniques, including amino acid positron emission tomography (PET), PET/CT and PET/MRI are very slowly being incorporated into the evaluation of brain tumors and are also used in radiogenomics. Table 4 summarizes the most salient studies of tumor subtype and molecular alterations in gliomas detected by conventional radiology and radiogenomics on MRI images.


Table 4. Tumor grade and molecular alterations identified by imaging with conventional radiology and radiogenomics.
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CT

Although CT is not the test of choice for the diagnosis and follow-up of gliomas, it has an essential role in the emergency department due to its greater availability and faster image acquisition, which make it possible to diagnose space-occupying lesions in patients who develop neurological focality or focal epileptic seizures. It can also detect certain components of the lesion that may help to identify the type of tumor, such as hyperdensity in lymphomas or gross calcifications in certain types of gliomas (those previously classified as oligodendrogliomas). CT is also a useful tool for the rapid detection of complications during clinical follow-up, including spontaneous, post-surgical and post-treatment complications.



MRI

MRI provides extensive qualitative and quantitative data about tumor characteristics in terms of volumetry, microstructure, hemodynamics and metabolism; it is used for confirmation, final radiological diagnosis, surgical and radiation therapy planning, and patient follow-up. Conventional MRI sequences commonly used for the evaluation of intracranial tumors include T1-weighted (T1WI), T2-weighted (T2WI), fluid attenuated inversion recovery (FLAIR), T2* gradient echo and post-contrast T1WI images. These sequences provide exquisite anatomic detail, and the use of a gadolinium-based contrast agent in this protocol allows for the detection of areas where the BBB is compromised. Advanced MRI techniques offer the ability to assess pathophysiological properties of the lesion that may yield important information on tumor infiltration and aggressiveness and treatment response, thus providing a better understanding of underlying tumor biology.

Advanced MRI techniques include DWI, PWI, DTI, and MRS, which are already established as tools for the evaluation of brain tumors. Cystic and necrotic areas allow for more free diffusion of water molecular in comparison with intact tissue, resulting in high apparent diffusion coefficient (ADC) values. In solid tumor tissue, the main factor affecting ADC is the size and complexity of the extracellular space. Increased cell density will limit the extracellular space, suggesting that ADC can be used as an indirect measurement of cellularity (162). PWI can be used to assess the microvascular environment and provide information on tumor grade, treatment response and tumor aggressiveness. Several forms of PWI have been developed. Dynamic susceptibility contrast (DSC) and dynamic contrast-enhanced (DCE) imaging are dependent on the intravenous injection of gadolinium-based contrast agents, whereas arterial spin labeling (ASL) can be acquired without injectable contrast as it uses magnetic labeling of endogenous protons in blood to assess blood volume flow and flow rate. DTI can be used to detect and predict the invasive growth patterns of high-grade gliomas (163). MRS assesses the presence of certain metabolites, which resonate at different frequencies. The main metabolites detected by MRS are choline, N-acetylaspartate (NAA), creatinine, lipids/lactate, and myo-inositol. Choline is a component of the cell membrane and a marker of cell turnover; NAA is a marker of neuronal viability; creatine is important in energy transfer and a stable constant from which ratios are calculated; lipids/lactate are markers of severe cell damage and necrosis; and myo-inositol is a glial lineage marker.



Radiomics and Radiogenomics

Digitalization has made it possible to store images for post-processing, share data, and create communication networks. As a wealth of information can be extracted from each image, it was a logical next step to employ AI to analyze imaging data. This led to the creation of radiomics, which can extract a large number of features from medical images. Radiomics began at the beginning of the century and has experienced exponential growth in recent years as computing technologies have improved (164). Radiogenomics, a subdiscipline of radiomics, predicts the status of molecular markers, genetic mutations, and chromosomal aberrations in the tissues examined by MRI or PET.

The process of radiomics includes image acquisition, image segmentation, feature extraction, feature selection and informatics. AI can be used to automate the slow process of image segmentation, where the image is decomposed into natural units to distinguish normal tissues like gray matter, white matter and CSF from possible pathological tissues like tumors and edema. The findings would require only validation by the clinician, which would increase the comparability of the results since they would be independent of each radiologist's experience (165).

Feature extraction can be done on one or several previously segmented region-of-interest or volume-of-interest, which would eliminate the problem of tumor heterogeneity to a great extent. With AI, additional information can be extracted on specific quantitatively or semi-quantitatively measurable traits and features that are impossible to detect with the human eye, thus providing superior assessment of imaging findings than would be possible by a radiologist (166). Feature extraction by shape, histogram or texture on particular sequences was first performed manually by predefinition (hand-crafted radiomics). Later, machine learning gave computer systems the ability to recognize patterns among thousands of imaging features and make predictions without being explicitly programmed. Subsequently, deep learning radiomics extracted high-dimensional features from the input images at different levels of scaling and abstraction, such as convolutional neural networks (CNNs) or auto-encoders to define the most relevant features of the input data. CNNs are an adaption of the traditional artificial neural network architecture whereby banks of 2D convolutional filter parameters and non-linear activation functions act as a mapping function to transform a multidimensional input image into a desired output (167). A cascaded system of single-layer neural networks is trained to learn and identify structures in the image with data that are relevant for classification without a prior definition or selection of the feature. Once the network is trained, it can go through the process of model generation without previous selection of features and can be applied to different cases or MRIs.

After feature extraction, the next step is selection of the most important features by eliminating redundancy. Finally, univariate and multivariate methods are applied, including linear and logistic regression, decision trees (e.g., random forests), support vector machines, neural network, and Cox proportional hazards models for survival data, in order to build a model that predicts a particular genetic mutation or other molecular alteration raised. Features should first be obtained from a training set and the most accurate predictive model is obtained from the training set data. This model should then be applied to a validation set to check the reproducibility of the data and to estimate the model performance. Finally—and ideally—the model should be applied to a test dataset that represents real-world data, where different scanners, acquisition protocols and/or segmentation differences coexist, before it is applied in routine clinical practice (165).



Future Perspectives

In summary, over the years, conventional radiology has made it possible to identify some characteristics of specific histologies. With the advanced methods of AI, like machine learning and deep learning, interest has moved to identify not only histologies but also molecular alterations that could contribute to the diagnosis of gliomas. Importantly, the predictive models obtained through image extraction and selection could be integrated in future MRI machines or PET scanners as useful complements to diagnosis, paving the way for the non-invasive diagnosis of brain tumors. There is also a need for future studies of radiogenomics focusing on the concept of personalized medicine. This approach could help to identify imaging phenotype variations over time that would allow non-invasive longitudinal monitoring of mutational status and hence evaluation of treatment response. In order to optimize machine-learning technology, there is a need to share diverse datasets across institutions. Cooperation between centers and institutions is essential to fulfill this objective. Radiogenomics can expand synergistic analyses of imaging, histopathologic, genetic, and clinical data, which will speed up scientific discovery, lead to quantitative integrated evaluation of patient data and contribute to improving personalized and precision medicine. These integrated diagnostic approaches can enhance the specificity of imaging phenotypes associated with molecular signatures in patients with glioma.




NON-INVASIVE DIAGNOSIS OF GLIOMAS

Here we review selected studies of liquid biopsy and radiogenomics focused on the non-invasive diagnosis of diffuse gliomas and the identification of their inherent characteristics, such as tumor grade and molecular alterations. We selected studies using liquid biopsy or radiogenomics oriented toward the determination of tumor grade or molecular alterations identified as mandatory by the WHO 2021 classification (5). We included studies of MRI-based radiogenomics that included a training set and a validation set. We did not include PET-based radiogenomics studies. We have focused our review on studies reporting data for diagnosis—not for follow-up or for pseudoprogression, recurrence or radionecrosis (Tables 2–4).


Tumor Grade

Grade has traditionally been a strictly morphological diagnosis related to atypia, mitosis, vascular proliferation, and necrosis. In the 2021 WHO classification, however, several molecular alterations have been included: EGFR amplification, TERT promoter mutation and/or +7/-10 signature for glioblastoma, IDH-wild-type; and homozygous deletion of CDKN2A/B for astrocytoma, IDH-mutant, grade 4 and for oligodendroglioma, IDH-mutant and 1p/19-codeleted, grade 3 (5). The determination of tumor grade by liquid biopsy is not based on the morphological parameters defined for tissue but on the detection of these molecular alterations in blood or CSF.

Several features related to high-grade tumors, especially glioblastoma, can be identified by MRI: contrast enhancement, ring appearance, satellite lesions, necrosis, ill defined infiltration, abundant edema, and heterogeneous areas of hypo- or non-enhancing tumor infiltration involving the cortex and deep nuclei (125).

Ki67 is a marker of cell proliferation; higher values are associated with a higher proliferation index and consequently a higher tumor grade. A high proliferation index was related to vascularization and to a higher relative cerebral blood volume (rCBV) in glioblastoma (13, 168), and an inverse correlation was seen between the Ki-67 proliferation index and the apparent diffusion coefficient (ADC) across glioma grades (13). Positive correlations between the Ki-67 proliferation index and metabolite alterations of choline over creatine ratio, lactate over creatine ratio, and myo-inositol were observed with MRS (169). Elevated choline with cell proliferation and malignancy was linked to oncogenic transformation triggered by hypoxia, while a decrease in choline levels was related to necrosis (170).

Tumor grade has been studied by several radiogenomic studies with different methodologies and in gliomas of all grades. Two of the studies included a validation set. The models in these studies reached an AUC of 0.79–0.89 with an accuracy of 0.81–0.9 and a reported sensitivity of 88% and specificity of 90% (127, 128).



IDH Mutation

IDH mutations have been studied extensively by liquid biopsy and MRI because of their importance in diagnosis, treatment selection and prognosis. IDH mutations in ctDNA have been assessed in both blood and CSF with a sensitivity of 62–80% and specificity of 76–100% (52, 53, 57). Results were slightly superior in CSF but the study of extracellular vesicles in blood showed a sensitivity of 80%, making it an interesting method to further explore (56). Other liquid biopsy studies detected the oncometabolite 2-HG, which is highly specific for IDH1/2-mutant tumors (54, 55). NGS studies detected IDH mutations in ctDNA and extracellular vesicle RNA, using microarrays and genome wide methylation profiling (67, 75, 79, 80, 82, 83). However, most of these studies were exploratory and sensitivity and specificity data were not reported.

Tumors with IDH mutations are usually located in the frontal lobe (126, 171, 172). IDH mutations can be seen in astrocytomas or oligodendrogliomas. In low-grade astrocytomas, defined as IDH-mutated, non-1p/19q codeleted tumors, the T2-FLAIR mismatch sign, referring to a T2-hyperintense lesion that is hypointense on FLAIR with the exception of a hyperintense peripheral rim (131, 171, 173, 174), is quite characteristic and has an estimated sensitivity of 32% and specificity of 100% (175). In addition, IDH-mutated astrocytomas are associated with high ADC values, rostral extension to the lateral ventricle, and sharp borders (176), while IDH-mutant grade 4 astrocytomas have areas of incomplete enhancement (126) (Figure 3). MRS can detect the abnormal accumulation of the oncometabolite 2-HG within the tumor but false-negatives may frequently occur (177, 178). IDH mutations have possibly been the most studied by radiogenomics, including in multicenter studies. Two recent meta-analyses reported high sensitivity (85–88%) and specificity (87%) in the detection of IDH mutations with machine learning (15, 179).


[image: Figure 3]
FIGURE 3. Grade 4 IDH-mutant astrocytoma. (A) axial FLAIR, (B) axial T2-weighted image, (C) axial T1-weighted image with contrast, and (D) ADC map in the superior aspect of the lesion, showing a large infiltrative and expansive insular lesion. Note the partial T2-FLAIR mismatch sign at its lateral margin (circle) and extensive NCE component with no or only subtle enhancement with high ADC values. These findings indicate IDH-mutant astrocytoma. In contrast, the inferior aspect of the lesion (E–H) has a more heterogeneous T2 signal with hypointense areas corresponding to low ADC values and elevated rCBV in perfusion map (I) and intense poorly delimited enhancement with small necrotic areas. These findings indicate a high-grade tumor.




ATRX Mutation

ATRX mutations have been detected in ctDNA from CSF with 75% sensitivity and 100% specificity (53). NGS can also identify ATRX mutations (67, 75, 76, 79, 80, 82, 83).

Conventional radiology does not identify specific characteristics of ATRX-mutated tumors except for the association of ATRX mutations with IDH mutations in astrocytoma. However, machine learning identified ATRX mutations in low-grade gliomas with an AUC of 0.89 (144) and deep learning identified them with 94% sensitivity and 92% specificity (141).



TP53 Mutation

TP53 mutations were detected by PCR in ctDNA from CSF with 57% sensitivity and 100% specificity (53). They are also detectable by NGS (67, 75, 76, 79, 80, 82, 83).

Conventional radiology does not identify specific features of TP53 mutations other than their potential association with astrocytoma. Machine learning detected the mutations with an AUC of 0.89–0.95 and accuracy of 0.92 in low-grade gliomas (144, 146).



1p/19q Codeletion

The WHO 2021 classification defines oligodendrogliomas as oligodendroglioma, IDH-mutant and 1p/19q codeleted (5), since both alterations are needed for diagnosis. One study of ctDNA in blood detected the deletion with 55% sensitivity and 100% specificity with microsatellite analysis (58). NGS of ctDNA in blood or CSF also detected the codeletion (67, 75, 76, 79, 80, 82, 83).

By conventional imaging, classically diagnosed oligodendrogliomas show calcifications, cortex predilection, heterogeneous, irregular contours with indistinct margins in T1 and T2 sequences, lower ADC values, and mildly elevated rCBV (126, 180). Textural analysis of the T2 signal predicted the 1p/19q codeletion with 93% sensitivity and 96% specificity (181–183). Most of these characteristics were already described when the diagnosis of oligodendroglioma was determined morphologically without the addition of molecular alterations as is now mandatory. More recently, machine learning identified the codeletion, especially in low-grade tumors, with an accuracy of around 0.81 and AUC of 0.88–0.89 (147–149).

Other mutated genes, such as CIC, have been found with high probability in oligodendrogliomas. (2, 161).



EGFR Alterations

EGFR alterations have been linked to glioblastoma, and tumors previously defined as diffuse grade 2–3 astrocytoma, IDH wildtype are currently considered glioblastomas if they harbor EGFR amplification (5). EGFR amplification is commonly studied by fluorescence in situ hybridization and has not been studied in ctDNA but is detectable by NGS (67, 76, 79, 80, 83). Most cases with EGFR amplification harbor the EGFRvIII mutation, which has been detected in ctDNA, exosomes, microvesicles and TEPs in blood (59, 61–63) and in extracellular vesicles in CSF (60) with 61–81% sensitivity in blood and CSF and 89% specificity in CSF. The EGFRvIII mutation is also detectable by NGS.

EGFR alterations have been linked to characteristics of glioblastoma that can be identified by conventional imaging: contrast enhancement, ring appearance, satellite lesions, intratumoral hemorrhage, necrosis, ill-defined infiltration, abundant edema and areas of hypo- or non-enhancing tumor infiltration involving the cortex or deep nuclei (125). However, these characteristics are not commonly found in glioblastoma-like tumors.

Machine learning identified EGFR alterations, including low- and high-grade gliomas not diagnosed with the current guidelines, with an AUC of 0.77–0.90 and accuracy of 0.66–0.82 (142, 150, 151).



TERT Promoter Mutation

TERT promoter mutations are commonly found in glioblastoma and in oligodendroglioma. They were detected in ctDNA in both blood (64–66) and CSF (53, 57, 65), with 62% sensitivity in blood, slightly higher sensitivity in CSF, and 100% specificity in CSF. They have also been detected by NGS in ctDNA in both blood (80) and CSF (76).

Conventional radiology does not identify specific features related to TERT mutations other than those related to oligodendrogliomas or glioblastomas. A study with MRS found that TERT-mutated tumors could have more necrosis, probably related to the high-grade profile that TERT mutations confer to low-grade gliomas (154).



+7/−10 Signature

The +7/−10 signature has been proposed as a factor in the change from a low-grade IDH-wild-type tumor to a glioblastoma. LOH in chromosome 10q was identified by PCR-based microsatellite analysis of ctDNA in blood with a sensitivity of 35–58% and specificity of 80–94%. No relationship with tumor aggressivity was reported (58).

Conventional radiology does not identify specific features related to the +7/−10 signature.



BRAF Mutation

The BRAFV600E mutation has been detected in the CSF of patients with brain metastases from melanoma (67). Relatively few gliomas harbor this mutation, making it difficult to show sensitivity and specificity for its detection in primary brain tumors. However, it has been detected by NGS in ctDNA from blood (75, 76) and CSF (79).

Conventional radiology does not identify specific features related to the BRAFV600E mutation.



H3F3A Histone Mutations

Tumors with histone mutations in midline locations (thalamus, pons and spinal cord), which are preferably found in children and young adults, may harbor the H3K27M mutation (39). These locations are difficult to biopsy due to the possibility of surgical complications and definite deficits, indicating an urgent need for non-aggressive methods of diagnosis. Several studies of these tumors have analyzed ctDNA in CSF and detected the H3K27 mutation with about 80% sensitivity and 100% specificity (53, 57, 68).

Tumors with this mutation have greater enhancement, with a thick margin, and heterogeneity with cyst in T2 sequences, while midline tumors without this mutation have poor definition of the NCET margin, large edema and cortical invasion (184). Conversely tumors with histone mutation H3.3 G34R/V-mutant are usually hemispheric and are indistinguishable by imaging from other gliomas.



CDKN2A/B Homozygous Deletion

The CDKN2A/B deletion has been detected by NGS in both serum and blood (Table 2). The presence of this deletion worsens the prognosis of an IDH- mutant tumor so these tumors have to be considered as grade 4 according to the new WHO classification (2). The CDKN2A/B deletion can also be detected by deep learning radiogenomics (Table 3).



MGMT Promoter Methylation

Due to the limited benefit that patients with tumors without MGMT promoter methylation derive from temozolomide, especially as first-line treatment for glioblastoma, the possibility of detecting MGMT promoter methylation in liquid biopsy has been extensively studied with the aim of avoiding aggressive treatments in patients who will likely not benefit, especially in biopsy-only, low performance status or elderly patients. MGMT status can be assessed in the clinical setting by methylation-specific PCR (MS-PCR), pyrosequencing, or multiplex-ligation dependent probe amplification (185). These methods can have different sensitivities and specificities. MGMT promoter methylation has been analyzed in ctDNA with MS-PCR with 36–79% sensitivity and 38–100% specificity, with somewhat better results in CSF than in blood (58, 69–72). MGMT promoter methylation can also be detected by genome wide methylation profiling in ctDNA or in DNA extracted from extracellular vesicles (83–85).

Several characteristics identified by conventional radiology have been linked to MGMT promoter methylation status but findings are not very specific (186). Ahn et al., found that the volume transfer constant (Ktrans) was significantly higher in the MGMT methylated group of patients, which could be attributed to better penetration of the drugs and better response to treatment (187). Higher ADC values have also been associated with methylation (188).

Recent radiomic studies predicted MGMT methylation status with up to 85% of accuracy (155–158).



GFAP

GFAP is quite characteristic of gliomas and has been detected in blood and used to differentiate primary tumors from metastases (73) or and to differentiate glioma subtypes (74).



Epigenetic Biomarkers

In addition to molecular alterations, tumors exhibit epigenetic modifications, such as DNA methylation in CpG islands, that regulate cell states. Methylation patterns in tumor tissue are different for different tumors and can therefore be used to identify the cell of origin in other cancers and to suggest a specific glioma subtype (88). It is also possible to extract information on DNA methylation from ctDNA. In fact, the amount of DNA needed to detect a methylome in plasma is less than that needed to detect individual mutations (85, 124). A cell-free methylated DNA immunoprecipitation assay clearly distinguished gliomas from other cancers with a mean AUC of 0.99 and also distinguished different glioma subtypes with an AUC near or over 0.80 (85). Glioma-epigenetic-liquid biopsy scoring was able to classify gliomas with 100% sensitivity and 97.78% specificity in ctDNA from plasma (50 ng) (84). In a third study, methylation profiling was performed on DNA extracted from extracellular vesicles in glioblastoma; CNVs and tumor-specific mutations were also examined in the same study (83).




DISCUSSION

At present, a CNS tumor can only be reliably diagnosed with a sample of tumor tissue, obtained either by resection or by at least a biopsy of the tumor. A suspicious radiological image needs to be classified as a cancerous or non-cancerous pathology and as a primary or secondary tumor. The diversity of histological subtypes among the primary tumors and the resulting differences in prognosis and treatment mean that correct treatment cannot be initiated without the tumor tissue. While it is clear that surgery also exerts a debulking effect and longer survival is directly proportional to surgical radicality, the extent of surgery is often limited by the clinical status or age of the patient and by the possibility of producing irreversible severe neurological lesions with an impact on quality of life in the case of central or deep tumors or those located in eloquent areas (3). As a result, it is often possible to perform only a biopsy of the tumor, without removal of the tumor mass. Surgical risk also limits the possibility of performing follow-up biopsies if there is radiological doubt as to progression, pseudoprogression, recurrence, or radionecrosis and also decreases the ability to obtain new tumor tissue at recurrence for information about molecular changes, such as resistant mutations, as is frequently done in other tumors (189). In contrast, a liquid biopsy of blood or CSF can facilitate the study of molecular alterations present in the tumor and could potentially be a non-aggressive method both for diagnosis prior to any therapeutic approach and for subsequent monitoring and follow-up of patients (6, 7, 9, 190).

Over the last few years, the number of studies on the detection of molecular alterations in blood and CSF from glioma patients has accelerated, with findings showing very high sensitivities and specificities compared to results obtained in tumor tissue. For example, IDH, ATRX, TP53, EGFR, TERT, BRAF, and H3F3A mutations, as well as MGMT promoter methylation, homozygous deletion of CDKN2A/B, and even GFAP have been detected by liquid biopsy. Studies have been performed both in blood and CSF, with ctRNA and ctDNA, and by isolating RNA and DNA from extracellular vesicles like exosomes. In contrast, TEPs have been less widely studied in gliomas (114). A variety of methods were used in these liquid biopsy studies, including PCR, MS-PCR, pyrosequencing, immunofluorescence, IHC, enzyme-linked immuno-sorbent assay, and ELISA. Since ctDNA is highly fractionated and the sequence under study can be lost (122, 123), the greatest handicap associated with liquid biopsies is the difficulty of detecting a sufficient amount of DNA or RNA to be able to proceed to the identification or isolation of the circulating nucleic acid and then proceed with the usual method for the detection of the alterations. CSF seems to provide better results than blood, since the amounts of DNA and RNA are higher due to the proximity of the tumor and the shedding of DNA in the CSF by contiguity (53, 76). However, a simple blood test is less invasive and could be used regularly in follow-up.

Exosomes can cross the BBB, thus facilitating the transmission of molecular information from the tumor to the blood (121) and informative results have been obtained with NGS of ctDNA and ctRNA isolated from circulating exosomes. In addition, plasma methylomes obtained with genome wide methylation profiling are able to distinguish primary from secondary tumors and then distinguish among the different subtypes of primary tumors based on their singular and specific methylation patterns (83). Only small amounts of ctDNA are necessary for genome wide methylation profiling (85, 124), and molecular information has been obtained with other NGS platforms in spite of the difficulty of isolating circulating nucleic acids (75, 80). These data indicate that technological drawbacks can be overcome in a relatively short time and findings validated in prospective studies.

Radiological diagnostics has also advanced technologically in recent years. The radiological characteristics that grossly identified the histological subtypes of gliomas were described before the molecular features were deemed essential for the diagnosis of the subtype; therefore, the radiological image/subtype relationship may not fully fit. For example, prior to the WHO 2016 classification (16), there was a subtype called oligoastrocytoma. The diagnosis of oligodendroglioma was based on the percentage of oligodendroglial cells present in the tumor. Would the presence of gross calcifications be typical of a 1p/19q oligodendroglioma, mutated IDH, as currently defined (5), or could it be that they also occur in tumors that don't presently fit a pure oligodendroglioma (180)? With the current possibilities afforded by image digitization and storage, the application of radiomics, radiogenomics, and machine learning, supported by computational methods and deep learning tools, a wealth of data about the image that had gone unperceived by the human eye is now available. Machine learning and deep learning are currently oriented toward imaging patterns and features that are characteristic of specific molecular alterations (129). Combining MRI with machine learning is rapidly gaining attention as a promising method for the molecular diagnosis of gliomas, with methods based on algorithms that can be incorporated in the MRI machines so that the diagnosis can be automated. In fact, there has recently been an increasing automation of MRI image post-processing programs that could standardize certain procedures and eliminate subjectivity: instant volumetric estimation of the lesion can be acquired without the need for manual segmentation; multiple volumes in perfusion maps can be calculated automatically; and the elimination of artifacts can be optimized. The qualitative and quantitative results provided by these programs could give us greater confidence, increase productivity, and create a workflow similar to that of the neuroimaging tool already used to improve decision making in the care of acute stroke victims. Automated and transparent circuits could be created for instant delivery of reports by email and automatic data flow to hospital picture archiving and communication systems (PACS), integrating all the information obtained from radiogenomics.

Liquid biopsy and radiogenomics share the same final objective: to obtain an accurate diagnosis of a CNS tumor with a non-invasive method showing high sensitivity and specificity that can be validated and then applied in the clinical setting. Such a method could be applied before initiating any aggressive therapy, including surgery, and could be used to better guide subsequent treatment. Furthermore, the same non-invasive methods could be used in a variety of situations for disease monitoring: a differential diagnosis between pseudoprogression, recurrence, and radionecrosis; the evolution of molecular alterations over the course of disease; and the appearance of new alterations, whether or not they are related to treatment (130, 190). Importantly, these methods could be used identify candidates for targeted therapies and lead to an increase in phase 0, or window-of-opportunity, studies since treatment could be initiated before surgery and there would be no need for two surgeries—one for diagnosis and another to check trial endpoints, such as drug-specific target effects, pharmacokinetics, and therapeutic concentrations in the tumor (132).

We can predict that diagnostic liquid biopsies and radiogenomics will likely be used initially for additional diagnostic information but will probably reach a point in the future where they will be incorporated in routine clinical practice. Nevertheless, the full clinical implementation of these methods is still in the distant future, pending the resolution of several issues. Both methods need studies shielded from tissue genomic results, with first assays in an initial training set, subsequent cross-validation, and then independent external testing in multicenter studies. Subsequently, both methods will need a clear objective with clinical relevance and applicability before being fully consolidated in clinical practice. They will need a generalization of algorithms, data collection protocols that include patient consent and correct labeling, and legal regulations—though errors in computational methods may be difficult to identify, especially in radiogenomics.

In addition, each of the methods faces its own specific difficulties. Some of the issues hampering the generalization and validation of liquid biopsy for clinical use are the selection of the best source (blood or CSF), the optimization of the amount of DNA or RNA required for analysis, the standardization of protocols for sample collection, the study of individual molecular alterations essential for diagnosis or for selecting patients for targeted therapy, and the certainty of methylation profiling as a tool for better diagnosis and subtyping. Several questions in radiogenomics also need to be clarified. Should MRI modalities and features be tailored to individual molecular markers or to glioma subtypes? How can subjectivity be eliminated from procedures like manual segmentation or qualitative evaluations in deep learning? How can stability and reproducibility of features be guaranteed under different conditions? In addition, different imaging acquisition methods and processing methods need to be standardized, the variability and heterogeneity of machine and deep learning need to be reduced, algorithms need to be constructed to automatically read results, and the biological basis for the relationship between the molecular and the radiological alterations needs to be explained.

In the coming years the scientific community will have a lot of work to do to validate the sources of information from which the data are obtained, the methodology, the sensitivity, specificity, accuracy and reproducibility. Currently, due to the profusion of published data, we run the risk of adopting a technique that does not meet the confidence to be adopted in clinical practice where it has to prove its validity to achieve a non-invasive diagnosis of CNS lesions.

In summary, however, according to the data currently available, liquid biopsy and radiogenomics have the potential to achieve their ultimate goal—the non-invasive diagnosis of CNS tumors and identification of their molecular alterations. One of the objectives of our article was to put on the table the need to address this issue in the scientific discussion forums that mark the future guidelines for action. This review has focused only on gliomas but in fact, the data from the studies included here could be extended to other CNS tumors or imaging tools. If we are to reach these objectives, we need to define parameters that will expedite relevant studies of these methods so that the findings can be validated in multicenter studies and applied to clinical practice.
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The identification of specific molecular aberrations guides the prognostic stratification and management of grade 2 astrocytomas. Mutations in isocitrate dehydrogenase (IDH) 1 and 2, found in the majority of adult diffuse low-grade glioma (DLGG), seem to relate to a favorable prognosis compared to IDH wild-type (IDH-wt) counterparts. Moreover, the IDH-wt group can develop additional molecular alterations worsening the prognosis, such as epidermal growth factor receptor amplification (EGFR-amp) and mutation of the promoter of telomerase reverse transcriptase (pTERT-mut). This review analyzes the prognostic impact and therapeutic implications of genetic alterations in adult LGG.
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1 Introduction

Grade 2 astrocytomas are rare tumors occurring in almost 1 out of 200,000 people per year with a peak incidence of between 30 and 35 years (1–4). Since 2016, neuro-pathologists introduced genetic parameters to differentiate them from oligodendrogliomas (5–8). Due to their slow growth, they determine cortical adaptor mechanisms leading to a functional and morphologic brain reorganization; as a consequence, tumor onset is usually characterized by seizures in the absence of other neurological deficits (9–11). Grade 2 astrocytomas are prognostically differentiated depending on the presence or absence of isocitrate dehydrogenase (IDH) 1 and 2 mutations, which, when occurring, correlate to a favorable outcome. Additionally, the IDH-wt patient’s prognosis worsens in presence of pTERT-mutations (pTERT-mut) and EGFR amplification (EGFR-amp) (12, 13). The treatment of lower-grade astrocytomas is established according to several stratification features (anaplastic gliomas, patients aged over 40 years, and subtotal removal). In presence of at least one of those risk factors, the suggested treatment is multimodal, consisting of post-surgical radiation therapy followed by chemotherapy with either temozolomide or a combination of procarbazine, lomustine, and vincristine (PCV). Due to limited available evidence, the predictive role of the molecular landscape of these tumors is still debated and not fully understood. However, both pTERT-mut and EGFR amplification (EGFR-amp) in IDH-wt tumors seem to identify a subgroup of patients not benefiting from adjuvant therapies (13–15).

Presently, there is no certainty about adequate therapeutic strategies for different molecular subtypes of grade 2 astrocytomas. Thus, in this review, we realize a comprehensive overview of the prognostic role of molecular aberrations and the most effective post-surgical strategies.



2 The Backbone of Diffuse Low-Grade Glioma Molecular Alterations: IDH Mutation

IDH1/2-mut gliomas usually harbor genetic and clinical characteristics conferring them to be a better outcome with respect to their IDH-wt counterpart. IDH mutations, usually localized at the arginine residue (R132 for IDH1, R140, or R172 for IDH2), are somatic heterozygous and missense point mutations producing the oncometabolite d-2-hydroxyglutarate (D-2HG) and promoting the transformation in immortalized human astrocytes (8). Although an early molecular event, IDH mutation is not sufficient to generate gliomas; further molecular alterations are required (16–19). Precisely, when IDH1-mutated, astrocytomas are often associated with TP53 mutation, while oligodendrogliomas present loss of 1p/19q and very rarely TP53 mutation. Therefore, three different molecular pathways can be identified, the first one arising with the mutation of IDH followed by TP53 mutation, which generates grade 2 astrocytomas. The second one involves grade 2 oligodendrogliomas, characterized by IDH mutation, followed by the loss of 1p and 19q. The last pathway includes gliomas without mutations in IDH gene, but with multiple genetic alterations, such as amplification or mutation of EGFR and loss of PTEN gene. This last subgroup of tumors becomes early aggressive glioblastoma (GBM) (20, 21).



3 Beyond IDH Mutation: Molecular-Guided Glioma Classifications


3.1 WHO Classification of Tumors of the Central Nervous System, 2016 Classification (WHO 2016CNS)

For the first time, WHO2016CNS stratified diffuse low-grade glioma (DLGG) into separate entities according to molecular parameters: IDH-mut, IDH-wt, and not otherwise specified (NOS) categories, as evidenced in Figures 1 and 2 (16–24).




Figure 1 | Molecular pathways of IDH-mut lower-grade gliomas development. IDH1/2 mutations are early events in glial progenitors after which these cells acquire additional mutations: ATRX and TP53 mutations in astrocytomas, and 1p/19q co-deletion and pTERT mutations in oligodendrogliomas.






Figure 2 | WHOCNS2016 algorithm for diffuse low-grade glioma (DLGG) diagnosis. A scheme of molecular analysis is needed to formulate a precise diagnosis of DLGG, according to WHOCNS2016.





3.2 cIMPACT-NOW Updates 3 and 5

In 2016, a Consortium to Inform Molecular and Practical Approaches to CNS Tumor Taxonomy (cIMPACT-NOW) was created to update neuro-oncologists on the novel insights of the DLGG molecular landscape. In particular, the third and fifth updates focused on adult IDH-wt and IDH-mut diffuse astrocytic gliomas (25–28). The first one concerned a specific subset of IDH-wt diffuse or anaplastic astrocytomas prognostically similar to grade 4 IDH-wt GBM (27, 29–34). Precisely, it was established that at least one of the following alterations is necessary to compare them to a GBM since the lack of IDH mutation is not sufficient to confer a worse prognosis: EGFR-amp, pTERT-mut, the combined chromosome 7 gain, and chromosome 10 loss. These entities rarely occur in grade 2 astrocytoma, belonging mainly to grade 3 (35–40). However, pTERT-mut, when not associated with the abovementioned alterations, may relate to IDH-wt gliomas with favorable prognosis (pleomorphic xanthoastrocytoma, ganglioglioma, and nearly all oligodendrogliomas) (34, 38, 41). The fifth update focused on IDH-mut DLGG prognostic molecular features and identified the following alterations conferring the worse impact: CDKN2A/B homozygous deletion, CDK4 amplification, RB1 mutation or homozygous deletion, PIK3CA or PIK3R1 mutations, PDGFRA amplification, MYCN amplification, global DNA methylation levels, genomic instability, and chromosome 14 loss, as listed in Table 1.


Table 1 | Genetic aberrations conferring an aggressive behavior to grade 2 astrocytomas.



Several studies evidenced the role of CDKN2A/B homozygous deletion as an independent poor prognostic factor in IDH-mut diffuse astrocytomas (42–44). Further analyses showed that CDK4 amplifications are common among IDH-mut astrocytomas with poor prognosis, and their combination with chromosome 14 loss predicted an even shorter overall survival (OS) (40, 45). Moreover, mutations in PIK3R1 and PIK3CA genes, as well as amplification in MYCN and genomic instability, are associated with a worse outcome (32). In conclusion, IDH-mut lower-grade astrocytomas can be split into 3 different prognostic subgroups. The first one shows the best prognosis (median OS (mOS) greater than 10 years) with no evidence of mitotic activity, histologic anaplasia, microvascular proliferation, necrosis, or CDKN2A/B homozygous deletion (46). The second one, with a shorter life expectancy (nearly 8 years), showed the presence of mitosis and anaplasia, but neither microvascular proliferation nor necrosis nor CDKN2A/B homozygous deletion (47). The third subgroup corresponds to WHO grade 4 gliomas when at least one of the following features is identified: microvascular proliferation, necrosis, or CDKN2A/B homozygous deletion. Moreover, it is currently classified as astrocytoma IDH-mut; grade 4 causes its outcome results to be more favorable compared to GBM IDH-wt one (32–48).



3.3 CNS WHO 2021 Classification, Fifth Edition (WHO CNS5)

WHO CNS Classification’s fifth edition (WHO CNS5), published in 2021, is the most practice-changing one, mainly focusing on the molecular alterations’ role (rather than on the morphological analysis) considered as biomarkers of grading and for further estimating prognosis. According to this classification, GBM diagnosis can be formulated even in presence of a histologically lower-grade glioma, if including one of the following alterations: CDKN2A/B homozygous deletion in IDH-mut astrocytomas, as well as pTERT-mut, EGFR-amp, and +7/−10 copy number changes in IDH-wt diffuse astrocytomas (49). Therefore, WHO CNS5 identifies only 3 types of gliomas: astrocytoma, IDH-mut; oligodendroglioma, IDH-mut and 1p/19q-codeleted; and GBM, IDH-wt.

In other words, the current classification aims to add value to molecular parameters compared to histological findings in defining the tumoral grade. Due to the new 2021 WHO classification way of diagnosing lower-grade gliomas (different from the 2016 WHO still widely used), an Expert Panel of the American Society of Clinical Oncology (ASCO) and Society for Neuro-Oncology (SNO) published guidelines concerning the therapeutic management of diffuse astrocytic and oligodendroglial tumors in adults in order to implement both of them, till the new classification system will be definitively adopted (50).




4 Clinical-Therapeutic Implications of Grade 2 Astrocytomas Molecular Landscapes


4.1 IDH-mut Grade 2 Astrocytomas


4.1.1 Clinical and Radiological Features

Approximately 80% of newly diagnosed astrocytomas harbor IDH mutations. Survival differences between IDH-mut and IDH-wt LGG (mOS 10 vs. 2.1 years) led to separate them since WHOCNS2016 (8). Clinical and radiological peculiarities help discern between the abovementioned entities; for instance, epilepsy is frequently evidenced in IDH-mut DLGG due to the biological activity of D2HG, which is the product of the mutant enzyme. IDH1-mut cells expose neurons to D2HG, which structurally resembles glutamate, and disrupt the balance between inhibition and excitation, leading to seizures (51). Radiologically, MR spectroscopy might discriminate between IDH-mut and IDH-wt astrocytomas by quantifying 2-HG, detected only in IDH-mut gliomas (8). Moreover, IDH-mut astrocytomas display a characteristic T2 fluid-attenuated inversion recovery (T2-FLAIR) mismatch sign, defined as the presence of complete/near-complete hyperintense signals on a T2-weighted image, and a relatively hypointense signal on FLAIR, except for a hyperintense peripheral rim, with a specificity rate ranging at 100% (52).



4.1.2 Role of Surgery

The need for tumor specimens for molecular analysis has further increased the indications for neurosurgery. Its indications and extent of resection (EOR) depend on tumor-specific factors; observation is usually reserved in the presence of comorbidities contraindicating surgical approach, and biopsy in the case of tumors located in delicate areas or the presence of disseminated, multicentric, and/or bulky gliomas (53, 54). Indeed, resection needs to be maximally radical to reach an oncological efficacy, with EOR positively influencing both progression-free survival (PFS) and OS. EOR can be quantified and identified as biopsy, subtotal resection (STR), gross total resection (GTR), and supratotal resection (SuTR) (55). GTR seems to be more feasible for IDH-mut low-grade astrocytomas due to their less infiltrative behavior, conferring longer survival and benefits in terms of seizure control (56).



4.1.3 Adjuvant Therapies

As shown in Figure 3, post-surgical strategies have been established by analyzing the long-term results of several phases III clinical trials, which started back in the 1990s by the European Organisation for Research and Treatment of Cancer/Radiation Therapy Oncology Group (EORTC/RTOG). Patients with IDH-mut lower-grade astrocytomas are divided into two categories (low versus high risk) based on the EOR and/or unfavorable prognostic factors (i.e., age older than 40 years, presence of neurological deficits, and uncontrolled seizures). Low-risk patients undergo radiological follow-up without any adjuvant treatment. On the contrary, high-risk patients are directed to adjuvant treatments, such as radiotherapy (RT) alone (50–54 Gray in 1.8 Gray/fraction), chemotherapy alone (with temozolomide or PCV), or a combination of the two approaches (57). In particular, the EORTC 22845 trial compared postoperative RT to RT performed at the time of disease progression in adults with grade 2 gliomas. A significantly better PFS was evidenced in the first group of patients. Conversely, there was no significant difference in terms of OS (58). Moreover, the RTOG 9802 study evaluated RT alone versus RT followed by PCV in high-risk low-grade gliomas. Both PFS and OS were significantly improved in the combination arm, with a gain of 5.5 years on survival (13.3 versus 7.8 years) (59). Finally, the EORTC 22033 trial showed no significant differences in terms of PFS in upfront RT versus dose-dense temozolomide (75 mg/m2 daily on a 21/28 days scheme) in high-risk, grade 2 gliomas. Data on OS are not yet available. Further results concerning OS will help clarify the adequate adjuvant therapy for IDH-mut grade 2 astrocytomas (60).




Figure 3 | Therapeutic algorithm for grade 2 astrocytoma. (A) Patients with IDH-mut grade 2 astrocytomas are divided into two categories (low-risk versus highrisk). Low-risk patients should undergo radiological follow-up, while high-risk ones are eligible for adjuvant therapies, such as radiotherapy (50–54 Gray in 1.8 Gray/fraction) followed by chemotherapy alone with temozolomide (TMZ) or procarbazine, lomustine, and vincristine (PCV). (B) Patients with IDH-wt astrocytomas undergo concomitant and adjuvant regimens based on radio-chemotherapy with temozolomide as STUPP regimen.






4.2 IDH-wt, Morphologically Grade 2, Astrocytomas


4.2.1 Genomic Landscape and Risk Assessment

IDH-wt grade 2 astrocytomas (WHO 2016) usually harbor GBM’s molecular alterations, leading to consider them as an immature GBM still missing microvascular proliferation and necrosis (36, 61–63). However, the outcome of IDH-wt astrocytomas is strictly related to several genetic features such as K27M mutation of histone 3 family 3A (H3F3A; H3-K27M); V600E mutation of B-rapidly accelerated fibrosarcoma (BRAF); pTERT-mut; EGFR-amp; and chromosome 7 gain, and chromosome 10 loss (64–67). Three retrospective studies evaluated IDH-wt grade 3 astrocytomas, and only one focused on grade 2 astrocytomas (68, 69). The first one collected 718 LGG including 166 IDH-wt gliomas. EGFR-amp, BRAF, and H3F3A mutations were observed in a mutually exclusive pattern in 13.8%, 6.9%, and 9.5% of patients, respectively. pTERT mutations were evidenced in 26.8% of specimens. Patients younger than 45 years of age with grade 2 oligodendroglioma showed the most favorable prognosis. On the contrary, older patients with anaplastic gliomas who underwent STR, with EGFR-amp and H3F3A mutation, experienced shorter survival. Furthermore, gliomas were divided into “molecularly” low- and high-grade, based on the absence or presence of EGFR, H3F3A, or pTERT gene alterations; the first group showed a mOS improvement of about 6 months. Notably, the most favorable outcome was evidenced in molecularly low-grade gliomas with MYB amplification (68). The second study, published by Wijnenga and colleagues, confirmed the detection of pTERT-mut or chromosome 7 gain and chromosome 10 loss status as poor prognostic factors (39). The third retrospective study explored molecular alterations in 160 IDH-wt gliomas divided into 120 anaplastic and 40 grade 2 astrocytomas. The authors identified four molecularly driven subgroups: 78% considered conventional GBM due to the same molecular aberrations, the second group (9% of patients) showed a mutation in H3F3A gene, and the third one (8%) shared the methylation profile with GBM-H3-K27 mutated. Finally, the last group (5%) showed a molecular profile similar to the large cellular GBM (68). The latter study, published in 2019, evaluated 35 patients with IDH-wt lower-grade astrocytomas confirming the negative prognostic role of chromosome 7 gain and chromosome 10 loss and pTERT-mut. mOS was shorter in patients with at least one of these negative prognostic factors (18.5 vs. 54.5 months) (68). Recently, literature data highlighted that the presence of pTERT-mut alone could not be enough to call molecular GBM a grade 2 IDH-wt glioma (69).



4.2.2 Role of Surgery

EOR prognostic impact in IDH-wt grade 2 astrocytomas is still being debated because randomized controlled trials are still missing. However, a systematic review published in 2020 considered maximal resection with preservation of eloquent brain areas an essential treatment strategy in terms of survival benefits (70). Moreover, Poulen et al. performed a retrospective analysis of 31 patients receiving a high rate of maximal resection (nearly 95%) not followed by any postoperative adjuvant treatment. In their population, 5 patients underwent STR dying rapidly (3.5 years from diagnosis), while all patients undergoing GTR are still alive after a 5-year follow-up. So GTR may improve outcomes even in IDH-wt patients. On the contrary, a retrospective single-center study from Patel et al. found no association between EOR and outcome in 25 IDH-wt grade 2 astrocytomas out of 172 LGG patients (71).



4.2.3 Adjuvant Therapies

There is still a paucity of evidence about post-surgical strategies in this setting. Treatment should be decided considering patient-specified prognostic factors such as age, Karnofsky Performance Status (KPS), molecular profile, clinical and radiological course, and MGMT promoter methylation status. Usually, due to expected poor prognosis, concomitant RT and temozolomide-based chemotherapy are often carried out even if never formally evaluated within randomized controlled trials. In particular, RT sensitivity has never been established and might be lower due to wild-type IDH enzymes’ protective effect through the maintenance of NADPH levels counteracting apoptosis (72). EORTC 22033 and 26033 studies suggest the Stupp regimen as the most adequate treatment, due to the aggressiveness of the majority of IDH-wt grade 2 astrocytomas (WHO 2016) (60).



4.2.4 Outcome

There is huge variability in terms of survival among IDH-wt, morphologically grade 2, astrocytomas. A recently published meta-analysis examined data from 3,204 patients including 556 IDH-wt astrocytomas. In the entire cohort, the OS varied from a minimum of 87 to a maximum of 218 months (mean 118 months) for IDH-mut patients. On the contrary, IDH-wt astrocytomas showed shorter survival (from 9 to 120, mean 59 months). To date, the molecular profile resulted in a strong independent prognostic factor in the univariate analysis. EOR’s higher rate improved prognosis, while adjuvant therapies did not seem to impact the outcome in the IDH-wt population (39–43).





5 General Conclusions and Future Perspectives

Despite new evidence on the prognostic role of molecular features, there is no certainty about adequate therapeutic strategies, due to the lack of both perspective data, as well as technical limits of many oncological centers not performing an entire molecular analysis. According to the available studies, the IDH-mut subgroup achieves a demonstrable survival benefit by adjuvant chemoradiotherapy, as opposed to the IDH-wt counterpart (mOS 22 vs. 120 months) (13, 34, 42, 46, 49). Moreover, targeted therapy might also become a new potential treatment strategy. Indeed, encouraging results from basket trials showed clinically meaningful efficacy in gliomas harboring BRAF V600E mutation or NTRK 1/2/3 fusions, although missing enough data about grade 2 astrocytoma (73, 74). Currently, as previously mentioned, since these data derive from retrospective cohorts of patients treated according to clinicians’ choice, American Society of Clinical Oncology (ASCO)–SNO guidelines were found to be really helpful and affordable for the therapeutic management of diffuse astrocytic and oligodendroglial tumors in adults (50). In conclusion, while waiting for highly awaited new perspective trials, a multidisciplinary tumor board including an expert neuro-oncologist is strictly needed to plan a proper post-surgical therapeutic strategy for grade 2 astrocytomas, especially if IDH-wt.
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Radiation concomitant with the DNA methylating drug temozolomide (TMZ) is the gold standard in the treatment of glioblastoma. In this adjuvant setting, TMZ is regarded to be a radiation sensitizer. However, similar to ionising radiation, TMZ induces DNA double-strand breaks and is itself a potent trigger of apoptosis, cellular senescence and autophagy, suggesting that radiation and TMZ act independently. Although cell culture experiments yielded heterogeneous results, some data indicate that the cytotoxic effect of radiation was only enhanced when TMZ was given before radiation treatment. Based on the molecular mechanism of action of TMZ, the importance of specific TMZ and radiation-induced DNA lesions, their repair as well as their interactions, possible scenarios for an additive or synergistic effect of TMZ and radiation are discussed, and suggestions for an optimal timing of radio-chemical treatments are proposed.
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Introduction

Temozolomide (TMZ), an orally deliverable alkylating chemotherapeutic agent, is essential part of the standard treatment of glioblastoma (GBM). It is applied after tumor resection in a dose of 75 mg/m2 once per day, concomitantly with fractionated ionizing radiation (IR), with 2 Gy per fraction, cumulating up to 60 Gy (1). After radio-chemotherapy, adjuvant treatment consists of TMZ at higher dose (150-200 mg/m2, six cycles day 1-5/28) (1). At relapse, several modified protocols are applied that deviate from this classic “Stupp” regimen (2). Dose-dense schedules consist of TMZ at lower doses, i.e. 150 mg/m2 day 1-7/14, 100 mg/m2 day 1-21/28, 100 mg/m2 day 1-5/7 or 50 mg/m2 administered continuously (3). Even at these low dose levels, TMZ is effective, as indicated by clinical studies (4, 5). Moreover, at least in O6-methylguanine-DNA methyltransferase (MGMT)-deficient tumors, repeated TMZ treatments very likely lead to an accumulation of critical DNA damages that trigger cell death, which is supported by our studies on glioblastoma cells in vitro (6). The concurrent administration of TMZ with IR results in a prolongation of overall survival (OS) and progression free survival (PFS) by a few months (1).

An alternative therapy regimen is based on lomustine (CCNU), a chloroethylating agent that induces O6-chloroethylguanine and subsequently interstrand-crosslinks in the DNA (7). It is administered at day 1, followed by TMZ day 2-6 of the 6-week cycles. In this setting, the PFS is identical to the Stupp protocol, but the OS is increased, albeit at the expense of additional side effects (8). In this setting, IR is not included even though it is conceivable that IR together with lomustine ameliorates glioblastoma cell death, given the cell death pathway triggered by chloroethylating agents (7). However, it is expected that the side effects in the irradiation field are more severe since the toxicity of lomustine and IR is likely not restricted to the proliferating tumor cell pool, but also to the non-proliferating healthy brain tissue. In contrast, the toxic effect of TMZ is strictly limited on replicating cells (9) and, therefore, specifically affects the proliferating tumor cell population. Nearly nothing is known about the complex interaction of TMZ, IR and lomustine-induced DNA damage and signaling.



Tmz and Radiation

In chemoradiation, TMZ is believed to be a radiosensitizer (10). This view is based on a series of experimental studies which, taken together, led to the conclusion that pretreatment with TMZ or simultaneous treatment with TMZ and IR increases cytotoxicity above the additive effect. Actually, these studies are quite heterogeneous, ranging from additive to near-synergistic effects (11–15). Thus, treatment with a low dose of TMZ 2 h before irradiation exacerbated the cytotoxic effects that were described as supra-additive, which was not the case when TMZ was administered after IR (11). We repeated this experiment and were able to confirm that TMZ pretreatment enhances the level of IR-induced apoptosis. However, this was only the case if a high dose of TMZ was used (100 µM instead of 20 µM). It is important to note that in this setting IR (6 Gy) and TMZ alone did not enhance apoptosis (which was measured 5 h after IR treatment) above the control level (Figure 1A).




Figure 1 | TMZ and IR- induced apoptosis and senescence. (A) Effect of TMZ pretreatment on radiation-induced apoptosis. Human LN229 glioblastoma cells in the exponential growth phase were treated with TMZ (20 or 100 µM) and 3 h later irradiated with γ-rays (6 Gy). Apoptosis (annexin V+, PI-), late apoptosis/necrosis (annexin V+, PI+) and total cell death were measured 5 h later by flow cytometry. Data are the mean of 4 independent experiments +/- SEM. *p < 0.05; ***< 0.001. (B) Effect of IR pre- and post-treatment on TMZ-induced apoptosis and cellular senescence. Human LN229 glioblastoma cells in the exponential growth phase were treated with TMZ (20 µM) and 3 h later irradiated with γ-rays (6 Gy) (TMZ-IR). In a parallel setting, they were irradiated (6 Gy) and 6 h later treated with TMZ (20 µM) (IR-TMZ). Apoptosis (early apoptosis: annexin V+/PI-; late apoptosis: annexin V+/PI+) and senescence (C12FDG+) were measured 7 d later by flow cytometry. Data are the mean of 3-4 independent experiments +/- SEM. *p < 0.05; **< 0.01; ***< 0.001 ; ****<0.0001. Experiments were essentially performed as previously described (16).



Apoptosis induced by TMZ in glioblastoma cells is a late response, starting 3 d after TMZ treatment and reaching a maximum 5 d later, while senescence reaches a plateau after 7 d (17). To see whether IR has an impact on TMZ-induced cell death, we treated glioblastoma cells with a therapeutically relevant low dose of 20 µM TMZ 2 h before or 6 h after IR (6 Gy) and measured apoptosis and cellular senescence (CSEN) 7 days later. Under these conditions, both TMZ and IR alone induced significant apoptosis. Interestingly, TMZ pre- and post-treatment were effective in enhancing the apoptosis level (Figure 1B). For the endpoint cellular senescence we also observed, similar to apoptosis, a significant increase (Figure 1B). However, the effects were less than additive, indicating that IR provokes rather an inhibiting effect on TMZ-induced genotoxic pathways. Overall, our data support the notion that the timing (pre-treatment) and the TMZ dose are critical as to the amelioration of the cytotoxic effect of IR.



Tmz - a Radiosensitizer?

Whether TMZ is a real radiosensitizer has not yet been critically questioned. As we know the mechanism of action of TMZ quite precisely (7, 18), it is pertinent to answer this question anew. A genuine radiosensitizer is characterized by provoking an increase in the radiation effect, whereby the radiosensitizer itself is not toxic (19). In tumor therapy, the intended endpoint of the biological radiation effect is death of the tumor cell, with the number of unrepaired DNA double-strand breaks (DSBs) being the critical, decisive factor (20). Theoretically, radiosensitization can occur through the following mechanisms: a) increase in the number of radiation-induced DSBs, b) reduced repair of the induced breaks resulting in an enhanced level of critical breaks, c) amelioration of the DNA damage response that triggers cell death, d) stimulation of pro-apoptotic pathways, e) inhibition of antiapoptotic pathways, f) inhibition of autophagy and cellular senescence, which counteract the cell death response.

Does TMZ meet these requirements? TMZ does not impact the repair of radiation-induced DSBs. However, it is conceivable that the genotoxic properties of TMZ itself contribute to an increase in the amount of toxic DSBs. How this can occur requires a closer look at the mode of action of TMZ. Chemically, the drug is a triazene derivative that does not need metabolic activation. It decomposes spontaneously in the cell yielding 3-methyl-(triazen-1-yl)imidazole-4-carboxamide and, in a second step, 5-aminoimidazole-4-carboxamide and monomethyl hydrazine, which finally methylates all nucleophilic centers in the cell. However, as revealed by studies with DNA repair mutants and isogenic cell lines (21), the main cytotoxic target of TMZ is the nuclear DNA. Similar to other SN1 alkylating agents, TMZ alkylates the DNA at 12 nucleophilic sites (22). The major methylation products are N-methylpurines such as N7-methylguanine, N3-methylguanine, and N3-methyladenine (comprising about 80% of total alkylation), whereas base oxygen methylations are less frequent. Thus, O6-methylguanine (O6MeG) accounts for only 7% of the total DNA alkylation. Although produced in minor amounts, O6MeG is the main mutagenic, carcinogenic, genotoxic, and cytotoxic lesion (23). It is also responsible for autophagy and cellular senescence, which are induced by TMZ concomitant to apoptosis and which counteract cell death (17, 24).

TMZ has a short half-life (about 2 h in serum) and therefore exposures can be considered pulse-treatments. O6MeG in the DNA arrives a peak level within 3-4 h after TMZ treatment of glioblastoma cells (16). In cells with the DNA repair protein MGMT the damage is repaired within minutes and therefore cannot develop any toxic effects. However, in tumor cells without MGMT, which are classified as promoter-methylated (25), O6MeG remains and accumulates following repeated treatments in the tumor cell DNA.



Molecular Mechanism of Tmz and Ir

The mechanisms of O6MeG-triggered cell death responses have been thoroughly investigated (26). O6MeG itself is not a cytotoxic DNA damage, but in proliferating cells the lesion results in O6MeG/thymine mismatches during DNA replication. These are recognized by the cell’s mismatch repair (MMR) system. The MMR proteins (MSH2, MSH6, MLH1 and PMS2) repair the damage by removing thymine, but the mispairing properties of O6MeG results in restoring the mismatch; the repair is on the spot, leading to futile repair cycles. This finally causes gaps in the DNA and, in a subsequent round of replication, inhibition of the DNA synthesis and open replication forks with vulnerable single-stranded DNA, whose cleavage by nucleases inevitably leads to DSBs. This occurs in the post-treatment cell cycle (i.e. two DNA replication cycles after induction of O6MeG are required), which is compatible with the time-course of apoptosis and DSB formation (27). Results obtained with synchronized cells confirmed this model (28). It was further shown that DSBs, induced by the processing of O6MeG/thymine, trigger complex DNA damage response pathways, which are activated primarily by ATR, and secondary by ATM, and downstream by CHK1 and CHK2, respectively (29), as well as activation of the SIAH1-HIPK2–p53 axis (30). In this scenario, the following factors determine drug resistance: MGMT, MMR, the proliferation level, DNA damage response (DDR) activation, and DSB repair by homologous recombination (HR). Repair of TMZ-induced DSBs by non-homologous end-joining (NHEJ) plays only a marginal role (31, 32). In contrast to TMZ, IR induces DSBs replication independently and the main pathway of DSB repair following IR in G1 is NHEJ (33). Non-repaired IR-induced DSB activate the DDR mainly via ATM, while O6MeG mediated replication blocks and DSBs activate both ATR and ATM, which trigger downstream cell death pathways (7, 29).

In view of this scenario, it is conceivable that the DSB rate in the tumor cells is increased, and cell death pathways are activated to a greater extent if TMZ is administered together with IR (see Figure 2A). This presupposes, however, that a) the tumor cells are MGMT-deficient, b) the tumor cells proliferate (since the conversion of O6MeG into DSB is strictly replication-dependent) and c) MMR as well as the DDR are not affected by IR. It should be noted that IR is a potent inducer of genes, which has also been discussed for the MGMT gene (34). However, MGMT silencing is caused by promoter methylation and IR would therefore have to change the promoter methylation status, which according to available data is not the case. Moreover, we have not been able to demonstrate any MGMT induction by IR in glioblastoma cells in vitro (35).




Figure 2 | Mechanism of TMZ-induced cytotoxicity and cellular senescence and possible mode of interaction of TMZ and IR. MGMT and IR inhibiting the cytotoxic pathway are indicated. DDR: DNA damage response involving the kinases ATR, ATM and the transcription factor p53. (A) Genotoxic pathway triggered by O6MeG; futile MMR cycle model. (B) MMR and BER of N-methylation lesions cooperate in inducing DSBs. (C) MMR and BER of oxidative lesions cooperate in inducing DSBs. (D) DSBs are formed in overlapping base excision repair patches of lesions induced by TMZ and radiation. BER, long-patch base excision repair; MPG, N-methylpurine-DNA glycosylase; OGG1, 8-oxo-guanine-DNA glycosylase.



The possible influence of IR on mismatch repair, DNA synthesis and tumor cell proliferation is critical. In vitro, the MMR genes MSH2 and MSH6 were shown to be downregulated by IR (17). Whether this also occurs in vivo is unknown. Radiation inhibits cell cycle progression, arresting cells in the G1/S (36), and dose response curves do not display a no-effect threshold for DNA synthesis inhibition (37). It is therefore conceivable that DNA synthesis is inhibited already by a single therapeutic dose of 2 Gy, and even more so by repeated doses. Under these conditions TMZ will inevitably become ineffective since the conversion of O6MeG into DSB cannot take place. According to these considerations, radiation prior to the administration of TMZ would be counterproductive, at least if the radiation dose is sufficiently high to cause DNA synthesis inhibition through G1 blockage (Figure 2A). It is conceivable that concurrent daily treatments with 2 Gy plus TMZ may lead to even stronger inhibition of replication and therefore to a significant attenuation of the TMZ-induced cytotoxic response.



Possible Interactions Between Radiation- and Tmz-Induced Lesions

As already mentioned, experimental evidence suggests that treatment of GBM cells with TMZ + IR can have both synergistic and additive effects. A detailed study showed that dosage and timing are crucial. Using very low doses of TMZ, radiosensitization was only recorded when TMZ was given to the cells before irradiation; TMZ post-treatment had no effect (11). It was concluded that toxic N-alkylations induced by TMZ (such as 3-methyladenine) and O6MeG interact, leading to an increase in the DSB rate. A model based on this supposition is shown in Figure 2B. This model claims that base excision repair in O6MeG/T mismatch repair patches may lead to DSB formation. If one additionally assumes that following irradiation oxidative base damages (such as 8-oxoG or thymine glycol) were generated in the immediate vicinity of O6MeG, it is conceivable that MMR of O6MeG/T and, concomitantly, BER of oxidative damage (e.g. through the repair enzyme OGG1) in the O6MeG harboring strand lead to the formation of DSB (Figure 2C).

This model applies to radiation exposure in the TMZ post-treatment cell cycle. It does not explain, however, why pretreatment with TMZ has a radio-sensitizing effect (Figure 1A). An explanation for this finding rests on the supposition that base damage through alkylation (N7-MeG, N3-MeG, N3MeA) and oxidation (e.g. 8-oxoguanine) in overlapping BER patches may lead to DSB, similar to what was proposed for extensive alkylation damage in overlapping repair patches (38). Given a patch size of about 25 nucleotides during long-patch BER (39) this likely happens at high DNA alkylation and oxidation levels. Since BER peaks immediately after damage induction, DSB formation in overlapping BER patches is anticipated to occur in the first hours after treatment. This is entirely different from DSBs resulting from O6MeG/T processing, which results in a wave of DSB >3 days after TMZ treatment (own unpublished data). Interestingly, apoptosis induced by IR in TMZ pretreated glioblastoma cells can be observed already 5 h after irradiation. It is also important to note that a low dose of TMZ is insufficient; only with a high dose of 100 µM the yield of radiation-induced apoptosis was significantly enhanced (Figure 1A). This data confirms what was reported by Bobola et al. (11), and is compatible with the model shown in Figure 2D. The observation that TMZ pretreatment leads to radio-sensitization in both MGMT proficient and deficient cells, i.e. independent of O6MeG (11), further supports this model. In summary, TMZ appears to be a radiosensitizer when TMZ treatment occurs prior to irradiation.

It is important to note that apart from being a radiosensitizer, TMZ itself is a powerful cytotoxic agent that induces not only apoptosis but also autophagy and cellular senescence (24). Importantly, dose-response studies revealed that O6MeG adducts in the DNA, DSBs, apoptosis and senescence increase linearly with dose, without a clear threshold (16, 40). This supports the notion that low doses of TMZ are effective in MGMT lacking tumors. The cytotoxic potency of TMZ leads to the question of whether, conversely, IR can cause an amplification of the TMZ effect, i.e. acting as drug sensitizer. This is conceivable given the cell death cascade evoked by O6MeG. In this scenario, blocked replication forks that activate ATR, and DSBs generated through O6MeG/T-MMR activating ATM (29) are the decisive downstream events triggering the DDR (Figure 2A). If in this window additional DSBs were induced by radiation treatment, it is conceivable that the toxic effect of TMZ is ameliorated. However, own unpublished data showed that no synergistic, but at best only additive effects were recorded under these treatment conditions.



Conclusions

What are the conclusions regarding dose and timing in TMZ-radiotherapy? If we translate these considerations into the clinical application, we would like to suggest modification of the therapy protocol in a following way.

	a) Given the facts that IR inhibits DNA synthesis and TMZ requires DNA replication, it is reasonable to conclude that the TMZ treatment should initially be carried out for 3 days without radiotherapy. This TMZ boost is anticipated to be most effective as it targets the proliferating glioblastoma cell population. For this boost a high dose (200 mg/m2/day), which is usually used for maintenance therapy, is recommended since it is expected to be effective also in cancer cells expressing MGMT at a very low level.

	b) We further recommend starting the radio-chemotherapy cycle with a high dose of TMZ (200 mg/m2 + 2 Gy) for a short period (3 days) to enable DSBs to be formed according to the model in Figure 2D. After this TMZ-IR boost, therapy according to the classical scheme (TMZ 75 mg/m2 + RT 2 Gy) should be continued. With this boost TMZ-radiotherapy it is anticipated that in the initial phase of treatment the tumor cell cytotoxicity through TMZ can fully be expressed.

	c) Given the fact that TMZ pretreatment is most effective in exerting radiosensitization, TMZ should be administered 2-4 hours before irradiation (the peak plasma level after oral TMZ is reached after about 2 hours and DNA alkylation is at its maximum after 3-4 hours).

	d) Not only IR, but also TMZ causes cell cycle arrest, which limits apoptosis induction. If this immediate-early effect is transient (in contrast to senescence), it is anticipated that therapy-free intervals (of 2 days) may enhance the tumor-cytotoxic effect because of replication recovery. At the same time limiting side effects (notably hematotoxicity) might be reduced because of MGMT restoration in the stem cell compartment. Of note, CD35+ hematopoetic stem cells contain very low MGMT levels (41).

	e) A benefit of concomitant TMZ-radiotherapy was recorded not only for promoter methylated, but also unmethylated (MGMT+) cases (42). This supports the view that an MGMT-independent minor pathway does exist, which is stimulated in the concurrent TMZ-radiotherapy setting (outlined in Figure 2D). Thus, on the basis of this model, a benefit of concurrent TMZ-radiotherapy is expected independent of the MGMT status.

	f) Both IR and TMZ are strong inducers of cellular senescence, causing an irreversible proliferation arrest. This will necessarily negate the cytotoxicity of TMZ, although attenuating (transiently) tumor growth. Thus, the role of senescence-associated secretory phenotype, exhibited by glioblastoma cells upon TMZ treatment (17), for the progression of the disease remains to be established and the use of senolytic drugs in glioblastoma radio-chemo therapy a reasonable challenge.
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Background: The prognosis of lower-grade glioma (LGG) is highly variable, and more accurate predictors are still needed. The aim of our study was to explore the prognostic value of ferroptosis-related long non-coding RNAs (lncRNAs) in LGG and to develop a novel risk signature for predicting survival with LGG.

Methods: We first integrated multiple datasets to screen for prognostic ferroptosis-related lncRNAs in LGG. A least absolute shrinkage and selection operator (LASSO) analysis was then utilized to develop a risk signature for prognostic prediction. Based on the results of multivariate Cox analysis, a prognostic nomogram model for LGG was constructed. Finally, functional enrichment analysis, single-sample gene set enrichment analysis (ssGSEA), immunity, and m6A correlation analyses were conducted to explore the possible mechanisms by which these ferroptosis-related lncRNAs affect survival with LGG.

Results: A total of 11 ferroptosis-related lncRNAs related to the prognosis of LGG were identified. Based on prognostic lncRNAs, a risk signature consisting of 8 lncRNAs was constructed and demonstrated good predictive performance in both the training and validation cohorts. Correlation analysis suggested that the risk signature was closely linked to clinical features. The nomogram model we constructed by combining the risk signature and clinical parameters proved to be more accurate in predicting the prognosis of LGG. In addition, there were differences in the levels of immune cell infiltration, immune-related functions, immune checkpoints, and m6A-related gene expression between the high- and low-risk groups.

Conclusion: In summary, our ferroptosis-related lncRNA signature exhibits good performance in predicting the prognosis of LGG. This study may provide useful insight into the treatment of LGG.

Keywords: lower-grade glioma, ferroptosis, lncRNA, signature, prognosis


INTRODUCTION

Gliomas are common and deadly primary tumors of the central nervous system, accounting for nearly 80% of all primary malignant brain tumors (1). Gliomas are classified by the World Health Organization (WHO) as grades I–IV based on their histological type and malignant behavior (2). Diffuse grades II–III gliomas are commonly defined as lower-grade gliomas (LGGs), which are characterized by large differences in biological and clinical behavior (3). The survival time of patients with LGG is highly variable, ranging from 1 to 15 years, with some patients being very sensitive to treatment, while others rapidly develop into highly malignant glioblastoma (GBM, grade IV) (4, 5). Although molecular diagnosis has been incorporated into the classification of LGG (6), the prognosis of patients cannot be accurately predicted by existing methods. Hence, it is necessary to further explore the prognostic markers of LGG, which is also conducive to the discovery of potential therapeutic targets.

Of note, more and more pieces of evidence have suggested that ferroptosis is linked to the prognosis of cancer patients, such as those with pancreatic ductal carcinoma, hepatocellular cancer, and renal clear cell carcinoma (7–9). Ferroptosis is a form of iron-dependent regulated cell death caused by excessive lipid peroxidation, which has been involved in the occurrence and progression of various types of diseases (10, 11). Studies have shown that ferroptosis also has a tumor suppressor function that could be used for cancer treatment (12–14). The long non-coding RNAs (lncRNAs) are defined as a subset of RNA molecules with ~200 nucleotides (15, 16). They not only participate in gene regulation (17) but also involve tumor biological behavior, such as occurrence, development, and metastasis (18, 19). In addition, there is evidence that abnormal regulation of specific lncRNAs is associated with the ferroptosis process in colorectal cancer and leukemia (20, 21). However, these specific lncRNAs and their prognostic values are still rarely explored in LGG.

Here, we aimed to investigate the prognostic role of ferroptosis-related lncRNAs in LGG and develop a novel risk signature for survival prediction. We first integrated multiple datasets to screen for prognostic ferroptosis-related lncRNAs. A risk signature for prognostic prediction of LGG was then constructed by least absolute shrinkage and selection operator (LASSO) regression analysis. In addition, a nomogram was established to predict the 1-, 3-, and 5-year survival rates by combining this signature with other independent prognostic parameters. Eventually, we investigated the relationship of the risk signature with underlying biological functions, immune functions, and m6A-related genes.



MATERIALS AND METHODS


Data of Patients With LGG in This Study

Three independent LGG cohorts were enrolled in the present study. Expression profiles (RNA-seq) and related clinical data were collected from The Cancer Genome Atlas (TCGA, https://portal.gdc.cancer.gov/), Chinese Glioma Genome Atlas (CGGA, http://www.cgga.org.cn/), and Gravendeel (http://gliovis.bioinfo.cnio.es/) databases. A total of 259 ferroptosis-related genes were downloaded from the FerrDb database (http://www.zhounan.org/ferrdb/) (22). Pearson analysis was then utilized to evaluate the association between ferroptosis-related genes and lncRNAs in LGG. In this study, lncRNAs with correlation coefficients |R| > 0.4 and p < 0.001 were selected as ferroptosis-related lncRNAs. To screen for prognostic ferroptosis-related lncRNAs, we included patients with available survival information and overall survival (OS) ≥30 days. Finally, 408 patients from the TCGA dataset were included in the training cohort, while 590 patients from the CGGA dataset and 104 patients from the Gravendeel dataset served as the validation cohort (Table 1).


Table 1. Clinicopathological information of patients with lower-grade glioma (LGG) in the training and validation cohorts.
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Development of a Risk Signature

Univariate Cox regression analysis was conducted to screen out prognostic lncRNAs (p < 0.05) in these three cohorts. To ensure accuracy, overlapping prognostic lncRNAs from the three cohorts were extracted as candidate lncRNAs. Then, LASSO regression analysis was used in the training cohort to further narrow the range of candidate lncRNAs and establish a risk signature. The risk score formula was as follows: risk score = Σ explncRNAi × βi (where explncRNAi represents the expression of the selected lncRNA and βi represents the corresponding coefficient). In this study, the median value of the risk score was used as the cutoff value for the high- and low-risk groups. Based on the expression values of the lncRNAs included in the signature, principal component analysis (PCA) was carried out via the “scatterplot3d” package in R to assess potential differences between the two subgroups. The Kaplan–Meier method was utilized to measure the difference in OS between the high- and low-risk subgroups. The time-dependent receiver operating characteristic (tROC) curve was then plotted using the “timeROC” package to evaluate the predictive accuracy of the risk signature. These assessment methods were also performed in the CGGA and Gravendeel cohorts to validate their predictive value. In addition, we analyzed the relationship between the risk score and clinical characteristics of LGG.



Development of a Prognostic Nomogram

Univariate and multivariate Cox regression analyses were further carried out to determine the independent prognostic value of the risk signature in LGG. Next, we incorporated independent prognostic parameters of the training cohort to establish a nomogram, which was carried out through the “rms” package. The prediction performance of the nomogram was evaluated through the tROC curve, decision curve analysis (DCA), calibration curve, Kaplan–Meier method, and concordance index (C-index).



Functional Enrichment Analyses

To investigate the related biological roles of the risk signature, we screened out differentially expressed genes (DEGs, |log2FC| > 1 and false discovery rate [FDR] < 0.05) between the two subgroups in TCGA cohort using the “limma” package. Based on DEGs, Gene Ontology (GO) analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis were carried out through the “clusterProfiler” package, and annotation results reaching p < 0.05 were considered to be significant.



Correlation Analysis of the Risk Signature With Immunity and m6A

We first compared differences in the levels of immune responses in the two risk subgroups using several algorithms (TIMER, CIBERSORT, CIBERSORT-ABS, QUANTISEQ, MCPCOUNTER, XCELL, and EPIC) (23). Scores of 16 types of immune cell infiltration and activity of 13 immune-related functions were also compared using single-sample gene set enrichment analysis (ssGSEA), which was performed via the “gsva” package. In addition, we analyzed the correlation of the lncRNA signature with potential immune checkpoints and m6A-related genes.



Statistical Analysis

The continuous variable (risk score) between two groups was compared using Student's t-test, and the chi-square test was used for categorical variables. Comparisons of immune cells, immune functions, immune checkpoints, and m6A-related gene expression between the two risk groups were conducted using the Wilcoxon test. The difference in OS of patients with LGG between groups was measured by Kaplan–Meier curves and log-rank tests. The remaining statistical methods are described above. A value of p < 0.05 was considered statistically significant. Statistical analysis and graph production of this study were completed by R software (v3.6.3).




RESULTS


Identification of Prognostic LncRNAs for LGG

The flow chart of our study is shown in Figure 1. By Pearson correlation analysis, we obtained 2,625, 698, and 357 ferroptosis-related lncRNAs from TCGA, CGGA, and Gravendeel datasets, respectively. Among them, the numbers of prognostic lncRNAs (p < 0.05) in TCGA, CGGA, and Gravendeel cohorts were 1,082, 342, and 85, respectively. Ultimately, we found that 11 prognostic lncRNAs overlapped in all three cohorts, and these 11 lncRNAs were selected for subsequent analysis (Figure 2A).


[image: Figure 1]
FIGURE 1. The flow chart of our study.
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FIGURE 2. Construction of a ferroptosis-related long noncoding RNAs (lncRNA) signature for lower-grade glioma (LGG) in The Cancer Genome Atlas (TCGA) cohort. (A) Overlapping prognostic lncRNAs in 3 cohorts were screened out. (B,C) Minimum criteria and coefficients were calculated by least absolute shrinkage and selection operator (LASSO) analysis. (D) The distribution difference is shown between the two subgroups by PCA. (E) Kaplan–Meier curve of the two subgroups. (F) The distribution plot of risk score, survival status, and overall survival (OS) time. (G–I) area under the curve (AUC) values of 1-, 3-, and 5-year OS for the risk score and clinical features.




Construction and Validation of the Risk Signature

Based on prognostic lncRNAs, an 8-lncRNA prognostic signature was constructed through LASSO regression analysis in the TCGA cohort (Figures 2B,C). The risk score formula was as follows: risk score = expressionLINC00844 × (−0.0064) + expressionFAM66C × (−0.1737) + expressionTUBA3FP × (−0.3259) + expressionSNHG8 × (−0.0002) + expressionCRNDE × (0.1282) + expressionHAR1A × (−0.1302) + expressionLINC00641 × (−0.0337) + expressionMYCNOS × (−0.0555). We then divided patients with LGG into high- and low-risk subgroups according to the median risk score. PCA showed stable and significant differences in distribution between the two risk subgroups (Figure 2D). The Kaplan–Meier curve suggested that patients in the high-risk group had a shorter OS time than those in the low-risk group (p < 0.001; Figure 2E). As seen from the distribution plot, the number of surviving cases and survival time was decreased in the high-risk group when compared with the low-risk group (Figure 2F). The area under the curve (AUC) of the tROC confirmed that the signature was a good predictor of survival and was superior to traditional clinicopathological features (Figures 2G–I).

Next, the same analyses were carried out in the CGGA and Gravendeel cohorts for external validation. In both validation cohorts, PCA also showed obvious differences in the distribution between high- and low-risk subgroups (Figures 3A,B). Patients with higher risk scores had shorter OS times (p < 0.001), which was consistent with the findings of the TCGA cohort (Figures 3C,D). Similarly, AUC values for predicting OS at 1-, 3-, and 5-year were high in both cohorts, all >0.75 (Figures 3E,F). The same trend was observed in survival distribution plots, with shorter OS times and more deaths as the risk score increased (Figures 3G,H). All these results suggested that the risk signature could stably and accurately predict the prognosis of LGG.


[image: Figure 3]
FIGURE 3. Evaluated predictive value of the risk signature in the validation cohorts. Principal component analyses (PCAs) for the (A) Chinese Glioma Genome Atlas (CGGA) and (B) Gravendeel cohorts. (C,D) Kaplan–Meier curves for survival in the validation cohorts. (E,F) Time-dependent ROC curves are used to assess the prediction accuracy. (G,H) Distribution plots of the risk score, survival status, and survival time in the validation cohorts.




Relationship of the Risk Signature With LGG Features

As shown in Figure 4A, the proportion of patients with grade III, isocitrate dehydrogenase (IDH) wild-type, and 1p19q non-codeletion is higher in the high-risk group than in the low-risk group (p < 0.001). The heatmap shows the distribution of risk signature lncRNA expression. With the increase in the risk score, the expression level of the risk lncRNA (CRNDE) was increased, while the expression levels of the remaining protective lncRNAs were decreased. We also analyzed risk score levels in LGG classification based on clinical and molecular characteristics. We observed that patients with age > 40, grade III, IDH wild-type, and 1p19q non-codeletion had higher risk scores (Figures 4B–E), while there was no difference between male and female patients (Figure 4F). Overall, these results suggested that a high-risk score was closely linked to characteristics of high malignancy in LGG.


[image: Figure 4]
FIGURE 4. Relationship of the risk signature with clinical characteristics of lower-grade glioma (LGG) in The Cancer Genome Atlas (TCGA) cohort. (A) Heatmap for risk score, selected long noncoding RNAs (lncRNAs), and clinicopathological features. (B–E) LGG patients with age >40, grade III, isocitrate dehydrogenase (IDH) wild-type, and 1p19q non-codeletion had higher risk scores, and (F) there was no difference between men and women. ** p < 0.01, *** p < 0.001, ns, no significance.




Construction of a Prognostic Nomogram Model

Next, to identify independent prognostic indicators, univariate and multivariate Cox regression analyses were conducted. In TCGA cohort, outcomes revealed that grade, age, and risk score [hazard ratio (HR) = 2.387, 95% confidence interval (CI) = 1.647–3.457; p < 0.001] were independent prognostic indicators of LGG (Figures 5A,B). Interestingly, this risk signature also had independent prognostic significance in both the CGGA (HR = 2.848, 95% CI = 1.964–4.129; p < 0.001) and Gravendeel (HR = 4.148, 95% CI = 2.315–7.433; p < 0.001) cohorts (Figures 5C–F), further demonstrating that the ability of the risk signature to predict LGG survival was reliable and stable. We then incorporated the independent prognostic parameters of the TCGA cohort to build a nomogram model for individualized prognostic prediction of patients with LGG (Figure 6). Compared with independent prognostic factors, the tROC curves confirmed that the nomogram had the highest prediction accuracy, with AUCs of 0.948, 0.888, and 0.809 for 1-, 3-, and 5-year survival, respectively (Figures 7A–C). DCAs demonstrated that the nomogram was more beneficial than a single independent prognostic factor in predicting LGG outcomes (Figures 7D–F). Moreover, the model had a high C-index (0.869), further demonstrating its good predictive performance. We next plotted calibration curves for both the training and validation cohorts, and the results illustrated that the prediction probability through the nomogram was close to the actual observation (Figure 7G; Supplementary Figures 1A,B). The TCGA cohort was then divided into three subgroups based on model scores, and the Kaplan–Meier curve exhibited significant differences among groups (p < 0.001; Figure 7H). Similar results were observed in the CGGA cohort (Supplementary Figure 1C), however, in the Gravendeel cohort, the difference between the low- and moderate-risk groups was not significant, possibly due to its small sample size (Supplementary Figure 1D). Overall, these results suggested that the nomogram could be used as an effective risk stratification method.
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FIGURE 5. Univariate and multivariate regression analyses were performed in (A,B) The Cancer Genome Atlas (TCGA), (C,D) Chinese Glioma Genome Atlas (CGGA), and (E,F) Gravendeel cohorts.
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FIGURE 6. A nomogram model was established to predict the overall survival (OS) of lower-grade glioma (LGG) in The Cancer Genome Atlas (TCGA) training cohort.
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FIGURE 7. Internal evaluation of the nomogram model. (A–C) Time-dependent ROC curves, (D–F) decision curve analyses (DCAs) and (G) calibration curves for 1-, 3-, and 5-year overall survival (OS) prediction of the nomogram. (H) Kaplan–Meier curve of the three subgroups based on the nomogram.




Functional Enrichment Analyses

To explore the related biological functions and pathways, functional enrichment analyses were carried out in the TCGA cohort. Between the two groups, 906 genes met the criteria and were defined as DEGs. Based on DEGs, the biological process (BP) results of GO analysis illustrated that the risk signature was closely linked to immune-related functions (Figure 8A). For KEGG analysis, the results suggested that DEGs were involved in extracellular matrix (ECM)-receptor interaction, phagosome, cell cycle, antigen processing and presentation, and some cancer pathways (Figure 8B).


[image: Figure 8]
FIGURE 8. (A) Biological process of Gene Oncology (GO) analysis and (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis in The Cancer Genome Atlas (TCGA) cohort.




Relationship of the Risk Signature With Immunity and m6A

Figure 9 shows the immune cells and immune responses that obviously differed in several algorithms. The ssGSEA results showed that the infiltration levels of B cells, CD8+ T cells, immature dendritic cells (iDCs), macrophages, plasmacytoid dendritic cells (pDCs), T helper cells, Th1 cells, Th2 cells, tumor-infiltrating lymphocyte (TIL) cells, and Regulatory T cell (Treg) cells were higher in the high-risk group than in the low-risk group (p < 0.05; Figure 10A). Meanwhile, all 13 immune-related pathways and functions exhibited higher activity in patients with high-risk scores (p < 0.001; Figure 10B). In addition, there were significant differences in the expression of many immune checkpoints. For example, in the high-risk group, the levels of CTLA4, PDCD1LG2 (PD-L2), PDCD1 (PD-1), LAG3, and CD274 (PD-L1) were much higher (p < 0.001; Figure 10C). Considering the key regulatory role of m6A-related genes in tumors, the relationship between the risk signature and m6A-related genes was analyzed. As shown in Figure 10D, we found that, in the high-risk group, the expression levels of RNA binding motif protein 15 (RBM15), Wilms tumor 1 associated protein (WTAP), heterogeneous nuclear ribonucleoprotein C (HNRNPC), and YTH N6-methyladenosine RNA binding protein 2 (YTHDF2) are higher (p < 0.01), whereas the expression levels of zinc finger CCCH-type containing 13 (ZC3H13), YTH domain containing 1 (YTHDC1), and fat mass and obesity associated (FTO) are lower than the low-risk group (p < 0.05).


[image: Figure 9]
FIGURE 9. Immune cells and immune responses based on several algorithms.
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FIGURE 10. Relationship of the risk signature with immunity and m6A. (A) Scores of immune cell infiltration, (B) immune function activity, (C) immune checkpoint expression, and (D) m6A-related gene expression were compared between the two subgroups. * p < 0.05, ** p < 0.01, *** p < 0.001, ns, no significance.





DISCUSSION

Ferroptosis, a newly discovered form of iron-dependent programmed cell death (PCD), plays a vital role in malignant tumor biology that includes resistance to chemotherapy and tumor suppressor functions, which may be a promising strategy for cancer treatment (11, 14, 24). Hence, a comprehensive analysis of the prognostic value of ferroptosis-related lncRNAs in LGG is helpful to identify reliable prognostic markers and potential therapeutic targets. In this study, we identified 11 prognostic ferroptosis-related lncRNAs in LGG through three datasets (TCGA, CGGA, and Gravendeel), of which 8 were included to establish a risk signature. Through external validation, this risk signature exhibited a robust and accurate predictive capacity for survival in patients with LGG. The findings of our study also suggested that LGG types with worse prognosis, such as age > 40, grade III, IDH wild-type, and 1p19q non-codeletion, tended to have higher risk scores. In addition, the lncRNA signature-based nomogram we established had high AUC values (0.948, 0.888, and 0.809 for 1-, 3-, and 5-year OS, respectively) and C-index (0.869), which seemed to be superior to some nomograms previously constructed for LGG, such as that by Tu et al. (25) (AUC: 0.899, 0.860, and 0.806 for 1-, 3-, and 5-year OS, respectively; C-index: 0.817), Feng et al. (26) (C-index: 0.852), and Zhao et al. (27) (C-index: 0.777). Previous studies have shown that the ferroptosis-related lncRNA signature performs well in predicting the prognosis of various cancers, such as liver cancer, head, and neck squamous cell carcinoma, colon cancer, and lung adenocarcinoma (8, 28–30). Nevertheless, until now, there has been a lack of ferroptosis-related lncRNA signatures for LGG. This study is a useful complement to the prognostic indicators of LGG.

The risk signature of our study included 8 lncRNAs (CRNDE, LINC00844, FAM66C, TUBA3FP, SNHG8, HAR1A, LINC00641, and MYCNOS), and previous evidence has suggested that these lncRNAs are closely linked to the occurrence and development of cancer. For instance, the expression of the lncRNA CRNDE was significantly increased in gliomas, and high CRNDE expression was linked to a higher degree of malignancy and shorter OS time (31). Wang et al. (32) found that the upregulation of CRNDE enhanced the growth and migration of glioma cells, and the expression of CRNDE was regulated by mammalian target of rapamycin (mTOR) signaling. In the present study, CRNDE was primarily enriched in the high-risk group, and its expression was negatively associated with the prognosis of patients with LGG, which was consistent with previous findings. In prostate cancer, LINC00844 upregulates GSTP1 and promotes apoptosis by recruiting EBF1 (33). LINC00844 also has a significant prognostic value in gliomas, with a high expression suggesting a favorable prognosis (34). LINC00641 is a novel acute myeloid leukemia (AML)-related lncRNA whose knockdown prevents cell proliferation, invasion, and migration and promotes apoptosis by modulating the miR-378a/ZBTB20 axis in AML (35). Small nucleolar RNA host gene 8 (SNHG8) is an oncogenic factor involved in many types of cancer and is considered a promising target for cancer therapy (36). A previous study showed that high expression of lncRNA HAR1A was linked to better clinical outcomes for LGG, and upregulation of HAR1A helped to improve survival in patients who received chemotherapy and radiotherapy (37). This is consistent with our findings. With regard to MYCNOS, it has been reported to affect the growth of neuroblastoma cells by facilitating MYCN protein levels (38–40). However, until now, there have been few studies on the role and mechanism of ferroptosis-related lncRNAs in the prognosis of LGG. The potential regulatory role of these lncRNAs during the ferroptosis process needs to be further studied.

The exciting thing is that targeting ferroptosis exhibits a unique vulnerability for the treatment of some therapy-resistant tumors (41). Ferroptosis-based therapies have great potential in terms of the multiple resistance mechanisms caused by cellular plasticity switches, which can prevent therapeutic evasion and metastasis of malignancies from a variety of origins (42–44). In the present study, we found that DEGs between the two risk subgroups were closely related to multiple immune-related functions. The ssGSEA results showed higher levels of immune cell infiltration and more active immune-related functions in the high-risk group. In addition, several important immune checkpoints were expressed at higher levels in LGG patients with higher risk scores. To sum up, our data revealed that ferroptosis was linked to the immunity of LGG to some extent. Recent studies suggest that ferroptosis inducers combined with immune checkpoint inhibitors may be an effective method to enhance antitumor effects (45, 46). Therefore, this combination therapy may be a promising treatment approach for high-risk patients with LGG based on our signature. In the KEGG analysis, the risk signature was associated with ECM-receptor interaction and focal adhesion, suggesting that the two glioma subgroups may differ in their ability to invade and migrate (47, 48). In addition, the DEGs were significantly enriched in several cancer-related pathways, such as mitogen-activated protein kinase (MAPK), p53, and Wnt signaling pathways. The abnormality of the m6A gene is closely linked to the occurrence and development of glioma (49). In our study, the expression levels of RBM15, WTAP, HNRNPC, YTHDF2, ZC3H13, YTHDC1, and FTO were significantly different in the two subgroups. These findings further shed light on the reasons for the differences in survival time between the two subgroups.

However, there are some limitations to this study. First, the public databases included in this study are deficient to varying degrees, lacking some key clinical parameters, such as tumor resection degree and preoperative status of patients. Second, the relatively small sample size of the Gravendeel cohort may affect the accuracy of the partial validation results. Finally, further experiments are needed to elucidate the underlying mechanisms related to the risk signature in LGG. In summary, the ferroptosis-related lncRNA signature exhibits good performance in predicting the prognosis of LGG. Ferroptosis-related lncRNAs may influence the prognosis of LGG in part by modulating immune-related functions. Our study may provide useful insight into the treatment of patients with LGG.
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Objectives: The aim of this research was to summarize the clinical and prognostic features of the skull-base meningiomas with extracranial extensions, and enhance the management of skull-base communicative meningiomas.

Methods: We retrospectively studied the medical records and analyzed the follow-up information of 53 patients who have done surgery for skull-base meningiomas with extracranial extensions in West China Hospital of Sichuan University from 2009 to 2020.

Results: The incidence of skull-base meningiomas with extracranial extensions was 0.74%. The average diagnosis age was 45.9 years, with a 1:3.1 men to women ratio. WHO grade I was seen in 84.9% of patients, and higher grades were found in 15.1%. Heterogeneous enhancement, high bone invasion rate, high incidence of peritumoral edema, and high dural tail sign rate were typical imaging features. Routine craniotomy and endoscopic endonasal approach were adopted, and gross total resection was performed in 62.3% of cases with 20.8% postoperative complication rates. The average follow-up time was 61.5 months, with a recurrence rate of 34.9%. By survival analysis, the extent of resection (p = 0.009) and the histological grade (p = 0.007) were significantly related to the prognosis. Adjuvant radiotherapy proved beneficial in patients with subtotal resection (p = 0.010) and high-grade meningiomas (p = 0.018).

Conclusions: Skull-base meningiomas with extracranial extensions were sporadic. According to the tumor location and communication way showed by the preoperative imaging, routine craniotomy or endoscopic endonasal approach with a reasonable skull-base repair strategy could be adopted to achieve the maximum tumor resection. Maximized resection, adjuvant radiotherapy, and low histological grade indicate a better prognosis.

Keywords: meningioma, extracranial extension, surgical resection, prognosis, radiological findings


INTRODUCTION

Meningiomas have been the most common central nervous system (CNS) tumors, accounting for 37.6% of CNS tumors (1). In contrast, the internal and external communication of the skull-base meningioma is a rare type of meningiomas (2). This kind of meningiomas passes through natural cavities such as the optic foramen, superior orbital fissure or destroy bone to achieve intracranial and extracranial links and involve sellar area, supraorbital fissure, orbit tips, and other critical structural areas rich in blood vessels and nerves. Due to the rarity of skull-base communicative meningiomas, there is no established management method. In our cohort, we retrospectively reviewed the communication way, clinical symptoms, radiological characteristics, treatment strategies, and prognosis of 53 patients with skull-base meningiomas with extracranial extensions operated in West China Hospital of Sichuan University (about 2,800 CNS tumors operations are performed per year), to summarize the clinical and prognostic features and enhance the management of skull-base communicative meningiomas.



METHODS


Patient Population

We retrospectively analyzed the medical record and radiological information of skull-base communicative meningiomas at West China Hospital of Sichuan University, from January 2009 to May 2020. The informed consent of these patients was approved by the West-China Hospital Research Ethics Committee. The medical record and the image data were extracted from the hospital information system and the hospital picture archiving and communication systems (PACS), retrospectively. MRI data were acquired by magnetic resonance plain scan, enhanced scan, and intraoperative navigation. Two skilled radiologists extracted separately the radiological imaging features of these meningiomas from the preoperative MRI combined with CT images. Inclusion criteria include: precise pathological diagnosis, skull-base meningiomas with extracranial extensions, and underwent microsurgery as a primary treatment. Exclusion criteria include: recurring or metastatic tumor, pathological diagnosis combined with other lesions, and have received radiotherapy. The diagnosis was verified by histopathological evaluation including immunohistochemical analysis, and the meningiomas were classified according to the WHO Classification of Tumors of the Central Nervous System (WHO 2021 5th version).



Surgical Strategy

All patients included in the study underdone surgery by routine craniotomy or endoscopic endonasal approach in our center. For patients with internal carotid artery involvement identified on preoperative MRI, computed tomographic angiography (CTA) was taken to determine tumor impact on the internal carotid artery. For patients with suspected internal carotid artery compression, MR angiography (MRA)/digital subtraction angiography (DSA), and internal carotid artery balloon occlusion test were performed to evaluate the degree of compression. The surgical positions were all in the supine position. According to the location of the main body of the tumor, orbitofrontal approach, pterional approach, orbital zygomatic approach, and endoscopic endonasal approach were taken to deal with the communicative lesions. Simpson resection grade standard was applied to evaluate the extent of resection (EOR) (3). Levels I and II were defined as gross total resections (GTRs), while levels III and IV were subtotal resections. The postoperative skull-base reconstruction strategy was flexible. For intact dura mater and skull-base bone defect less than 3 cm, no repair will be made. For defect ≥ 3 cm and dura mater intact, use pedicled temporalis or frontal muscle galette aponeurosis to reconstruct the skull base by layer flip, then fix and rebuild with titanium mesh. For significant tissue defects and dural defects, first, fill the dura mater with autologous adipose tissue, then use temporal muscle fascia, pedicled skull periosteum or artificial dural to repair the dura mater, and finally reconstruct the skull base by the above method.



Follow-Up Data

Ten patients were lost to follow-up on discharge and the other 43 patients received a regular telephone or outpatient follow-up after discharge. Enhanced MRI scans for these patients were required to be performed 3 months after surgery and then once a year after that. Tumor recurrence rate combined with disease-free survival (DFS) was applied to evaluate the prognosis. DFS was defined as the time from surgery to tumor recurrence or death from and cause. In addition, we evaluated the Karnofsky performance status (KPS) at the last follow-up of these patients to compare the long-term outcomes.



Statistical Methods

All statistical analyses were performed by SPSS (version 22.0, IBM). To assess predictors of DFS, we included the following factors: age, sex, communication way, WHO grade, the EOR, and adjuvant radiotherapy. K-M curve was adopted to describe the DFS, and a log-rank test was conducted to compare the difference between the curves, while the Cox proportional hazards model was conducted to do multivariate analysis. Besides, a P value less than 0.05 was considered statistically significant.




RESULTS


Incidence, Age, Sex, and Histopathology

From January 2009 to May 2020, 7,202 patients with meningiomas underwent surgery at the Department of Neurosurgery, West-China Hospital of Sichuan University. Of these patients, only 60 were skull-base meningiomas with extracranial extensions. We excluded seven recurring meningiomas, and the final number of patients with communicative meningiomas was 53 (0.74%). The features of the study population were listed in Table 1. The average diagnosis age was 45.9 years (ranging from 2 to 72) with a 1:3.1 men to women ratio. Concerning histopathology, WHO grade I was confirmed in 45 patients (84.9%), WHO grade II was confirmed in 8 patients (15.1%), and no WHO grade III was reported in our series. Further pathological examination was done in 22 patients. Some potentially prognostic indicators such as Ki-67 and progesterone receptor (PR) were added to Table 4.


Table 1. Characteristics of study population.
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Communication Ways and Clinical Symptoms

A total of 84.9% of the lesions were communicated to the orbit, 17.0% of the lesions were communicated to the nasal cavity, and 5.7% of the lesions were communicated to the infratemporal or pterygopalatine fossa. In addition, 43.4% of the lesions communicated through the natural cavity, while 56.6% of lesions communicated through the destruction of bone. The period from initial symptoms to the surgical intervention ranged between 0.47 and 144.0 months, with a median of 12.0 months and an average of 28.7 months. The most frequent symptoms were related to visual impairment in 40 patients (75.5%), ten of which were completely blind, followed by headache or eye pain in 28 patients (53.9%), progressive exophthalmos in 26 patients (49.1%) and the average degree of exophthalmos is 9.17 mm, the disorder of ocular movement in 8 patients (15.1%), dysosmia in 3 patients (5.7%), and epilepsy in 2 patients (3.8%). Detailed clinical manifestations were summarized in Table 2. In addition, the lesions of three patients (5.7%) without any symptoms were found during physical examination.


Table 2. Different clinical manifestations of the patients.
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Radiological Findings

In our series, T1, T2 weighted, and enhancement images could be obtained in 38 patients. Based on radiological imaging, most tumors present irregular shape (60.5%) and clear tumor-brain boundary (81.6%). With regard to tumor size, the maximum diameter of the meningiomas ranged from 10 to 91 mm, with a mean of 45.90 (±20.9) mm. Peritumoral edema and cystic degeneration were respectively found in 14 cases and 2 cases. Skull imaging was abnormal in 21 cases, including hyperostosis and destructive absorption of the cranial bone. Detailed radiological features were summarized in Table 3.


Table 3. Radiological features of available 38 patients.
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Surgical Strategies and Outcome

According to the location of meningiomas, 16 cases were used with the orbitofrontal approach, 15 cases with the pterional approach, 19 cases with the orbital zygomatic approach, and 3 cases with the endoscopic endonasal approach. GTR (Simpson grades I and II) has been completed in 33 cases (62.3%), while the remaining patients have undergone subtotal tumor resection (Simpson grade III or IV). Regarding the defect of the skull base, postoperative skull-base reconstruction was carried out in 31 patients (58.5%). Postoperative adjuvant radiotherapy was done in 13 patients (24.5%) to deal with the remnant after subtotal resection (STR) or high-grade meningiomas.

There was no postoperative mortality, and the postoperative complication rate was low (n = 11, 20.8%). The infection was the most common postoperative complication during hospitalization. A total of nine patients (17.0%) experienced postoperative infections, of which six were pulmonary infections, two were intracranial infections, and one was another site of infection. All these infections were alleviated after an intravenous application of antibiotics. Two patients (5.1%) experienced postoperative cerebrospinal fluid leakage, which gradually improved after lumbar drainage. Otherwise, there was no severe postoperative complication such as intracranial hemorrhage, hydrocephalus, meningococcal bulging, and pulsatile exophthalmos.



Prognosis

Excluding ten patients (18.9%) who were lost to follow-up, the follow-up time of the remaining cases ranged from 10 months to 147 months, with an average of 61.5 months. Fifteen patients experienced tumor recurrence with a recurrence rate of 34.9%. For these recurring tumors, seven patients opted for re-operation, two patients underwent radiotherapy, and six patients chose conservative treatment. Two patients experienced multiple recurrences (Case 3,11), and one patient died because of the tumor recurrence (Case 43). Detailed available follow-up data were presented in Table 4. Besides, two representative cases were presented in Figures 1, 2, respectively.


Table 4. Follow-up data of the 43 of 53 patients with skull base communicative meningiomas.
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FIGURE 1. A case of 55-year-old female with a WHO-grade-I meningioma. (A–C) Preoperative sellar region MRI showed an irregular lesion of left infraorbital fissure, orbital apex, pterygopalatine fossa, cavernous sinus and middle fossa. (D–F) Early postoperative MRI showing gross total resection of the meningioma. (G–I) MRI follow-up 6 months postoperatively showing no tumor progression.



[image: Figure 2]
FIGURE 2. A case of 2-year-old boy presented with a cranial-orbital lesion. (A–C) Preoperative MRI showed a left dumbbell-shaped lesion with invasion of extraocular muscles and cavernous sinus. (D–F) STR was conducted to remove lesions about 1 cm*1 cm from the orbital apex, and pathological biopsy reveals a WHO-grade-I meningioma. (G–I) MRI follow-up at 12 months showed tumor progression and the second surgery was taken. (J–L) MRI follow-up at 18 months after the second surgery showed no tumor recurrence but the patient suffered severe visual failures.


After excluding one dead patient, the average KPS score of the remaining patients at the last follow-up was 73 (ranging from 40 to 100). Preoperative exophthalmos in 16 patients was successfully alleviated by the surgery, but one patient without preoperative exophthalmos suffered new-onset postoperative exophthalmos. In 31 patients with preoperative visual failures, the vision of 18 patients (58.1%) was improved, though the postoperative visual acuity of two patients was lower than before the operation. The disorder of ocular movement improved in four out of six patients (66.7%). Besides, four patients suffered postoperative ptosis.

The 5-year DFS rate was 73.1%. Some possible prognostic factors were analyzed, including the EOR (p = 0.013, Figure 3A), the histological grade (p = 0.051, Figure 3B), and communication way (p = 0.600, Figure 3C). The EOR showed a significant statistical relationship to DFS by log-rank analysis. In addition, adjuvant radiotherapy proved beneficial in patients with subtotal resection (p = 0.010, Figure 3D) and in patients with high-grade meningiomas (p = 0.018, Figure 3E). Age, sex, the extent of surgical excision, the histological grade, and the communication way were recorded and analyzed by multivariate analysis. The result showed that the EOR (p = 0.009) and the histological grade (p = 0.007) were significantly related to the prognosis. Detailed multivariate analysis data are presented in Table 5.


[image: Figure 3]
FIGURE 3. Disease-Free-Survival rates. (A) DFS of the extent of resection: GTR vs STR. (B) DFS of the WHO grade: Low grade vs. High grade. (C) DFS of the communication way: Natural cavity vs. Destruction of Bone. (D) DFS of the STR: STR+RT vs. STR alone. (E) DFS of the high-grade meningiomas: with adjuvant RT vs. without adjuvant RT.



Table 5. Factors associated with DFS in 43 patients with skull base meningiomas with extracranial extensions.
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DISCUSSIONS


Incidence, Age, Sex, and Histopathology

The previous literature rarely reported on the series of skull-base communicative meningiomas (4–9). Among all meningiomas treated at our institution from 2009 to 2020, the incidence of skull-base meningiomas with excranial extensions was only 0.74%, confirming its rarity. The average age of our series was 45.9 years old, lower than the 47.9–64 years old reported in the previous series (4–7, 10). Such an age distribution may be correlated with the origin of our data from the patients with initial meningiomas, whose mean age was usually less than the age of the relapsed case. Similarly, Meling et al. (11) claimed that many skull-base meningiomas series had lower median ages than non-skull-base meningiomas cohorts, and most of the old patients had more likely non-skull-base meningiomas. As far as the sex ratio is concerned, the ratio of men to women in our series was 1:3.1, which was consistent with the women predominance of meningiomas reported in previous studies (12, 13). Poon et al. (14) found that women were an independent predictor for postoperative complications. However, in our study, gender was not found to be related to prognosis. According to the Central Brain Tumor Registry of the United States (CBTRUS), the histological grade was based on the WHO classification with overall proportions of WHO I, II (atypical), and III (anaplastic) intracranial meningiomas of 81.1, 16.9, and 1.7%, respectively (13). In addition, skull-base meningiomas had been found a lower risk of high-grade meningiomas (WHO II or III) (11, 15). In our series, 84.9% of meningiomas were WHO grade I meningiomas, which was consistent with the rules reported in the previous literature. Our series did not find grade III meningiomas.



Communication Ways and Clinical Symptoms

Meningiomas can communicate through the anterior, middle, and posterior cranial base, invading many important structures, such as orbits, nasal cavity, anterior or middle cranial fossa, pterygopalatine fossa, infratemporal fossa, and neck. The orbit is the most common site of extracranial extension by skull-base meningiomas. The cranial cavity and the orbit are connected through the optic foramen and the supraorbital fissure. Meningiomas that occur in the cranial cavity or the orbit can enter the orbit or the cranial cavity through the optic foramen, supraorbital fissure, or the bone between them, forming cranio-orbital communicative lesions (16). The cranio-orbital junction area is mainly where the cranial nerves II, III, IV, and VI exit the skull. At the same time, the orbital volume is fixed, and the content structure is complicated. Intraorbital lesions often cause an increase in intraorbital pressure. Therefore, cranio-orbital communication lesions are mainly manifested as exophthalmos, eye movement disorders, visual field disorders, diplopia, and so on, which is consistent with previous reports in the literature (2, 9, 17). In this group of cases, 26 patients have exophthalmos as the primary manifestation, accounting for 49.1%, which recommends that those with exophthalmos should actively undergo a radiological examination to exclude the possibility of cranio-orbital communicative lesions. Communicative lesions invade the nasal cavity and the olfactory groove may cause dysosmia, and three patients suffered from olfactory disorders in our series. It is worth mentioning that meningiomas communicating with the posterior skull base are really rare. In recent literature, meningiomas with cervical extension occur in 0–1.4% of all cases of intracranial meningiomas (18–20). In the study of communicative meningiomas, meningiomas communicating through the neck or parapharyngeal space account for only 0–8.8% (4, 5). Correspondingly, no posterior skull-base communication was included in our series.



Radiological Findings

In our series, most communicative meningiomas presented irregular shapes and clear tumor-brain interfaces. Patients with skull-base communicative meningioma often spread and grow through the anatomical orifices of the skull base. Due to the limitations of the orifices, the shape is mostly irregular dumbbell-shaped (21, 22). In addition, in the MRI enhancement phase, most of the lesions were heterogeneous enhancement. The heterogeneous enhancement may be caused by the presence of necrosis, calcification, and cystic degeneration. Because of fast proliferation, the central area of the tumor often lacks blood circulation, leading to avascular necrosis or cystic degeneration (23). Therefore, it needs to be distinguished from glioma and other intra-axial tumors. Skull invasion is an important feature of communicative meningiomas. A total of 55.3% of the tumors in this series have invaded the skull, including hyperostosis and destructive absorption of the cranial bone, which was equivalent to the incidence reported in the previous literature (24–26). Interestingly, peritumoral edema is common, and the occurrence rate of peritumoral edema in our group is as high as 36.8%. Peritumoral edema comes from vasogenic brain edema or cerebral gliosis because of chronic brain stress and other factors (27). Conditionally, skull-base communicative meningiomas also preserve some of the imaging features of meningiomas, such as a dural tail sign or dural enhancement. The dural tail sign is correlated with tumor dural infiltration and reactive angiogenesis, draining into the adjacent dura (28). In conclusion, the imaging characteristics of skull-base communicative meningiomas could be summarized as follows: heterogeneous enhancement, high bone invasion rate, high incidence of peritumoral edema, and high dural tail sign rate.



Surgical Strategies and Outcome

The best choice for the treatment of skull-base communicative meningiomas is surgery, whose purpose is to remove the tumor, relieve intraorbital pressure, and save vision, and at the same time clarify the pathology to guide further treatment. Since the anterior, middle skull-base area has important structures such as the optic foramen, superior orbital fissure, and cavernous sinus, it is one of the areas with the most nerves passing through the skull base and the most complex structure, making the operation of skull-base communicative lesions difficult and more complications (29). Communicative lesions are often treated by ophthalmologists and neurosurgeons separately. Ophthalmologists usually remove intraorbital tumors via an orbital approach. (30) This surgical method cannot expose the tumor well, and the surgical field of view is limited. In addition, it is easy to damage the intraorbital and intracranial structures such as nerves and blood vessels, leading to a high complication rate (31). With the advancement of skull-based microneurosurgery technology, at present, skull-base communicative tumors are mostly resected by the transcranial approach. The most commonly used surgical approaches are the orbitofrontal approach, pterional approach, and orbital zygomatic approach (32–35). The orbitofrontal approach can expand the exposure of the skull base and orbital contents, and the surgical exposure space is broad, reducing the probability of damage to the orbital tissue. At the same time, fully opening the superior orbital wall can significantly relieve the intraorbital pressure and play a good decompression effect, suitable for anterior cranial fossa base, medial orbital wall, and superior orbital wall lesions. The pterional approach can fully abrade the sphenoid ridge, anterior clinoid process, orbital roof lateral wall, etc., exposing the superior orbital fissure, foramina opticum, etc., suitable for lesions located in the lateral orbit, sella area, and middle cranial fossa. The orbital zygomatic approach involves resection of the frontotemporal bone, superior orbital wall, lateral orbital wall, and zygomatic arch. It is conducive to temporal muscle retraction and exposure Infratemporal fossa, which has a wide exposure range, suitable for tumors involving the cavernous sinus, infratemporal fossa, and interpeduncular cistern (36). In addition, the endoscopic endonasal approach can be used for skull-base tumors located in the midline and extending to the nasal cavity and paranasal sinuses. The endoscopic endonasal approach has the advantages of no external incision, reduced brain retraction, and direct contact with midline skull-base lesions (9, 37).

Our series selected the surgical approach based on the path of communication of the lesion and the location of the subject of the tumor by preoperative imaging examination. The orbitofrontal approach was mainly used for the tumor subject in the orbit and the anterior cranial fossa. When tumors were communicated mainly through the optic nerve foramen or supraorbital fissure, or located in the posterior orbit and sellar area or the middle cranial fossa, pterional approach would be preferred. If the lesion was located in the midline and extended to the nasal cavity and paranasal sinuses, the endoscopic endonasal approach was the best choice. Eventually, we achieved 62.3% of the GTR of the meningiomas by our surgical approach selection. At the same time, the patients with large residual cavities after surgery were filled with autologous fat tissue, and the skull base was reconstructed. Postoperative complications such as cerebrospinal fluid leakage, intracranial hemorrhage, meningoencephalopathy, and pulsatile exophthalmos were rare, and there was no perioperative death. Most of the postoperative complications were infections, which may be related to the difficulty of the resection of the communicative lesions, longer operative time, and longer postoperative bed rest. The presence of cerebrospinal fluid leaks was associated with severe bone destruction of the skull base, but both were corrected by continued postoperative lumbar drainage. In addition, the clinical symptoms of most patients were significantly improved after surgery.



Prognosis

In our cohort, the overall total recurrence rate was 34.9%, which was in accordance with the previous reports in the literature (7–46.4%) (4–6, 37–39). The most concerning prognostic factors included the EOR, the histological grade, and adjuvant radiotherapy after surgery.

Among these factors affecting prognosis, the EOR is the most critical (4–6, 40). In our study, log-rank analysis and the Cox proportional hazards model were conducted to test the relationship between the EOR and the recurrence of meningiomas. The results confirmed that GTR could significantly reduce the recurrence rate (P = 0.013 in log-rank analysis and P = 0.009 in multivariate analysis). It is worth noting that some scholars pointed out that the surgical aim should be the relief of leading symptoms rather than radical resection (33). Recurrence occurred respectively in 9.1% of cases with GTR and 61.9% of cases with STR. Considering the low recurrence rate by GTR, we believed that the first resection should be as complete as possible.

About histological grades, associations between histological grades and recurrence in communicative meningiomas have been summarized in previous research, with recurrence rates of 21.1, 58.5, and 50.0% for WHO grades I, II, and III (4). Correspondingly, recurrence was seen respectively in 30.6% of patients with WHO grades I meningiomas and 57.1% of patients with WHO grades II meningiomas in our cohort. Histological grades were also significantly related to DFS by multivariate analysis (P = 0.007). Besides WHO grades, the Ki-67 index is a valuable marker to predict meningioma recurrence, especially in histologically borderline meningiomas and possibly to identify the type of low grade of meningiomas at risk of recurrence (4, 38). Besides, the insufficiency of PRs is associated with prognosis and is an important factor in recurrence and survival (41). Regretfully, we did not find an association between the Ki-67 index, PR and tumor recurrence, which may be related to the lack of further pathological data in our series.

Under what circumstances adjuvant radiotherapy is required to be conducted is still controversial in previous studies. Most studies pointed out that patients with high-grade meningiomas and subtotal resection were beneficial after adjuvant radiotherapy (39, 42). On the contrary, some authors claimed that WHO grade-II meningiomas need to be based on conditions such as KI-67 to make a decision on whether to adjuvant radiotherapy or not (4, 43). Our point of view is that in the case of communicative meningiomas, incomplete resection combined with adjuvant radiotherapy is safer and more beneficial for patients when it is challenging to achieve GTR and in the case of high-grade meningiomas. Adjuvant radiotherapy was conducted in 13 patients with subtotal resection or WHO grade-II meningiomas in our cohort, and only two patients suffered tumor recurrence, which demonstrated that adjuvant radiotherapy could improve the prognosis of patients.



Limitations

Our research has the following limitations. First of all, the study was conducted retrospectively, which resulted in some inherent biases. Second, the sample size needs to be expanded and the follow-up times are required to be extended to acquire more clinical characteristics and prognostic information. Third, some sections of imaging were unavailable in our PACS system. This is caused by part of patients who underwent scans of specific parts like the saddle area or had preoperative imaging examinations in other hospitals. Finally, some patients refused further immunohistochemical analysis after confirming the pathological diagnosis of meningioma, which resulted in a lack of further immunohistochemical analysis.




CONCLUSIONS

Skull-base meningioma with extracranial extension is a rare type and presents a female predominance. Compared with intracranial meningiomas, patients with communicative meningiomas are much younger and show a higher tendency to develop low-grade tumors. Typical imaging features include heterogeneous enhancement, high bone invasion rate, high incidence of peritumoral edema, and high dural tail sign rate. According to the tumor location and communication way showed by the preoperative imaging, routine craniotomy or endoscopic endonasal approach can be adopted to achieve the maximum tumor resection. Reasonable postoperative skull-base reconstruction strategies can minimize postoperative complications. Low histological grade, GTR, and adjuvant radiotherapy often indicate a good prognosis.
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Background

Several studies have suggested that anti-silencing function 1 B (ASF1B) can serve as a good potential marker for predicting tumor prognosis. But the values of ASF1B in gliomas have not been elucidated and further confirmation is needed.



Methods

Transcriptomic and clinical data were downloaded from The Cancer Genome Atlas database (TCGA), genotypic tissue expression (GTEx), and the Chinese Gliomas Genome Atlas database (CGGA). Univariate and multivariate Cox regression analyses were used to investigate the link between clinical variables and ASF1B. Survival analysis was used to assess the association between ASF1B expression and overall survival (OS). The relationship between ASF1B expression and OS was studied using survival analysis. To investigate the probable function and immunological infiltration, researchers used gene ontology (GO) analysis, gene set enrichment analysis (GSEA), and single-sample GSEA (ssGSEA).



Results

In glioma tissues, ASF1B expression was considerably higher than in normal tissues. The survival analysis found that increased ASF1B expression was linked with a poor prognosis in glioma patients. ASF1B demonstrated a high diagnostic value in glioma patients, according to a Receiver Operating Characteristic (ROC) analysis. ASF1B was found to be an independent predictive factor for OS in a Cox regression study (HR = 1.573, 95% CI: 1.053–2.350, p = 0.027). GO, KEGG, and GSEA functional enrichment analysis revealed that ASF1B was associated with nuclear division, cell cycle, m-phase, and cell cycle checkpoints. Immuno-infiltration analysis revealed that ASF1B was positively related to Th2 cells, macrophages, and aDC and was negatively related to pDC, TFH, and NK CD56 bright cells.



Conclusion

A high level of ASF1B mRNA expression was correlated with a poor prognosis in glioma patients in this study, implying that it could be a reliable prognostic biomarker for glioma patients.
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Introduction

Gliomas are the most prevalent primary malignancy of the central nervous system (CNS), accounting for more than 30% of all primary brain tumors and over 80% of all malignancies. They are also the major cause of death in patients with primary CNS tumors (1, 2). The classification of gliomas mainly includes astrocytoma, anaplastic astrocytoma, oligodendroglioma, anaplastic oligodendroglioma, and glioblastoma (GBM) (3, 4). Gliomas are classified as World Health Organization (WHO) grades I–IV based on histological features: grades I and II are usually classified as low-grade gliomas (LGG), while grades III and IV are classified as high-grade gliomas (HGG) (3). Glioma subtypes have different survival rates, with LGG having a 5-year survival rate of up to 80% and HGG having a 5-year survival rate of less than 5% (5). GBM is a form of cancer that accounts for 60% of all gliomas and has a very low survival rate (3). Over the last decade, isocitrate dehydrogenase (IDH) mutation status, O6-methylguanine-DNA methyl-transferase (MGMT) promoter methylation, epidermal growth factor receptor (EGFR) alterations, and 1p19q codeletion have been identified as biomarkers and play a central role in the classification of gliomas and treatment decisions (6–9). Despite great advances in treatment, including surgery, radiotherapy, chemotherapy, and targeted therapy, nearly all malignant gliomas still experience recurrence, leading to poor prognosis (10, 11). Therefore, it is important to find novel biomarkers to provide valid and reliable survival predictions and more aggressive treatment for patients with gliomas.

Through processes such as histone-modifying enzymes, histone chaperones, and chromatin remodeling proteins, chromatin can be abnormally activated or expressed, regulating proteins that are directly associated with the genesis and spread of cancer (12, 13). Anti-silencing function 1 B (ASF1B) belongs to the histone chaperone H3/H4 family and is mainly involved in the regulation of cell proliferation (14). ASF1B expression varies with tissue, with high levels in the thymus and testis and low levels in the brain, colon, and small intestine (15). The nucleus is where the ASF1B is mostly found. In the nucleus, the cellular transcriptional co-activator HCF-1 can interact with ASF1B to regulate DNA replication, and ASF1B promotes cell proliferation by stabilizing CDK9 (16, 17). Overexpression of ASF1B has been linked to the development of tumors in various malignancies, namely, thyroid carcinoma, clear cell renal cell carcinoma, breast cancer, and lung carcinoma (18–21). Therefore, we speculate that ASF1B may also participate in the functional regulation of gliomas. However, the potential function of ASF1B in gliomas remains ambiguous.

In this study, we first used the Cancer Genome Atlas (TCGA) database to confirm the prognostic value of ASF1B expression in glioma patients, and then validated the value using the Chinese Glioma Genome Atlas (CGGA) database. We used enrichment analysis and GSEA analysis to learn more about the biological functions and pathways that ASF1B may participate in the development of gliomas. Furthermore, we studied immune infiltration to see whether there was a link between ASF1B and immune cell infiltration and to understand the potential role of ASF1B from multiple aspects (Figure 1). This study confirmed the importance of ASF1B in gliomas from multilevel analysis and demonstrated that ASF1B might be a novel prognosis biomarker and therapeutic target for gliomas.




Figure 1 | Flowchart of analysis of ASF1B in gliomas.





Method


Data Acquisition

UCSCXENA (https://xenabrowser.net/datapages/) was used to download the TCGA glioma data and the equivalent normal tissue data of GTEx by toil processing evenly. The protein expression of ASF1B in normal and glioma tissues was investigated using the Human Protein Atlas (https://www.proteinatlas.org/) database. Glioma patients were separated into two groups based on the median expression value of ASF1B: low expression and high expression. As an external validation, we downloaded glioma data from the CGGA (http://www.cgga.org.cn/) (Dataset ID: mRNAseq 693).



A Comparison of Differentially Expressed Genes (DEGs) in Patients With Gliomas With High and Low ASF1B Expression

In this study, R package DESeq2 (1.26.0) was used to analyze low and high ASF1B mRNA expression to obtain DEGs (22). Log2(FC) >2.0 or log2(FC) <−2.0 and adj-p-value <0.05 was considered as the threshold for DEGs. The results of the DEGs are shown in the volcano and heat map.



Gene Ontology (GO) Enrichment Analysis and Gene Set Enrichment Analysis (GSEA)

The R package clusterProfiler package (3.14.3) is used for GO enrichment analysis. GSEA was performed using the R package clusterProfiler too, which performed 2,000 times of gene set permutations for each analysis (23). We chose c2.cp.v7.2.symbols.gmt as the reference gene collection in the MSigDB Collections. An adj-p-value <0.05, false discovery rate (FDR) <0.05 and normalized enrichment score (NES) >1 were considered significant enrichment.



Association Between the Expression of ASF1B and the Level of Immune Infiltration in Gliomas

We quantified 24 types of immune cells associated with levels of glioma immune infiltration to evaluate the correlation between immune cells and ASF1B expression by using the ssGSEA (single-sample Gene Set Enrichment Analysis) method from the GSVA package (1.34.0) in R (24). The R package is based on the TCGA database. The correlation between ASF1B and different immune cells was analyzed by Spearman’s method.



Prognostic Model Construction and External Validation

To identify relevant prognosis markers, univariate and multivariate Cox regression analyses of clinical features were used to develop the best prognostic model. A nomogram was used to determine the likelihood of overall survival (OS). The Harrell consistency index and calibration plots were created to evaluate the dependability and correctness of the prognostic model strengths. According to ASF1B, glioma patients were divided into high- and low-risk categories. The Kaplan–Meier curve was created to indicate the difference in overall survival (OS) between the two groups. The prediction accuracy of ASF1B was evaluated using receiver operating characteristic (ROC) curves.



Statistical Analysis

The Wilcoxon signed-rank test was used to evaluate paired samples, while the Wilcoxon rank-sum test was used to assess unpaired samples. The Kruskal–Wallis test, the Wilcoxon signed-rank test, and logistic regression were used to determine the link between clinical features and ASF1B expression. The chi-square test or Fisher’s exact test was used to examine the connection between ASF1B expression and clinical features. To generate a nomogram, researchers used univariate and multivariate Cox regression analyses of clinical variables and ASF1B to uncover relevant predictive markers. Statistical significance was defined as a P-value of less than 0.05. R (version 3.6.3) was used to conduct statistical analysis.




Result


Expression Level of ASF1B in Glioma Patients

ASF1B exhibited different expression profiles in different tumors and was significantly upregulated in glioblastoma and low-grade glioma (Figure 2A) (Table 1). We investigated ASF1B expression levels in gliomas and normal tissues and discovered that glioma tissues had considerably higher levels of ASF1B expression (p <0.001; Figure 2B). ROC analysis was used to determine the efficiency of ASF1B mRNA expression levels in distinguishing gliomas from normal tissues, with an estimated AUC of 0.985 (95% CI: 0.980–0.989; Figure 2C). Regarding the expression of ASF1B protein in gliomas, we found that the immunohistochemical analysis of ASF1B was positive in gliomas but negative in normal tissues (Figure 2D).




Figure 2 | Relationship between ASF1B expression and gliomas. (A) ASF1B expression levels in different tumor types from the TCGA and GTEx databases. (B) ASF1B mRNA expression was significantly upregulated in glioma tissues compared to normal tissues. (C) Diagnostic value of ASF1B expression in gliomas. (D) ASF1B protein expression in glioma tissues determined using HPA. ***p <0.001, ns, no statistical difference.




Table 1 | Abbreviations and full names of pan-cancer.





Relationship Between ASF1B Expression and Clinical Characteristics

Clinical data on 696 and 693 glioma patients were gathered from the TCGA and CGGA databases, respectively, for this investigation (Table 2). According to the median mRNA expression levels of ASF1B, glioma patients were split into low and high expression groups. The relationship between ASF1B expression and several clinical features of glioma patients was investigated. It was found that there was a correlation between high ASF1B mRNA expression and higher WHO grade (p <0.001) (Figures 3A, E), IDH wild type (p <0.001) (Figures 3B, F), non-codel of 1p19q (p <0.001) (Figures 3C, G), and advanced age (p <0.05) (Figures 3D, H). Furthermore, the logistic regression analysis of ASF1B revealed a strong association between ASF1B and clinical characteristics such as WHO grade (OR = 12.664 (8.451–19.419), p <0.001), 1p/19q codeletion (OR = 4.770 (3.233–7.174), p <0.001), IDH status (OR = 14.220 (9.526–21.754), p <0.001), and age (OR = 4.412 (2.918–6.827), p <0.001) (Table 3).


Table 2 | Association of ASF1B expression and clinicopathological parameters in patients with gliomas.






Figure 3 | Relationship between ASF1B expression and clinicopathological features. (A–D) The association of ASF1B expression with WHO grade (A), IDH status (B), 1p/19q codeletion (C), and age (D) in gliomas from the TCGA database. (E, F) The association of ASF1B expression with WHO grade (E), IDH status (F), 1p/19q codeletion (G), and age (H) in gliomas from the CGGA database. *p <0.05, **p <0.01, ***p <0.001.




Table 3 | Logistic regression analysis of ASF1B expression.





Prognostic Value of ASF1B Expression in Glioma Patients

Compared with the ASF1B low expression group, the ASF1B high expression group had worse OS ((HR = 5.03 (3.76–6.73), log-rank P <0.001) from the TCGA database (Figure 4A), (HR = 3.02 (2.44–3.73), log-rank P <0.001) from the CGGA database (Figure 4B) by survival analysis. ASF1B mRNA expression provides a high predictive value for the prognosis of glioma patients at 1, 3, and 5 years, according to a time-dependent ROC analysis of ASF1B expression in glioma patients (Figures 4C, D).




Figure 4 | High expression of ASF1B indicates poor survival in patients with gliomas. (A) Kaplan–Meier survival curve analysis of overall survival (OS) showed that high ASF1B expression correlated to poor prognosis of gliomas patients from the TCGA database. (B) Kaplan–Meier survival curve analysis of OS showed that high ASF1B expression correlated to poor prognosis of glioma patients from the CGGA database. (C) Time-dependent ROC analysis of ASF1B expression in glioma patients from the TCGA database. (D) Time-dependent ROC analysis of ASF1B expression in glioma patients from the CGGA database. (E) Prognosis of ASF1B expression in subgroups of clinical features from TCGA the database. (F) A nomogram that integrates ASF1B and other prognostic factors in gliomas from the TCGA database. (G) The calibration curve of the nomogram.



In addition, we analyzed the expression of ASF1B in different subgroups. ASF1B was highly expressed in G3 grand (HR = 3.16 (2.03–4.90), P <0.001), IDH mutant (HR = 2.02 (1.33–3.06), P = 0.001), and 1p/19q non-codeletion (HR = 4.32 (3.34–5.59), P <0.001). ASF1B expression was related to a poor prognosis (Table 4 and Figure 4E).


Table 4 | Prognostic analysis of ASF1B expression in a subset of patients with gliomas.



We also used univariate and multivariate Cox regression to explore the clinical characteristics (Table 5). The high WHO grade, IDH wild type, 1p/19q non-codeletion, age >60, and high ASF1B expression were linked to poor OS according to the results of univariate Cox regression (P <0.001). Furthermore, multivariate Cox hazard regression analysis demonstrated that high WHO grade, IDH wild type, age >60, and high ASF1B mRNA expression were independent predictive variables for OS. Then, to integrate ASF1B and other prognostic factors (WHO grade, IDH status, age), we created an OS nomogram (Figure 4F). With a Cindex of 0.846, the calibration curve evaluated ASF1B’s nomogram performance (Figure 4G). All of these findings revealed that increased ASF1B expression was linked to poor prognosis in glioma patients.


Table 5 | Univariate and multivariate analysis of clinical factors that correlate with OS of glioma patients.





Functional Enrichment Analysis for High and Low ASF1B Expression in Glioma Patients

We analyzed the DEGs between low and high expression of ASF1B groups to further explore the potential mechanisms of ASF1B that participate in glioma progression. A total of 1,660 DEGs were considered to be significantly associated with ASF1B expression, including 130 downregulated genes and 1,530 upregulated genes (log2FC >2 or log2FC <−2 and Padj <0.05) (Figure 5A). The top 10 positively correlated genes and the top 10 negatively correlated genes cotranscript with ASF1B are shown in the gene expression heat map (Figure 5B). For DEGs, we conducted the enrichment analysis of the biological process (BF), cellular component (CC), and molecular function (MF) and the Kyoto encyclopedia of genes and genomes (KEEG). Significant results of enrichment analysis are shown in Figures 5C–F (Further enrichment analysis and detailed information are provided in Table S1).




Figure 5 | Functional enrichment analysis for ASF1B expression in glioma patients from the TCGA database. (A) Volcano Plot of differentially expressed genes (DEGs) screened based on ASF1B expression. (B) The top 10 positively correlated genes and the top 10 negatively correlated genes cotranscript with ASF1B in gliomas. (C–F) Enrichment analysis showed the biological processes (BP) (C), cellular components (CC) (D), molecular function (MF) (E), and KEGG pathway analysis (F) of DEGs screened based on ASF1B expression. ***p <0.001.



Additionally, we identified key pathways associated with ASF1B by GSEA analysis and found that 106 data sets met the adjusted criteria of P-value <0.05 and FDR <0.05. (Further GSEA analysis and detailed information are provided in Table S2). The top 9 most significant enrichment pathways were cell cycle (Figure 6A), cell cycle mitotic (Figure 6B), RNA polymerase II transcription (Figure 6C), M phase (Figure 6D), signaling by RHO GTPases (Figure 6E), cell cycle checkpoints (Figure 6F), RHO GTPase effectors (Figure 6G), extracellular matrix organization (Figure 6H), mitotic metaphase and anaphase (Figure 6I) (Table 6).




Figure 6 | GSEA enrichment analysis results. cell cycle (A),cell cycle mitotic (B), RNA polymerase II transcription (C), M phase (D), signaling by RHO GTPases (E), cell cycle checkpoints (F), RHO GTPase effectors (G), extracellular matrix organization (H), mitotic metaphase and anaphase (I) were enriched mainly in ASF1B-related gliomas. NES, normalized enrichment score; FDR, false discovery rate.




Table 6 | GSEA enrichment analysis results (Top 9 enrichment pathways).





Correlation Between ASF1B and Immune Cell Infiltration in Gliomas

The correlation between ASF1B expression and the 24 different immune cell types was also assessed. Figure 7A illustrates the relationship between immune cell infiltration and ASF1B mRNA expression levels. Th2 cells (R = 0.8676, p <0.01, Figure 7B), macrophages (R = 0.413, p <0.01, Figure 7C), and aDC (R = 0.362, p <0.01, Figure 7D) were significantly positively correlated with ASF1B mRNA expression, whereas pDC (R = −0.345, p <0.01, Figure 7E), TFH (R = −0.317, p <0.01, Figure 7F), and NK CD56 bright cells (R = −0.312, p <0.01, Figure 7G) were significantly negatively correlated.




Figure 7 | Association analysis of ASF1B expression and immune infiltration in glioma patients. (A) The association between ASF1B expression and 24 tumor-infiltrating lymphocytes. (B–D) The positive correlation of ASF1B expression with immune infiltration level of Th2 cells (B), macrophages (C), and aDC (D). (E–G) The negative correlation of ASF1B expression with immune infiltration level of pDC cells (E), TFH (F), and NK CD56 bright cells (G).






Discussion

Gliomas are the most common kind of malignant brain tumor, and despite advances in medicine, gliomas remain incurable and have a high fatality rate (25). Patients with gliomas have a terrible prognosis, with a median survival time of 12–15 months following diagnosis (26, 27). In addition to the rapid proliferation, high invasiveness, genetic heterogeneity, and treatment refractory characteristics of glioma itself, the reasons for the low survival rate of glioma patients also include insufficient understanding of the specific molecular mechanisms that control disease progression (28, 29). As a result, new glioma biomarkers with strong prognostic value are desperately needed. The molecular biological basis of carcinoma involves aberrant mutations in genetic elements, including deletion, silencing, or overexpression of genes, changes in DNA methylation, aberrant post-translational modifications of histones and the like (30–32). ASF1 is an important histone chaperone protein that plays a role in the regulation of cellular DNA damage repair and replication and transcriptional regulation (16). ASF1 includes two isoforms, ASF1A and ASF1B, where ASF1A mainly regulates DNA repair and cellular senescence, while ASF1B mainly regulates proliferation (14, 32). Several studies indicate that ASF1B plays an important role in various cancers, namely, prostate cancer, cervical cancer, and liver cancer (17, 33, 34). However, no evidence of a link between ASF1B and glioblastoma or its prognosis has been reported.

To begin, we used transcriptome and clinical data from the TCGA and CGGA databases to investigate the predictive ability of ASF1B in gliomas, as well as probable mechanisms. ASF1B expression was shown to be considerably higher in glioma tissues, and it was linked to high-grade gliomas, advanced age, wild-type IDH, and 1p19q non-codeletion, suggesting that ASF1B plays a role in the disease process of gliomas. Meanwhile, the AUC of ASF1B in the diagnostic assessment of glioma was 0.985, indicating that ASF1B is a possible glioma biomarker. In glioma patients, upregulation of ASF1B was statistically linked to a poor prognosis. ASF1B was also found to be an independent prognostic factor in multivariate regression analysis. Considering that ASF1B is a valid and reliable independent prognostic factor, we combined ASF1B expression and clinical features to construct a nomogram to predict OS more accurately. In summary, ASF1B expression levels were positively correlated with a poorer prognosis in glioma patients.

To further identify the potential role of ASF1B in gliomas, we analyzed DEGs between low and high expression groups of ASF1B and performed functional enrichment analysis. In the GO analysis, biological processes related to cell mitosis were identified, including mitotic sister chromatid segregation, mitotic nuclear division, chromosome segregation, sister chromatid segregation, and nuclear division, etc. KEGG analysis revealed that the cell cycle and transcriptional misregulation in cancer were significantly enriched pathways. The results of GSEA revealed that ASF1B may be related to the cell cycle pathway, cell cycle mitotic pathway, RNA polymerase II transcription pathway, M phase pathway, cell cycle checkpoint pathway, mitotic metaphase, and anaphase pathway. These results were consistent with the findings of the previously published papers. According to a recent study, ASF1B can promote cervical cancer development by stabilizing CDK9, whereas inhibiting ASF1B can stop cervical cancer from growing by interrupting the cell cycle (17). ASF1B has also been shown to play a role in the formation of lung adenocarcinoma tumors, and it was discovered that ASF1B may promote tumor growth by regulating the intermediate protein BCAR1 (35). Additionally, another study pointed out that the oncogene ASF1B may be the target of inhibiting the growth of hepatocellular carcinoma cells (36). Thus, ASF1B may participate in glioma tumorigenesis by regulating cell proliferation.

According to many studies, immune cells play an important role in the microenvironment of tumors and are implicated in carcinogenesis and cancer development (37, 38). Glioma-related immune cells are an essential element of the glioma microenvironment, where they play novel roles in cancer development and anti-tumor immunity regulation (39–41). The link between ASF1B expression levels and immune cell populations was investigated to assess the amount of immune infiltration in gliomas. The findings revealed that ASF1B expression was strongly linked to immune infiltration, with the most positive correlations with Th2 cells, macrophages, and aDC and the strongest negative correlations with pDC cells, TFH, and NK CD56 bright cells. These findings suggest that ASF1B might be involved in regulating immune infiltration in the glioma tumor microenvironment.

However, there were several limitations to our study. Firstly, our study mainly relied on bioinformatics analysis and most of the data included for analysis were mined from public databases, further experimental validation is necessary to elucidate whether these predicted biological functions play a role in glioma progression and thus deepen our understanding of ASF1B in gliomas. Secondly, the number of databases used in our study was limited, and we should have further validated our findings in multiple databases. Last but not least, our study was a retrospective study and multiple limitations, including selection bias and missing data, were unavoidable. Therefore, prospective studies with large sample sizes are needed to corroborate our conclusions.



Conclusion

In our investigation, we discovered that ASF1B was substantially expressed in glioma tissues and that it indicated a poor outcome for individuals with gliomas. The results of enrichment analyses and immune infiltration revealed that ASF1B was possibly involved in glioma tumorigenesis and development via modulating the cell cycle pathway, cell cycle mitotic pathway, RNA polymerase II transcription pathway, M phase pathway, cell cycle checkpoint pathway, mitotic metaphase and anaphase pathway, and immune infiltrating cells. In summary, the findings indicate that ASF1B can serve as a novel prognostic biomarker for glioma patients. Further in vivo and in vitro experiments are required to corroborate our findings
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Objective: There is limited evidence to clarify the specific relationship between pre-operative blood urea nitrogen (BUN) and post-operative 30-day mortality in patients undergoing craniotomy for tumors. Therefore, we aimed to investigate this relationship in detail.

Methods: Electronic medical records of 18,642 patients undergoing craniotomy for tumors in the ACS NSQIP from 2012 to 2015 were subjected to secondary retrospective analysis. The principal exposure was pre-operative BUN. Outcome measures were post-operative 30-day mortality. We used binary logistic regression modeling to evaluate the association between them and conducted a generalized additive model and smooth curve fitting (penalized spline method) to explore the potential relationship and its explicit curve shape. We also conducted sensitivity analyses to ensure the robustness of the results and performed subgroup analyses.

Results: A total of 16,876 patients were included in this analysis. Of these, 47.48% of patients were men. The post-operative 30-day mortality of the included cases was 2.49% (420/16,876), and the mean BUN was 16.874 ± 6.648 mg/dl. After adjusting covariates, the results showed that pre-operative BUN was positively associated with post-operative 30-day mortality (OR = 1.020, 95% CI: 1.004, 1.036). There was also a non-linear relationship between BUN and post-operative 30-day mortality, and the inflection point of the BUN was 9.804. For patients with BUN < 9.804 mg/dl, a 1 unit decrease in BUN was related to a 16.8% increase in the risk of post-operative 30-day mortality (OR = 0.832, 95% CI: 0.737, 0.941); for patients with BUN > 9.804 mg/dl, a 1 unit increase in BUN was related to a 2.8% increase in the risk of post-operative 30-day mortality (OR = 1.028, 95% CI: 1.011, 1.045). The sensitivity analysis proved that the results were robust. The subgroup analysis revealed that all listed subgroups did not affect the relationship between pre-operative BUN and post-operative 30-day mortality (P > 0.05).

Conclusion: Our study demonstrated that pre-operative BUN (mg/dl) has specific linear and non-linear relationships with post-operative 30-day mortality in patients over 18 years of age who underwent craniotomy for tumors. Proper pre-operative management of BUN and maintenance of BUN near the inflection point (9.804 mg/dl) could reduce the risk of post-operative 30-day mortality in these cases.

Keywords: blood urea nitrogen, brain tumor, craniotomy, prognosis, mortality risk


BACKGROUND

Craniotomies are the cornerstone of intracranial tumor treatment. However, craniotomies with the removal of brain tumors display significant complications and mortality (1, 2). The post-operative 30-day mortality is widely regarded as a predictor of surgical risk after craniotomy (3, 4). The reported 30-day mortality after intracranial tumor surgery is 2.3–3.2% (2, 5, 6). Blood urea nitrogen (BUN), a product of the metabolism of nitrogen compounds, was described to be associated with mortality in various human diseases. Elevated BUN regarding renal dysfunction is associated with the increased risk of incident diabetes (7) and mortality in cardiovascular diseases (8–10). A non-linear correlation between BUN and post-operative 30-day mortality was reported in patients with sepsis (11). BUN has a predictive value of prognostic risk in laparotomy for strangulated small bowel obstruction (12) and post-operative stroke risk after cardiac surgical procedures (13).

Low BUN may indicate insufficient protein intake (14). Inadequate protein intake could result in poor nutritional status. Nutritional status is closely related to the prognosis of cancer patients (15, 16). To date, the relationship between pre-operative BUN and post-operative 30-day mortality has yet to be explored in patients undergoing craniotomies for brain tumors. Thus, this study was designed to examine the relationship between pre-operative BUN and post-operative 30-day mortality in cross-sectional study data from a large US population with brain tumors (age > 18 years). This study may provide guidance for clinical practice by clarifying the quantitative relationship between them.



PARTICIPANTS AND METHODS


Study Design

This cross-sectional study utilized data from the American College of Surgeons National Surgical Quality Improvement Program (ACS NSQIP) database, from records between 2012 and 2015. Our independent variable was pre-operative BUN. The dependent variable was post-operative 30-day mortality.



Data Source

The data studied were obtained from the ACS NSQIP database originally uploaded by Jingwen Zhang et al. [data from (4)]. The original study was an open access article distributed under a Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited. Therefore, these data could be used for secondary analysis without infringement on the authors' rights.



Participants

A total of 18,642 adults with brain tumors were included in the original study. After excluding patients with missing values for BUN (N = 1,532) and outliers (defined as values more than ± 3 standard deviations from the mean) (N = 234), 16,876 cases were included in our analysis (as shown in Figure 1). Consent forms from participants were not required because our study was based on a secondary analysis of previously collected data and the original personal information was anonymous.


[image: Figure 1]
FIGURE 1. Flowchart of study participant selection.




Variables
 
BUN

The pre-operative BUNs (mg/dl) were recorded as continuous variables in the original study (4). Data collected include pre-operative risk factors (i.e., BUN), comorbidities, procedures performed by the Current Procedural Terminology (CPT) code, and post-operative complications occurring within 30 days of the index operation.




Post-operative 30-Day Mortality

The post-operative 30-day mortality was defined as mortality that occurred in the first 30 post-operative days (4). NSQIP tracked mortality, readmissions, and reoperation after discharge for the first 30 post-operative days.



Covariates

In our study, covariates were selected according to our clinical experience and the previous literature. Thus, the following variables were treated as covariates: (1) continuous variables: pre-operative blood test indicators (serum sodium (Na), creatinine (Cr), white blood cell (WBC) count, hematocrit (HCT), platelet (PLT) count), BMI, and duration of the operation and (2) categorical variables: sex (female or male), race (Asian, white, African American, or unknown), age ranges (18–40, 41–60, 60–80, >80 years), smoking status, ventilator dependence, steroid use, pre-operation transfusions, and emergency case status, and a history of diabetes [no, yes (non-insulin-dependent), or yes (insulin-dependent)], severe chronic obstructive pulmonary disease (COPD), renal failure, congestive heart failure (CHF), hypertension, disseminated cancer, American Society of Anesthesiologists physical status classification (ASACLAS), and open wound infection [BMI = weight in kilogram divided by height in meter squared (kg/m2)]. More specific details are presented in the original study (4).



Statistical Analysis

The number of participants with missing values for height, weight, and Na was 594 (3.52%), 299 (1.77%), and 197 (1.16%), respectively. The missing values were replaced by the mean value for statistical analysis.

We stratified the participants by quartiles of BUN. The mean ± SD (normally distributed variables) or median (interquartile range; non-normally distributed variables) was reported for continuous variables, and frequencies and percentages were presented for categorical variables. We used χ2-tests (categorical variables), one-way ANOVAs (normally distributed variables), or Kruskal–Wallis H-tests (non-normally distributed data) to test for significant differences among different BUN groups. To examine the link between BUN and post-operative 30-day mortality, three distinct univariate and multivariate binary logistic regression models were constructed according to the STROBE statement guidelines, including a non-adjusted model (no covariates were adjusted), a minimally adjusted model (adjusted for sex, race, and age range), and a fully adjusted model (adjusted for sex, race, age ranges, BMI, diabetes, smoke, severe COPD, hypertension, renal failure, dialysis, disseminated cancer, open wound infection, emergency case, bleeding disorders, Na, Cr, HCT, WBC, PLT, ASACLAS, and steroid use; covariates are presented in Table 1). Effect sizes (OR) and their 95% confidence intervals (CIs) were recorded. We adjusted the effect sizes when co-variances were added to the model and the matched hazard ratio was changed by 10% or more (17).


Table 1. Baseline characteristics of participants.
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The non-linear relationship between BUN and post-operative 30-day mortality was addressed using a generalized additive model (GAM) and smooth curve fitting (penalized spline method). If non-linearity was detected, we first calculated the inflection point using a recursive algorithm and then constructed a piecewise binary logistic regression model with one piece on each side of the inflection point. The log-likelihood ratio test was employed to determine the most suitable model for describing the association between BUN and post-operative 30-day mortality.

Several sensitivity analyses were conducted to test the robustness of our results. We converted BUN into a categorical variable according to its quartiles and calculated the P-value for each trend to verify the results of using BUN as a continuous variable and examine the possibility of non-linearity. We also explored the potential for unknown confounds in the relationship between BUN and post-operative 30-day mortality by calculating E-values (18). As brain tumor patients with dialysis and renal failure may influence the relationship between pre-operative BUN and post-operative 30-day death in this study, we excluded patients with dialysis and (or) renal failure and performed another multivariate analysis to verify the robustness of our findings. All results were reported according to the STROBE statement guidelines (17, 19).

Modeling was performed with EmpowerStats (http://www.empowerstats.com, X and Y Solutions, Inc., Boston, MA) and the statistical software package R (http://www.R-project.org, The R Foundation). P-values < 0.05 (two-sided) were considered statistically significant.




RESULTS


Baseline Characteristics of Participants

Baseline characteristics of 16,876 participants based on the quartiles of BUN are shown in Table 1. Notably, 47.38% of patients who participated was men. The age distribution proportions were 16.11% (18–40 years), 41.76% (41–60 years), 39.00% (61–80 years), and 3.14% (>81 years). The mean BUN was 16.874 ± 6.648 mg/dl. The post-operative 30-day mortality of the included cases was 2.49% (420/16,876). We assigned participants into subgroups using BUN quartiles as follows: Q1 (1.000–12.000 mg/dl), Q2 (12.000–16.000 mg/dl), Q3 (16.000–19.900 mg/dl), and Q4 (20.000–42.297 mg/dl). Comparing participants with a lower BUN (1.000–12.000 mg/dl), the higher BUN (20.000–42.297 mg/dl) was significantly positively correlated with sex, age range, race, BMI, pre-operative blood test indicators (serum Na, BUN, WBC, HCT, and PLT), diabetes, smoking status, severe COPD, hypertension, renal failure, dialysis, disseminated cancer, open wound infection, steroid use, bleeding disorders, emergency case, and ASACLAS (all P-values < 0.05).



Univariate Analyses Using a Binary Logistic Regression Model of Other Factors

The univariate analysis indicated that patients who were female (OR = 0.772, 95% CI: 0.634–0.941), of unknown race, 41–60 years old, 61–80 years old, >81 years old, BMI, levels of Na, creatinine, WBCs, HCT, and PLTs, and who had diabetes (Insulin-dependent), severe COPD, hypertension, renal failure, disseminated cancer, open wound infection, steroid use, bleeding disorders, emergency cases, were positively associated with post-operative 30-day mortality. In contrast, patients, who were Asian or African American, had creatinine, had diabetes (non-insulin-dependent), were smoking, and had dialysis, were negatively associated with post-operative 30-day mortality (refer to the Supplementary Table for details).



Multivariate Analyses Using the Binary Logistic Regression Model

To investigate the correlation between BUN and post-operative 30-day mortality, we constructed three models using binary logistic regression models. In the non-adjusted model, an increase of 1 unit of BUN was related to a 6.6% increase in post-operative 30-day mortality (OR = 1.066, 95% CI: 1.053–1.080). The results were statistically significant. In the minimally adjusted model, when the authors only adjusted for sex, race, age ranges, each additional unit of BUN increase could lead to elevated post-operative 30-day mortality by 4.3% (OR = 1.043, 95% CI: 1.029–1.058). The findings on the link between BUN and post-operative 30-day mortality obtained from the model were statistically significant. In the fully adjusted model, each additional BUN unit was accompanied by a 2.0% increase in post-operative 30-day mortality (OR = 1.020, 95% CI: 1.004–1.036). The distribution of CIs indicated that the link between the BUN and the post-operative 30-day mortality obtained by the model was reliable (Table 2).


Table 2. The results of the multivariate analysis.
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The Non-linearity Addressed by the Generalized Additive Model

Through the generalized additive model and smooth curve fitting, we observed that the association between BUN and post-operative 30-day mortality rates was non-linear (Figure 2). Therefore, we fit the data to a piecewise binary logistic regression model that allowed two different slopes. Data were also fitted by a standard binary logistic regression model based on the sensitivity analysis, and the best fit model was selected through the log-likelihood ratio test (Table 3). The p-value for the log-likelihood ratio test was <0.05 in our study. Therefore, a piecewise model was used to fit the link between BUN and post-operative 30-day mortality. With a recursive algorithm, we first obtained an inflection point of 9.804 mg/dl and then calculated the effect sizes and CIs to the left and right of the inflection point with the piecewise binary logistic regression model. On the left side of the inflection point, the effect size was 0.832, and the 95% CI was from 0.737 to 0.941. On the right side of the inflection point, the effect size was 1.028, and the 95% CI was from 1.011 to 1.045 (Table 3).


[image: Figure 2]
FIGURE 2. The non-linear relationship between pre-operative BUN and risk of post-operative 30-day mortality.



Table 3. The results of the piecewise linear regression.
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The Results of Subgroup Analyses

We performed a subgroup analysis to consider other influencing factors that might affect the relationship between pre-operative BUN and post-operative 30-day mortality. We used sex, age ranges, race, diabetes, smoking status, hypertension, disseminated cancer, open wound infection, severe COPD, or white blood cells as the stratification variables to detect the trend of effect sizes in these variables. As summarized in Table 4, there were no significant differences in the relationship in all the different groups (p-value for interaction > 0.05).


Table 4. Results of interaction analysis and subgroup analysis.
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Sensitivity Analyses

A series of sensitivity analyses were performed to verify the robustness of our findings.



The Form of the Categorical Variable of BUN

We converted BUN from a continuous variable to a categorical variable (dividing into groups according to quartiles) and then replaced the previous BUN variable in the model with the categorical-transformed BUN. After BUN was transformed into a categorical variable, the trend of the effect sizes in different groups was equidistant, and the p-value for the trend was consistent with the result when BUN was a continuous variable (Table 2).



E-Value

We computed an E-value to assess the sensitivity to unmeasured confounders. The E-value was 1.16, which was greater than the relative risk of unmeasured confounders influencing the relationship between pre-operative BUN and post-operative 30-day mortality, suggesting that the unmeasured or unknown confounders had less effect on the relationship between them.



Sensitivity Analyses After Excluding Brain Tumor Patients With Dialysis and Renal Failure

We excluded brain tumor patients with dialysis and renal failure in other sensitivity analyses. After excluding the participants with dialysis and renal failure, a total of 16,815 cases were included in another multivariate analysis to verify the robustness of our findings. These results suggested that after adjusting the fully confounding factors, pre-operative BUN was also positively associated with post-operative 30-day mortality (OR = 1.027, 95% CI: 1.012–1.043; Table 5). The results obtained from all of the sensitivity analyses indicated the well-robustness of our findings.


Table 5. The results of the multivariate analysis after excluding brain tumor patients with dialysis and (or) renal failure.
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DISCUSSION

We explored the association of pre-operative BUN with post-operative 30-day mortality in patients undergoing craniotomies for tumors in ~400 hospitals and academics across the United States in our study. Our results indicated that there was a non-linear relationship between pre-operative BUN and the risk of post-operative 30-day mortality. A threshold effect curve was found as well, and different correlations of BUN on post-operative 30-day mortality were detected on both sides of the inflection point. Curve fitting and threshold effect analysis revealed that for patients with BUN < 9.804 mg/dl, a 1 unit decrease in BUN was related to a 16.8% increase in the risk of post-operative 30-day mortality (OR = 0.832, 95% CI: 0.737, 0.941); for patients with BUN > 9.804 mg/dl, a 1 unit increase in BUN was related to a 2.8% increase in the risk of post-operative 30-day mortality (OR = 1.028, 95% CI: 1.011, 1.045). With 9.804 mg/dl mg/dL as an inflection point for BUN, patients who underwent craniotomies have a remarkably different risk of death.

Previous studies have reported that BUN is considered to be an important factor in predicting patient mortality (11, 20–27). Higher BUN was associated with poor prognosis in critically ill patients admitted to ICU (21, 24), critically ill patients with cardiogenic shock (23), patients with acute myocardial infarction (27), unstable coronary syndromes (25), and primary pulmonary hypertension (26). The prognostic value of BUN to serum albumin ratio was reported in patients with Escherichia coli bacteremia (28), ICU patients with lung cancer (29), critically ill patients with acute pulmonary embolism (30), and patients with aspiration pneumonia (31). These studies confirmed the value of BUN in predicting the prognosis of those patients. We share their views that, in general, higher BUN is associated with a poorer prognosis based on our findings. For patients with BUN > 9.804 mg/dl, a 1 unit increase in BUN was related to a 2.8% increase in the risk of post-operative 30-day mortality in our study. Such results may be due to the fact that elevated BUN is generally considered an important indicator of poor prognosis in heart and kidney patients (32–35). Massari et al. demonstrated that BUN was a stronger biomarker of peripheral congestion than the estimated glomerular filtration rate (36). The BUN level can reflect not only the degree of renal impairment but also protein catabolism in the human body (11). Low BUN may indicate insufficient protein intake (14). Inadequate protein intake could result in poor nutritional status. Nutritional status is closely related to the prognosis of cancer patients (15, 16). These reasons may explain our findings that for brain tumor patients with BUN < 9.804 mg/dl, a 1 unit decrease in BUN was related to a 16.8% increase in the risk of post-operative 30-day mortality. Therefore, BUN could be used as a pre-operative quantitative factor to evaluate the prognosis of patients undergoing craniotomy for brain tumors. The proper pre-operative management of BUN could reduce post-operative 30-day mortality in these cases.

Our study has some strengths as follows. (1) It is the large sample size that allows such analysis. Most covariates have complete information, with few missing. (2) To the best of our knowledge, this is the first time to observe the association between BUN with post-operative 30-day mortality in patients undergoing craniotomies for tumors. (3) We found that there was a non-linear relationship between pre-operative BUN and risk of post-operative 30-day mortality; therefore, our analysis has greater clinical value, which previous studies have not explored. (4) We performed interaction analysis and subgroup analysis. (5) We conducted several sensitivity analyses to test the robustness of our results.

Our research has the following shortcomings and needs attention. (1) This was a retrospective study on the national database. (2) As this study was a secondary analysis of published data, we cannot exclude some unmeasured and/or residual confounding factors (e.g., socioeconomic factors, pharmacological treatments, and characteristics of benign and malignant tumors) that could influence the estimated relationship. However, we calculated the E-value to quantify the potential impact of unmeasured confounders and found that they were unlikely to explain the results. (3) We could not explore the relationship between pre-operative BUN and long-term outcomes. Despite these limitations, our study was based on data from a large and heterogeneous group of patients in a large catchment area. Thus, the relationships and conclusions postulated in this study remain highly plausible.



CONCLUSION

In patients over 18 years of age who underwent craniotomy for intracranial tumors, pre-operative BUN (mg/dl) has specific linear and non-linear relationships with post-operative 30-day mortality. Our study may provide a reference for policy-makers to develop guidelines as to safer levels of BUN for patients preparing to undergo craniotomy for intracranial tumors. Proper pre-operative management of BUN and maintenance of BUN near the inflection point could reduce post-operative 30-day mortality in these cases.
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Medulloblastoma (MB) is the most common type of brain cancer in pediatric patients. Body fluid biomarkers will be helpful for clinical diagnosis and treatment. In this study, liquid chromatography–mass spectrometry (LC–MS)-based metabolomics was used to identify specific urine metabolites of MB in a cohort, including 118 healthy controls, 111 MB patients, 31 patients with malignant brain cancer, 51 patients with benign brain disease, 29 MB patients 1 week postsurgery and 80 MB patients 1 month postsurgery. The results showed an apparent separation for MB vs. healthy controls, MB vs. benign brain diseases, and MB vs. other malignant brain tumors, with AUCs values of 0.947/0.906, 0.900/0.873, and 0.842/0.885, respectively, in the discovery/validation group. Among all differentially identified metabolites, 4 metabolites (tetrahydrocortisone, cortolone, urothion and 20-oxo-leukotriene E4) were specific to MB. The analysis of these 4 metabolites in pre- and postoperative MB urine samples showed that their levels returned to a healthy state after the operation (especially after one month), showing the potential specificity of these metabolites for MB. Finally, the combination of two metabolites, tetrahydrocortisone and cortolone, showed diagnostic accuracy for distinguishing MB from non-MB, with an AUC value of 0.851. Our data showed that urine metabolomics might be used for MB diagnosis and monitoring.
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Introduction

Medulloblastoma (MB) is the most frequent malignant central nervous system neoplasm in children (1, 2), accounting for 8% to 10% of childhood brain tumors (3). Early detection and treatment are clearly effective methods for improving the five-year survival rate, which is up to 85%-90% for average-risk disease and up to 65% for high-risk disease (4–7). Clinically, dynamic contrast-enhanced computed tomography and magnetic resonance imaging are commonly used imaging techniques for the diagnosis of MB in most cases (8). However, differentiating benign brain diseases and malignant tumors from MB remains a clinical challenge, even when images are re-examined by experienced radiologists (9). Thus, the development of new, accurate, and noninvasive diagnostic methods will have an important impact on the clinical treatment of MB in its earliest stages and could lead to a reduction in unnecessary treatment for other brain diseases.

Metabolomics is a useful strategy for identifying potential biomarkers for disease (10). It provides links as downstream to molecular divergence occurs. Metabolites, being the end products, are more stable than mRNAs or proteins. Metabolite identification is highly informative about the functional status of the biological system, owing to their proximity to organismal phenotypes. Previous studies have shown the efficacy of metabolomics in identifying biomarkers associated with the diagnosis, prognosis and treatment of cancer (11) Recently, brain tumors have become well characterized due to large metabolic studies (12), and some studies have provided metabolomic analyses for MB using tissue samples. In 2010, Cuellar-Baena, S et al. presented metabolic profiles by NMR analysis of brain tumor tissues, including ependymoma and MB. The NMR profile of pediatric MBs showed important metabolic information, including increased membrane turnover, low neuronal viability and glycolysis alterations (13). In 2018, using NMR, Christopher D. Bennett et al. analyzed tissue metabolites to discriminate cerebellar ependymoma, MB and other brain tumors, and their study showed high phosphocholine and taurine levels in MB (9). Several studies have tried to explore MB metabolism signatures using biofluids. In 2022, Bongyong Lee et al. performed an integrated analysis of the transcriptomic, metabolomic, and lipidomic changes in the CSF of children with MB. The tricarboxylic acid cycle and total triacylglycerols were found to be significantly upregulated in MB patients. A group of omics signatures, including indicators of tumor hypoxia, was found to separate MB from normal samples (14).

Urine is an important biofluid to screen for biomarkers of brain tumors. Collection of urine is risk free and easy. In particular, urine sampling avoids the need for sedation and its associated risks, which is often required to accomplish radiographic studies in the pediatric population. Moreover, urine collection and analysis are considerably less expensive than magnetic resonance imaging. Sampling of urine could easily be done at shorter intervals than are currently practical for imaging studies, enabling earlier detection of recurrent disease (15). Several studies have attempted to discover urinary biomarkers for other brain cancers. In 2011, Moroz, J et al. analyzed the metabolic content of urine from NIH III nude mice (n = 22) before and after inoculation with human glioblastoma multiforme (GBM) cancer cells. The number of statistically significant changes in urinary metabolites was more pronounced in the tumor-bearing population than in the control animals. The results showed that metabolomics may be used as a screening tool for GBM cells grown in mice (16). Previous studies have shown that it is possible to identify urinary biomarkers of brain cancer. Therefore, the aim of this study was to utilize urine metabolomics to explore potential biomarkers for the detection of MB. This study might provide new insight into the differential diagnosis of MB from controls.



Materials and Methods


Patients and Sample Collection

This study was approved by the Institutional Review Board of the Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences. Written informed consent was obtained from the participants before participation in this study. The cohort included 111 MB patients, 51 patients with benign brain disease, 31 patients with other malignant brain cancers, 118 healthy volunteers, 29 1-week postoperative MB patients, and 80 1-month postoperative MB patients (Table S1). The brain tumor patients scheduled for surgical resection were prospectively screened from the Beijing Tiantan Hospital, Capital Medical University. Only those patients aged 16 years or less who underwent radical surgery for pathologic diagnosis were recruited. Preoperative urine samples were collected immediately before surgery, while postoperative samples were collected 1-2 weeks or 1-3 months after surgery. These groups did not include subjects suffering from any acute conditions or subjects administered any drugs. The first morning urine (midstream) samples were collected at approximately 07:00 to 09:00 a.m. on an empty stomach from the patients or healthy volunteers. The urine samples were centrifuged within 6 h after collection; the supernatants were isolated, aliquoted, and stored at −80°C until analysis.



Sample Preparation

Urine sample preparation was performed based on a previous method (17). In brief, acetonitrile (200 μL) was added to each urine sample (200 μL), and the mixture was vortexed for 30 s and centrifuged at 14,000 ×g for 10 min. The supernatant was dried under vacuum and then reconstituted with 200 μL of 2% acetonitrile. Urinary metabolites were further separated from larger molecules using 10 kDa molecular weight cutoff ultracentrifugation filters (Millipore Amicon Ultra, MA) before being transferred to autosamplers.

The quality control (QC) sample was a pooled urine sample prepared by mixing aliquots of fifty representative samples across different analysis groups and was therefore globally representative of the whole sample set. The QC samples were injected every ten samples throughout the analytical run to provide a set of data from which the stability and repeatability of the method can be assessed.



LC–MS Analysis

Ultra-performance LC–MS analyses of samples were conducted using a Waters ACQUITY H-class LC system coupled with an LTQ Orbitrap Velos pro mass spectrometer (Thermo Fisher Scientific, MA, USA). The detailed parameters are listed in Document S1.



Statistical Data Analysis

Raw data files were processed by Progenesis QI (Version 2.0, Nonlinear Dynamics) software and further processed by MetaboAnalyst 3.0 (http://www.metaboanalyst.ca). The analysis included peak alignment, peak picking, normalization and peak identification. Pattern recognition analysis (principal component analysis (PCA) and orthogonal partial least squares discriminant analysis (OPLS-DA)) was carried out using SIMCA 14.0 (Umetrics, Sweden) software. The detailed parameters are listed in Document S1.



Metabolite Annotation and Pathway Analysis

The metabolic pathways were first analyzed using MS1 features by the mummichog algorithm, which leverages the organization of metabolic networks to predict functional pathways directly from feature tables. Significantly different metabolites (adjusted p value < 0.05; VIP >1) were further determined from the exact mass composition, from the goodness of isotopic fit for the predicted molecular formula and from MS/MS fragmentation comparing hits with databases (HMDB, Massbank, METLIN, and mzCloud), thus, qualifying for annotation at MSI level II using Progenesis QI (Version 2.0, Nonlinear Dynamics, UK). For endogenous metabolites lacking a chemical formula, an accurate molecular mass was given based on the calculated isotopic features and ion adducts. Exploratory ROC analysis was performed by MetaboAnalyst 3.0. Detailed methods are listed in Document S1.




Results


Study Workflow

A total of 420 patients were enrolled in our study, including 118 healthy controls, 111 MB patients, 31 patients with malignant brain cancer (ependymoma, pilocytic astrocytoma, and glioblastoma) and 51 patients with benign brain disease (epilepsy and cramp). These samples were randomly divided into two cohorts, discovery and validation sets. Additionally, we enrolled 29 MB patients 1 week postsurgery and 80 MB patients 1 month postsurgery for biomarker validation. The patients were matched for age and sex among the different groups (Table 1, detailed data in Table S1).


Table 1 | Demographics of medulloblastoma patients, brain benign disease patients, other brain malignant tumour patients and healthy controls.



All urine samples were analyzed by LC–MS. Comparison analysis was performed based on MB vs. healthy controls, MB vs. benign brain diseases, and MB vs. malignant brain tumors, and differential metabolites were found through a selection criterion (VIP value >1, p value < 0.05 and FC >1.5). The differential metabolites of the above three comparisons were further functionally annotated. Moreover, the differential metabolites from the above three analyses were compared to define the specific metabolites of MB. These metabolites were evaluated in MB surgery patients after one week and one month to validate the specificity. Finally, the MB diagnostic predictive model was constructed based on MS-specific metabolites. The workflow of this study is shown in Figure 1.




Figure 1 | Study workflow. HC, healthy control; BB, benign brain disease; BM, other malignant brain tumor; MB, medulloblastoma; M-PO-1 week, medulloblastoma 1 month postoperatively, M-PO-1 month: medulloblastoma 1 month postoperatively.





Quality Control

All samples were randomly analyzed by LC–MS. QC is of great importance in large-scale metabolomics studies to ensure stable system performance and to avoid experimental bias. A QC standard was prepared as a pooled mixture of aliquots from all urine samples in each group. For urine metabolomics, the QC sample was injected 5 times before the analytical run and was frequently injected once every ten samples throughout the analytical run to monitor instrument stability. Tight clustering of the QC samples (Figure S1) indicates good consistency in the QC data.



Distinguishing MB Patients From Healthy Controls by Urine Metabolomics

The LC–MS-based urine metabolome from MB and healthy controls yielded 2437 spectral features. To select potential biomarkers for distinguishing MB from controls, multivariate statistical analysis models were applied. PCA showed a discrimination trend between the metabolic profiles of the MB patients and those of the healthy control subjects (Figure 2A). The OPLS-DA model achieved better separation (Figure S2A). One hundred permutation tests were carried out to confirm the stability and robustness of the supervised models (Figure S2B). Pathway enrichment analysis using MS features by the mummichog algorithm showed the significant enrichment of several pathways, including caffeine, tryptophan, fatty acid, biopterin and urea cycle/amino group metabolisms (Figure S2C).




Figure 2 | Analysis of urine metabolomics of medulloblastoma, healthy controls, benign brain diseases, and malignant brain tumors. (A). PCA score plot of MB and controls in the discovery group. (B). ROC plot of the distinction between MB and controls in the validation Group (C). PCA score plot of MB and benign brain diseases in the discovery Group (D). ROC plot of the distinction between MB and benign brain diseases in the validation Group (E). PCA score plot of MB and other malignant tumors in the discovery group. (F). ROC plot of the distinction between MB and other malignant tumors in the validation group (G). Heatmap of 60 metabolites in MB, healthy controls, benign brain diseases and other malignant brain tumors.



The significantly different features were submitted to MS/MS fragmentation and Progenesis QI identification. Overall, 11 significantly different metabolites were identified (Table S2A). The diagnostic accuracy of the differentially identified metabolites for MB and control samples was evaluated. A total of 9 metabolites had good diagnostic value with AUCs values above 0.7 (Table S2B). Multivariate ROC curve-based exploratory analysis was employed to achieve a better predictive model (http://www.metaboanalyst.ca/faces/Secure/upload/RocUploadView.xhtml) using these differential metabolites. A panel consisting of tetrahydrocortisone, N-acetylasparagine, and cortolone showed the best predictive ability, with an AUC value of 0.947 in the discovery group (Figure S2D, Table 2) and 0.906 in the validation group (Figure 2B) (sensitivity: 0.892 and specificity: 0.810).


Table 2 | AUC values of panels for MB and other groups distinction on urine metabolomics.





Distinguishing MB From Benign Brain Diseases and Other Malignant Brain Tumors

The urine metabolome from MB and benign brain disease samples was analyzed using multiple statistical methods similar to those described above. The PCA score plot and the OPLS-DA model are shown in Figure 2C and Figure S3A, respectively. One hundred permutation tests are shown in Figure S3B. Several pathways, including leukotriene metabolism, biopterin metabolism, tyrosine metabolism, valine, leucine, and isoleucine degradation, and prostaglandin formation from dihomogama-linoleic acid, were enriched (Figure S3C). The discriminatory features were identified by MS/MS analysis. A total of 13 differential metabolites were identified, and 11 metabolites had potential diagnostic values with AUC values above 0.7 (Table S2C, Table S2D). Using a logistic regression algorithm, tetrahydrocortisone, cortolone, and 18-carboxy dinor leukotriene B4 established a robust model for distinguishing between MB and benign samples, with an AUC value of 0.900 in the discovery group (Figure S3D, Table 2) and 0.873 in the validation group (Figure 2D) (sensitivity: 0.892 and specificity: 0.882).

Then, the difference between MB and other malignant brain tumors was also analyzed. PCA and OPLS-DA revealed the discrimination of the two groups, as shown in Figure 2E and Figure S4A, respectively. One hundred permutation tests showed the model stability (Figure S4B). Pathway enrichment analysis showed significant enrichment pathways related to the carnitine shuttle, urea cycle/amino group metabolism, and fatty acid metabolism (Figure S4C). Overall, 7 differential metabolites were identified (Table S2E), and a total of 5 metabolites had diagnostic values with AUCs values above 0.7 (Table S2F). A panel consisting of L-Dopa, 20-oxo-leukotriene E4, cortolone, and tetrahydrocortisone showed predictive ability, with an AUC value of 0.842 in the discovery group (Figure 2D, Table 2) and 0.885 in the validation group (Figure 2F) (sensitivity: 1 and specificity: 0.702).



Specific Urinary Metabolites of MB Patients

From the above three comparisons, 17 significantly different metabolites were discovered. Group clustering analysis of these 17 metabolites showed that the distance between MB and other malignant brain tumors was close, and the brain benign disease group was close to the healthy control. Functional annotation of metabolites showed that metabolites involved in leukotriene B, dopamine and steroid hormone biosynthesis were upregulated in MB patients, including cortolone, 20-oxo-leukotriene E4 and tetrahydrocortisone. However, metabolites involved in fatty acid oxidation and norepinephrine metabolism were downregulated in the MB group. In addition, the benign brain disease group showed specific metabolic characteristics, with metabolites involved in fatty acid oxidation and norepinephrine metabolism presenting with the highest intensity (Figure 2G).

Cases after surgery were enrolled to evaluate whether the identified differential metabolites were associated with tumor load. Differential metabolites associated with tumor load might serve as potential biomarkers for MB surgery monitoring. Therefore, we further examined the change trends of these 17 metabolites in postsurgery cases at approximately one week and one month postoperation (29 and 80 patients, respectively) to evaluate the biological association of the potential biomarkers with MB tumor load. The average intensity heatmap (Figure S5) showed that several metabolites, including cortolone, urothion, tetrahydrocortisone, 11-beta-hydroxyandrosterone-3-glucuronide, norepinephrine, N-acetylasparagine and isovalerylcarnitine recovered to normal levels one month postsurgery. These metabolites might probably be associated with tumor load and could be used for MB treatment monitoring. Metabolites of deoxyuridine, 5-nonenoylglycine, (-)-11-hydroxy-9,15,16-trioxooctadecanoic acid and 3-hydroxyoctanoyl carnitine showed no significant difference between pre- and postsurgery. These metabolites might not be associated with tumor load or have a chronic response that requires more time to recover.

We expected better specificity for MB prediction using differential metabolites existing in all three comparisons. Four out of 17 metabolites, cortolone, urothion, 20-oxo-leukotriene E4, and tetrahydrocortisone, exhibited this property. The relative intensity of these four metabolites was plotted using a discrete heatmap plot. Taking the four metabolites with an intensity above the 90% quantile of the normal range in the healthy group as positively upregulated, they exhibited an upregulated prevalence in MB compared with the other three control groups in both the discovery and the validation groups (Figure 3A).




Figure 3 | Relative intensity of MB-associated metabolites. The distribution of MB-associated metabolites in the discovery and validation groups (A). The relative intensity of these 4 metabolites in the postoperative groups compared with the MB group (B). “*”p < 0.05; “***”p < 0.001.



The urine levels of the above 4 specific metabolites in postsurgery cases were analyzed. As shown in Figure 3B, at one week postsurgery, 3 out of 4 specific metabolites exhibited significant differences between preoperative and one-week postoperative MB samples. All 4 metabolites showed a larger significant difference between preoperative and postoperative MB patients at one month. The levels of the 4 metabolites in postoperative MB patients at one month returned to the healthy state. These results further validated the biological relevance of these metabolites in MB, highlighting their potential value for MB diagnosis and monitoring.

The accuracy for distinguishing MB from non-MB using the 4 metabolites was assessed using ROC plots. They all showed AUC values above 0.7 for all three comparisons (Table S2G). Finally, we found that the combination of cortolone and tetrahydrocortisone could distinguish MB from non-MB with better performance. The AUC value was 0.888 in the discovery group and 0.801 in the validation group (Figure 4, Table 2). The identification of cortolone and tetrahydrocortisone was further validated by commercial standards (Figure S6).




Figure 4 | MB prediction using the metabolites tetrahydrocortisone and cortolone. The prediction accuracy of the metabolite panel (tetrahydrocortisone and cortolone) for MB in the discovery and validation groups (A). The possible functions regulated by tetrahydrocortisone and cortolone in MB (B).






Discussion

The rapid development of high-throughput mass spectrometry has promoted urine metabolomics as a promising approach for the early detection of disease biomarkers. In this study, we comprehensively characterized the urine metabolomics of MB patients, including healthy subjects, patients with malignant brain tumors and patients with benign brain diseases. Potential biomarkers for MB were explored and tentatively identified.

In the present study, an altered metabolism, including fatty acid oxidation, steroid hormone biosynthesis, dopamine metabolism and leukotriene B4 metabolism, was discovered in MB patients when compared with healthy controls and patients with other brain diseases. Altered metabolism is a hallmark of tumor cells, which need to adapt to their nutrient-poor microenvironment to sustain their viability (18). Several studies have established that metabolism is altered in MB patients, including decreased fatty acid oxidation and increased lipogenesis (19), which is consistent with our results. Previous CSF metabolomics analysis suggests that a state of hypoxia might occur in MB patients, reflected by the accumulation of lipids and an increased TCA cycle (14). Additionally, CSF metabolomics analysis of MB patients discovered strongly upregulated lipid hormones (20). In the present study, upregulation of steroid hormones was shown in MB patients, indicating consistent metabolism changes in urine and CSF.


Metabolomics Characteristics of MB Patients Compared With Other Diseases and Healthy Controls

The hierarchical cluster analysis results suggested that MB was more closely related to malignant brain tumors and showed large differences from healthy controls and benign brain diseases (Figure 2G). These cluster results were consistent with the clinicopathological characteristics.

Compared to the other three groups, the MB group showed decreased levels of metabolites involved in fatty acid oxidation. Carnitine transports long-chain fatty acids into the mitochondrial matrix for beta-oxidation to provide cellular energy. Decreased acylcarnitine levels may be due to increased utilization of lipids or enhanced phospholipid and cholesterol synthesis, which is needed for increased membrane synthesis or formation of eicosanoids. Additionally, decreased concentrations may be a reflection of the role of carnitine and its acylesters in preserving the physiologic membrane structure and function from oxidative damage (21). In MB, neural progenitors metabolize glucose to lactate and prioritize lipid synthesis over fatty acid oxidation (22). The “metabolic transformation” is a hallmark of MB (19).

In MB, metabolites involved in steroid hormone biosynthesis, dopamine metabolism and leukotriene B4 metabolism were in higher abundance. The steroid metabolites tetrahydrocortisone and cortolone were upregulated in MB patients. These two steroids could be transformed to cortisol, which is a glucocorticoid hormone that plays an important role in steroid hormone biosynthesis (23). Previous research found that high concentrations of cortisol could inhibit DNA repair (24), which has been found during MB occurrence (25, 26).

Additionally, metabolites involved in leukotriene B4 metabolism showed higher levels in MB. Leukotrienes are pro-infiammatory mediators that can regulate the occurrence of brain cancer by increasing vascular permeability in brain tumors (27, 28). Leukotrienes are found at high levels in most inflammatory lesions and are involved in the physiological changes of the inflammatory process (29). High levels of leukotriene metabolites in MB probably indicated different inflammatory response mechanisms mainly mediated by leukotrienes between MB and other brain tumors.



Potential Biomarkers of MB

In the present study, four metabolites were found to be significantly different between the MB and the other three groups. These 4 metabolites might be used as potential specific biomarkers of MB (detailed information in Table S2G).

Of those metabolites, tetrahydrocortisone and cortolone showed potential value in distinguishing MB from non-MB. Tetrahydrocortisone and cortolone are the downstream products of corticosterone (30). Corticosterone could regulate the function of the protein RELA, which is a vital protein that exists in MB (31). RELA activity is mainly associated with cell viability of hippocampal neurons (32), apoptosis of cortical neurons (33), influx of Ca2+ (34) and synthesis of prostaglandin E2 (35). Therefore, tetrahydrocortisone and cortolone might play an essential role in MB through the regulation of key signaling molecules (RELA) (Figure S6). The detailed regulatory mechanisms need to be further investigated.

In the present study, MB-associated urinary metabolite changes were explored, and potential urinary biomarkers were tentatively discovered but need further deep validation. First, potential biomarker validation using targeted metabolomics is needed to quantify the absolute content of urinary metabolites. Second, due to the small sample size in this study, our evaluation is preliminary. Larger sample cohorts from multicenter analyses should be evaluated in the future for a more comprehensive validation. Third, the extent of resection might significantly vary from case to case. Individual variations could influence metabolite changes between the presurgery and control samples. Additionally, the samples collected before and after surgery were taken from different individuals. Individual variations could influence metabolite changes between presurgical and postsurgical groups. Therefore, dynamic monitoring of metabolite changes using a larger sample size collected from one case (pre- and postsurgery) is needed in future analyses.




Conclusions

In this study, we utilized the LC–MS approach to define a panel of urine metabolites as a diagnostic biomarker for MB. The results suggested that the urine metabolome could differentiate patients with MB from healthy controls and other brain diseases. and can also reflect different disease states of the brain, both preoperatively and postoperatively. Furthermore, we identified two metabolites that exhibited good predictive ability for MB and non-MB discrimination, which could offer great value in clinical diagnosis and postoperative monitoring.
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Background: Gliomas account for nearly 80% of brain cancers, tending to occur more frequently in men with adverse outcomes. Emerging microRNAs have been positioned as promising predictors for glioma's histological grade and prognosis. However, there have been few studies concerning the sex-biased impacts on the clinical approach for the potential microRNA-4297 (miR-4297).

Methods: We utilized GSE139031micro-RNAs profiling to analyze serum miR-4297 expression in glioma. A total of 114 newly diagnosed glioma patients at the First Affiliated Hospital of Fujian Medical University from January 2017 to February 2021 were recruited and prospectively followed up. The association of miR-4297 levels with glioma grade and prognosis was investigated. Luciferase reporter gene assays and genotype analyses were carried out to explore the potential mechanism of sexually dimorphic miR-4297 in glioma.

Results: Serum miR-4297 levels were notably down-regulated in glioma. Besides, serum miR-4297 levels were positively associated with the high grades, which were exclusively present for females. The positive correlations of miR-4297 with O6-methylguanine-DNA methyltransferase (MGMT) protein and mean platelet volume were also observed in females. IDH-mutant females had decreased miR-4297. Median PFS time for females with miR-4297 ≥ 1.392 was distinctly shorter than those with miR-4297 <1.392 (12.3 months vs. 42.89 months, p = 0.0289). Based on multivariate logistic regression, miR-4297-based equation model was established as FHGRS. AU-ROC analysis revealed FHGRS exhibited a robust performance in predicting high-grade glioma in females (p < 0.001), whereas there was no such relationship in males. Furthermore, the MGMT-3'UTR variant rs7896488 in the specific binding region of miR-4297 was correlated with prognosis.

Conclusion: Our study uncovers sex-dependent characterization of serum miR-4297 in predicting glioma grade and the relapse risk for female patients, which underscores the clinical benefits of sex-specific analysis in non-coding RNA research.

KEYWORDS
  glioma, miR-4297, MGMT, sexual dimorphism, biomarker


Introduction

Glioma, originating from glial cells, is the most frequent malignant primary intracranial neoplasm, characterized by a highly aggressive phenotype, high recurrence rate, and high mortality. Gliomas are classified from grade I to grade IV according to the World Health Organization (WHO) grading criteria of primary brain tumors (1). As estimated in Cancer Statistics 2021 (2), brain and other nervous system tumors are still the leading cause of cancer death among men aged < 40 years and women aged < 20 years. China was one of the three countries with the largest incident cases and the most deaths of CNS cancer (3). Despite the considerable progress in the management of glioma, the prognosis is universally poor, especially for high-grade gliomas (HGGs: WHO grade III–IV) (1), where tumor cell heterogeneity and sex differences influence clinical outcomes.

To date, glioma diagnosis and prognostic molecular markers are obtained from neurosurgical biopsy. Nevertheless, tissue biopsy cannot achieve early diagnosis, targeted treatment, and dynamic monitoring. Hence, there is an urgent need to identify accurate, convenient and non-invasive biomarkers for glioma diagnosis and prognosis. MicroRNAs (miRNAs) are a class of single-stranded small RNA regulatory molecules, which remain stable for a relatively long period in human biofluids (4, 5). Deregulation of miRNA activity has been demonstrated in the initiation, progression, and metastasis of human cancers (6). MiRNAs-based glioma research have been extensively carried out throughout the last decade. There has been a wealth of data implicating blood-sample-based miRNAs would be promising markers for glioma grades classification and prognostic evaluation (7–9). However, to the best of our knowledge, there is no definite application of miRNAs for glioma clinical management. It seems that the comprehensive utilization of blood-sampled-miRNAs still faces challenges (10, 11).

Emerging evidences have indicated that gliomas with the same histopathological type also exhibit distinct symptoms with varying prognostications. Biological heterogeneity has always been the conundrum to improve glioma treatments (12). Epidemiological data have demonstrated that the overall incidence of glioma are higher in males with the adverse outcomes (13). In addition, it has been reported that O6-methylguanine-DNA methyltransferase (MGMT) promoter methylation, which has been regarded as the indicator of temozolomide (TMZ) chemotherapy resistance, is also more likely to occur in glioma female patients (14). Hence, sex heterogeneous effects on glioma tumorigenesis and prognosis should not be neglected.

In previous studies, researchers have noticed that miRNAs have sex-specific roles in chronic kidney disease, cardiovascular disease, and neurodegenerative disease (15–17). It has been reported that microRNA expressions differ between males and females and the loss of microRNAs leads to sex-specific changes in the presence, development, and progress of the diseases (18). Therefore, with regards to miRNA-related application evaluation, failing to take the potential disparities between males and females into consideration could lead to a sex bias. Owing to the limited study concerning the sex impact on miRNA-oriented clinical utilization for glioma patients, we aimed to provide novel insights into the predictive roles of miR-4297 for glioma grade and prognostication in a sex-dependent manner.



Materials and methods


Study population

The study flow chart was present in Figure 1. Serum miR-4297 expression dataset were downloaded from serum non-coding RNA profiling by array (GSE139031, https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE139031, updated to Dec 31, 2019) in the Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/). Based on GPL21263 (3D-Gene Human miRNA V21_1.0.0) by Makiko Ichikawa et al. (8), serum miR-4297 expression of 170 glioma patients and 157 non-cancer subjects were obtained. Glioma patients were enrolled from those who underwent surgery for suspected brain or spinal tumors at the Department of Neurosurgery and Neuro-oncology of the National Cancer Center Hospital (NCCH) or who were referred to NCCH after undergoing surgery elsewhere from August 1, 2008, through May 1, 2016.


[image: Figure 1]
FIGURE 1
 Flow chart describing the process for exploring the sex-specific role of miR-4297.


Furthermore, we conducted a prospective validation cohort during January 2017 and February 2021. Primary glioma patients who received the surgery in Neurosurgery Department at the First Affiliated Hospital of Fujian Medical University were enrolled. The last date of follow-up was 10th February 2021. Patients who met the following criteria were recruited: (1) age > 18 years; (2) gliomas diagnosis and grade criteria fulfilling the 2016 WHO Classification of Tumors of the Central Nervous System (1); (3) at first diagnosis with gliomas, namely without the history of any radiation, chemotherapy or resection. The exclusion criteria were as follows: (1) patients with concurrent chronic comorbidities (i.e., cardiovascular disease, renal dysfunction, autoimmune, and hematological diseases; (2) history of malignancy; (3) patients with local or systemic infection; (4) patients taking medications that related with an inflammatory condition. Participants were categorized as low-grade gliomas (LGGs) and high-grade gliomas (HGGs) according to the World Health Organization (WHO) grading criteria of primary brain tumors (1). Progression-free survival (PFS) time was defined as from the date of treatment to the date of progressive disease or death. The PFS time of patients without progression or lost follow-up were censored at the time of the last tumor evaluation. The study was approved by the Ethics Committee of the First Affiliated Hospital of Fujian Medical University. The research was carried out in accordance with the World Medical Association Declaration of Helsinki, and all subjects provided written informed consent.



Data collection

Demographic characteristics and clinical features were collected from the medical records. Baseline clinical characteristics were extracted from medical records. The first laboratory measures before surgery were adopted. Neutrophil/lymphocyte ratio (NLR), platelet/lymphocyte ratio (PLR), and monocyte/lymphocyte ratio (MLR) were calculated as the ratios of the absolute counts of neutrophil, platelet, and monocyte to lymphocyte count, respectively. Systemic immune-inflammation index (SII) was derived from the following formula: (platelet count × NLR). Prognostic nutritional index (PNI) = albumin [g/L] + total lymphocyte count × 5.



Blood biomarker measurements

We collected and analyzed overnight fasting blood samples at the first laboratory measurement before surgery. Hematological variables were determined using ADVIA 2120i automated analyzer (Siemens Healthcare Diagnostics, Deerfield, IL, USA). The levels of serum albumin and creatinine were determined using Siemens ADVIA 2400 automatic biochemical analyzer. Plasma fibrinogen levels were determined by the coagulation method (Sysmex CS-5100 Hemostasis System, Siemens). Within 4 h of sampling, serum samples were timely isolated by centrifugation method and transferred to RNase/ DNase-free tubes for further processing.



MiR-4297 detection and quantification

RNAs were extracted from 200 μl serum samples by miRNA isolation kit (Tiangen Biotech CO., LTD., Beijing) and then stored at −80°C in RNase/DNase-free tubes. The RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific Fermentas, USA) was applied to carry out the reverse transcription to prepare cDNA. The quantitative real-time PCR was performed using the ABI QuantStudio Dx real-time PCR instrument (Thermo Fisher Scientific, USA) according to the manufacturer's protocols. SYBR Green-based qPCR was performed in a 20 μl reaction system, including 2 μl of five-fold diluted cDNA.

MiR-4297 expression was normalized with U6 expression within each sample. The 2–ΔΔCT method was employed to analyze the relative expressions of miR-4297. Results with CT values >30 were considered unreliable and were excluded from the subsequent analysis. Specific primer sequences used are presented in Supplementary Table 1.



Luciferase reporter gene assays

Human 293T cells were cultured in 24-well plates in a DMEM medium. Firefly and Renilla luciferase activities were measured using the dual-luciferase assay kit (Promega) according to the suppliers' specifications. The luciferase reporter construct containing the rs7896488 G allele is designated as pGL3-miR4297-MGMT3'-UTR-WT (P-G). The luciferase reporter constructs containing the site-specifically mutated rs7896488 A allele is designated as pGL3-miR4297-MGMT3′-UTR-MT(P-A). The luciferase reporter constructs containing P-G, P-A, and P-NC were transiently transfected into 293 T cells, respectively. Experiments were conducted 3 times, respectively, and three parallel samples were measured each time. Finally, data were expressed as the mean ± SEM. Luciferase activity was normalized to Renilla luciferase activity to correct for the differences in transfection efficiency.



Genotype analysis

PolymiRTS Database 3.0 (https://compbio.uthsc.edu/miRSNP/) was employed to predict the variant rs7896488 in MGMT 3′UTR was located in the specific binding region of miR-4297. Thus, we isolated genomic DNA samples of 138 glioma patients and 327 healthy controls which were reported in our previous study (19) from the peripheral blood using a commercial Tiangen TIANamp Genomic DNA kit (Tiangen Biotech., Beijing, China). Additionally, we utilized KAPA Express Extract Kits (KAPA Biosystems, Wilmington, MA, USA) to isolate 12 genomic DNA samples of cases (12/150, 8%) from paraffin-embedded normal tissue adjacent to cancer specimens to increase the sample size of cases. The clinical characteristics of the subjects are shown in Supplementary Table 2. Genotypes of the candidate variant rs7896488 were determined by the Sequenom MassARRAY iPLEX platform (Sequenom Inc., San Diego, CA, USA). Genotyping was performed without knowledge of the case/control status of the subjects.



Statistical analysis

Continuous variables were displayed as mean ± standard deviation (SD) or median (25th, 75th percentile). Categorical variables were shown as numbers and percentages. All data were checked for normality and homogeneity of variance by the Shapiro–Wilk test and Bartlett test. Bonferroni correction was used to adjust the p-value for multiple testing. Student's t-test and Mann–Whitney U-test were applied for comparisons of continuous variables between two groups, as appropriate. The sex-dependent associations of MPV, MGMG protein, and IDH mutation status with miR-4297 levels and FHGRS were evaluated by Spearman rank correlation analysis. Multivariate stepwise logistic regression analysis was carried out to investigate the independent variables for predicting high-grade gliomas. The multivariate logistic regression model was evaluated by the area under the receiver-operating curve (AU-ROC) analysis. PFS curves were plotted using the Kaplan-Meier method and compared by the log-rank test. Statistical analyses were performed in SPSS 17.0 (SPSS Inc., Chicago, IL, USA). All p-values given were 2-sided and a p < 0.05 was statistically significant.




Results


Baseline clinical characteristics and serum miR-4297 expression

As shown in Table 1, serum miR-4297 levels in glioma patients were remarkably reduced in age- and sex- matched case-control study (p < 0.001). Furthermore, a total of 114 glioma patients who received surgery in the Neurosurgery Department at the First Affiliated Hospital of Fujian Medical University from January 2017 to February 2021 were enrolled and followed up, including 66 males and 48 females. The mean age of all participants was 45.96 ± 12.22 years. There were 33 low-grade gliomas (LGGs), characterized by diffuse astrocytoma (21) and oligodendroglioma (12). A total of 81 high grade gliomas (HGGs) were listed as follows: anaplastic astrocytoma (13), anaplastic oligodendroglioma (9), and glioblastoma (59).


TABLE 1 Demographic data and clinical features of the subjects.
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We observed serum miR-4297 levels were obviously increased in the HGGs (p = 0.042). Besides, miR-4297 expressions in women participants were apparently higher than those in men (p = 0.035). However, significant differences in serum miR-4297 levels were not found when glioma patients were entirely categorized according to histology classifications. However, when compared to those in IDH-mt diffuse astrocytoma, serum miR-4297 levels were notably higher in IDH-wt GBMs (p = 0.020). In addition, although elevated levels of serum miR-4297 in IDH-wt GBM were observed as compared to those in IDH-mt GBMs, the comparison did not reach statistical significance (p = 0.068). Although serum miR-4297 was elevated for the glioma in the thalamus / hypothalamus, they did not statistically differentiate from tumor locations. The notable association of serum miR-4297 levels with glioma size before radiotherapy was not shown either.



Sex-dependent association of miR-4297 levels with clinical features

Based on the median levels of serum miR-4297, both female and male participants were, respectively, classified into two groups: miR-4297 high-expression group and miR-4297 low-expression group (Table 2). Clinical features, including routine molecular genetic parameters and immunochemistry indicators, and blood biomarkers were compared. Totally, isocitrate dehydrogenase (IDH) mutation tests were performed in 108 glioma specimens; 98 specimens underwent MGMT promoter methylation measurements; 74 specimens had 1p/19q codeletion analysis. Significantly high miR-4297 levels were prone to be observed in high-grade glioma females (p = 0.023), while there was no obvious tendency in males. Among women patients, serum miR-4297 expression statistically correlated with IDH mutation (p = 0.0153, Figure 2). Specifically, 54.2% of female patients in low—expression miR-4297 group had IDH 1/2 mutation, whereas only 20.8% of subjects in high - expression miR-4297 group were IDH1/2-mutant gliomas (Table 2). However, serum miR-4297 levels were not significantly associated with the status of methylated MGMT or 1p/19q codeletion in both sexes. As depicted in Figure 2, serum miR-4297 levels were positively associated with MGMT protein expressions in female glioma specimens (p = 0.014). Regarding routine hematological markers, we found a notable positive correlation between serum miR-4297 level and mean platelet volume (MPV) in female patients (p = 0.036). Additionally, there were no significant relationship between miR-4297 with plasma fibrinogen, serum albumin, or serum creatinine. On the other side, we did not find any statistical associations of miR-4297 with clinical features or hematological markers in glioma male patients (Table 2).


TABLE 2 Clinical parameters in miR-4297 low and high expression group by sex.
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FIGURE 2
 Sex-dependent analysis of serum miR-4297 and FHGRS. (A) Rather than FHGRS, statistically significant correlates are observed between miR-4297 levels and MPVs in female patients; (B) MGMT protein correlates with miR-4297 levels and FHGRS in females; (C) IDH-MT female patients have significantly decreased levels of miR-4297 and FHGRS. MPV, mean platelet volume; MGMT, O6-methylguanine-DNA methyltransferase; WT, wild type; MT, mutant type.




Predictive values of serum miR-4297 and FHGRS equation model in HGG females

We conducted the univariate and multivariate regression analyses to investigate the age and blood parameters including miR-4297 expressions between LGGs and HGGs in the female subgroup. As a result, females in the HGGs group were older, with a remarkably elevated level of serum miR-4297 (p = 0.033 and 0.040, respectively). As depicted in Figure 3, AU-ROC analysis showed miR-4297 level > 1.421 generated a sensitivity of 63.64% and a specificity of 84.62% in predicting high-grade glioma in female subgroup (AUC = 0.747, 95% CI = 0.585–0.871, p = 0.0028). Furthermore, binary logistic regression analysis revealed that the age and serum miR-4297 were independent predictors for HGG females (odds ratios = 1.089 and 5.420, respectively, Table 3). After all, derived from the multivariate regression model, the risk score formula evaluating female HGGs (FHGRS) was established as follows:
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FIGURE 3
 Pre-operative non-invasive biomarkers for female HGGs patients. (A) Sex-specific miR-4297 levels between LGGs and HGGs; (B) Comparison of miR-4297, FHGRS, and RDW-model for predicting HGGs in female patients by AU-ROC analysis. (C) AU-ROC values of RDW-based model, miR-4297 and FHGRS. LGGs, low-grade gliomas; HGGs, high-grade gliomas; AU-ROC, the areas under the receiver operating characteristic curves.



TABLE 3 Univariate and multivariate predictors for HGGs in females.
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(# miR-4297 levels were transformed into the categorical variable according to the threshold of 1.421 by ROC analysis: miR-4297 level ≥1.421 represents 1; otherwise, 0).

AU-ROC analysis indicated FHGRS displayed a more powerful capability of predicting HGGs in females (AU-ROC = 0.829, 95% CI = 0.677–0.929, p = 0.0001). The equation FHGRS remarkably increased the sensitivity to 79.4% with a specificity of 71.4%. It exhibited an excellent positive predictive value of 87.1% and a modest negative predictive value of 58.8%. Furthermore, we extended our previously published RDW-based model to compare the diagnostic values of two models in our study (20). The RDW-based model exhibited an AU-ROC of 0.722 (95% CI: 0.563–0.849, p = 0.0030), By comparison, it was revealed that the AU-ROC of FHGRS was slightly higher than that of RDW-based model, although the difference between the two models was 0.107 (p = 0.150), as shown in Figure 3. Moreover, Spearman analysis revealed that FHGRS values in female patients were positive with MGMT protein expression (rho = 0.418, p = 0.034), and MPV (rho = 0.246, p = 0.096). Likewise, FHGRS values were remarkably higher in IDH-wt female gliomas.



Sex-specific prognostic role of preoperative serum miR-4297

Totally, 114 glioma patients were followed up for nearly 50 months from January 2017 to February 2021. Among all the participants, 82 (71.9%) patients received the concurrent chemoradiotherapy after the surgery; 14 (12.3%) patients solely underwent chemotherapy or radiotherapy; the remaining 18 (15.8%) patients had no access to regular treatments after surgery. As depicted in Figure 4, the K-M analysis curves revealed that female patients with high levels of miR-4297 (≥1.329) had a median PFS of 12.3 months, as compared to 42.89 months for those with low levels of miR-4297 (log rank test: p = 0.0289). The hazard ratio (HR) for glioma recurrence with increased miR-4297 levels was 3.238 in females (95% CI:1.126–9.312). In contrast, serum miR-4297 expression was not associated with the risk for glioma relapse in the male subgroup.
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FIGURE 4
 Kaplan–Meier progression-free survival curves for glioma female patients stratified by serum miR-4297 levels.




Dual luciferase reporter gene experiment

As depicted in Supplementary Figure 1, the dual-luciferase reporter gene experiment was performed to demonstrate the linkage between miR-4297 and MGMT. The mutant (mt) 3′- untranslated region (UTR) of MGMT was created through rs7896488 mutant allele (A allele) at the miR-4297-binding site. Compared with the miR-NC control group, the luciferase expression activity was significantly increased when the MGMT-3'UTR-wild type (wt) sequence containing the rs7896488 G allele was transfected with pre-mir-4297 overexpression vector (p < 0.001). On the contrary, the luciferase expression activity didn't show any obvious disparities when the MGMT-3'UTR-mutant type (mt) sequence containing the rs7896488 A allele transfected with pre-mir-4297 overexpression vector, as compared to the miR-NC control group.



Genotype analysis for MGMT 3′UTR rs7896488 in patients and controls

The selected characteristics of enrolled subjects were summarized in Supplementary Table 2. The age and sex distributions between glioma patients and healthy controls showed no significant differences. Among them, 52 (37.7%) patients were low-grade glioma, while 72 (52.2%) patients were high-grade glioma. There were no clear grade records for the remaining 14 (10.1%) patients. Logistic regression analysis revealed that compared to participants carrying GG genotype, an increased risk for developing glioma was observed when the AG and AA genotypes were pooled for analysis, adjusted OR = 1.533 (1.044–2.370), p = 0.030 (Supplementary Table 3). Our findings indicated that the rs7896488 A allele may confer glioma susceptibility in an allele dose-dependent manner (test for trend p = 0.036). At a 7-year follow-up, we found glioma patients carrying the allele A (GA+AA) had a significantly shorter progression-free survival (29.6 vs. 47.3 months) in comparison to those with the allele G (GG), although the p-value showed no statistical significance (Supplementary Figure 2).




Discussion

We provide the first evidence that preoperative serum miR-4297 probably serves as a valuable predictor for glioma grade and prognosis in a sex-specific manner. For decades, flourishing studies have demonstrated miRNAs get involved in the occurrence and development of glioma, and thereafter serum miRNAs could be surrogated as reliable biomarkers for glioma diagnosis and prognosis (8, 9). However, for the moment, there have been no widespread applications for potential miRNAs from the bench to the bedside. Hence, pinpointing the bottleneck for the clinical utility of miRNAs in glioma patients to facilitate personalized diagnosis and treatment has been challenging and deserves more effort. To the best of our knowledge, a variety of malignant tumors, including glioma, were often reported to happen in males with worse clinical outcomes. An increasing body of evidence from clinical studies has supported the sex-specific gene expression and pathway in glioma development (21–24). Male and female glioblastomas (GBMs) were found to exhibit sex-related responses to pharmacological or genetic inhibition (25). Undoubtedly, exploring sex-biased miRNAs holds some clues to identifying novel therapeutic approaches for glioma patients. HGGs are the most common malignant primary brain tumor in adults (1). In the current study, preoperative serum miR-4297 in glioma patients was remarkably elevated with increasing histopathological grades. However, when serum miR-4297 levels were segregated by sex, we found the statistical relationship between miR-4297 levels with HGGs was exclusively present in the female subgroup. Interestingly, the sex-dependent finding in the current study paralleled our previous study (20). Influenced by sex, it is well-recognized that red blood cell distribution (RDW) values are higher in females. In the previous independent cohort of 349 glioma patients, we found RDW levels were sex-dependent predictors for advanced glioma in female patients (20). Importantly, the RDW-based regression model was demonstrated to be promising for evaluating the prognosis of female gliomas. We validated the non-invasive RDW model in the current cohort, which was proved to exhibit consistent performance with the published result. After adjusting for clinical characteristics, hematological and biochemistry parameters by multivariate analysis, preoperative serum miR-4297, and age were identified as independent indicators of predicting advanced glioma for females. After all, the female high-grade glioma risk score (FHGRS) was derived from the miR-4297-based model, demonstrating a slightly robust capability of predicting the presence of HGGs (AU-ROC = 0.829 vs. 0.722) with the significant improvement of the sensitivity to 79.4% and the specificity to 71.4%, as compared to RDW-based model. Besides, the robust positive predictive capability of the FHGRS suggested that it would be helpful for confirming the new suspected cases before the invasive biopsy. Coincidentally, it was reported that the potential sex-biased expression of miRNAs may explain sex-specific cardiovascular pathophysiologies in women (26). Compared with males, differential expressions of miRNAs from myocardial cells for females may result in a sex-specific response of cardiomyocyte to injury or therapeutic inhibition. Furthermore, early identification of glioma recurrence is another challenge for the postoperative care of glioma patients. It has been well-recognized that the histologic changes alone could not provide accurate and timely information about the development and progress of the glioma (1, 27). We found serum miR-4297 levels showed no remarkable disparities among diffuse astrocytoma (DA), anaplastic astrocytoma (AA), and anaplastic oligodendroglioma (AOD), oligodendroglioma (OD), and glioblastoma (GBM). Nonetheless, considering molecular genetic markers, we observed both IDH-mt diffuse astrocytoma and IDH-mt glioblastomas had significantly decreased levels of serum miR-4297 in comparison with IDH-wt gliomas. It has been well-recognized that the IDH mutation signature is an emerging therapeutic target in glioma (1, 28). The present study also revealed that patients with IDH-mutant glioma characterized by a longer PFS time had more chances of a low expression of miR-4297. On the other side, MGMT, which is well-known as “a double sword,” repairs the DNA alkylation damage while contributing to TMZ chemotherapy resistance as well. High expression MGMT often represents a greater probability of relapse. Up to now, numerous clinical practices have argued that MGMT promoter methylation status could not well answer all puzzles for the treatment (29). Thus, MGMT protein expression has been revealed as the predictor of evaluating the response to TMZ (30, 31). Glioma patients with low expressions of MGMT protein were more likely to have favorable outcomes. In our study, there was no statistical correlation of serum miR-4297 levels with methylated MGMT status for all the patients; whereas miR-4297 levels positively correlated with MGMT protein expression on glioma specimen in the female subgroup. K-M PFS curves indicated that elevated miR-4297 levels above the threshold of 1.392 predicted a more than 3 times greater chance of glioma progression during the first 12.3 months after diagnosis in female patients. The results were consistent with the evident relationships of miR-4297 levels with MGMT protein expressions and IDH mutation status as well. As such, assessment of serum miR-4297 could unmask the independent prognostic significance, particularly in advance of glioma specimen molecular genetic tests and immunohistochemistry results. By contrast, glioma routine molecular genetic biomarkers, immunochemistry parameters, and hematological biomarkers did not show any obvious discrepancies when stratified by serum miR-4297 levels in the male subgroup. There have been documented several potential mechanisms of sexual dimorphism in microRNA expression (26, 32–34). On one hand, the estrogen (E2) gets involved in the transcription and processing of sex-biased miRNAs (35, 36). On the other hand, miRNAs distributed on X-chromosomes are approximately more than twice those in autosomes (33). Several X-chromosome-located miRNAs are expressed due to incomplete X-chromosome inactivation. MiR-4297, which is located in chromosome 10, probably regulates MGMT expression through binding to 3′ UTR of MGMT (Supplementary Figure 1). Although the underlying sex-bound association remained elusive, growing research has focused on that sex plays a vital role in glioma initiation and progression. The significantly larger proportion of MGMT promoter methylation and better outcomes for female patients has gained the attention of researchers (37). As compared to males, our present study presented the prominent increase of serum miR-4297 in parallel with MGMT protein on tumor tissues in females, which is probably attributed to sex disparities in MGMT expression in glioma. In addition, serum miR-4297 was positively correlated with mean platelet volume (MPV) in the female subgroup. As a routine hematological index of the average platelet size, it has been gradually recognized that MPV would reflect the inflammation response in different clinical settings more than the platelet function (38, 39). We have excluded patients with chronic inflammatory conditions from the current study so that the potential confounding factors on MPV were minimized. Nowadays, MPV has been accepted as a non-specific parameter for evaluating the severity of inflammation and the treatment therapy in malignant tumors (40). Meanwhile, it has become more popular to assess the potential link between platelet function and inflammation in the context of glioma (41, 42). Hence, elevated MPV values observed in the female high-expression miR-4297 group probably imply that miR-4297 fluctuations would reflect inflammatory responses to glioma development. On the other side, MPV reference intervals for males and females have been reported to display a statistical significance (43). Accordingly, sex hormone regulation is probably another plausible explanation for the positive association of MPV with miR-4297 in females since sex hormone regulation also played an indispensable part in the inflammation process (44). There are a few limitations to our study. Due to the high incidence in males for glioma, the present study recruited a relatively limited number of female patients. A small number of glioma patients had no access to more genetic tests of molecular markers because of a restricted extent of glioma resection. Thus, the statistical relationship of serum miR-4297 with molecular and immunohistochemical parameters may be subject to selection bias. Besides, significantly elevated levels of serum miR-4297 were found in gliomas located in the thalamus/hypothalamus, which accounted for only 3.5% of all the participants. However, nearly 90% gliomas were located at the cerebral hemisphere in the current study. Therefore, a relatively small proportion of gliomas located in the thalamus/hypothalamus could not reflect the actual disparities of miR-4297 levels among different locations. Therefore, larger well-designed studies will be needed to confirm our results. Nevertheless, the sex-dependent FHGRS signature of miR-4297 would be regarded as a reliable, cost-effective and non-invasive tool for neurosurgeons to precisely characterize female advanced gliomas, promptly evaluate the recurrent risk, and efficiently draw up optimal treatment strategies. The observation also pinpoints the profit of sex-specific analysis in non-coding RNA research, which could improve our understanding of sex-specific cellular mechanisms in glioma.



Conclusions

In summary, the picture emerging from our study suggests that miR-4297 probably confers sexual dimorphism in glioma occurrence and development. In view of the observations at a molecular level, sex-specific therapeutic approaches would be tailored for the personalized management strategy.
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Tumor infiltration of central nervous system (CNS) malignant tumors may extend beyond visible contrast enhancement. This study explored tumor habitat characteristics in the intratumoral and peritumoral regions to distinguish common malignant brain tumors such as glioblastoma, primary central nervous system lymphoma, and brain metastases. The preoperative MRI data of 200 patients with solitary malignant brain tumors were included from two datasets for training. Quantitative radiomic features from the intratumoral and peritumoral regions were extracted for model training. The performance of the model was evaluated using data (n = 50) from the third clinical center. When combining the intratumoral and peritumoral features, the Adaboost model achieved the best area under the curve (AUC) of 0.91 and accuracy of 76.9% in the test cohort. Based on the optimal features and classifier, the model in the binary classification diagnosis achieves AUC of 0.98 (glioblastoma and lymphoma), 0.86 (lymphoma and metastases), and 0.70 (glioblastoma and metastases) in the test cohort, respectively. In conclusion, quantitative features from non-enhanced peritumoral regions (especially features from the 10-mm margin around the tumor) can provide additional information for the characterization of regional tumoral heterogeneity, which may offer potential value for future individualized assessment of patients with CNS tumors.
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1 Introduction

Malignant tumors of the central nervous system (CNS) are among the most resource-consuming and disabling diseases in neurology. Generally, typical neuroradiological findings in conventional magnetic resonance imaging (MRI) raise the initial suspicion for CNS tumors. Radiologists rely upon visible characteristics to describe CNS tumors, with contrast-enhanced regions being important elements for evaluation. In recent years, quantitative parametric MRI techniques have further facilitated substantial progress in the diagnosis, therapy monitoring, and evaluation of CNS tumors (1). More recently, by extracting high-throughput features, radiomics technologies further allow the non-invasive capture of microscale tumoral information (2, 3). At present, computer-assisted medical diagnosis technology has been successfully applied to clinical diagnosis (4), molecular marker evaluation (5), and prognosis prediction (6) of CNS tumors. However, due to overreliance on the visible regions of the tumor habitat, such as the necrosis, enhancement, and edema parts, many studies seem to mainly focus on the intratumoral information, ignoring the peritumoral brain zone (PBZ) that also plays a prominent role in the progression and recurrence of malignant CNS tumor (7–9).

Currently, the volume of enhancement in contrast-enhanced MRI (CE-MRI) usually serves as a radiological reference for defining the burden of high-grade CNS tumors, which guides invasive biopsy or surgical resections (10) as well as radiation therapy planning. Due to their infiltrative and heterogeneous nature, GBMs are difficult to evaluate and treat (7, 11), and complete resection of the contrast-enhanced parts is considered radical resection (10). In cases with complete radical resection of the enhanced portion of GBM, however, 85% of recurrences are still localized to the resection PBZ margin (9), which ultimately leads to treatment failure. Previous studies have shown that GBM cells can be located a few centimeters away from the tumor enhancement margin in CE-MRI (7, 8, 12), suggesting that the radiological boundary of the tumor does not exactly match the cytological boundary. The glioma infiltration may be unenhanced before the formation of high-permeability neovascularization (8, 13). Therefore, no enhancement does not suggest the absence of tumoral infiltration in PBZ. The hyper-focusing on the enhanced portions of the tumor in CE-MRI effectively guides the surgical target, which may also lead to the neglect of residual non-enhancing parenchyma in PBZ regions in clinical practice or radiological research.

In the context of CNS tumor imaging, the information provided by T2-weighted sequences (T2) is generally related to tissue water content. The coverage areas of edema in T2 caused by brain tumors are often larger than the enhancement lesion itself and are often considered to represent the peritumoral area in many radiomics studies (14, 15). Nevertheless, just like the spatio-temporal heterogeneity of GBMs at the molecular scale (16), the GBMs similarly have heterogeneous phenotypes at the macroscopic radiological scale (17). The edema of the tumor is variable and affected by different factors, which may not reflect the real condition of peritumoral invasion. Remarkably, based on the tissues even from similar edema regions of different GBMs, the content of tumor cells confirmed by biopsy can be highly variable (10–80%) (17), suggesting that using only hyperintensity in T2 (edema) to assess the characteristic of PBZ may be challenging. Thus, can the distance-quantitative peritumoral features of the tumor be used to weaken the effect of tumor radiological heterogeneity in different MRI data? Whether the quantitative features around the PBZ can better capture the characteristics of a malignant CNS tumor is currently unknown.

Among malignant CNS tumors, preoperative differentiation of GBM, brain metastasis (META), and primary central nervous system lymphoma (LMPA) can be challenging. The three types of tumors can present similar enhancement and edema patterns on traditional MRI, resulting in difficulties in clinical differentiation before surgery. The therapeutic strategies for these tumors are entirely different: newly diagnosed GBM often requires maximum resection, followed by chemotherapy and radiotherapy (18); META requires postoperative stereotactic radiosurgery and systemic treatment for the primary tumor (19), while LMPA usually only requires stereotactic biopsy followed by chemotherapy and sometimes combined with whole-brain radiation therapy (20). Therefore, preoperative accurate identification among these tumors has a significant clinical relevance. Onishi et al. (21) have attempted to discriminate the tumors with several perfusion indicators. The small sample size and single-center data limit the generalizability of the findings. Additionally, several recent radiomics studies have tried to perform differential diagnoses between GBM, META, and LMPA (4, 22, 23). However, on one hand, most radiomics studies only focus on the binary classification problems of the tumors mentioned, which limits the generalization and clinical application of the models. On the other hand, these studies regarded almost exclusively intratumoral features and edema itself, leading to the loss of peritumoral information. In this exploratory and multicenter study, we not only evaluated the visible intratumoral regions of interest (ROI) but also focused on the distance-quantitative peritumoral regions from PBZ. In doing so, we attempted to address two questions in this study. First, we examined whether radiomic analysis will facilitate the multiple classifications of the three common malignant CNS tumors. Second, we explored if the features extracted from PBZ regions can provide additional biological information for the evaluation of a malignant brain tumor. Additionally, binary classifications (GBM-LMPA, GBM-META, and LMPA-META) were also performed using the optimal features.



2 Materials and methods


2.1 Patient enrollment

Patients diagnosed with malignant CNS tumors were recruited from three cohorts. Retrospective MRI data (GBM, META, and LMPA) were collected from the Nanjing Brain Hospital-Brain Tumor Neuroimaging Project database (from January 2016 to June 2020) for training, which is described in Supplementary Materials S1. Additionally, half of the GBM data in the training cohort was also included from The Cancer Imaging Archive project (TCIA, http://www.cancerimagingarchive.net). In order to assess the generalization of the model, three types of patients in the test set were included from the Nanjing Drum Tower Hospital (from July 2019 to December 2020) in the same ratio as that in the training group. For the training set, 324 patients with pathologically confirmed malignant brain tumors were originally included, including 134 patients with GBM (63 patients were enrolled from the TCIA database), 82 patients with LMPA, and 108 patients with META. For the testing set, 109 patients were originally included (n = 47 for GBM, n = 28 for LMPA, and n = 34 for META). The exclusion criteria were as follows: (1) patients with inadequate MRI data or scanning quality problems, (2) patients with a lesion only located in the skull, brain stem, or cerebellum, (3) patients with MRI data that have preprocessing problems. The enrollment flow chart is briefly illustrated in Figure 1. This study was approved by the Institutional Ethical Committee for Clinical Research of the Affiliated Brain Hospital of Nanjing Medical University.




Figure 1 | Data organization of the patients from three data sets.





2.2 Data acquisition and pre-processing

The details about the sequence parameters of the T1CE and T2 protocols are described in Supplementary Materials S1. The MRI scanning parameters varied among the different centers, reflecting the heterogeneity of imaging data in the clinical context. Further description of data pre-processing and quality control is provided in Supplementary Materials S2.



2.3 Region-of-interest segmentation

Radiologically, each tumoral habitat contains two portions, including the traditional subregions and distance-quantitative PBZ subregions. In our study, the traditional subregions refer to ROIs visible to the naked eye on the different MRI sequences, including enhancement and whole tumor parts in T1CE as well as the edema in T2 sequences. The distance-quantitative subregions start from the boundaries of the enhanced lesion in the T1CE sequence and are quantitatively defined by a certain spatial distance, such as 10, 20, and 30 mm. The features extracted from the traditional subregions mentioned above were defined as traditional features. Similarly, features extracted from the distance-quantitative PBZ subregions were defined as quantitative features. The choice of considering 30-mm peritumoral areas was motivated by the fact that the invasion of GBM can reach 3 cm beyond the enhancement boundaries in MRI sequences (7, 8), and this distance also covers the high-frequency recurrence regions (9). For patients with multiple lesions, if the distance between the enhanced borders of the lesions is greater than 5 cm, the largest lesion will be used for delineation, else the tumors would be regarded as a whole for delineation. We used semi-automated and automated methods to segment the traditional regions and PBZ subregions, respectively. The segmentation processes are described in Figure 2. Further details are provided in Supplementary Materials S3.




Figure 2 | Segmentation of the intratumoral and peritumoral subregions. (A) After image preprocessing, the visible tumors were segmented into different subregions, including enhancement, whole tumor, and edema, based on a semi-automatic threshold and seed-growing algorithm. (B) The same approach was used to segment individualized brain masks without ventricle, cortical sulci, and infratentorial structures. The morphological binary expansion of the whole tumor is performed to delineate the peritumoral brain zone (PBZ) regions, which are confined within the individualized whole-brain mask. In each iteration of voxel dilation, a 1-mm3 ring around the enhanced lesions will be obtained, and the iterations eventually reach a radial distance of 30 mm. Then, the distance quantitative PBZ regions of interest (ROIs) are obtained by subtraction calculation of the tumor mask. The purple, yellow, and blue ROIs represent the generated ROIs at 10, 20, and 30 mm from the border of the enhanced tumor, respectively.





2.4 Radiomic feature extraction from each subregion

The radiomic features were extracted from the ROIs on T1CE and T2 images using PyRadiomics 3.0 (http://www.radiomics.io/pyradiomics.html) (24). When extracting features in T1CE, ROIs including enhanced tumor (ET) mask, whole tumor (WT) mask, and peritumoral 10/20/30-mm mask in PBZ (P1/P2/P3) were used, respectively. Edema (ED), WT, and P1/P2/P3 masks were likewise used for T2. For each morphologically visible mask (ET, WT, and ED), 14 shapes, 18 first-order, 24 gray-level co-occurrence matrix, 16 gray-level run-length matrix, 16 gray-level size zone matrix, and 14 gray-level dependence matrix as well as 5 neighborhood gray-tone difference matrix were extracted from the corresponding images. We also employed a widely used wavelet filter to explore the potential radiological characteristics of tumors in the wavelet-transformed images. Thus, 744 wavelet features were extracted from decomposed images by a wavelet filter, constituting a total of 851 radiomic features for each ROI in one sequence. The peritumoral ROI was not used to extract the 14 shape features. Finally, a total of 8,412 features (851 × 3 + 837 × 7) were obtained for each tumor. Both sets of ROI generated by the two neuroradiologists would undergo the feature extraction process and result in two sets of radiomic features. A schematic workflow of data pre-processing and radiomic feature extraction is shown in Figure 3. A detailed description of these procedures is included in Supplementary Materials S4.




Figure 3 | Flow chart describing the present radiomics study. (A) Image preprocessing, including skull stripping, resampling, and registration. (B) Bias field correction and intensity normalization. (C) Based on the quantitative regions of interest, radiomic features were extracted, including shape, first order, textural, and wavelet features from T1CE and T2 images separately. (D) Radiomic feature assessment. (E) Feature selection using different methods, such as lasso regression or random forest. (F, G) Modeling and evaluation using different classifiers, including support vector machine and several ensemble learning methods.





2.5 Radiomic feature assessment and selection

To evaluate interobserver reproducibility, the intraclass correlation coefficients (ICCs) of the two sets of features were calculated. As suggested by the Image Biomarker Standardization Initiative (25) and Koo et al. (26), features with ICCs greater than 0.9 are considered to be of excellent reliability and would be used for the following analysis. Further descriptions can be found in Supplementary Materials S4.2. According to the thumb rule, an effective sample size is needed to cover 10–15 observations of each predictor variable to yield a stable estimation (27, 28). In our study, the training data set included 200 patients, and the maximum number of radiomic features included was 20. Several typical feature selection methods were used, including least absolute shrinkage and selection operator (LASSO), random forest (RF), adaptive boosting (Adaboost), and gradient boosting decision tree (GBDT) as well as extremely randomized trees (ExtraTree). LASSO regression is a robust supervised learning approach that will facilitate variable selection for the high-dimensional dataset. Other algorithms were chosen because of their stable ability for feature importance evaluation. For each method, all features can be sorted based on their feature coefficient or importance, and the top 20 ranked features are used for the corresponding modeling.



2.6 Research design and classifier selection

For the same set of features, different feature selection methods and classifiers can present different performances (4). We applied several classifiers including support vector machine (SVM) with linear or radial basis function kernels, RF, Adaboost, GBDT, and ExtraTree classifier. First, we implemented a K-fold cross-validation with K = 10 to train the models separately using different feature combinations. In order to better evaluate the contribution of the quantitative features, we applied the following four-step modeling strategy. In the first step, the top 20 ranked features of the 2,321 traditional features were used to identify the best-performing model in the triple classification tasks. Then, in step 2, the top 20 features of 3,533 quantitative features were used to train with the best combination identified in step 1. Similarly, in step 3, top features selected from all (2,321 + 3,533) features were also used to fit the model for triple classification tasks. Finally, the best features selected from step 3 are used for binary classifications (GBM-LMPA, GBM-META, and LMPA-META). At each step of the above-mentioned processes, the importance of the features in the corresponding model was calculated. Grid search was used to identify the best parameter combinations in different feature-classifier combinations. Accuracy and AUC were calculated for each combination. A schematic workflow of modeling is shown in Supplementary Materials S5.



2.7 Statistical analysis

Two-group and multi-group comparisons were assessed with the Mann–Whitney U-test and Kruskal–Wallis test. Chi-square tests were used to evaluate the baseline characteristics across groups (gender and tumor hemisphere distribution). The DeLong test was used to evaluate the AUC difference between different models. P-values <0.05 were considered statistically significant. The radiomic image processing, statistical analysis, and figure plots were performed using Matlab (version R2013b), Python (version 3.7.4), SPSS (version 21.0, IBM), and R (version 4.0.2) software. Machine learning model training and testing were performed using the scikit-learn library (v0.24.1, https://scikit-learn.org/stable/) implemented in Python.




3 Results


3.1 Clinical and imaging characteristics

Eventually, 200 patients (GBM = 80, LMPA = 60, and META = 60) and 50 patients (GBM = 20, LMPA = 15, and META = 15) were included in the training and testing cohorts, respectively. The clinical characteristics of the patients in the training and testing sets are listed in Table 1. The histogram density curves of raw MRI and preprocessed signal intensities are plotted in Figure 3B, and the details are provided in Supplementary Materials S2. After preprocessing, all subjects were used for the subsequent radiomic analysis. The proportions of patients with multiple supratentorial lesions (with a distance greater than 5 cm) in the training group and the test group are 6% (two GBM, six LMPA, and four META) and 10% (one GBM, four LMPA, and zero META), respectively.


Table 1 | The clinical characteristics of patients with central nervous system tumors in the training and testing sets.





3.2 ROI segmentation and qualitative feature analysis

Based on the normalized images, semi-automatic delineation can be effectively performed using voxel-level seeds and threshold. All patients (n = 250) received lesion segmentation that was separately performed by two neuroradiologists. For patients (n = 17) with multiple lesions, only the largest lesion was used for segmentation and expansion calculation. For the training set, the stability was observed for shape (ICC = 0.91 ± 0.77), first-order (ICC = 0.92 ± 0.12), texture (ICC = 0.86 ± 0.20), and wavelet (ICC = 0.81 ± 0.32), respectively. These results reflect the good stability of the semi-automated segmentation method. In total, 5,854 of the 8,412 (69.6%) radiomic features showed excellent stability with ICC >0.9, including 31 shape features, 146 first-order features, 484 texture features, and 5,193 wavelet features. The boxplot of ICCs of the radiomic features extracted from four feature classes is provided in Supplementary Materials S4.2. For the testing set, the stability of the features was observed for shape (ICC = 0.92 ± 0.64), first-order (ICC = 0.91 ± 0.31), texture (ICC = 0.84 ± 0.31), and wavelet (ICC = 0.83 ± 0.37), respectively.



3.3 Optimistic three-classifying model

Six classifiers [Lasso_SVM (RBF and linear), Adaboost, RF, GBDT, and ExtraTree] were trained by the training data and then applied to the independent test set to evaluate the performance. Using the top 20 traditional features, the performance of each classifier and the importance of the features are summarized in Supplementary Materials S6. Based on intratumoral and edema features, the Adaboost achieved the best performance in the three-classification task (AUC = 0.79 and accuracy = 70.6%). This classifier was selected as the optimal model for the subsequent experiments. While using quantitative features only, the model achieves AUC of 0.765 and accuracy of 62.0%. Once all features (2,321 traditional and 3,533 quantitative features) were put together, using the top 20 features, the Adaboost achieved the highest AUC of 0.91 (Figure 4A) and the best mean accuracy value of 76.9%.




Figure 4 | Receiver operating characteristic (ROC) curves for different classification tasks. (A) ROC curve of the Adaboost classifier for the differentiation of glioblastoma (GBM), metastases (META), and primary central nervous system lymphoma (LMPA) (using the top 20 features from the traditional and quantitative peritumoral regions). The two dashed lines represent the micro-average and macro-average ROC curves, respectively. (B–D) ROC curve of the best classifier for the binary classification between GBM and LMPA, LMPA and META, as well as GBM and META, respectively. Each solid line represents the ROC curve of each fold cross-validation. The thick blue line represents the mean ROC curve (with the standard deviation represented by the gray shadow).





3.4 The importance and habitat characteristics of the top features

Compared to using traditional features only, the Adaboost achieved the best performance when combined with quantitative peritumoral features. The top 20 features showed that the high weights were derived from different tumor habitats. Eleven features were derived from the contrast enhancement (ET, n = 4) and whole tumor (WT, n = 7) regions inside the tumor in the T1CE sequence. Moreover, five features were picked from the edema regions (ED, n = 5) using the T2 sequence. The remaining features were selected from the quantitative regions (n = 4). Notably, the whole-tumor ROIs were outlined through the T1CE sequence. Based on these ROIs, the two wavelet features extracted from the T2 sequence (Supplementary Figure S6) perform well in the final model, with average importance of 0.065 and 0.037, respectively. The weights of the features in the model are shown in Supplementary Figure S7. The features from the peritumoral 10-mm region (Figure 5), no matter on T1CE or T2 sequence, likewise have a good contribution to the optimal model. The average weight of the peritumoral features was 0.080 and 0.033, respectively. When focusing on peritumoral features, only two features from 10 mm around the enhanced boundary were ranked at the top and selected for modeling. The Kruskal–Wallis test indicated significant differences among the three groups in the peritumoral 10-mm T1CE-derived wavelet feature (H = 6.206, p = 0.045). The post-hoc analyses revealed significant differences between LMPA and META (Z = 2.486, p = 0.013). No significant differences were found between GBM and LMBA (Z = 1.07, p = 0.284) or GBM and META (Z = 1.550, p = 0.121). No significant differences were observed in the peritumoral 10-mm T2-derived wavelet feature (H = 2.653, p = 0.265). The weights and statistics details of the final 20 features are summarized in Supplementary Materials S7.




Figure 5 | Peritumoral radiological and pathological characteristics of the tumors. Each row represents a single patient. The first column shows the axial slice of patients with central nervous system tumors, and the second and third columns show the enhanced tumor and peritumoral 10-mm regions, respectively. The red outline in the second column is the border of the enhanced tumor. The third column shows the enhanced (black box) tumor and non-enhancing (white box) biopsy regions. The colored heat map represents the expression of wavelet feature around peritumoral 10-mm regions. The last two columns show the pathological section (HE staining; ×400) of the tumor and peritumoral tissue, respectively. (A) A female patient with right temporal glioblastoma (GBM); the histopathologic slides of enhanced and peritumoral tissue samples show both biopsy samples infiltrated with malignant GBM cells. (B) A male patient with right parietal–occipital primary central nervous system lymphoma; the histopathological sections show the large size of the lymphoid infiltrate in both enhancement and peritumoral biopsy specimens in this patient. (C) A female patient with left temporal metastatic adenocarcinoma; the histopathological sections show large numbers of malignant cells which infiltrated the enhanced region, while only a few tumor cells infiltrated the peritumoral 10-mm regions.





3.5 Binary-classifying modeling

Based on the best model and the best features determined by the triple classification tasks, binary classifications (GBM-LMPA, GBM-META, and LMPA-META) were also performed. The results of the 10-fold cross-validated ROC curve of the Adaboost classifier in the test cohort are shown in Figures 4B–D. The Adaboost model with combined traditional and quantitative features performs better in the task of discriminating between GBM and LMPA (AUC = 0.98, 95% CI: 0.80 to 0.99, accuracy = 89.71%, sensitivity = 87%, and specificity = 100%) (Figure 4B) as well as LMPA and META (AUC = 0.86, 95% CI: 0.52 to 0.94, accuracy = 80.33%, sensitivity = 93%, and specificity = 73%) (Figure 4C). However, the same model did not perform well when used to discriminate between GBM and META (AUC = 0.70, 95% CI: 0.61 to 0.92, accuracy = 61.71%, sensitivity = 61%, and specificity = 75%) (Figure 4D). The weight of the wavelet feature from the peritumoral 10 mm in T1CE in the above-mentioned classification was 0.098, 0.047, and 0.067, respectively. The weights of the features in binary classification are summarized in Supplementary Materials S8. Compared to the model that only used traditional features, the model combining traditional and peritumoral features exhibited higher AUC for the binary classification between GBM and LMPA (DeLong test Z = 2.24, p = 0.025). We also observed an improvement in AUC for the binary classification between LMPA and META, although the difference was not significant (Z = 1.69, p = 0.090). The peritumoral feature did not provide a significant improvement over the differentiation between GBM and META (Z = 0.77, P = 0.443).




4 Discussion

The diagnosis of CNS malignant tumors may be very challenging to make due to similar imaging findings on conventional MRI. In recent years, machine learning models have begun to outperform previous methods and are gaining increasing attention in differential diagnosis research (4, 23). However, although those models performed well in the validation group, the single-center and dichotomy nature of the studies may limit the generalization of the findings. Based on the fact that radiomic techniques can provide insight into biological information that is invisible to the naked eye (2), relying only on the tumor morphology in a certain sequence may lead to the loss of a lot of important information. Previous studies have tried to divide the tumor habitat into different subregions (6, 29), including necrosis, enhancement, and edema. For different CNS malignant tumors, the tumoral behavior adjacent to the brain parenchyma is different, and peritumoral evaluation may provide extra-biological information (21, 30, 31), especially for differentiating META from other tumors in this study. Compared to the model using only features derived from intratumoral and edema regions, the addition of peritumoral features could improve the performance of the models. These results show that the peritumoral features may contain important biological information that can be uncovered by radiomic analysis. Like the layer of spatial–temporal complexity that peritumoral residual cells have added to tumor biology (7, 30), peritumoral radiomic features may similarly add to the biological imaging of a CNS tumor. Therefore, a better understanding of the tumor behavior also requires a careful assessment of peritumoral infiltration.

Radiologically, the biological information contained in the peritumoral regions has also been verified in other tumors (32, 33). In our study, the distance-quantitative subregions, including 10, 20, and 30 mm from the enhanced margins, were taken into account. According to importance, two features extracted from the 10-mm PBZ regions were selected, which were derived from T1 and T2 sequences, respectively. Compared with using only intratumoral features, the association of the traditional and quantitative features has improved the performance of the model. Our study is congruent with a recent study by Joo et al. (32), such that the radiomic model combining peritumoral features can help to predict brain invasion by meningioma. What is noteworthy is that the top-ranked radiomic features used in their model were derived from the 10-mm-thick brain-to-tumor-interface ROIs. These results altogether indicate that peritumoral radiomic features have the potential to reduce the impact of radiological heterogeneity, enabling quantitative and objective measurements of tumor infiltration. Interestingly, among all the peritumoral features extracted from PBZ regions for final modeling, only the features from peritumoral 10-mm PBZ showed higher weights instead of the ROIs from 20- or 30-mm peritumoral regions. One possible explanation is that, as the distance increases, the distribution of tumor cells becomes sparse. Although tumor infiltration can reach a distance of 3 cm or more, it is difficult to capture long-distance biological information by neuroimaging.

In the present study, most of the radiomic features included in the optimal model were textural features from wavelet-filtered T1CE and T2 images. The texture is a representation of pixel intensity, their inter-relationship, and their distribution, which may or may not be distinguishable to the human eye (34). Wavelet transformations conduct filtration and noise removal to the original images. Thus, these transformed features may effectively capture critical tumor heterogeneity and better predict tumor biology. The wavelet features may reflect certain cytological characteristics or specific expressions of certain molecules of the tumor microenvironment (35). The underlying biological mechanism remains to be elucidated. When focusing on the features from peritumoral 10-mm regions, the wavelet features tend to show higher expressions in LMPA (5.821 ± 1.21), followed by GBM (5.628 ± 1.03), and META (5.356 ± 0.75). As one of the most common types of intracranial tumors, META is well demarcated from the brain parenchyma. The peritumoral of META dominantly manifests as vasogenic edema and the absence of tumor cells (36). Thus, compared with the features within the intratumoral regions, the features from PBZ regions may also reflect the biological characteristics of the tumor from the perspective of peritumoral infiltration. Similarly, like GBM, LMPA also diffusely infiltrates peritumoral brain tissue adjacent to enhanced tumor masses (37). The high expression of the textural feature around the LMPA improves the prediction performance of the binary classification model (Figures 4B, C). The microscopic tumor infiltration of LMPA is reportedly indistinguishable from vasogenic edema or even from normal brain tissue on T2 images (38). This may explain why the textural feature from peritumoral 10-mm regions of LMPA patients was significantly higher than that in META patients. Our results can be further supported by a previous MRI study (39) which showed that increased peritumoral perfusion indicators in LMPA and GBM can reveal tumor-related changes beyond the enhancing borders of the solid tumor entities. Additionally, past research has shown that the apparent diffusion coefficient (ADC) map can provide additional information for the differential diagnosis of malignant brain tumors (40, 41). Zhang et al. (41) reported that the ADC-based texture analysis can help differentiate GBM from solitary brain metastasis. Choi et al. (40) found that ADC parameters extracted from the tumor were higher in GBM than that in LMPA. These findings suggest that the diagnostic performance of our model might be further improved in the future by combining quantitative features around the tumor in images from different modalities (such as ADC). Taken together, our results show that quantitative radiomic features provide a potentially useful complement to the noninvasive assessment of a CNS tumor and may provide imaging guidance for future individualized oncology.

There are several limitations to the present study. First, although multi-center data were included in this research, the overall sample size is still relatively small. Prospective studies carried out at multi-centers with larger sample sizes are required to confirm these findings. Second, our radiomic analysis only used T1CE and T2 images, which are the most common structural MR images in the clinical context. In fact, GBMs bear genomic and imaging heterogeneity, either in intratumoral or peritumoral regions (7, 17). In future research, additional imaging techniques, such as dynamic susceptibility contrast imaging or functional MRI technique, are needed to reveal the underlying landscape of aggressiveness of the tumor.

In conclusion, by incorporating peritumoral information into the model, the presented classifier can differentiate GBM from LMPA and META preoperatively. We believe that the combination of peritumoral information might help to further improve the preoperative evaluation of CNS tumors and guide clinical practice.
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Background

Leptomeningeal metastases (LM) have become increasingly common in non-small cell lung cancer (NSCLC) patients who harbor epidermal growth factor receptor (EGFR) mutation treated with EGFR-TKI and are correlated with inferior prognosis. Evidence in prior research demonstrated that EGFR amplification was more likely presented in advanced clinical stages and was associated with worse survival. However, whether EGFR amplification is a prognostic marker in NSCLC–LM is still inconclusive.



Methods

This study enrolled patients diagnosed with NSCLC–LM from June 2019 to September 2021 and who had received previous EGFR-TKI at Guangdong Sanjiu Brain Hospital. Cerebrospinal fluid (CSF) samples were collected and subjected to targeted next-generation sequencing of 168 cancer-related genes. Clinical characteristics and overall survival (OS) were compared in patients with and without EGFR amplification.



Results

This study enrolled 53 NSCLC–LM patients, all of whom had EGFR mutations. TP53 and EGFR amplifications are the two most frequent mutations in the study cohort, presenting at 72% (38 of 53) and 40% (21 of 53), respectively. The rate of EGFR amplification was much higher at the time of leptomeningeal progression than at initial diagnosis (p < 0.01). Karnoskfy performance status was poorer (p = 0.021), and CSF pressure was higher (p = 0.0067) in patients with EGFR amplification than those without. A multivariable Cox proportional hazard regression model showed that EGFR amplification was an independent prognostic factor for poorer OS (8.3 vs. 15 months; p = 0.017). The median OS was shorter in NSCLC–LM patients with mutated TP53 than those with wild-type TP53, but the difference was not statistically significant (10 vs. 17.3 months, p = 0.184).



Conclusions

EGFR gene amplification could be a potential resistance mechanism to EGFR-TKI failure in NSCLC–LM and is associated with inferior clinical outcomes.
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Introduction

Lung cancer is one of the most frequently diagnosed types of cancer (1). Although the 5-year overall survival (OS) rate for patients at all stages of lung cancer is 19%, most patients are diagnosed with advanced-stage disease, with the latter patients having a 5-year OS rate of only 3% (2, 3). The development of epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors (TKIs) has significantly prolonged the survival of selected patients who harbor EGFR mutations when compared with platinum-based combination chemotherapy (4, 5). However, the efficacy of EGFR-TKIs is likely limited by innate or acquired resistance. Osimertinib is a third-generation EGFR-TKI designed to overcome the resistance to other TKIs of tumors harboring EGFR-T790M (6, 7). The median progression-free survival (PFS) was 9.6 months for patients who were EGFR T790-positive and who had a progressive disease after a previous TKI treatment (8).

Leptomeningeal metastases (LM) of lung cancer have been associated with poor prognosis. LM has been observed in 9.4% of patients with EGFR mutation, compared with 1.7% of patients without EGFR mutations (9). Osimertinib has been shown to penetrate the blood–brain barrier in animal models (10) and has shown promising therapeutic efficacy in NSCLC–LM patients resistant to prior EGFR-TKI therapy (11). Resistance to osimertinib develops over time, although the potential resistance mechanism remains unclear. EGFR protein overexpression was much higher in metastatic lesions than in primary tumors, with high gene copy numbers indicating tumor progression (12). The association between EGFR amplification and prognosis in patients with NSCLC–LM has not been determined.



Patients and methods


Patients

The present study included 53 patients diagnosed with NSCLC–LM who were enrolled between June 2019 and September 2021 at Guangdong Sanjiu Brain Hospital. LM was diagnosed based on enhanced MRI results showing a linear or micronodular pial enhancement, as assessed by two experienced radiologists, or the detection of tumor cells in cerebrospinal fluid (CSF) samples. The patients were divided into groups, one with and the other without EGFR amplification.



Methods

Approximately 10 ml of CSF was obtained from each patient through a lumbar puncture at the time of leptomeningeal progression. Targeted next-generation sequencing (NGS) was performed to detect somatic mutations in a panel of 168 cancer-related genes. Genomic profiles were assessed using the core panel from Burning Rock Biotech (Guangzhou, China). Cytology findings, opening pressure of CSF, and Karnoskfy performance status (KPS) score were evaluated by the treating physician. The protocol of this study was approved by the Research Ethics Committee of Guangdong Three Nine Brain Hospital.



Statistical analysis

Continuous variables were reported as arithmetic medians or means and categorical variables as proportions with 95% confidence intervals (CIs). Differences between patients with and without EGFR amplification were evaluated by Pearson chi-square test, Fisher’s exact test, or Wilcoxon test. OS, defined as the time period from the date of diagnosis of LM to the date of death or last follow-up, was assessed by the Kaplan–Meier method and compared by log-rank tests. Statistical analyses were performed using SPSS 21, Graph Pad Prism 6, and R version 4.1.2 software, with p <0.05 defined as statistically significant.




Results


Clinicopathologic features of patients with NSCLC–LM

A total of 53 NSCLC patients with leptomeningeal progression were enrolled in this study, including 21 (40%) with and 32 (60%) without EGFR gene amplification. The demographic and clinical characteristics, mutation profiles, and treatment history of these patients are summarized in Table 1. The median age of the 53 patients was 56 years (range, 36 to 74 years) and was similar in the patients with (median age, 51 years; range, 38 to 72 years) and without (median age, 56.5 years; range, 36 to 74 years) EGFR amplification. The 53 patients included 24 (45%) women, with similar percentages in patients with (43%; 9/21) and without (47%; 15/32) EGFR amplification. The median KPS was 70 (range, 30–90) and was significantly lower in patients with than those without EGFR amplification (p = 0.021).


Table 1 | Clinical characteristics of 53 non-small cell lung cancer–leptomeningeal metastases (LM) patients with EGFR mutation.



A total of 55 EGFR mutations were detected in the 53 patients. Twenty-nine patients, 10 with and 19 without EGFR amplification, had L858R mutations in exon 21; 20 (8 and 12, respectively) had deletions in exon 19, two (one in each group) had L861Q mutations in exon 21, and two, both with EGFR amplifications, had insertions in exon 20. Two patients had coexisting EGFR mutations: one, with an EGFR amplification, had the L858R mutation and a 25 missense_variant, and the other, without an EGFR amplification, had the L858R and a 15 missense_variant. Thirty-five (66%) patients had positive cytology in CSF samples, and all 53 had been treated with EGFR TKIs, including 38 (72%) who had received a third-generation TKI. The median CSF pressure was 172.5 mmH2O (range, 60–330 mmH2O) and was significantly higher in patients with (210 mmH2O; range, 60–330 mmH2O) than those without (150 mmH2O; range, 65–300 mmH2O) EGFR amplification (p = 0.0067).



Gene profiling of CSF samples from NSCLC–LM patients

NGS at the time of LM showed EGFR mutations in 100% of the 53 CSF ctDNA samples, including L858R mutations in 29 (55%), exon 19 deletions in 20 (38%), exon 20 insertions in two (4%), and L861Q mutations in two (4%). TP53 mutations and EGFR amplification were the two most frequent alterations in the study cohort, being present in 38 (72%) and 21 (40%) patients, respectively. In addition, CDKN2A, PMS2, and CCNE1 mutations were detected in 16 (30%), 10 (19%), and seven (13%) patients, respectively. The rate of EGFR amplification was found to be higher in patients resistant to icotinib/gefitinib (13), with the present study finding that the rate of EGFR amplification was higher in patients treated with a third-generation TKI (42%, 16/38) than those treated with a first- or second-generation TKI (33%, 5/15). Moreover, patients with EGFR variants co-existing with CDK4, CDK6, and MYC mutations had poorer outcomes than those with EGFR variants alone (14). Of the 53 patients in this study, 10 (19%) had CDK4 mutations in CSF samples, whereas three (6%) each had CDK6 and MYC mutations (Figure 1).




Figure 1 | Next-generation sequencing results of 53 cerebrospinal fluid samples taken from non-small cell lung cancer patients with leptomeningeal metastases. The top bar shows the overall number of mutations in each patient. The right-side bar shows the percentage of patients harboring a specific mutation. Different colors denote different types of mutation. The bottom bar denotes patients grouped by gender or previous epidermal growth factor receptor tyrosine kinase inhibitor treatment history.



An evaluation of mechanisms conferring resistance to EGFR-TKIs (Table 2) showed that the EGFR T790M and C797S mutations were present in five (9%) and two (4%) patients, respectively. In addition, five patients (9%) had MET mutations, four (8%) each had RB1, ERBB2, and CTNNB1 mutations, and three (6%) had KRAS and BRAF mutations. The rates of detection of mutations in the RB1, ERBB2, CTNNB1, BRAF, and KRAS genes were similar in patients who have previously been treated with a third-generation TKI or a first- or second-generation TKI. In contrast, the detection rate of CCNE1 mutations was about threefold higher in patients treated with a first- or second-generation than in those treated with a third-generation TKI (27 vs. 8%), indicating that CCNE1 mutations may confer resistance to first- and second-generation TKIs. Conversely, the rates of detection of EGFR T790M and MET mutations were higher in patients treated with a third-generation TKI than those with a first- or second-generation TKI (11%, 4/38 vs. 7% 1/15 for both). In addition, mutations in FGF19, CCND1, and SOX2 were detected only in patients treated with a third-generation TKI. Interestingly, NGS showed that seven patients have not less than three different mutation genes, and among them, three patients have not less than four mutation genes (Table 2).


Table 2 | Potential resistance mechanism to EGFR-TKI in non-small cell lung cancer–leptomeningeal metastases.





Comparison of characteristics in patients with and without EGFR amplification

To identify the putative resistance mechanism to EGFR-TKI, we reasoned that gene aberrations should be absent from or have a low detection rate before treatment, with emergence or a high detection rate at progression. The initial gene profiles of 50 (94%) of the 53 patients showed that the detection rate of EGFR amplification was much higher at the time of leptomeningeal progression than at initial diagnosis (p < 0.01) (Figure 2A). This finding indicated that EGFR amplification could be associated with tumor progression in NSCLC patients with LM.




Figure 2 | Characteristics of patients with or without epidermal growth factor receptor (EGFR) amplification. (A) Rate of detection of EGFR amplification at the time of initial diagnosis or leptomeningeal progression. (B) Rate of EGFR amplification in non-small cell lung cancer–leptomeningeal metastases patients harboring EGFR L858R or EGFR 19del. (C) Rate of EGFR amplification in patients previously treated with a first- or second-generation tyrosine kinase inhibitor (TKI) or a third-generation TKI. ** demonstrated p<0.01, and ns indicated no significance.



Deletions in exon 19 (19del) and mutations in exon 21 (L858R) are the two most common EGFR mutations. Although the rates of EGFR amplification were reported higher in lung adenocarcinoma patients with 19del than those with L858R mutations (15, 16), the present study found that EGFR amplification was present at similar percentages, being detected in 40% (8/20) of patients with 19del and 35% (10/29) of patients with L858R mutations (Figure 2B).

EGFR amplification is frequent in patients with acquired resistance to first- and second-generation TKIs (13), but less is known about the rate of amplification in patients resistant to third-generation TKIs. An evaluation of the clinical characteristics showed that the rate of EGFR amplification was slightly higher in patients treated with a third-generation than those with a first- or second-generation TKI, but the difference was not statistically significant (Figure 2C).



EGFR amplification correlates with poorer prognosis

The Kaplan–Meier analysis showed that the median OS was significantly shorter in patients with than those without EGFR amplification (8.3 vs. 15 months, p = 0.017, Figure 3A). The KPS scores were also significantly lower in patients with than those without EGFR amplification (p = 0.021, Figure 4A). The median CSF opening pressure was significantly higher in patients with than those without EGFR amplification (p = 0.0067, Figure 4B). In addition, open CSF pressure at or above the upper limit of the normal CSF range (80–180 mmH2O) was detected in 74% (14/19) of patients with but in only 31% (9/29) of patients without EGFR amplification. Moreover, Kaplan-Meier analysis showed that median OS was significantly shorter in patients with than without EGFR amplification (8.3 vs 15 months, p =0.017, Figure 4A).




Figure 3 | Kaplan–Meier analysis of overall survival in patients with and without (A) epidermal growth factor receptor (EGFR) amplification and (B) TP53 mutation. (A) Median overall survival was significantly poorer in patients with than those without EGFR amplification (p = 0.017). (B) Median overall survival was similar in patients with and without TP53 mutation.






Figure 4 | Distribution of (A) Karnoskfy performance status scores and (B) cerebrospinal fluid pressure in patients with and without epidermal growth factor receptor amplification.



An evaluation of the effect of TP53 mutation and OS showed that the median OS was shorter in NSCLC–LM patients with mutated than those with wild-type TP53, although the difference was not statistically significant (10 vs. 17.3 months, p = 0.184, Figure 3B).




Discussion

LM has become increasingly common in NSCLC patients harboring EGFR mutations and treated with EGFR-TKIs (17). The median OS in LM patients with EGFR mutations was found to be 8.9 months (95% CI: 7.2–10.7 months) (9). The potential mechanisms associated with poor prognosis remain unclear. EGFR amplification has been associated with significantly poorer outcomes in lung adenocarcinoma patients (15). Moreover, in addition to the EGFR T790M mutation, the rate of EGFR amplification was higher in patients with drug resistance than those with drug sensitivity (40 vs. 0%) (13). EGFR overexpression and high gene copy numbers have been associated with tumor progression in lung adenocarcinoma treated with EGFR inhibitors (12). Moreover, EGFR amplification is more likely to occur at advanced clinical stages and be associated with poorer disease-free survival (15). However, whether EGFR amplification is a prognostic marker in NSCLC–LM remains undetermined.

Previous research demonstrated that TP53 was the most frequently mutated gene in CSF samples obtained from NSCLC patients with CNS metastases (14), and a similar study of NSCLC–LM patients who experienced disease progression on osimertinib also found that TP53 was the most frequently detected concurrent gene in the CSF and that EGFR amplification and C797S mutation were also observed (18), shedding light on the potential resistance mechanisms among NSCLC–LM patients treated with EGFR-TKIs.

The present study compared 21 patients with EGFR mutations and concurrent EGFR amplification with 32 patients with EGFR mutations without concurrent EGFR amplification to assess the prognostic value of EGFR amplification in NSCLC–LM patients treated with EGFR-TKIs. OS was significantly shorter in patients with than those without EGFR amplification (p = 0.017). Moreover, patients with both EGFR and a co-mutation of amplification were more likely to have a poorer KPS score (p = 0.021) and a higher CSF pressure (p = 0.0067) than patients with a mutation but without EGFR amplification.

OS has also been reported as shorter in lung adenocarcinoma patients with than those without TP53 mutations, and in patients with both TP53 and EGFR mutations than in those lacking both (19). PFS was shown to be significantly longer in patients with mutated EGFR and wild-type TP53 than in patients with mutations in both genes (19 vs. 6.5 months, p = 0.035) 20). TP53 was also the most frequently mutated co-occurring gene in our study cohort, being present in 72% of patients, with the median OS being shorter in NSCLC–LM patients with mutated than wild-type TP53, although the difference was not statistically significant (p = 0.184).

The TP53 mutations were detected in 90% (19/21) of patients with and 59% (19/32) patients without EGFR amplification. To exclude the influence of TP53 mutation on the result of this study, we performed a multivariate analysis to assess the prognostic significance of EGFR amplification. Univariable and multivariable Cox proportional hazard regression analyses were performed to assess the effects on survival of alterations in the TP53, CDKN2A, CDK4, PMS2, CCNE1, and PIK3CG genes, which all had a detection rate above 10% in the study cohort. The univariable analysis showed that EGFR amplification (p = 0.017) and CDKN2A mutation (p = 0.019) were significant predictors of OS, with multivariable analysis confirming that EGFR amplification [hazard ratio (HR), 2.63; 95% confidence interval (CI), 1.18–5.86; p = 0.018] and CDKN2A (HR, 2.61; 95% CI, 1.17–5.84; p = 0.019) were independent adverse predictors of OS. These findings indicate that EGFR amplification is an independent predictor of reduced OS, regardless of other genetic variations (Table 3).


Table 3 | Univariable and multivariable analyses of gene signature detected in not less than 10% of the study cohort, and the results shown were obtained by performing the Cox regression model (N = 53).



Additional coexisting mutations and the proportion of EGFR mutations can affect PFS (21), and immunohistochemical analyses of tumor tissue from NSCLC patients treated with first-line EGFR-TKIs have shown that co-occurring PTEN loss and IGFR overexpression correlated with poorer PFS and OS (22). In addition, the proapoptotic protein BIM and the negatively regulated apoptosis element of mTOR may account for the variable response of NSCLC patients to EGFR TKI therapy (23). These findings indicate that additional genetic alterations can affect the prognosis of patients treated with EGFR TKIs.

Evidence from prior research had shown that anti-EGFR antibody nimotuzumab could increase HLA class I expression in tumor cell lines (24), and another study found similar results showing that nimotuzumab can enhance NK cell activation and DC maturation and increase EGFR-specific T cell (25). A preclinical study found that, in vitro, nimotuzumab can enhance the radiotherapy effect in human esophageal squamous cell carcinoma cells, and this finding was also confirmed in cell xenografts, showing that radiation combined with nimotuzumab was correlated with tumor growth delay in contrast to radiation alone (26). Preclinical data have suggested that nimotuzumab enhances the antitumor activity, and evidence from several clinical trials further confirmed these findings. A phase 3 clinical trial in locally advanced head and neck cancer indicated that the addition of nimotuzumab could improve PFS when compared to the same schedule with weekly cisplatin (27). A similar research has also shown that adding another EGFR monoclonal antibody cetuximab indicated increased survival in advanced non-small-cell lung cancer patients compared with chemotherapy alone (28). Given the results showing a synergistic effect of nimotuzumab and chemotherapy or radiotherapy, it might be a choice to add nimotuzumab to treat NSCLC with LM.

In summary, the findings of this study demonstrate that, within a subset of EGFR-mutated NSCLC patients with LM, EGFR gene amplification is more likely to occur at the LM stage than at initial diagnosis. Moreover, EGFR gene amplification was associated with lower KPS and poorer OS. These findings suggested that EGFR gene amplification may be responsible for the resistance of NSCLC–LM patients to EGFR-TKIs, and the addition of nimotuzumab will be another choice for the treatment of EGFR-mutated NSCLC patients with LM.
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Background

Increasing evidence has suggested that inflammation is related to tumorigenesis and tumor progression. However, the roles of immune-related genes in the occurrence, development, and prognosis of glioblastoma multiforme (GBM) remain to be studied.



Methods

The GBM-related RNA sequencing (RNA-seq), survival, and clinical data were acquired from The Cancer Genome Atlas (TCGA), Genotype-Tissue Expression (GTEx), Chinese Glioma Genome Atlas (CGGA), and Gene Expression Omnibus (GEO) databases. Immune-related genes were obtained from the Molecular Signatures Database (MSigDB). Differently expressed immune-related genes (DE-IRGs) between GBM and normal samples were identified. Prognostic genes associated with GBM were selected by Kaplan–Meier survival analysis, Least Absolute Shrinkage and Selection Operator (LASSO)-penalized Cox regression analysis, and multivariate Cox analysis. An immune-related gene signature was developed and validated in TCGA and CGGA databases separately. The Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses were performed to explore biological functions of the signature. The correlation between immune cell infiltration and the signature was analyzed by single-sample gene set enrichment analysis (ssGSEA), and the diagnostic value was investigated. The gene set enrichment analysis (GSEA) was performed to explore the potential function of the signature genes in GBM, and the protein–protein interaction (PPI) network was constructed.



Results

Three DE-IRGs [Pentraxin 3 (PTX3), TNFSF9, and bone morphogenetic protein 2 (BMP2)] were used to construct an immune-related gene signature. Receiver operating characteristic (ROC) curves and Cox analyses confirmed that the 3-gene-based prognostic signature was a good independent prognostic factor for GBM patients. We found that the signature was mainly involved in immune-related biological processes and pathways, and multiple immune cells were disordered between the high- and low-risk groups. GSEA suggested that PTX3 and TNFSF9 were mainly correlated with interleukin (IL)-17 signaling pathway, nuclear factor kappa B (NF-κB) signaling pathway, tumor necrosis factor (TNF) signaling pathway, and Toll-like receptor signaling pathway, and the PPI network indicated that they could interact directly or indirectly with inflammatory pathway proteins. Quantitative real-time PCR (qRT-PCR) indicated that the three genes were significantly different between target tissues.



Conclusion

The signature with three immune-related genes might be an independent prognostic factor for GBM patients and could be associated with the immune cell infiltration of GBM patients.





Keywords: glioblastoma multiforme, immune-related gene, immune, prognosis, bioinformatic analysis



Introduction

Glioblastoma multiforme (GBM) is the most common and aggressive primary brain tumor, accounting for about 50% of all gliomas (1). The highly invasive nature and relapse rate prevent long-term survival despite surgical removal, radiation, chemotherapy, and targeted therapy (2, 3). After current standard therapy, the mean overall survival (OS) of GBM patients was 14.6 months, 2-year survival rate was 26.5%, and 5-year survival rate was about 5% (4, 5).

Increasing evidence has demonstrated that inflammation is a relevant marker to promote tumorigenesis and progression (6). Inflammation can advance the proliferation and survival of tumor cells (7) and improve the blood circulation of the tumor (8). Immune-related genes are widely studied in the field of inflammatory diseases such as osteoarthritis (9), and some researchers also have deeply explored the correlation between immune-related genes and kidney renal clear cell carcinoma (10), breast cancer (11), and pancreatic cancer (12). However, the roles of immune-related genes in the occurrence, development, and prognosis of GBM remain to be researched. The immune microenvironment is composed of glioma-associated immune cells, such as microglia, macrophages, and B cells, and immunoregulatory factors, such as interleukin (IL)-6, IL-10, and transforming growth factor β (TGF-β), which regulate the progression of glioma (13). The immune microenvironment is intimately connected to the emergence, invasion, and metastasis of tumor and plays a critical role in tumor diagnosis, prevention, and prognosis (14, 15). As a new approach to cancer treatment, the development of immunotherapy brings new dawn to GBM patients. However, there are limited results in the current research and application of GBM (16). Therefore, it is imperative for effective clinical decision-making to develop GBM prognostic biomarkers and establish a prognostic model.

Bioinformatic methods were used in our study to explore the immune-related genes in GBM, establish a prognostic model, and obtain deeper insight in the relationship and interaction pathways between GBM and the immune microenvironment, which can generate inspiration for the early diagnosis, prognosis improvement, and development of new therapeutic targets.



Materials and methods


Data sources

GBM-related RNA sequencing (RNA-seq) (with high count value) and clinical data of 157 GBM patients, including 148 GBM patients with survival information and nine GBM patients without survival information, and five matched normal brain samples were acquired from The Cancer Genome Atlas (TCGA) (https://portal.gdc.cancer.gov/repository) database. Moreover, we acquired the RNA-seq (with high count value) of 209 normal brain samples from the Genotype-Tissue Expression (GTEx) database. The Chinese Glioma Genome Atlas (CGGA) dataset with complete survival information was downloaded and used as the validation set, including 237 GBM samples. GSE4290 dataset, including 77 GBM samples and 23 normal samples, was downloaded and used to screen differentially expressed genes (DEGs). Immune-related gene sets [Hallmark gene set and Gene Ontology (GO) annotation] were acquired from the Molecular Signatures Database (MSigDB) (17–19) and merged to obtain immune-related genes.



Identification of differentially expressed immune-related genes

The batch effect used “sva” R package between TCGA and GTEx (20). Next, DEGs between normal brain samples and GBM samples of TCGA and GTEx databases were screened using the “limma” package of R software with the following criteria: |log2 fold-change (FC)| >1 and P < 0.05 (21, 22). Similarly, DEGs between normal brain samples and GBM samples from the GSE4290 dataset were obtained. Furthermore, differentially expressed immune-related genes (DE-IRGs) were obtained by taking the intersection of the DEGs obtained from TCGA and GTEx, the DEGs of the GSE4290 dataset, and the immune-related genes.



Evaluation of the differentially expressed immune-related gene model

According to the median expression of the DE-IRGs, the patients in TCGA database were divided into a target gene high-expression group (n = 74) and a target gene low-expression group (n = 74). First, the DE-IRGs associated with prognosis were screened using Kaplan–Meier survival analysis with P-value <0.05. Second, Least Absolute Shrinkage and Selection Operator LASSO-penalized Cox regression analysis via the “glmnet” R package (23) was used to filter false-positive genes. Finally, multivariate Cox analysis was used to retain the model genes.

The 148 GBM samples with complete survival information in TCGA and GTEx databases were divided into a training set and a test set according to 1:1, and 237 GBM samples with complete survival information in the CGGA dataset were used as the validation set. According to the median risk score, GBM patients were separated into the high- and low-risk groups. The risk score was calculated as follows: risk score = ∑βgene(i) ×Exp gene(i) (1=1-n) in which β represents regression coefficient.



Independent prognostic analysis and development of a predictive nomogram

Based on the sample of 148 TCGA patients with complete clinical information, we incorporated the risk model, age, gender, and other clinicopathological factors into the risk model for univariate Cox independent prognostic analysis. Then, we included the clinicopathological factors into the multivariate Cox analysis. Additionally, we generated a nomogram to predict the survival years for the GBM patients using the “rms” (https://CRAN.R-project.org/package=rms) and “survival” packages (24). Lastly, Harrell’s concordance index (C-index) and calibration curves were employed to evaluate the prediction accuracy of the nomogram (25).



Gene ontology functional and Kyoto encyclopedia of genes and genomes pathway enrichment analysis

The DEGs between the high- and low-risk groups were selected by DESeq2 (|log2(FC)| ≥1, P ≤ 0.05); then, GO and KEGG analysis was conducted with the “clusterProfiler” of R package (26). The infiltrating scores of 24 immune cells and the immune-related pathways were calculated with single-sample gene set enrichment analysis (ssGSEA) (27) in the high- and low-risk groups. According to the results of the ssGSEA, the differences in immune cell infiltration between high- and low-risk groups were analyzed.



Identification of the diagnostic value of prognostic genes

Receiver operating characteristic (ROC) curves were then employed to investigate the model’s predictive validity, and the area under the curve (AUC) was calculated with TCGA dataset and GSE4290 dataset using the “survivalROC” package in R software (28, 29). The “GGploT2” R package was used to compare the differences among Pentraxin 3 (PTX3), TNFSF9, and bone morphogenetic protein 2 (BMP2) genes in clinical factors O6-methylguanine-DNA methyltransferase (MGMT) methylation, age, gender, 1p/19q codeletion, and isocitrate dehydrogenase (IDH) mutation.



Single-sample gene set enrichment analysis of signature genes

The ssGSEA was conducted based on the gene list sorted by Spearman correlation coefficient between the specified signature gene and every gene of TCGA dataset to explore the significant biological processes and pathways associated with the signature gene.



Construction of protein–protein interaction network

The protein–protein interaction (PPI) network was constructed by the Search Tool for the Retrieval of Interacting Genes (STRING, version: 11.0, https://string-db.org) database (30) to recognize its potential interaction relationships at the protein level between the model genes and immune-related pathway genes. A confidence >0.6 was included in the PPI networks. The PPI network was visualized by Cytoscape 3.8.0 software (http://www.cytoscape.org/index.html) (31).



Clinical tissue collection

All validation samples were collected with the consent of the patient, and ethical permission was obtained from Huashan Hospital Affiliated to Fudan University. During 2021, seven postoperative clinical specimens from five adult male patients with glioblastoma were collected from the Department of Neurosurgery in our hospital, including five tumor tissue samples and two adjacent tissue samples.



Quantitative real-time PCR

Total RNA was extracted by TRIzol reagent (cat.: 356281) in five GBM samples (CA) and two normal samples. The Synthesis All-in-OneTM First-Strand cDNA Synthesis Kit (cat.: G33330-500) was used to synthesize the first-strand cDNA. Quantitative PCR was performed using 2× Universal Blue SYBR Green qPCR Master Mix (cat.: G3326-05). The primers included the following: BMP2-F: GTTTTGATGTCACCCCCGCT, BMP2-R: TCCAGTCATTCCACCCCACG; PTX3-F: CTATTTTATTCCCAATGCGTT, PTX3-R: CCAGTTTGTTCTCCTCTCCAC; TNFSF9-F: TGTTCTGCTGATCGATGGG, TNFSF9-R: CAGTGTGAAGATGGACGCC; GAPDH-F: CCCATCACCATCTTCCAGG, GAPDH-R: CATCACGCCACAGTTTCCC. The relative mRNA expression data were calculated with the 2−ΔΔCt method.



Statistical analysis

All statistical analyses were conducted in the R programming language and environment (version 4.0.3). Kaplan–Meier curves were generated by R package “survminer” (version 0.4.9), P-values were calculated by log-rank tests. Univariate and multivariate Cox regression analyses were conducted to analyze the related factors affecting the OS of GBM patients. Spearman rank correlation was acquired to analyze the correlations between the DEGs and infiltrating immune cells. P < 0.05 was set as criterion.




Results


Identification of differentially expressed genes and differentially expressed immune-related genes

The study flowchart of this article is shown in Figure 1. TCGA and GTEx data were merged to remove batch effects by analysis of the DESeq2 package (32). After batch effect correction, batch differences between GTEx and TCGA normal samples became relatively small, while between-group differences between GTEx normal samples and TCGA tumor samples became larger (Figures 2A, B).




Figure 1 | Flowchart of the present study.






Figure 2 | Identification of DEGs and DE-IRGs. (A) Primordial principal component analysis (PCA) of all samples. (B) PCA of all samples after batch correction. (C) Volcano plot for DEGs between TCGA and GTEx. The transverse reference line represents -log10(adjust. P-value) = 0.05, and the longitudinal reference line represents log2FC = ± 1. (D) Heat map (Top100) for DEGs between TCGA and GTEx. Blue indicates low expression, and red indicates high expression. (E, F) Volcano plot and heat map (Top100) for DEGs in the GSE4290 dataset. (G, H) Upregulated immune-related genes and downregulated immune-related genes after matching the DEGs from the above analyses.



We obtained 214 normal samples and 157 tumor samples from TCGA and GTEx. Then, a total of 9,983 DEGs between 214 normal samples and 157 tumor samples, including 4,944 upregulated DEGs and 5,039 downregulated DEGs, were screened (Figures 2C, D). In the differential expression analysis in the GSE4290 gene set, including 23 normal samples and 77 tumor samples, 3,203 genes were found to be differentially expressed, among which 1,377 were upregulated and 1,826 were downregulated (Figures 2E, F). Finally, a total of 160 DE-IRGs were significantly different between the tumor samples and normal samples in the DEG analysis for the Gene Expression Omnibus (GEO) cohort and TCGA cohort, including 115 upregulated DE-IRGs (Figure 2G) and 45 downregulated DE-IRGs (Figure 2H).



Identification of prognostic differentially expressed immune-related genes

A total of five genes were identified as prognosis-associated genes by Kaplan–Meier survival analysis: IL34 (P = 0.0071), SAA1 (P = 0.0085), PTX3 (P = 0.015), BMP2 (P = 0.016), and TNFSF9 (P = 0.019) (Figure 3). Moreover, LASSO Cox regression identified four genes (IL34, PTX3, BMP2, TNFSF9) with the lambda = 0.06 (Figure 4A). Finally, PTX3, BMP2, and TNFSF9 were selected and used to establish a DE-IRG signature based on their expression in the regression coefficient acquired from the multivariate Cox regression analysis (Figure 4B). Namely, the risk score of each patient was calculated according to the following formula: risk score = ∑βgene(i) × Exp gene(i) (1=1-n)= 0.2576 ×Exp PTX3 +0.2716 × Exp BMP2 + (-0.2763) ×Exp TNFSF9.




Figure 3 | Kaplan–Meier survival curves of five single genes (P < 0.05): IL34 (P = 0.0071), SAA1 (P = 0.0085), PTX3 (P = 0.015), BMP2 (P = 0.016), and TNFSF9 (P = 0.019).






Figure 4 | Identification of prognostic DE-IRGs. (A) The diagram of gene coefficient and the error diagram of cross validation in LASSO Cox regression. (B) Forest plot of the risk model constructed by the multivariate Cox regression analysis. HR is the hazard ratio, and lower/upper 95% CI is the 95% confidence interval of the risk value.





Evaluation of the differentially expressed immune-related gene signature-based risk model in the training set

The three DE-IRGs were utilized to establish a DE-IRG signature. Based on the median value of the risk score, the patients with GBM were stratified into high- or low-risk group (Figure 5A). The risk score and the survival status of each patient were shown in the prognostic curve and a scatter plot, respectively (Figure 5A). We can see that the death cases were mainly distributed in the high-risk group from the scatter plot (Figure 5A). The Kaplan–Meier OS curves of the two groups were significantly different, which show that the high-risk group has a poorer prognosis than that of the low-risk group (P = 0.0056; Figure 5B). The area under the curve (AUC) values of a time‐dependent ROC curve for 1-, 2-, 3-, 4-, and 5-year OS were 0.766, 0.817, 0.649, 0.649, and 0.649, respectively (Figure 5C), and the 3-gene-based risk model had considerable prognostic predictive validity. The gene expression profiles of the three genes were shown in the heat map (Figure 5D).




Figure 5 | Evaluation of the DE-IRG signature-based risk model in the training set (n = 74). (A) The prognostic curve and a scatter plot for the training set. (B) The Kaplan–Meier OS curves of the high- and low-risk groups for the training set (P = 0.0056). (C) ROC curve for the training set (AUC >0.6). (D) The heat map of the gene expression profiles of the three model genes in the training set.





Validation of a 3-gene-based prognostic model using the test set and Chinese glioma genome atlas dataset

To confirm the stability of the 3-gene-based prognostic model, we then used it to predict OS in the test set (n = 74) and CGGA dataset (n = 248) using the median risk score as the cutoff. As shown in Figures 6A and 7A, the test set and CGGA dataset were classified into a low-risk group and a high-risk group, from which the scatter plot indicated that the live cases were mainly distributed in the low-risk group. The Kaplan–Meier OS curves of the test set (P = 0.025) and CGGA dataset (P = 0.029) were shown to have good prognoses in both high- and low-risk groups. The AUC values of a time‐dependent ROC curve for 1-, 2-, 3-, 4-, and 5-year OS were higher than 0.6 (Figures 6C, 7C). The heat map showed that the gene expression profiles of the three genes have a similar tendency. Combining the results from the training set, test set, and CGGA dataset, the 3-gene-based prognostic model built in this study had satisfactory specificity and sensitivity.




Figure 6 | Validation of a 3-gene-based prognostic model using the test set (n = 74). (A) The prognostic curve and a scatter plot for the test set. (B) The Kaplan–Meier OS curves of the high- and low-risk groups for the test set (P = 0.025). (C) ROC curve for the test set (AUC >0.6). (D) The heat map of the gene expression profiles of the three model genes in the test set.






Figure 7 | Validation of a 3-gene-based prognostic model using the CGGA validation set (n = 248). (A) The prognostic curve and a scatter plot for the validation set. (B) The Kaplan–Meier OS curves of the high- and low-risk groups for the validation set (P = 0.029). (C) ROC curve for the validation set (AUC >0.6). (D) The heat map of the gene expression profiles of the three model genes in the validation set.





Independent prognostic analysis of the risk score

Univariate and multivariate Cox regression analyses were performed to evaluate the prognostic significance of the 3-gene-based prognostic model combined with clinicopathologic parameters. In the sample of 148 TCGA patients with complete clinical information, univariate Cox regression analyses indicated that the P-values of the risk score (P = 1.316e-06) and age (P = 3.276e-04) were <0.05 (Figure 8A). In addition, multivariate Cox regression analysis indicated that the risk score (P = 6.935e-06) and age (P = 1.102e-03) were independent prognostic factors (Figure 8B). Next, the nomogram was designed with the risk score model and age. Furthermore, the C-index of the nomogram was 0.66, indicating that the nomogram model had a certain predictive value (Figure 8C). Because the number of samples with a survival period of more than 4 and 5 years was too few to draw the corresponding calibration curve, the calibration curve results for only 1–3 years were presented in Figure 8D, which exposed that the survival rate obtained by the model was nearly equal to the actual survival rate.




Figure 8 | Independent prognostic analysis of the risk score. (A) Univariate Cox regression analysis in the training set. (B) Multivariate Cox regression analysis in the training set (P < 0.05). (C) The nomogram designed with the risk score model and age (C-index = 0.66). (D) The 1–3-year calibration curve.





Diagnostic value of model genes

We plotted single-gene ROC curves for the three model genes in TCGA dataset and the GSE4290 dataset, respectively, as shown in Figures 9A, B. The AUC values of the three model genes are more than 0.7, indicating a satisfactory accuracy of prediction. Meanwhile, there was no significant difference in the expression of the three genes in clinical factors such as MGMT methylation, age, and gender, while there were significant differences in gene BMP2 and PTX3 between 1p/19q codeletion and IDH mutation (Figures 9C, D).




Figure 9 | Diagnostic value of model genes (AUC >0.7) and significant differences in gene BMP2 and PTX3 between 1p/19q codeletion and IDH mutation (P < 0.05). (A) Single-gene ROC curve for the three model genes in TCGA dataset. (B) Single-gene ROC curve for the three model genes in the GSE4290 dataset. (C) Compared with 1p/19q non-codeletion, BMP2 was high expression in 1p/19q codeletion, while PTX3 was low expression. (D) In contrast with the IDH wild type, BMP2 showed a strong expression in IDH mutation, while PTX3 showed a weak expression.





Correlation analysis of immunity and inflammation in high- and low-risk groups

We obtained 1,563 DEGs in the high- and low-risk groups of the training test, including 862 upregulated DEGs and 701 downregulated DEGs (Figure 10A). Next, the results of GO analysis of DEG signature showed that these DEGs were significantly enriched in 251 biological process (BP) terms, 37 molecular function (MF) terms, and 12 cellular component (CC) terms. The top enriched GO terms for GO-BP terms were neutrophil activation, T-cell activation, neutrophil-mediated immunity, etc.; for GO-MF terms were cytokine activity and signaling receptor activator activity; and for GO-CC terms were collagen-containing extracellular matrix and external side of plasma membrane. The top 15 GO-BP/MF/CC terms were visualized in Figures 10B-D. In the results of KEGG analysis, we found 32 significantly enriched KEGG pathways that were presented in Figure 10E, and the cytokine–cytokine receptor interaction pathway was most enriched.




Figure 10 | Correlation analysis of immunity and inflammation in the high- and low-risk groups. (A) Volcano plot for DEGs between the high- and low-risk groups. (B–D) The top 15 terms enriched by GO-BP/MF/CC functional enrichment analyses. (E) Thirty-two pathways enriched by KEGG functional enrichment analysis. (F) Difference of 15 immune cell infiltrations between the high- and low-risk groups. (G) Spearman correlation between three model genes and 15 differential immune cells. * p<0.05 vs. control; ** p<0.01 vs. control; *** p<0.001 vs. control; **** p<0.0001 vs. control; ns, not statistically significant.



To further explore the correlation between the risk score and immune status, we quantified the enrichment scores of diverse immune cell subpopulations and related functions or pathways with ssGSEA. We screened 15 immune cells for differences in infiltration between the high- and low-risk groups (Figures 10F, G). Then, we calculated Spearman correlations of three model genes with 15 differential immune cells. As shown in Figure 10, TNFSF9 was positively correlated with CD8 T cells (r = 0.22, P < 0.01), cytotoxic cells (r = 0.37, P < 0.01), dendritic cells (DCs) (r = 0.18, P < 0.05), immature dendritic cells (iDCs) (r = 0.43, P < 0.01), macrophages (r = 0.49, P < 0.01), neutrophils (r = 0.44, P < 0.01), natural killer (NK) CD56dim cells (r = 0.27, P < 0.01), T cells (r = 0.3, P < 0.01), Tgd (r = -0.35, P < 0.01), Th1 cells (r = 0.46, P < 0.01), Th17 cells (r = 0.25, P < 0.01), and Th2 cells (r = -0.18, P < 0.05). PTX3 was positively correlated with CD8 T cell (r = 0.23, P < 0.01), cytotoxic cells (r = 0.28, P < 0.01), DCs (r = 0.35, P < 0.01), eosinophils (r = 0.46, P < 0.01), iDCs (r = 0.48, P < 0.01), macrophages (r = 0.62, P < 0.01), neutrophils (r = 0.55, P < 0.01), NK CD56dim cells (r = 0.36, P < 0.01), NK cells (r = 0.3, P < 0.01), T cells (r = 0.17, P < 0.05), Th1 cells (r = 0.32, P < 0.01), and Th17 cells (r = 0.21, P < 0.05). BMP2 was positively correlated with CD8 T cell (r = 0.3, P < 0.01) and NK CD56bright cells (r = 0.36, P < 0.01).

Spearman correlations of three model genes and inflammatory factors were also calculated, showing results with P-values <0.05 (Figure 11). The PTX3 was positively correlated with CXCL8, CCL2, CXCL1, PTGS2, IL6, STAT3, IL4R, IL1B, ALOX5, FCGR3A, NFKB1, IL1A, CD33, CCR5, TGFB1, IL10, IL23A, HIF1A, CD4, CXCR4, FCGR3B, CXCR3, IL4, and IL13. The TNFSF9 was positively correlated with IL10, CD33, ALOX5, FCGR3A, IL4R, CD4, TNF, CXCL1, IL1B, IL1A, IL6, CXCL12, CCR5, ACKR1, CCL2, CD8A, CXCR4, CXCL8, TGFB1, FCGR3B, PTGS2, CXCR3, IL23A, NDUFA2, IL12B, IL23R, and IL12A. The BMP2 was just positively correlated with PTGS2, ACKR1, IL6, HIF1A, CXCL12, and IL12A.




Figure 11 | Spearman correlations of three model genes and inflammatory factors (P < 0.05).





Single-sample gene set enrichment analysis of model genes

Furthermore, to explore the molecular functions underlying the GBM, gene set enrichment analysis (GSEA) was used to analyze the possible functional pathways of the three model genes. In the ssGSEA of PTX3, 196 pathways were enriched, including B-cell receptor signaling pathway, Chemokine signaling pathway, IL−17 signaling pathway, and Inflammatory mediator regulation of TRP channels. In the ssGSEA of TNFSF9, 164 pathways were enriched, mainly enriched in Chemokine signaling pathway, IL−17 signaling pathway, Inflammatory bowel disease, and other pathways. We found that the four genes directly related to inflammatory factor pathways of PTX3 were enriched the same as the TNFSF9, which included the IL-17 signaling pathway, NF-κB signaling pathway, TNF signaling pathway, and Toll-like receptor signaling pathway (Figures 12A, B). In the ssGSEA of BMP2, 54 pathways were enriched. We selected 10 pathways related to immunity and various diseases and cancers for display (Figure 12C).




Figure 12 | Single-sample gene set enrichment analysis (ssGSEA). (A–C) The ssGSEA of PTX3, TNFSF, and BMP2, including gene enrichment scores, hit and ranked list metric. (D) The PPI network between the model genes and the four genes directly related to inflammatory factor pathways (confidence = 0.6). (E) The PPI subnetwork related to PTX3, TNFSF9, and BMP2.



A gene interaction network was constructed to illustrate the relationships between the model genes and the four genes directly related to inflammatory factor pathways (Figure 12D) that included 274 nodes and 4,526 edges. The gene interaction networks related to PTX3, TNFSF9, and BMP2 were extracted to draw subnetworks (Figure 12E), which were composed of 26 nodes and 126 edges. It can also be seen that compared with the other two genes, BMP2 was connected to more nodes.



Expression level of model genes in target tissues

The results of qRT-PCR showed that BMP2 (P = 0.0214) and PTX3 (P = 0.0168) expression in GBM was significantly higher than in paracancerous tissue (Figures 13A, B), and TNFSF9 (P = 0.0078) expression in GBM was significantly lower than in paracancerous tissue (Figure 13C).




Figure 13 | Expression level of model genes in target tissues verified by qRT-PCR (the average value of three repeated experiments). (A, B) BMP2 (P = 0.0214) and PTX3 (P = 0.0168) expression in GBM was significantly higher than that in control tissue. (C) TNFSF9 (P = 0.0078) expression in GBM was significantly lower than that in control tissue.






Discussion

Immune inflammatory response plays an important role in the occurrence and proliferation of tumor cells, angiogenesis in tumor tissues, and invasion and metastasis of cancer cells. Among them, innate immune cell infiltration and the production and aggregation of inflammatory chemokines are typical manifestations of the tumor-related inflammatory response. Immune inflammatory response can activate a series of molecular biological signaling pathways bound up with tumor cell generation, proliferation, and metastasis (33–35). As part of the tumor environment, the inflammatory microenvironment is also correlated with tumor occurrence. Inflammatory cytokines in the tumor focus and blood circulation may be necessary for the proliferation and metastasis of tumor cells (36). Studies had shown that the immune inflammatory response was involved in the formation of glioma (37).

At present, many types of prognostic signatures have been constructed for GBM (38, 39). Based on data from TCGA and CGGA, Fan et al. (40) identified 426 DEGs after comparing global gene expression patterns in GBM samples and controls. Upon univariate and LASSO regression analyses, seven DEGs were considered of prognostic value, i.e., CLEC5A, HOXC6, HOXA5, CCL2, GPRASP1, BSCL2, and PTX3 (40). Based on demographic and clinical measures, prognostic nutritional index and neutrophil/lymphocyte ratio have been identified to be independent prognostic factors for GBM patients (39). Tewarie et al. (41) had summarized and analyzed the research related to establishing GBM prognosis models from 2010 to 2019. Despite the increasing development of survival prediction models for GBM patients, only seven models have been validated retrospectively in an external patient cohort (42–48), and none has been validated prospectively (41). Gittleman et al. (47) built a nomogram using the Cox proportional hazards model and identified the factors that increased the probability of shorter survival that included advanced age, male gender, lower Karnofsky performance score (KPS), subtotal resection, and unmethylated MGMT status. This model has been deployed as a publicly available prediction tool. However, due to the complexity of GBM, no model has been applied as a standardized tool to guide clinical decision-making, which leaves sufficient space for further research. This study thoroughly explored the factors related to the prognosis of GBM for immune-related genes and conducted rigorous validation group analysis using the datasets from different sources. The prognostic model was solidly verified according to the results of qRT-PCR analysis of clinical samples. Compared with the existing studies, this article focuses on the construction of a GBM prognosis model in the direction of immune-related genes, which may not consider the comprehensiveness of the prognosis model. However, it did not ignore the external patient cohort verification and biological verification, which provided a reliable theoretical basis for further prospective research. Inflammation is closely related to tumorigenesis and development (6); emerging treatment methods of GBM such as immunotherapy are mainly guided by the inflammatory microenvironment mechanism (16). The DE-IRGs provided in our article may pioneer new thinking of GBM therapeutics.

In previous studies, PTX3, a member of the pentraxin superfamily, is rapidly produced by multiple cell types in response to primary inflammatory signals (49, 50). The high expression of PTX3 may be regulated by JNK-Jun, IKK/nuclear factor kappa B (NF-κB), and Wnt signaling pathways, so as to promote the expression of epithelial–mesenchymal transition (EMT)-related proteins and enhance the migration and invasion abilities of tumor cells (51). As a key molecule of bone metabolism, PTX3 overexpression can affect osteoclast differentiation and promote bone metastasis of breast cancer and gastric cancer (52). PTX3 may promote the stemness of tumor cells through Hedgehog and Hippo-YAP signaling pathways, so as to expedite tumor growth and malignant progression (53). The overexpression of PTX3 is a poor prognosis sign in lots of cancer types such as lung cancer (54), cervical cancer (55), colorectal cancer (56), pancreatic cancer (57), breast cancer (58), gastric cancer (59), melanoma (60), and squamous cell carcinoma of the head and neck (61). However, PTX3 also has the inhibitory effect on angiogenesis and is able to moderate malignant progression in bladder cancer (52), multiple myeloma (62), fibrosarcoma (63), and prostate cancer (64). When it comes to GBM, PTX3 can promote the proliferation and metastasis of glioma cells, which has been found to indicate a terrible prognosis (65).

TNFSF9 (CD137L), the counterreceptor for CD137 (4-1BB) and a member of the tumor necrosis factor (TNF) ligand superfamily (66), can be expressed on the surface of antigen-presenting cells (APCs) as a transmembrane protein, and the stimulation can be transmitted to APCs through reverse TNFSF9 signal (67). TNFSF9 signal plays a role in activating and secreting pro-inflammatory cytokines in monocytes and inhibiting the release of anti-inflammatory cytokines such as IL-10 (68). In addition, TNFSF9 signal has the ability to induce the activation, migration, survival, and differentiation of monocytes (69) and has also been proven to participate in NK cell-mediated antitumor immunity (70). The studies found that TNFSF9 facilitates antitumor immunity in liver cancer (66) and inhibited the proliferation of small cell lung cancer cells and induced apoptosis (71). However, Wu et al. (72, 73) discovered that TNFSF9 promotes the metastasis of pancreatic cancer through Wnt/Snail signal transduction and regulates M2 polarization of macrophages through Src/FAK/p-Akt/IL-1β signal transduction. In the field of glioma, research focusing on TNFSF9 is rare, and only a few studies ended up just at the stage of clinical data analysis. Mu et al. (74) reported that GBM patients with a high expression of TNFSF9 had a longer OS, but Cui et al. (75) showed that there was no significant correlation between the level of TNFSF9 and GBM patient survival.

BMP2, bone morphogenetic protein 2, belongs to the transforming growth factor β (TGF-β) superfamily (76). They play an important role in the growth and development of the body by coordinating the differentiation, proliferation, and apoptosis of cells in different tissues and organs (77). Many studies have revealed that BMPs not only regulate bone and cartilage but also exert a variety of biological processes in the development of cancers (78), including breast cancer (79), ovarian cancer (80), and lung cancer bone metastasis (81). The expression level of BMP2 is related to the degree of tumor malignancy and GBM patient survival; therefore, it is being considered as a prognostic marker for glioma (82, 83). BMP2 increased the differentiation and apoptosis of glioma in a concentration-dependent manner (84) through the downregulation of both MGMT and hypoxia-inducible factor-1 (HIF-1) (xref>/xref>). In addition, BMP2 has also been reported to render glioblastoma stem-like cells more susceptible to temozolomide treatment through destabilization of HIF-1 (82, 85).

In our study, 15 immune cells were screened for differences in infiltration between high- and low-risk groups and were confirmed to be closely associated with model genes. For instance, TNFSF9 and PTX3 were mostly correlated with macrophages, and BMP2 was mostly relevant to CD8 T cells. The rise of macrophages may represent a negative feedback from downregulated immune cells. Tumor-associated macrophages have been reported to contribute to a poor prognosis of GBM patients (38, 86), which is consistent with the fact that macrophages increased in the high-risk group in our article. CD8 T cells are the principal force to eliminate glioma cells, but they are easily exhausted and cannot be effectively supplemented, accounting for a low proportion in the GBM immune microenvironment (87). NK cells are one type of immune cells recruited first to the glioma area. They can secrete perforin and granzyme to induce apoptosis or necrosis of target cells, without limitation from major histocompatibility complex (MHC) (88). The function of NK cells was inhibited, especially in high-grade glioma (89). Myeloid-derived suppressor cells (MDSCs) are heterogeneous cells, including immature macrophages, granulocytes, and iDCs. There is abundant infiltration of MDSCs in glioma tissue. Its phagocytosis decreases, and the expression of immunosuppressive molecules IL-10, TGF-β, and B7H1 increases, so as to inhibit the differentiation of DCs, reduce the cytotoxicity of NK cells, and induce T-cell apoptosis (90).

To consummate our research, the possible functional pathways of the three model genes were excavated. IL-17, produced by Th17 cells, was demonstrated to promote tumor development through the induction of a tumor-promoting microenvironment at tumor sites (91). Cui et al. (75) reported a direct correlation between progression-free survival and low incidence of IL-17-producing cells, suggesting that the presence of IL-17-producing cells may be a good prognostic marker for gliomas. NF-κB transcription factor and NF-κB pathway are overexpressed in leukemia, gastrointestinal tumors, especially in glioma cells, suggesting the correlation between the development of glioma and various NF-κB-mediated immune responses. When NF-κB signal is abnormal, especially overexpression, it can accelerate the division cycle of tumor cells and disorder the immune regulation function, leading to tumor immune evasion (92). Taking immune cells and immune factors as nodes, immune-related pathways connect them in a series and weave the complex inflammatory response network around GBM, which together form a complex tumor immune microenvironment.

The treatment of recurrent and progressive GBM is still a challenging problem in oncology. In recent years, immunotherapy has achieved great success in the treatment of malignant tumors, and many attempts have been implemented to the experimental and even clinical treatment of glioma (93). Preclinical studies have shown that blocking programmed cell death protein-1 (PD-1) or cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) can significantly inhibit the growth of glioma cells and prolong the survival time of experimental animals (94). Targeting glioma-specific antigens such as EGFRvIII, IL13Rα2, and HER2 also showed anti-glioma effects in mouse models (95). So far, these immunotherapies have not been proven to be effective in large-scale phase III clinical trials (96), which may be attributed to blood–brain barrier, tumor heterogeneity, and glioma inhibitory immune microenvironment (97).

In order to further develop immunotherapy for GBM, our research explored immune-related genes, which can participate in the construction of the GBM prognosis model, and analyzed the related immune cells and immune signaling pathways across the board. The comprehensiveness of our study is still insufficient, and the patient information such as chemotherapy and radiotherapy is not included in the establishment of the prognosis model, which is due to the lack of relevant information in the datasets. Due to the limitations of objective conditions, the conclusions have not been adequately verified by in vivo or in vitro experiments, and the foundation for further mechanism research remains to be consolidated. Similar to other GBM prognostic models, this model still lacks prospective evidence, which reminds us of the necessity of continuing to pay attention to the research advances on these model genes in designing and implementing clinical prospective research.



Conclusion

The signature with three immune-related genes (PTX3, TNFSF9, and BMP2) might be an independent prognostic factor of GBM patients and could be associated with the immune cell infiltration of GBM patients.
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Necroptosis is closely related to the occurrence and development of tumors, including glioma. A growing number of studies indicate that targeting necroptosis could be an effective treatment strategy against cancer. Long non-coding RNA (lncRNA) is also believed to play a pivotal role in tumor epigenetics. Therefore, it is necessary to identify the functions of necroptosis-related lncRNAs in glioma. In this study, the transcriptome and clinical characteristic data of glioma patients from The Cancer Genome Atlas (TCGA) and Chinese Glioma Genome Atlas (CGGA) databases were collected, and the differentially expressed necroptosis-related lncRNAs in TCGA that have an impact on overall survival (OS) were screened out to construct risk score (RS) formula, which was verified in CGGA. A nomogram was constructed to predict the prognosis of glioma patients based on clinical characteristics and RS. In addition, Gene Set Enrichment Analysis (GSEA) was used to analyze the main enrichment functions of these necroptosis-related lncRNAs and the immune microenvironment. A total of nine necroptosis-related lncRNAs have been identified to construct the RS formula, and the Kaplan–Meier (K-M) survival analysis showed significantly poorer outcomes in the high RS group in both TCGA and CGGA databases. Moreover, the receiver operating characteristic (ROC) curve shows that our prediction RS model has good predictability. Regarding the analysis of the immune microenvironment, significant differences were observed in immune function and immune checkpoint between the high RS group and the low RS group. In conclusion, we constructed a necroptosis-related lncRNA RS model that can effectively predict the prognosis of glioma patients and provided the theoretical basis and the potential therapeutic targets for immunotherapy against gliomas.
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Introduction

Glioma refers to tumors that originate from brain glial cells and are the most common primary intracranial tumors in adults, accounting for 78% of all malignancies in the brain (1). According to the World Health Organization (WHO) classification, gliomas can be classified into grades I–IV, ranging from grades I and II as low-grade gliomas (LGGs) to grades III and IV as high-grade gliomas (HGGs) (2). Among them, the 5-year survival rate of LGG ranged from 30% to 70% (3), while the median total survival time for HGG was merely 15 months (4). Current therapeutic strategies include surgical resection, combined with radiotherapy, chemotherapy, and other comprehensive treatment methods. For the past decades, despite enormous investigation of glioma pathophysiology, the first-line treatment of glioma remains the combination of surgical resection followed by radiotherapy and temozolomide. There is a very limited improvement in glioma patients’ prognosis. However, the rise of immunotherapy including vaccination, blocking of immune checkpoints, oncolytic viruses, and adoptive immunotherapy using chimeric antigen receptor T cells (CAR-T) is bringing new hope to glioma patients. With the development of molecular biology, an increasing number of molecular markers have been illustrated to be of great significance for the individualized treatment and clinical prognosis of glioma, such as isocitrate dehydrogenase (IDH) mutation (5), chromosomal 1p/19q combined deletion state (6), and methylation of the promoter region of O6-methylguanine-DNA methyltransferase (MGMT) (7). Hence, identifying more potential molecular targets could be beneficial for glioma patients.

Necroptosis is a pathway indicating programmed lysis cell death or inflammatory cell death, which plays a crucial role in killing pathogen-infected and/or damaged cells during certain degenerative or inflammatory diseases. The discovery of necrotic apoptosis suggests that cells could die in a programmed manner (8). Necroptosis can be induced by a variety of innate immune signaling pathways, including by stimulating RIG-I-like receptors, toll-like receptors (TLRs), and death receptors (9) (10) (11). These signaling pathways lead to activation of the necrotic kinase RIPK3 as well as RIPK1 (11). More specifically, RIPK3 activates the pseudokinase MLKL through phosphorylation, resulting in conformational changes and activation. The activated MLKL trans-locates onto the plasma membrane and causes changes in membrane permeability (12). Previous studies have proved that necroptosis signaling pathways are involved in the progression and prognosis of gliomas (13) (14) (15).

Long non-coding RNAs (lncRNAs) refer to RNA with a length of more than 200 nt, which does not encode protein itself but forms multilevel regulatory gene expression in the form of RNA (16). LncRNA has been reported to affect various phenotypes in gliomas. For example, LncRNA BCYRN1 inhibits glioma tumorigenesis by PTEN/AKT/p21 pathway (17), and p53-targeted lncRNA ST7-AS1 interacting with PTBP1 acts as a glioma suppressor (18). Moreover, it has been reported that necroptosis-related lncRNAs play important role in tumors. For instance, lncRNA H19-derived microRNA-675 could promote liver necroptosis (19). There are few studies focusing on the effect of necroptosis-related lncRNAs on gliomas. Therefore, clarifying the functions of necroptosis-related lncRNAs could provide a better understanding with regard to the role of necroptosis-associated lncRNA in immunotherapy and targeted therapy of glioma.

In this study, we identified and analyzed necroptosis-related lncRNAs based on The Cancer Genome Atlas (TCGA) glioma database, in which the glioma patients were diagnosed by pathological specialists according to the description of TCGA. We constructed a necroptosis-related lncRNAs formula that can predict the prognosis of glioma patients. These lncRNA signatures could be potential targets for attenuating the progression of glioma and improving the prognosis of patients.



Materials and methods


Datasets and clinical data

The RNA-sequencing profile and matching clinical information of glioma patients were downloaded from TCGA dataset (https://portal.gdc.cancer.gov/repository/, up to 20 March 2022); the normalized fragments per kilobase million (FPKM) format of the RNA-seq data was used to combine into a microarray dataset based on Perl program (version Strawberry-Perl-5.32.1.1, https://www.perl.org/). To validate our analysis, RNA-seq data and clinical information of glioma patients from the Chinese Glioma Genome Atlas (CGGA) database (http://www.cgga.org.cn/, up to March 2022) were also downloaded as validation groups. A total of 52 necroptosis-related genes (Supplementary Table 1) were acquired from Gene Set Enrichment Analysis (GSEA) (https://www.gsea-msigdb.org/gsea/) and Kyoto Encyclopedia of Genes and Genomes (KEGG) (https://www.kegg.jp/kegg/).



Identification of necroptosis-related long non-coding RNAs

LncRNAs in TCGA and Chinese Glioma Genome Atlas (CGGA) datasets were screened by the Ensembl database (https://www.ensembl.org/), and the online Venn diagram tool (https://bioinformatics.psb.ugent.be/) was used to cross the screened lncRNAs in these two datasets and extract the common lncRNAs for further analysis. Next, the co-expression network analysis of the selected common LncRNAs and 52 known necroptosis-related genes was performed using the ‘limma’ package in R language software (version R 4.1.3, https://www.r-project.org/) to screen out the necroptosis-related lncRNAs; the filtering criterion was |correlation coefficient| <0.4 and p-value >0.001.



Establishment and validation of a necroptosis-related long non-coding RNA prognostic model

First, necroptosis-related lncRNAs in normal brain tissue and glioma were analyzed; after screening the differentially expressed necroptosis-related lncRNAs, Cox regression analysis was used to screen the genes related to survival, and the top 10 necroptosis-related lncRNAs with the most significant survival differences were selected for further analysis. The least absolute shrinkage and selection operator (LASSO) analysis was performed to build a prognostic model; in order to avoid over-fitting, we adopted the ‘glmnet’ R package for analysis and set the coefficient parameter to 0.009. Each necroptosis-related LncRNA had an independent prognostic coefficient. Finally, the necroptosis-related lncRNAs were included in the construction of the risk score (RS). The RS formula is as follows:

	

Expi is the expression of each lncRNA. Coei is the prognostic coefficient of each lncRNA.

Median RS was used to define glioma patients as high risk or low risk, and Kaplan–Meier (K-M) curves were used to analyze the overall survival (OS) of glioma patients. In order to validate the probability of our prognostic necroptosis-related lncRNA RS formula, we used the same gene coefficient and RS calculation method in the CGGA dataset and analyzed and observed the survival prediction of glioma patients.



Assessment of the necroptosis-related long non-coding RNA signature

To assess the survival prognosis of glioma patients in relation to clinical data, pathological grades, and the RS we constructed, univariate and multivariate Cox regression analyses were used based on the R package ‘survival’. The clinical data, pathological grades, and established RS were assessed for predictive accuracy using the ‘survivalROC’ package in the R software and visualized in the form of receiver operating characteristic (ROC) curves. Patients with glioma were divided into the LGG group and HGG group according to their pathological grades in TCGA database, and then the two groups were divided into the high RS group and low RS group according to the constructed median of RS, respectively. K-M has been used to analyze the prognostic prediction of the survival of patients with different pathological grades by RS. To establish clinicopathological parameters that predict survival effectiveness in patients with glioma, we developed a nomogram to predict the probability of OS at 1, 3, and 5 years in TCGA.



Gene set and functional enrichment analyses of necroptosis-related long non-coding RNAs

Glioma patients in TCGA were stratified into the high RS group and low RS group according to the median RS. Based on the prognostic necroptosis-related lncRNAs, the GSEA was used to analyze the differences between the glioma patients in the high RS group and low RS group. Gene Ontology (GO) and KEGG were performed to explore the biological processes and signaling pathways associated with the necroptosis-related lncRNAs, the functional enrichment ‘clusterProfiler’ R package was used to perform gene annotation enrichment analysis, and the threshold was set at p < 0.05, |NES| >1, and false discovery rate (FDR) q <0.25.



Immune cell infiltration subtypes and immune function were analyzed for necroptosis-related long non-coding RNAs

According to immune cell infiltration, which plays a vital role in gliomas, the differences in immune cells and main immune functions between the high-risk group and the low-risk group were analyzed and visualized by single-sample GSEA (ssGSEA). In addition, we performed a cell subtype analysis of immune infiltration for glioma patients based on the constructed RS combined with XCELL, TIMER, QUANTISEQ, MCPCOUNTER, EPIC, CIBERSOFT ABS, and CIBERSOFT to show the correlation between two groups. The immune cells consist of the following categories: B cells naive, B cells memory, Plasma cells, T cells CD8, T cells CD4 naive, T cells CD4 memory resting, T cells CD4 memory activated, T cells follicular helper, T cells regulatory (Tregs), T cells gamma delta, Natural killer (NK) cells resting, NK cells activated, Monocytes, Macrophages M0, Macrophages M1, Macrophages M2, Dendritic cells resting, Dendritic cells activated, Mast cells resting, Mast cells activated, Eosinophils, and Neutrophils. The threshold was set at p < 0.05.



Investigation of the stromal, immune scores, and immune checkpoints in the cancer genome atlas

The ESTIMATE algorithm was applied to calculate the stromal scores and immune scores and combine these two scores to calculate the ESTIMATE scores; the differences between the high and low groups were analyzed. Furthermore, in order to provide therapeutic targets for clinical treatment, we also analyzed differences in immune checkpoints between the high and low RS groups.




Results


Acquisition of glioma expression data and identification of necroptosis-related long non-coding RNAs

To establish the risk model, a TCGA glioma database with a total of five normal brain tissue samples and 698 glioma tissue samples were included. The RNA-seq expression profiles were downloaded and matched to the corresponding patients. Clinical data and RNA expression files of 1,018 glioma patients were downloaded from the CGGA database as a validation group. First, we discriminated mRNA and lncRNA in TCGA and CGGA according to genetic details in the Ensembl database (GRCh38. p13, http://asia.ensembl.org/index.html). A total of 13,331 lncRNA were found in TCGA glioma patients, 990 lncRNAs were found in the CGGA database, the Venn diagram was used to merge and take intersection, and 956 lncRNAs were found in common as shown in Figure 1A. Next, 52 necroptosis-related genes were retrieved from GSEA and KEGG using the ‘necroptosis’ functional term, which were used for co-expression network analysis with the common lncRNAs. The necroptosis process-related lncRNA signatures are listed in Supplementary Table 2. As shown in Figure 1B, the red dots are necroptosis-related lncRNA signatures, the blue dots are the lncRNAs consistent with |correlation coefficient| <0.4 and p-value >0.001, and the more links between them, the stronger the co-expression.




Figure 1 | Identification of necroptosis-related lncRNAs in glioma. (A) Venn diagram shows the lncRNAs common to TCGA and CGGA datasets. (B) A co‐expression network of the necroptosis-related lncRNAs was constructed and visualized to indicate the interactions among the necroptosis-related mRNAs and lncRNAs. (C) Heatmap illustrates the upregulation and downregulation top 50 necroptosis-related lncRNAs with the most significant differences. (D) Volcano plot depicts the necroptosis-related lncRNAs. The red dots indicate upregulated lncRNAs, while blue dots indicate downregulated lncRNAs. lncRNAs, long non-coding RNAs; TCGA, The Cancer Genome Atlas; CGGA, Chinese Glioma Genome Atlas.





Screening of a prognostic necroptosis-related long non-coding RNA signature

We first analyzed the screened necroptosis-related lncRNAs in TCGA database for the glioma group and normal brain tissue group and calculated the differentially expressed genes; the results showed that there was a total of 173 differentially expressed lncRNAs (Supplementary Table 2). We visualized the top 50 lncRNAs with the significant difference in upregulation and downregulation through heatmap, as shown in Figure 1C. The distribution of gene expression differences between the two groups of samples is shown by a volcanic plot, as shown in Figure 1D. Next, we selected 10 necroptosis-related lncRNAs with the most significant differences in overall survival as our risk score establishment. First, we deleted normal tissue samples from TCGA database.

Next, to improve the accuracy of the study, glioma patients whose survival days were less than 30 days were also excluded. Cox regression was used for the rest of the glioma samples, and the selected 10 lncRNAs from the 173 differentially expressed genes lncRNAs show a top significant difference in overall survival of patients. Furthermore, we used the LASSO regression analysis to calculate the 10 lncRNAs’ survival coefficient and ruled out the uniformity lncRNAs; the results showed that a total of nine necroptosis-related lncRNAs (MIR22HG, AC083799.1, PAXIP1.AS2, C10orf55, GNAS.AS1, CRNDE, PCED1B.AS1, LBX2.AS1, and LINC00641) can influence overall survival for glioma patients independently, and the expression of these nine lncRNAs is shown in Figure 2A. In addition, we also conducted a co-expression network analysis of these nine lncRNAs and necroptosis-related lncRNAs, and the results are shown in the Sankey diagram in Figure 2B.




Figure 2 | Establishment of a necroptosis-related lncRNAs prognostic model. (A) Heatmap presents the nine necroptosis-related lncRNAs with prognostic value in TCGA. (B) Sankey diagrams show the necroptosis-related mRNAs and nine necroptosis-related lncRNAs with prognostic values in TCGA. lncRNAs, long non-coding RNAs; TCGA, The Cancer Genome Atlas.





Establishment and validation of a necroptosis-related long non-coding RNA prognostic model

As shown in Table 1, the correlation coefficient of nine necroptosis-related lncRNAs was calculated by LASSO regression in TCGA. We used the RS formula to calculate each patient’s score and divided the patients into high-risk and low-risk groups according to the median, as shown in Figure 3A, and from our results, it can be found that the mortality rate of patients in the high RS group was obviously higher than that of the group of patients with low RS, as shown in Figure 3C. Meanwhile, we also visualized the expression levels of nine lncRNAs in the high- and low-risk groups, as shown in Figure 3E. The K-M curve also shows that the high RS group had a poor overall survival rate, as shown in Figure 3G.


Table 1 | Nine necroptosis-related lncRNAs in the prognostic classifier associated with overall survival in TCGA.






Figure 3 | Construction and validation of the nine necroptosis-related lncRNA signatures for survival prediction. (A) The distribution of each sample based on the risk score in TCGA. (B) The distribution of each sample based on the risk score in CGGA. (C) The scatterplot based on the survival time and status of each sample in TCGA. The red and blue dots represent dead and alive, respectively. (D) The scatterplot based on the survival time and status of each sample in CGGA. The red and blue dots represent dead and alive, respectively. (E) The heatmap of nine necroptosis-related lncRNAs’ expression levels in the high‐risk and low‐risk groups in TCGA. (F) The heatmap of nine necroptosis-related lncRNAs’ expression levels in the high‐risk and low‐risk groups in CGGA. (G) Kaplan–Meier survival analysis of the high‐risk and low‐risk groups based on the nine necroptosis-related lncRNAs in TCGA. (H) Kaplan–Meier survival analysis of the high‐risk and low‐risk groups based on the nine necroptosis-related lncRNAs in CGGA. lncRNA, long non-coding RNA; TCGA, The Cancer Genome Atlas; CGGA, Chinese Glioma Genome Atlas.



To verify our RS model, we used the same gene coefficients in the CGGA database to calculate the RS of each patient according to the same formula, and we divided the patients into two groups of high and low risk according to the median, as shown in Figure 3B. The analysis proved that similar to TCGA results, the majority of mortality exhibit clustering in high RS, as shown in Figure 3D, and the expression of nine necroptosis-related lncRNAs in CGGA visualization between the high-risk and low-risk groups as shown in Figure 3F. The K-M survival analysis also illustrated that the patients in the high RS group present high mortality according to the CGGA dataset , as shown in Figure 3H. Taken together, these results suggest the feasibility and validity of our RS formula.



Independent prognostic value of the necroptosis-related long non-coding RNA signature

To validate the predictive value of RS in patients with glioma, we used univariate Cox and multivariate Cox regression analyses to show whether there was a difference in outcomes between the high-risk and low-risk groups. As shown in Figures 4A, B, the results show significant differences in RS between the two groups (univariate Cox, hazard ratio (HR) = 3.202, 95% confidence interval (CI) = 2.758–3.717, p < 0.001; multivariate Cox, HR = 2.157, 95% CI = 1.811–2.569, p < 0.001). To assess the predictive specificity and sensitivity of the clinical features and RS formula for survival prognosis in patients with glioma, we calculated the area under the ROC curve (AUC) of the RS, as shown in Figure 4C. The AUC of the risk score was 0.886. The specificity and sensitivity of 1-, 3-, and 5-year prognoses also used the ROC curve, as shown in Figure 4D. The AUC values of 1, 3, and 5 years were 0.866, 0.905, and 0.854, respectively, suggesting that there were strong correlations between RS and OS. We also analyzed the OS of LGG and HGG in TCGA database using the RS formula, and the results showed that LGG and HGG patients with high RS had a shorter survival time, as shown in Figures 4E, F. To demonstrate in more detail the predictability at different grades, we analyzed the OS of the independent prognostic value of the necroptosis-related lncRNA signature among different grades of gliomas (see Supplementary Figure 2). These results demonstrated that the prognostic RS model of the nine necroptosis-related lncRNA for glioma is considerably reliable. Furthermore, the clinical features and RS were incorporated to establish a nomogram model for predicting the rates of OS at the 1, 3, and 5 years in glioma; the score scale at the top of the nomogram was used to measure clinical features and RS, and then the measured scores were added to estimate the probability of survival in glioma patients for 1, 3, and 5 years, as shown in Figure 4G.




Figure 4 | Univariate and multivariate Cox regression analyses, Kaplan–Meier survival analysis, and prognostic nomogram model for the risk score. (A) Univariate Cox regression analysis for TCGA (grade: the degree of glioma differentiation, G2 to G4). (B) Multivariate Cox regression analyses for TCGA. (C) AUC in ROC analysis for risk signature age, gender, grade, and risk score in TCGA. (D) AUC in ROC analysis for risk signature at 1-, 3-, and 5-year survival time in TCGA. (E) Kaplan–Meier survival analysis of the LGG high‐risk and low‐risk groups based on the nine necroptosis-related lncRNAs. (F) Kaplan–Meier survival analysis of the HGG high‐risk and low‐risk groups based on the nine necroptosis-related lncRNAs. (G) The nomogram prediction for 1-, 3-, and 5-year overall survival probability for glioma patients. TCGA, The Cancer Genome Atlas; AUC, area under the receiver operating characteristic curve; ROC, receiver operating characteristic; LGG, low-grade glioma; HGG, high-grade glioma.





Functional analyses of necroptosis-related long non-coding RNAs

GSEA was conducted to investigate the KEGG and GO related to the necroptosis-related lncRNA signature. The results of the KEGG demonstrated that primary increased functions in the high RS group were enriched in pathogenic Escherichia coli infection, pyrimidine metabolism, and glutathione metabolism and that primary decreased functions in the high RS group were enriched in long-term depression, long-term potentiation, and phosphatidylinositol signaling system, as shown in Figure 5A. The results of the GO demonstrated that primary increased functions in the high RS group were enriched in azurophil granule lumen, negative regulation of cysteine-type endopeptidase activity, and endoplasmic reticulum Golgi intermediate compartment membrane and that primary decreased functions in the high RS group were enriched in negative regulation of synaptic transmission, neuron-to-neuron synapse, and startle response, as shown in Figure 5B.




Figure 5 | Functional enrichment analysis based on nine necroptosis-related lncRNAs between the two risk groups in TCGA. (A) KEGG analysis of nine necroptosis-related lncRNAs. (B) GO analysis of nine necroptosis-related lncRNAs. lncRNAs, long non-coding RNAs; TCGA, The Cancer Genome Atlas; KEGG, Kyoto Encyclopedia of Genes and Genomes; GO, Gene Ontology.





Immune cell infiltration subtypes and immune functions

To understand the differences in immune cell subset expression in the glioma immune microenvironment, we calculated and compared the expression of different infiltrating immune cells, as shown in Figure 6A; Activated dendritic cells (aDCs), B cells, CD8+ T cells, DCs, Macrophages, NK cells, Plasmacytoid DCs (pDCs), T helper cells, Tfh, Th2 cells, TILs, and Tregs were significantly upregulated in the high RS group. In addition, ssGSEA was performed to assess the level of enrichment of immune functions, as shown in Figure 6B; immune functions in Antigen-presenting cell (APC) co-inhibition, APC co-stimulation, CC chemokine receptor (CCR), Check-point, Cytolytic activity, human leukocyte antigen (HLA), Inflammation-promoting, MHC class I, Parainflammation, T-cell co-inhibition, T-cell co-stimulation, Type I IFN response, and Type II IFN response were significantly enriched in the high RS group. To further investigate the role of infiltrating immune cells in the glioma immune microenvironment, we calculated and compared the correlation of common infiltrating immune cells in two groups through multiple databases. The most commonly used CIBERSOFT (Figure 6C) revealed that B cell memory, T cell CD8+, T cell CD4+ memory resting, T cell CD4+ memory activated, T cell regulatory (Tregs), T cell gamma delta, NK cell resting, Macrophage M0, Macrophage M1, Macrophage M2, Myeloid dendritic cell activated, Mast cell activated, and Neutrophil were positively correlated with RS and that B cell naive, B cell plasma, T cell CD4+ naive, T cell follicular helper, NK cell activated, Monocyte, and Mast cell resting were negatively correlated with RS.




Figure 6 | Immune algorithms employed in comparison based on nine necroptosis-related lncRNAs between the two risk groups in TCGA. (A) Comparison of the ssGSEA scores of nine necroptosis-related lncRNAs for immune cells in TCGA. (B) Comparison of the ssGSEA scores of nine necroptosis-related lncRNAs for immune-related pathways in TCGA. (C) Bubble graph for the infiltration levels of immune cells under XCELL, TIMER, QUANTISEQ, MCPCOUNTER, EPIC, CIBERSOFT ABS, and CIBERSOFT algorithms. **p < 0.01, and ***p < 0.001. lncRNAs, long non-coding RNAs; TCGA, The Cancer Genome Atlas; ssGSEA, single-sample Gene Set Enrichment Analysis.





The characteristics of tumor immune microenvironment and immune checkpoints

Previous studies have shown that the tumor microenvironment is composed of tumor cells, stromal cells, and immune cells. Through the ‘ESTIMATE’ R software package, we used the tumor microenvironment score to measure the difference in the level of infiltration of stromal and immune cells between the low RS and high RS groups, and the results showed that the high RS groups had higher stromal (Figure 7A), immune (Figure 7B), and ESTIMATE scores (Figure 7C). Next, in order to study the potential changes of immune checkpoints between the high and low RS groups, we compared the expression levels of common immune checkpoints related lncRNAs in the two groups, as shown in Figure 7D, among which the lncRNAs with the most significant differences were CD44, CD276, CD86, CD48, and HAVCR2, etc. Furthermore, the association of our established RS with neurotransmitters such as GABA is also presented in Supplementary Figure 1.




Figure 7 | Association of stromal, immune scores, and immune checkpoint with two risk groups in TCGA. (A) Comparisons of stromal score between the two risk groups in TCGA. (B) Comparisons of immune scores between the two risk groups in TCGA. (C) Comparisons of ESTIMATE score between the two risk groups in TCGA. (D) Boxplot of the expression levels of immune checkpoint between the two risk groups in TCGA. *p < 0.05, **p < 0.01, ***p < 0.001. TCGA, The Cancer Genome Atlas.






Discussion

Glioma, the most common brain tumor, remains a great threat to human health throughout the world. Therefore, identification of the prognosis of glioma patients and gene signatures can improve the prognosis of patients and treatment of life; studies have shown that lncRNA plays an important role in predicting the prognosis of glioma, but there are no studies on necroptosis-related lncRNAs in predicting the prognosis of glioma so far. Herein, we constructed the necroptosis-related lncRNAs model from the RNA-seq in TCGA database and explored its effect on the prognosis of glioma.

In this study, 173 differentially expressed necroptosis-related lncRNAs were screened. Finally, after Cox regression and LASSO analysis, a total of nine lncRNAs were incorporated into the RS formula to predict the OS of glioma patients. Among those lncRNAs, MIR22HG shows that glioma progression can be inhibited by downregulation of micNA-9/CPEB3 (20) and inhibits glioblastoma progression through Wnt/beta-catenin signaling (21). PAXIP1.AS2 has been reported as ferroptosis-associated lncRNA that could affect the radiotherapy response for glioma (22). CRNDE has been reported to promote the proliferation, migration, and invasion of glioma through attenuating miR-384/PIWIL4/STAT3 axis (23) and facilitating EGFR activation to modulate glioma growth (24). Moreover, the knockdown of CRNDE could increase the sensitivity of temozolomide chemotherapy for glioma and modulate the prognosis of patients (25). PCED1B.AS1 has been reported to cooperate with Mir-194-5p to promote the proliferation of glioma and inhibit the apoptosis of glioma cells (26) and promote glioblastoma genesis through upregulation of HIF-1alpha (27). LBX2.AS1 has been reported to sponge miR-491-5p to further upregulate LIF and modulate the progression of glioma (28). It was also found in vitro that lBX2.AS1 silencing could activate Akt/GSK3β pathway to inhibit the proliferation and metabolism of glioma cells (29). It has been reported that overexpression of LINC00641 in glioma can inhibit cell proliferation and promote cell apoptosis and achieved through LINC00641/Mir-4262/NRGN axis (30). Although AC083799.1, C10orf55, and GNas.AS1 have not been reported in glioma, some studies have found that they play important roles in the occurrence and development of other tumors, such as breast cancer (31), colon cancer (32), acute myeloid leukemia (33), and endometrial cancer (34).

In order to further investigate the relationship between necroptosis-related lncRNAs and glioma, GSEA that showed pathogenic Escherichia coli infection, pyrimidine metabolism, and glutathione metabolism were enriched in the high RS group, while long-term depression, long-term potentiation, and phosphatidylinositol signaling system were enriched in the low RS group. A study suggests that targeting pyrimidine metabolism reprogramming in cancer stem cells and lower expression of pyrimidine metabolism indicates a better prognosis of glioblastoma (35), and pharmacologic inhibition of glutathione metabolism could be valuable for patients with IDH1-mutated glioma (36).

Moreover, our results show that more NK cells were infiltrated in the glioma immune microenvironment of the low-risk group, suggesting a correlation between NK cells and glioma necroptosis. Subsequent analyses of the correlation of infiltrating glioma immune cells in multiple databases have shown a negative correlation between NK cells and necroptosis of glioma, suggesting that NK cells may be an effective target for glioma immunotherapy. Despite the fact that central nervous system (CNS) was considered immunological isolation, growing evidence showed that immune cells including infiltrated macrophages, lymphocytes, DCs, and NK cells play crucial roles in cancer progression (37). Therefore, accumulating methods of immunotherapy were introduced in glioma therapy such as DC vaccines, CAR-T, or immune checkpoint blockade (38). Although the majority of current clinical trials did not exhibit outstanding improvement, numerous clinical trials indeed proved that these methods are promising for some patients. Indeed, the previous study demonstrates the factors that influence the outcome of immunotherapy against the tumor, which concludes the evidence of the importance of sex, race, etc. (39). Our study, however, provides the gene indicators of glioma patients based on transcriptomic data, further improving the evaluation of patients’ prognosis. In addition, much evidence has shown that lncRNAs implicate the tumor microenvironment (40, 41).

Immune escape from necroptosis and inflammation play a vital role in cancer (42); the abnormality of the immune checkpoint will make the immune cells unable to produce an effective anti-tumor immune response, and the tumor will form immune escape (43). Therefore, we analyzed the gliomas’ immune checkpoint, and multiple abnormal immune checkpoints were found in the high RS group, and many of them have been reported to participate in the regulation of the growth of gliomas, such as CD44, CD86, and HAVCR2 (44–46).

Current studies have largely proved that lncRNA can interact with microRNA (miRNA) by the so-called ‘sponging’-like mechanisms because of specific binding sites. There are very limited data describing the nine necroptosis-related lncRNAs (MIR22HG, AC083799.1, PAXIP1.AS2, C10orf55, GNAS.AS1, CRNDE, PCED1B.AS1, LBX2.AS1, and LINC00641). Hence, we constructed the potential regulated miRNA network by miRcode online databases (http://mircode.org/), and the potential interacted miRNAs are listed in Supplementary Table 3, However, we observed that only MIR22HG, AC083799.1, C10orf55, GNAS-AS1, CRNDE, LBX2-AS1, and LINC00641 have miRNA binding sites.

Recently, the prognostic RS models of necroptosis-related lncRNAs were constructed in many tumors including colon cancer (47), stomach adenocarcinoma (48), gastric cancer (49), and breast cancer (50). However, the role of necroptosis-related lncRNAs in the prognosis of glioma remains unclear; we therefore conducted this research and established a nine-necroptosis-related lncRNA prognostic RS model, which might be essential for the future development of individual effective therapies in glioma.



Conclusion

A nine-necroptosis-related lncRNA RS formula was constructed that can effectively predict the prognosis of glioma patients and provided a theoretical basis and the potential therapeutic targets for necroptosis-related lncRNAs in immunotherapy for gliomas.
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Background: Primary central nervous system lymphoma (PCNSL) and high-grade glioma (HGG) appear similar under imaging. However, since the two tumors vary in their treatment methods, their differential diagnosis is crucial. The use of 18F-fluorodeoxyglucose positron emission tomography computed tomography (18F-FDG-PET/CT) imaging to effectively distinguish between the two tumors is not clear; therefore, a meta-analysis was carried out to determine its effectiveness.

Materials and methods: The databases PubMed, EMBASE, Cochrane, Web of Science, China National Knowledge Infrastructure (CNKI), Wanfang, China Science, and Technology Journal Database (CQVIP) were exhaustively searched using stringent inclusion and exclusion criteria to select high-quality literature. The Quality Assessment Tool for Diagnostic Accuracy Studies (QUADAS-2) was used for the qualitative assessment of the included literature. The bivariate effect model was used to combine statistics such as sensitivity (SEN) and specificity (SPE), positive likelihood ratio (PLR), negative likelihood ratio (NLR), and diagnostic odds ratio (DOR) [95% confidence intervals (CI)], plot summary receiver operating characteristic (SROC) curve, and calculate the area under the curve (AUC) value. Sensitivity analysis was used to evaluate the stability of the results, and Deek's test was used to assess publication bias. Meta-regression and subgroup analysis was used to determine the sources of heterogeneity.

Results: A total of nine studies were included in this study. For differential diagnosis of PCNSL and HGG, the combined SEN was 0.91 (95% CI: 0.80–0.96; I2 = 46.73%), combined SPE was 0.88 (95% CI: 0.82–0.93; I2 = 56.30%), the combined PLR was 7.83 (95% CI: 4.96–12.37; I2 = 15.57%), combined NLR was 0.10 (95% CI: 0.05–0.23; I2 = 31.99%), combined DOR was 77.36 (95% CI: 32.74–182.77; I2 = 70.70%). The AUC of SROC was 0.95 (95% CI: 0.93–0.97). No publication bias was found and the sample size and different parameters were the primary reason for heterogeneity.

Conclusion: The 18F-FDG-PET/CT imaging technique has a high diagnostic accuracy in the differential diagnosis of PNCSL and HGG. Patients suspected to have the above two tumors are suggested to be examined by 18F-FDG-PET / CT to help in the clinical distinction and further treatment modalities.
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 primary central nervous system lymphoma, high-grade gliomas, PET/CT, diagnosis, meta-analysis


Introduction

Primary central nervous system lymphoma (PCNSL) is a rare, extra nodal non-Hodgkin's lymphoma, which accounts for nearly 2% of all primary brain tumors (1). The most common pathological type of PCNSL is diffuse large B-cell lymphoma, which is likely to occur in immunodeficient patients (2, 3). Conventionally, chemotherapy and / or radiotherapy are the preferred treatment modalities for PCNSL, with surgery being considered in rare cases (3). Glioma refers to the tumor that originates from glial cells of the brain and is a highly prevalent primary intracranial tumor (2). According to the 2021 WHO classification of central nervous system tumors, glioma is divided into grade 1 to 4: grade 1 and 2 are low-grade gliomas (LGG), while grade 3 and 4 are high-grade gliomas (HGG). Surgical treatment with postoperative selective adjuvant chemotherapy or radiotherapy is the primary choice of treatment for patients with LGG (4). HGG also usually requires surgical treatment together with postoperative adjuvant chemotherapy or radiotherapy (5). Owing to the significant differences between the treatment methods for the two tumor patients, it is crucial and clinically significant to accurately distinguish PCNSL and HGG.

Even today, the gold standard for the diagnosis of PCNSL and HGG is histopathology. Non-invasive imaging evaluation prior to treatment is highly valuable for clinical treatment and diagnosis. The conventional Magnetic Resonance Imaging (MRI) technology, relying on morphology, is the most commonly used imaging tool used for the diagnosis of intracranial tumors due to of its high soft-tissue resolution and multi-parameter and multi-sequence technology; however, it cannot accurately identify certain tumor lesions with atypical morphological characteristics such as PCNSL and HGG (6, 7). Compared with MRI technology, which relies on morphological imaging, the 18F-fluorodeoxyglucose positron emission tomography computed tomography (18F-FDG-PET/CT) imaging technology is the most widely used functional imaging method in diagnosis used to evaluate tumor glucose metabolism (8). Currently, there have been few studies on 18F-FDG-PET/CT for the differential diagnosis of the aforementioned tumors, but there has been no concrete evidence. The purpose of this study is to conduct a meta-analysis to assess the value of 18F-FDG-PET/CT imaging for the differential diagnosis of PCNSL and HGG.



Materials and methods


Literature search

All available literature pertaining to the research question that was published before July 2022 was searched on the PubMed, EMBASE, Cochrane library, web of science, China National Knowledge Infrastructure (CNKI), Wanfang, and China Science and Technology Journal (CQVIP) databases. The search terms: “lymphoma,” “gliomas,” and “positron emission tomography computed tomography” were used. Different Boolean logic retrieval methods are used for different databases. In order to search relevant literatures as comprehensively as possible, we used medical subject headings for retrieval. The key words are shown in Supplementary Table 1. In cases where the full text was unavailable; it was requested from the author through e-mail obtain as much as possible.



Inclusion and exclusion criteria

The following inclusion criteria were used for the literature: (1) The subjects were PCNSL and HGG patients with a definite pathological diagnosis and PET/CT was utilized to distinguish these two tumors; (2) Literature with sufficient data to calculate the sensitivity (SEN) and specificity (SPE) and further calculate the true positive (TP), true negative (TN), false positive (FP), and false negative (FN); (3) The full-text review and final analysis are limited to articles published in Chinese and English. The exclusion criteria were as follows: (1) Duplicate publications; (2) Conference abstract, letter, case report, review, systematic review, meta-analysis, and other non-original literature publications; (3) Animal studies or in vitro research; (4) Articles with insufficient or unextractable data. In cases where the studies were by the same author or from the same cohort, the most recent studies with the largest sample size were included.



Qualitative assessment of literature

The qualitative assessment of the included literature is especially important in a diagnostic meta-analysis, with the strict and accurate evaluation of the literature quality directly affecting the effectiveness and value of the results of the diagnostic meta-analysis. All the literature collected in this study was evaluated using the Quality Assessment Tool for Diagnostic Accuracy Studies (QUADAS-2) (9), revised by the Review Manager 5.3 software in 2011. The quality assessment was performed independently by two reviewers with a medical background and familiarity with diagnostic meta-analysis. Any discrepancy between the two reviewers was resolved through consensus or handed over a third reviewer for evaluation, if required.



Data extraction

Two reviewers independently extracted the required data from all the selected literature articles and ensured that the included data adhered strictly to the requirements of the study and maintained consistency of the results. Any discrepancy in the data extraction was resolved through consensus or handed over to a third reviewer for evaluation, if needed. The extracted data included: first author, literature characteristics (year of publication, country, and region), research type (retrospective/prospective study), and patient characteristics (number of patients, age, percentages male and female). For each study, the equivalent of true positives (TP), true negatives (TN), false positives (FP), and false negatives (FN) was extracted, where TP represents the number of patients with a true diagnosis of PCNSL by PET-CT, TN represents the number of patients with a true diagnosis of HGG by PET-CT, TN represents the number of patients misdiagnosed with PSCLS by PET-CT, and FN represents the number of patients misdiagnosed with HGG by PET-CT. Sensitivity (SEN) was defined as TP/(TP + FN), and specificity (SPE) was defined as TN/(FP + TN). If the article did not provide it directly, the required data were obtained through the corresponding calculations. SEN represents the ability to correctly diagnose PCNSL, and SPE represents the ability to correctly diagnose HGG.



Statistical analysis

Testing the heterogeneity of the included literature is an important step in meta-analysis. The heterogeneity of diagnostic meta-analysis is primarily attributable to the threshold effect or non-threshold effect using Meta-DiSc 1.4 (XI Cochrane Colloquium, Barcelona, Spain) (10). The commonly used method to determine the threshold effect is to assess the threshold effect between SEN and 1-SPE using the Spearman correlation coefficient. If the correlation coefficient P < 0.05, it indicates is the presence of the threshold effect. In case no heterogeneity is caused due to the threshold effect, the Cochrane Q test and I2 test is needed to evaluate and detect heterogeneity, which is caused by the non-threshold effect (11). In this meta-analysis, the value of P <0.05 or I2 >50% indicates heterogeneity. The bivariate effect model was used to combine statistics such as SEN, SPE, positive likelihood ratio (PLR), negative likelihood ratio (NLR), and diagnostic odds ratio (DOR) with 95% confidence intervals (CIs), plot summary receiver operating characteristic (SROC) curve, and to calculate the value of area under the curve (AUC). Fagan's nomogram was used to evaluate the a priori probability and a posteriori probability of PET / CT in distinguishing the two tumors (12). A sensitivity analysis was used to evaluate the stability of the results, and the Deek's test was used to judge the presence of bias in the study (13). The meta regression and subgroup analysis was used in order to further clarify the possible sources contributing to heterogeneity.




Results


Literature search

In this study, three Chinese and four English language databases were searched according to the retrieval process provided by the Meta-analysis (Preferred Reporting Items for Systematic Reviews and Meta-Analyses, PRISMA) guidelines. Initially, a total of 234 literatures were searched, which included 153 English and 81 Chinese language literature. The Endnote X7 software was used to manage the literature obtained from seven databases, and a total of 100 duplicate literature items were removed, leaving 134 research items. A systematic search was conducted for the remaining articles, 86 articles were found to be inconsistent with the research question and were excluded after title and abstract screening. Fifteen non-original research items such as conference abstracts, letters, case reports, and reviews were excluded, while 18 articles were excluded due to insufficient data. Subsequently, the full texts of the 15 remaining literature articles were downloaded for a detailed screening. After excluding six literature articles that could not be used to extract the necessary data, and nine literature articles were finally included for the meta-analysis. The screening and inclusion process for the literature is shown in Figure 1A.


[image: Figure 1]
FIGURE 1
 (A) Flow chart of the inclusion and exclusion of literature in this study. (B) Document quality evaluation chart. (C) Methodological qualitative analysis of the included studies.




Literature characteristics and quality assessment

A total of nine studies (14–22) were included in this study (Table 1), including one Chinese and eight English language literature articles. The included literature was published between 2011 and 2022, and contained a total of 151 PCNSL patients and 281 HGG patients, aged between 49 and 90 years. All the included studies were retrospective studies, and the patients were from China or Japan. The diagnosis of all the patients were confirmed using histopathology. After using the QUADAS-2 diagnostic quality tool for evaluation of the quality of the nine included literatures, it could be observed that relatively few of literature articles have an unclear risk for patient selection due to the lack of basic patient information. Further, as the cut-off values of all studies are not pre-specified, there is an unclear risk for coefficient evaluation. However, the reference standard, flow, and timing for the all included studies are low risk and low concern. In terms of the overall inclusion, the quality of the study was considered satisfactory (Figures 1B,C).


TABLE 1 Basic clinical characteristics and parameters of the included study.
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The results of meta-analysis

The data was imported into the MetaDiSc 1.4 software for analysis, and the Spearman correlation coefficient between SEN and (1-SPE) is 0.450 and P = 0.224, which indicates the absence of a threshold in this study. The results of the heterogeneity test were: Q = 6.910, df = 2.00, P = 0.016, I2 = 71%, which suggests the presence of some heterogeneity in this study. The combined SEN was 0.91 (95% CI: 0.80–0.96; I2 = 46.73%), combined SPE was 0.88 (95% CI: 0.82–0.93; I2 = 56.30%), the combined PLR was 7.83 (95% CI: 4.96–12.37; I2 = 15.57%), combined NLR was 0.10 (95% CI: 0.05–0.23; I2 = 31.99%), and combined DOR was 77.36 (95% CI: 32.74–182.77; I2 = 70.70%) (Figures 2A–E). The AUC of SROC was 0.95 (95% CI 0.93–0.97) (Figure 3A). The analysis of Fagan nomogram shows the probability before prediction is 50%. In cases where the results of PET/CT are positive, the probability of diagnosing PCNSL will increase to 89%. In cases where the result is negative, the probability of diagnosing PCNSL will reduce to 9% after detection (Figure 3B).


[image: Figure 2]
FIGURE 2
 Forest plot of combined (A) sensitivity (SEN) and (B) specificity (SPE), (C) positive likelihood ratio (PLR), (D) negative likelihood ratio (NLR) and (E) diagnostic odds ratio (DOR).
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FIGURE 3
 (A) The area of curve (AUC) of Summary receiver operating characteristic (SROC) curve. (B) Fagan's nomogram for assessing post-test probabilities of 18F-FDG-PET/CT.




Sensitivity analysis and publication bias

Sensitivity analysis revealed that it was possible to conduct the goodness of fit and bivariate normality tests using the bivariate mixed-effect model for this meta-analysis (Figures 4A–D). One abnormal study was excluded and the combined SEN was 0.91 (95% CI: 0.79–0.96; I2 = 44.94%), combined SPE was 0.86 (95% CI: 0.79–0.92; I2 = 44.49%), the combined PLR was 6.61 (95% CI: 4.27–10.22; I2 = 0), combined NLR was 0.11 (95% CI: 0.05–0.25; I2 = 18.18%), and the combined DOR was 60.74 (95% CI: 25.26–146.05; I2 = 26.93%). The AUC of SROC was 0.94 (95% CI 0.91–0.96). Compared to the previous results, these results did not indicate a significant change. The Deek's publication bias test was conducted for all the nine selected studies, as shown in Figure 5A. The symmetrical funnel chart shows that there is no publication bias in this study (P = 0.69).


[image: Figure 4]
FIGURE 4
 Influence analysis and outlier detection. (A) goodness-of-fit, (B) bivariate normality, (C) influence analysis, and (D) outlier detection.
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FIGURE 5
 (A) The results of Deeks' funnel plot asymmetry test to assess publication bias. (B) Univariable meta-regression analysis for sensitivity and specificity of the 18F-FDG-PET/CT diagnosis of PCNSL and HGG.




Meta-regression and subgroup analysis

Furthermore, in order to determine additional likely sources of heterogeneity, a meta-regression analysis was conducted based on four indicators: sample size (≤ 50 vs. >50), language of the selected literature (Chinese vs. English), patient's country (Japan vs. China), and parameters (standardized uptake value (SUV) max vs. SUV ratio). As is shown in Table 2 and Figure 5B, the sample size was found to be the primary reasons for heterogeneity of combined sensitivity. For the results of merge specificity, different parameters are the main reason for heterogeneity.


TABLE 2 Results of meta-regression analysis and subgroup analysis.
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Discussion

In this study, after an exhaustive search of Chinese and English language databases, based on stringent inclusion and exclusion criteria, nine relevant literature articles were selected for the meta-analysis. No publication bias was found in this meta-analysis, and the results indicated that 18F-FDG-PET / CT had a positive effect on the differential diagnosis of PCNSL and HGG. Additionally, sensitivity analysis demonstrated that the selected studies and results from the analyses were highly robust. However, it is worth noting that there is some heterogeneity in our meta-analysis. The heterogeneity of merger sensitivity and merger specificity, as determined using further meta-regression analysis and subgroup analysis, it is found to be attributable to the sample size and the country of the patient and the use of different parameters, respectively. In general, 18F-FDG-PET / CT has a good prospect in differentiating the above two tumors.

The PCNSL and HGG are intracranial tumors with a high degree of malignancy with an ever-increasing incidence rate. The aggressive growth rate exhibited by both the tumors result in a similar cell density. Even though differences in pathological manifestations and lesion distribution can be ascertained under the microscope, the two tumors are difficult to distinguish using imaging. Moreover, owing to the differences in their treatment methods, it is crucial to determine an accurate conclusion, through imaging, prior to operation. In addition to Computed Tomography (CT), the primary method for imaging of craniocerebral diseases is craniocerebral Magnetic Resonance Imaging (MRI), which has the ability to diagnose as well as differentially diagnose intracranial diseases (23–25). For example, a meta-analysis of 18 studies by Du et al. suggested that DWI could differentiate between PCNSL and HGG with an AUC of 0.90 (26). Another meta-analysis of 10 articles by You et al. suggested that arterial spin labeling could differentiate between PCNSL and HGG with an AUC of 0.86 (27). Additionally, a diagnostic model constructed with a deep learning algorithm based on MR imaging was used to differentiate PCNSLs, glioblastoma and brain metastases, with an AUC of 0.98 in the differential diagnosis of PCNSL (28). However, PET-CT still has great diagnostic advantages over other techniques in terms of imaging detection methods that rely on a single index.

PET / CT imaging is an advanced imaging technology that can simultaneously capture the cellular, molecular level images and anatomical structures through an image-fusion technology. At present, the most commonly used tracer is 18F-FDG. In recent years, the application of functional imaging (such as 18F-FDG-PET/CT) in the prognostic evaluation and diagnosis of PCNSL has gained momentum and gradually increased (29, 30). 18F-FDG PET / CT can reflect the anatomical and metabolic information of the structure under focus at the same time, which can significantly increase the diagnostic accuracy of PCNSL (31). Since PCNSL has a high level of tissue metabolism, enhanced anaerobic glycolysis, rapid proliferation, and limited interstitial components, PCNSL often shows an abnormal increase of FDG uptake, which is the most prominent difference in HGG using PET / CT imaging.

Two main parameters used in the study that are included in this meta-analysis, namely SUVmax and SUV ratio. As the most commonly used metabolic parameter of PET / CT, SUVmax is a semi-quantitative measure that relies on the degree of tumor metabolism, which reflects the metabolic activity of the tumor tissue when the uptake of 18F-FDG is at its highest. The tumor uptake of 18F-FDG depends on an increase in the number of functional glucose transporters and glycolytic enzymes in metabolically active cells and is positively correlated with the degree of malignancy of the tumor. Therefore, SUV can be used as an important semi-quantitative parameter to describe the characteristics of tumor metabolism. SUVmax in the PCNSL group was significantly higher than that of the HGG group, suggesting that metabolism of central nervous system lymphoma was higher than that of HGG (31). The high metabolism may be attributable to the high invasiveness of diffuse large B-cell lymphoma, which had an active value-added and high uptake of the metabolic imaging agent, 18F-FDG. Further, the current diagnostic cutoff values of SUVmax included in the study are set at nearly 9–19, which enables an accurate distinction between the two tumors. However, a study has reported a contradictory finding indicating that a value of SUVmax > 25 points to the presence of a lymphoma (32). Due to the frequent development of necrotic foci in malignant tumors, which may affect the average standard tumor uptake, and the near impossibility of excluding all necrotic areas in the process of delineating regions of interest, the SUV ratio has also been proposed for the differential diagnosis of PCNSL and HGG. In terms of the SUV ratio, this study is generally consistent with our view that the SUV ratio is >2.

There was some heterogeneity in this meta-analysis, which can be explained by a number of reasons. Sample size could explain the heterogeneity of the sensitivity values; a small sample size may lead to uncertainty in the hypothesis testing results, while a larger sample size may lead to greater confidence that the hypothesis testing results are correct. Language and country did not have heterogeneous effects on sensitivity and specificity. However, a recent meta-analysis identified language and country as possible sources of heterogeneity in the differential diagnosis of PNCSL and HGG using DWI. There is still some debate about which is the best differential diagnosis parameter between SUVmax and SUV ratio. Makino et al. (14) and Kosaka et al. (33) compared the activity uptake rate of SUVmax and the focal side/control side SUV ratio, and concluded that SUVmax was the optimal parameter for differentiating HGG from PCNSL, believing that the background metabolic heterogeneity of the brain parenchyma had no influence on the experimental results. Meric et al. (34) took the SUVmax ratio of the lesion side/control side as the optimal parameter for differential diagnosis, considering that SUVmax is affected by multiple factors such as blood glucose level, age, environment and emotion. All these need to be further confirmed by prospective studies with large samples in the future.

It is worth noting certain limitations of the current meta-analysis: (1) relatively to other studies, fewer literature articles have been included, and the included literature is comprised of retrospective studies, which may contain some bias that needs to be further confirmed using prospective, high-quality studies. (2) the research articles included in the literature belong to Japan and China; therefore, there is a lack of data from Europe, America, and other countries or regions, which affects the representativeness of meta-analysis to a certain extent. (3) Most studies are unclear on their use of the blind method, which may contribute to an interpretation bias. (4) The sample size of certain studies are small, which affects the quality of results for the combined literature analysis.



Conclusion

In conclusion, the 18F-FDG-PET/CT imaging technology has a high accuracy for the differential diagnosis of PNCSL and HGG. Patients suspected to have either of the two kinds of tumors may potentially benefit from 18F-FDG-PET/CT imaging. A timely examination of the tumor also provides valuable reference and a solid basis to determine the course of clinical treatment and also holds a positive prospect for application. Further exploration of the prospective and standardized diagnostic scheme is necessary before it is widely adopted.
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WHO 2/3 glioma is a common intracranial tumor that seriously affects the quality of life and survival time of patients. Previous studies have shown that the tricarboxylic acid (TCA) cycle is closely related to the occurrence and development of glioma, while recent studies have shown that cuproptosis, a novel programmed death pathway, is closely related to the inhibition of the TCA cycle. In our study, eight of ten cuproptosis-related genes (CRGs) were found to be differentially expressed between normal and WHO 2/3 glioma tissues. Through the LASSO algorithm, the cuproptosis-associated risk signatures (CARSs) were constructed, which can effectively predict the prognosis of WHO 2/3 glioma patients and are closely related to clinicopathological features. We analyzed the relationship between risk score and immune cell infiltration through Xcell, ssGSEA, TIMER database, and immune checkpoint molecules. In addition, the relationship between risk score and chemotherapeutic drug sensitivity was also investigated. The prognosis-related independent risk factors FDX1 and CDKN2A identified from CARSs are considered potential prognostic biomarkers for WHO 2/3 glioma. The clinical prognosis model based on cuproptosis is expected to provide an effective reference for the diagnosis and treatment of clinical WHO 2/3 glioma patients.




Keywords: cuproptosis-associated risk signatures, prognosis, FDX1, CDKN2A, WHO 2/3 glioma



Introduction

Glioma is the most common primary malignant brain tumor. They are classified into WHO 1-4 gliomas according to their pathological features. Patients with WHO 2/3 glioma have a better prognosis than those with glioblastoma multiforme. However, many treatments, especially radiation therapy, produce or cause chronic damage (1). Surgical resection and chemotherapy are still the main treatments for WHO 2/3 glioma (2). However, due to the lack of obvious clinical symptoms, most patients miss the best time for surgical treatment. Temozolomide, as a first-line chemotherapy strategy, also has the risk of inducing acquired resistance (3). Therefore, the identification of novel biomarkers in WHO 2/3 glioma patients is crucial for the treatment of WHO 2/3 glioma.

Copper participates in various biological metabolic processes in the human body. Recently, Tsvetkov et al. discovered a novel cell death pathway based on intracellular copper overload, termed cuproptosis (4). Excessive intracellular accumulation of copper binds directly to fatty acylated components of the tricarboxylic acid (TCA) cycle, and then aggregation of these copper-bound fatty acylated mitochondrial proteins and subsequent loss of Fe-S cluster proteins trigger proteotoxic stress and cuproptosis (5). Glioma is closely associated with TCA cycle reprogramming, enabling tumor cells to survive nutrient depletion and hypoxia (6).

In our study, we speculate that cuproptosis-related genes (CRGs) have special prognostic significance for WHO 2/3 glioma. Novel CARSs developed and validated through various bioinformatic approaches may be potentially incorporated into existing clinicopathological characterization and staging systems to improve outcomes for WHO 2/3 glioma patients. Moreover, we also found that CARS can provide evidence for immunotherapy and chemotherapy in WHO 2/3 glioma patients.



Materials and methods


Public data and sample collection

We screened 529 WHO 2/3 glioma samples from The Cancer Genome Atlas (TCGA) and collected RNA-seq data as well as clinical information as a training cohort; similarly, we screened 159 WHO 2/3 glioma samples from the Chinese Glioma Genome Atlas (CGGA) and collected RNA-seq data as well as clinical information as a validation cohort. In this study, cases with survival ≤30 days or no survival data were excluded, while cases with complete mRNA expression data and corresponding clinical information were used for subsequent analysis. In addition, 496 normal brain samples with complete RNA-seq data (including tissues from different parts of the brain, such as the cerebrum and cerebellum) were used as a tumor-free cohort. Furthermore, considering that batch effects may exist between or within different databases, we used the R package “limma” of the “normalizeBetweenArrays” function to remove multiple batch effects (7).



Clinical samples

This study was approved by the Ethics Committee of the Renmin Hospital of Wuhan University. Informed consent was obtained from all patients. A total of two normal brain tissue samples and four WHO 2/3 glioma samples (two WHO 2 samples and two WHO 3 samples) were collected between April 2018 and April 2022. None of the patients received chemotherapy or radiotherapy before surgery. The samples were used to verify the mRNA expression of survival-related independent risk factors in CARSs.



Identification of differentially expressed genes

Data from the Genotype-Tissue Expression (GTEx) and TCGA databases were merged. Differentially expressed genes (DEGs) were identified from CRGs by the R package “limma” (8). The criteria were set as a false discovery rate (FDR) less than 0.05 and an absolute value of logFC greater than 0.7.



Protein–protein interaction network analysis

A protein-protein interaction (PPI) network of ten CRGs was constructed with the STRING database. Nodes with an interaction confidence greater than 0.4 are shown. The correlation analysis of CRGs was performed by Bioladder.



Construction of risk profiles associated with cuproptosis

The “survival” R package was used to perform univariate Cox regression to assess the prognostic value of CRGs in WHO 2/3 glioma (genes with P value< 0.05 were chosen for further study). The regression coefficients of gene expression were obtained using the least absolute shrinkage and selection operator (LASSO) regression algorithm (9). The formula for calculating the risk score was as follows:

	

where n is the number of prognosis-related genes, An is the expression level of prognosis-related genes, and kn is the regression coefficient of prognosis-related genes.



Principal component analysis

WHO 2/3 glioma samples were divided into high- and low-risk groups based on the median of the calculated risk scores. Principal component analysis (PCA) was used to investigate between-group differences.



Prognostic analysis of the cuproptosis-associated risk signature

The prognostic value of CARSs in WHO 2/3 glioma was assessed by Kaplan-Meier survival analysis and Cox regression analysis in the training and validation cohorts (log-rank test P value< 0.05 was considered significant). In addition, a receiver operating characteristic (ROC) curve was derived for CARSs and other clinical risk factors to predict 1-year overall survival (OS) in WHO 2/3 glioma patients, and the area under the curve (AUC) was calculated from the ROC curve.



Clinicopathological relevance of the cuproptosis-related risk signature

In the training and validation cohorts, patients were divided into high-risk and low-risk groups. We performed differential analysis of risk scores for five clinicopathological features, including WHO grade, IDH mutation, 1p19q codeletion, age, and gender, using the chi-square test. P values< 0.05 were considered significant.



Tumor-infiltrating immune cells profiles

The abundance of immune cells in the low-risk group and high-risk group was estimated by the TIMER and Xcell databases, respectively. The Wilcoxon test investigated the association between tumor-infiltrating immune cells and risk scores in the TCGA and CGGA cohorts (p< 0.05 was considered significant).



Single-sample gene sets enrichment analysis

Single-sample GSEA was used to calculate levels of tumor-infiltrating immune cells from WHO 2/3 glioma mRNA expression data. In addition, the enrichment of 29 immune-related markers was differentially analyzed in the low-risk and high-risk groups of the TCGA cohort and the CGGA cohort (p-value< 0.05 for significance). Furthermore, considering the importance of immune checkpoint molecules in cancer immunity, we subsequently analyzed their differential expression levels in low-risk and high-risk groups.



Immunohistochemistry

Paraffin sections were prepared from WHO 2/3 glioma tissues acquired from patients. Afterward, they were deparaffinized and incubated with the primary antibody (Proteintech™) and then the secondary antibody (Proteintech™). Finally, the slides were stained, and images were captured with an Olympus BX40 microscope (Tokyo, Japan).




Results


Altered expression of cuproptosis-related genes in WHO 2/3 glioma

By differential analysis of ten CRGs in the training cohort, we screened eight DEGs: FDX1, PDHB, GLS, CDKN2A, DLAT, DLD, LIPT, and MTF1 (Figures 1A, B). The up- and downregulated CRGs and corresponding logFC values are shown in Supplementary Table 1. Furthermore, we found that there was a strong correlation between the expression of CRGs by Spearman correlation analysis (Figure 1C). The most correlated genes were DLAT and DLD. In addition, PPI network analysis also confirmed a strong expression correlation between CRGs (Figure 1D).




Figure 1 | Genomic characterization of CRGs. (A) Heatmap of CRG expression in normal brain tissues and WHO 2/3 glioma tissues. (B) Violin plots of CRG expression in normal brain tissues and WHO 2/3 glioma tissues. **** P < 0.0001; ns, not significant. (C) Correlation plot of CRGs; green represents a positive correlation, yellow represents a negative correlation, and shades of color represent the degree of correlation. (D) PPI network of CRGs in the STRING database.





Construction and verification of cuproptosis-associated risk signatures

A total of five prognosis-related genes (P< 0.05) were identified from the ten CRGs by univariate Cox regression analysis for further LASSO regression analysis (Figure 2A). The optimal prognostic model included five signature genes: FDX1, DLD, DLAT, MTF1, and CDKN2A. The five signature genes and their corresponding regression coefficients are listed in Supplementary Table 2. Then, the risk score of each patient was calculated based on the mRNA expression level of each risk gene and the corresponding coefficient. We noticed that the low-risk and high-risk groups could be effectively distinguished by PCA (Figures 2B, D). Kaplan-Meier survival analysis performed in the training and validation cohorts also showed that the low-risk group survived significantly longer than the high-risk group (Figures 2C, E). In addition, we plotted the distribution of risk gene expression, risk score, and survival status in the TCGA and CGGA cohorts (Figures 2F–K). Finally, we found by gene set enrichment analysis (GSEA) that cell adhesion, leukocyte transendothelial migration and toll like receptor signaling pathway were significantly activated in WHO 2/3 glioma tissues (Supplementary Figure 1). All the results demonstrated that the novel CARS-based risk scoring model could effectively predict the prognosis of WHO 2/3 glioma patients.




Figure 2 | Construction of a five-gene CARS. (A) Forest plot for survival analysis of WHO 2/3 glioma patients using univariate Cox regression analysis in the TCGA cohort. (B) PCA of WHO 2/3 glioma samples in the TCGA cohort. (C) Overall survival analysis of WHO 2/3 glioma patient risk scores in the TCGA cohort. ** P < 0.01. (D) PCA of WHO 2/3 glioma patients in the CGGA cohort. (E) Survival analysis of WHO 2/3 glioma patients in the CGGA cohort. ** P < 0.01. (F–H) Distribution of risk scores, survival times and gene expression in WHO 2/3 glioma patients in the TCGA cohort. (I-K) Distribution of risk scores, survival times, and gene expression in WHO 2/3 glioma patients in the CGGA cohort.





Risk score may be an independent factor for overall survival prognosis in patients with WHO 2/3 glioma

To demonstrate the significance of CARSs in independently predicting patient outcomes, we performed univariate and multivariate Cox regression analyses. In the TCGA cohort, the risk score was found to be a possible independent risk factor for predicting patient OS (HR: 2.176, p< 0.001) (Figures 3A, B). The CARS-based risk score had a larger area under the ROC compared to other clinical prognostic factors (WHO grade, age, 1p19q codeletion status and gender) (Figure 3C). The AUC for the risk score of 1-year OS in patients in the TCGA cohort was 0.774. The same conclusion was drawn in the CGGA cohort, with an HR of 1.899 for the risk score in multivariate Cox regression analysis (P< 0.05) (Figures 3E, F). The AUC of the risk score for 1-year OS in the CGGA cohort was 0.780 (Figure 3G). Further, to predict the 1-, 2-, and 3-year survival probabilities of WHO 2/3 glioma patients in the training and validation cohorts, we plotted nomograms based on the risk score and other clinical factors (Figures 3D, H).




Figure 3 | Prognostic value of CARSs. (A) Forest plot of univariate Cox regression analysis evaluating the prognostic value of risk scores and clinical factors in the TCGA cohort. (B) Forest plot of multivariate Cox regression analysis assessing the prognostic value of risk scores and clinical factors in the TCGA cohort. (C) ROC curves of risk scores and clinical factors in TCGA for predicting 1-year OS. (D) The nomogram based on the risk score and other clinical factors in the training cohort. (E) Forest plot of univariate Cox regression analysis evaluating the prognostic value of risk scores and clinical factors in the CGGA cohort. (F) Forest plot of multivariate Cox regression analysis assessing the prognostic value of risk scores and clinical factors in the CGGA cohort. (G) ROC curves of risk scores and clinical factors in CGGA for predicting 1-year OS. (H) The nomogram based on the risk score and other clinical factors in the validation cohort.





Relationship of cuproptosis-associated risk signatures with clinicopathological features

A total of 452 cases in the training cohort and 345 cases in the validation cohort with sufficient data on age, gender, WHO class, IDH mutation status, and 1p19q codeletion status were screened to explore the relationship of CARSs with clinicopathological features. We found that CARS-based risk scores were significantly associated with IDH mutation status and 1p19q codeletion status in the TCGA cohort and with IDH mutation status in the CGGA cohort (Figures 4A, B). Specifically, in the TCGA cohort, samples with IDH wild-type or 1p19q noncodeletion had higher risk scores (Figures 4D, E); in the TCGA cohort, only samples with IDH wild-type had higher risk scores (Figures 4H, I). There was no significant association between the risk score and WHO class or gender in either the TCGA or CGGA cohorts (Figures 4C, F, G, J). Therefore, we speculated that the risk score was significantly associated with IDH mutations in WHO 2/3 glioma and possibly with 1p19q codeletion status.




Figure 4 | Associations between risk scores and clinicopathological factors. (A) Heatmap of the correlation between risk scores and clinicopathological features in the TCGA cohort. (B) Heatmap of the correlation between risk scores and clinicopathological features in the CGGA cohort. (C–F) Violin plot of the distribution of risk scores in patients stratified by WHO class, IDH status, 1p/19q codeletion status, and gender in the TCGA cohort. **** P < 0.0001; ns, not significant. (G–J) Violin plot of the distribution of risk scores in patients stratified by WHO class, IDH status, 1p/19q codeletion status, and gender in the CGGA cohort. * P < 0.05; ns, not significant.





Validation of independent risk factors in cuproptosis-associated risk signatures

In the previous survival analysis, we identified two independent risk factors in CARSs by multivariate regression analysis: FDX1 and CDKN2A. We found that both FDX1 and CDKN2A were highly expressed in WHO 2/3 glioma tissue samples compared to normal brain tissue by immunohistochemistry (Figures 5A, B). In addition, by analyzing TCGA cohort mRNA expression data, we also found that FDX1 and CDKN2A were upregulated in WHO 2/3 glioma tissues (Figures 5C, D). Furthermore, we investigated the prognostic value of FDX1 and CDKN2A. Studies in the TCGA and CGGA cohorts showed that patients with low FDX1 expression had a longer prognosis (Figures 5E, G), while patients with high CDKN2A expression had a longer prognosis (Figures 5F, H).




Figure 5 | Validation of the prognostic value and expression of independent risk factors associated with prognosis in CARSs. The expression levels of CDKN2A (A) and FDX1 (B) in normal brain tissue and WHO 2/3 glioma tissue were investigated by immunohistochemistry. Scale bar, 100 μm. The expression levels of FDX1 (C) and CDKN2A (D) in normal brain tissue and WHO 2/3 glioma tissue were investigated in the TCGA cohort. **** P < 0.0001. (E, F) FDX1 and CDKN2A survival analysis of patients in the TCGA cohort. * P < 0.05; ** P < 0.01. (G, H) FDX1 and CDKN2A survival analysis of patients in the CGGA cohort. *** P < 0.001; **** P < 0.0001.





The immune infiltration characteristics of the risk score

We studied the relative proportions of 6 types of immune cells based on the “TIMER” algorithm, and the results of differential analysis between low-risk and high-risk groups were shown in violin plots (Figures 6A, B). The abundance of B cells, dendritic cells, macrophages, neutrophils and CD8+ T cells in the high-risk group was significantly higher than that in the low-risk group (Figures 6C, D).




Figure 6 | Correlation between CARS and tumor-infiltrating immune cells calculated by TIMER. Heatmap of tumor-infiltrating immune cells among low- and high-risk groups in TCGA (A) and CGGA (B) cohorts. Difference analysis of tumor-infiltrating immune cells, immune scores, and stromal scores in the TCGA cohort (C) and the CGGA cohort (D). ns, not significant; * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001.



In addition, we quantitatively assessed the activity and abundance of immune cells based on the ssGSEA score. Samples with higher ssGSEA scores predicted a greater proportion of infiltrating immune cells and activity of immune-related pathways. For most immune cell types, samples in the high-risk group predicted higher ssGSEA scores, as shown in heatmaps (Figures 7A, B) and boxplots (Figures 7C, D). We found that patients with higher risk scores tended to have higher proportions of tumor-infiltrating immune cells (M2 macrophages and Tregs) and more active immune-related pathways. We also drawn the same conclusion with the “Xcell” algorithm, as shown in Supplementary Figure 2.




Figure 7 | Single sample gene sets enrichment analysis (ssGSEA) of immune hallmarks. Heatmap of ssGSEA scores among low- and high-risk groups in TCGA (A) and CGGA (B) cohorts. Difference analysis of tumor-infiltrating immune cells, immune scores, and stromal scores in the TCGA cohort (C) and the CGGA cohort (D). ns, not significant; * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001.





Associations between risk scores and immune checkpoint molecules

Considering the importance of immune checkpoint molecules in anticancer immunity, we investigated their expression levels in different risk groups. 5 immunosuppressor-related genes (Figures 8A, C, E, G) and 14 immune stimulator-related genes (Figures 8B, D, F, H) were differentially expressed in different risk groups. Therefore, the risk score can predict the expression level of immune checkpoint molecules and is regarded as a potential immunotherapy biomarker.




Figure 8 | Association between CARS and immune checkpoint molecules. Heatmap (A) and difference analysis (C) of immunoinhibitor related molecules among low- and high-risk groups in TCGA cohorts. Heatmap (B) and difference analysis (D) of immunostimulator related molecules among low- and high-risk groups in TCGA cohorts. Heatmap (E) and difference analysis (G) of immunoinhibitor related molecules among low- and high-risk groups in CGGA cohorts. Heatmap (F) and difference analysis (H) of immunostimulator related molecules among low- and high-risk groups in CGGA cohorts. ns, not significant; * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001.





Associations between risk scores and drug sensitivity

Using the GDSC and CTRP databases, we summarized the correlation between risk scores and drug sensitivity in pan-cancer, and the 30 drugs with the strongest correlations have been listed (Figures 9A, B) (10). Further, we analyzed the association between risk scores and responsiveness of non-tumor drugs through the PRISM database (11) (Figure 9C). The results showed that six drugs, including toloxatone, dalfampridine, XL647, AMG-232, idasanutlin, and CGM097, had the strongest correlations with risk scores.




Figure 9 | The relationship between risk scores and drug sensitivity. (A) The relationship between risk scores and drug sensitivity in CTRP database. (B) The relationship between risk scores and drug sensitivity in GDSC adtabase. (C) The relationship between risk scores and drug sensitivity in PRISM database.






Discussion

The TCA cycle is a common metabolic pathway for energy production in living organisms. Conventional wisdom holds that cancer cells bypass the TCA cycle and primarily utilize aerobic glycolysis. However, emerging evidence suggests that cancer cells with dysregulated expression of oncogenes and tumor suppressor genes rely heavily on the TCA cycle for energy production and synthesis of macromolecules (12). Inhibition of the TCA cycle is an important mechanism in tumorigenesis (13). In addition, studies have found active TCA cycles in glioma cells, which are characterized by feeding biosynthetic pathways (14). Therefore, we speculate that the TCA cycle is an important target for the treatment of glioma. Recently, cuproptosis was discovered as a novel programmed cell death pathway (4). Excess intracellular copper binds directly to the fatty acylated component of the TCA cycle, resulting in fatty acylated protein aggregation and subsequent loss of iron-sulfur cluster proteins, which in turn leads to proteotoxic stress and ultimately cell death. Ten CRGs were identified in this study. We started with the genome associated with cuproptosis and explored the expression and association of these genes in WHO 2/3 glioma. Then, five-gene CARSs were constructed and identified as novel prognostic biomarkers in WHO 2/3 glioma by internal and external validation.

In addition, we explored the relationship between risk scores and clinicopathological features. Furthermore, immunohistochemical staining of clinal WHO 2/3 glioma tissue confirmed the expression of independent risk genes associated with prognosis in CARSs; the expression of these genes was also verified with the data from the TCGA cohort.

Most of the genes associated with cuproptosis were differentially expressed in normal brain and WHO 2/3 glioma tissues. In this study, we constructed and validated CARSs of five genes. We found that risk signatures were more accurate in their prognostic predictive values than other clinically independent prognostic factors, which may provide effective individual mortality risk prediction and risk stratification for WHO 2/3 glioma patients. Risk scores did not show significant relationships with the WHO glioma grade, suggesting that risk characteristics may be unrelated to the degree of malignancy. However, IDH types and 1p/19q codeletion status in tumors can be distinguished by risk scores; IDH wild-type and 1p19q noncodeletion are often associated with resistance to conventional radiotherapy or chemotherapy in glioma patients and are important factors for poor prognosis in WHO 2/3 glioma (15, 16). Therefore, WHO 2/3 glioma patients with higher risk scores may be less sensitive to radiation or chemotherapy.

Due to the high heterogeneity of glioma, a single differentially expressed gene is usually not an effective biomarker for WHO 2/3 glioma patients, while a clinical prognostic model constructed by multiple DEGs can be better used for clinical applications and provide a reference for the treatment decisions of WHO 2/3 glioma patients (17).

Evasion of immune surveillance is one of the important mechanisms of tumorigenesis. It has been found that the induction of an immunosuppressive tumor microenvironment is mainly attributable to M2 macrophages (18). Further, excessive infiltration of M2 macrophages and Treg cells was associated with reduced overall survival. In this study, we found that higher risk scores predict higher M2-type macrophage and Treg cell infiltration, which may be a potential immunological explanation for poor prognosis. Further, we explored the relationship between risk scores and immune checkpoint molecules and chemotherapeutic drug resistance, which may provide references for subsequent immunotherapy and chemotherapy.

No previous study has investigated the correlation between CRGs and glioma development. Surprisingly, most CRGs were differentially expressed between tumor and normal tissues and were significantly associated with overall survival, suggesting a potential role of cuproptosis in the prognosis of WHO 2/3 glioma patients. There is evidence that copper ions can inhibit the activity of glioma cells, and the main mechanism is to promote the oxidation of proteins (19). However, our further study identified FDX1 and CDKN2A as independent prognostic factors, which was consistent with the existing findings (20). In addition to this, we also investigated the association of CARS with tumor immune infiltration. We found that higher risk scores corresponded to higher M2-type macrophage and Treg cell infiltration. This suggests that patients in the high-risk group may be potential beneficiaries of clinical tumor immunotherapy.

In this study, a novel prognostic biomarker based on CRGs constructed in WHO 2/3 glioma can effectively distinguish the IDH type and 1p/19q codeletion status and predict the effect of radiotherapy or chemotherapy on patients. However, it should be noted that the current research on glioma-related clinical prognostic models is in the development stage, and cuproptosis-based novel prognostic biomarkers still require further multicenter, prospective and randomized studies.



Conclusion

To predict overall survival in WHO 2/3 glioma patients, we selected 5 CARSs from 10 CRGs. A clinical prognostic model based on CARSs was constructed and validated. The clinical prognostic model is expected to provide a reference for the treatment and prognosis evaluation of WHO 2/3 glioma patients.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material



Ethics statement

The studies involving human participants were reviewed and approved by Ethics Committee of the Renmin Hospital of Wuhan University. The patients/participants provided their written informed consent to participate in this study.



Author contributions

ZY: Conceptualization, Investigation, Writing - Original Draft; SZ: Methodology, Visualization, Writing - Review and Editing; JC: Investigation, Data Curation; LY: Investigation, Validation; LG: Methodology, Visualization; YXW: Data Curation, Visualization; ST: Resources, Investigation; QS: Validation, Data Curation; YW: Visualization, Resources; XX: Writing - Review and Editing, Supervision, Project administration, Funding acquisition; QC: Writing - Review and Editing, Supervision, Project administration, Funding acquisition. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Natural Science Foundation of China (nos. 82001385, 81572489), the Natural Science Foundation of Hubei Province (nos. 2020CFB638) and the Science and Technology Application Project of Wuhan (nos. 2020020601012248).



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2022.967159/full#supplementary-material

Supplementary Table 1 | List of the up- and downregulated CRGs and their corresponding logFC values.

Supplementary Table 2 | List of the five cuproptosis-associated risk signature genes and their corresponding regression coefficients.

Supplementary Figure 1 | Gene Set Enrichment Analysis (GSEA) of CARS.

Supplementary Figure 2 | Correlation between CARS and tumor-infiltrating immune cells calculated by Xcell. Heatmap of tumor-infiltrating immune cells among low- and high-risk groups in TCGA (A) and CGGA (B) cohorts. Difference analysis of tumor-infiltrating immune cells, immune scores, and stromal scores in the TCGA cohort (C) and the CGGA cohort (D). ns, not significant; * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001.



References

1. Cavaliere, R, Lopes, MB, and Schiff, D. Low-grade gliomas: an update on pathology and therapy. Lancet Neurol (2005) 4(11):760–70. doi: 10.1016/S1474-4422(05)70222-2

2. Jakola, AS, Skjulsvik, AJ, Myrmel, KS, Sjåvik, K, Unsgård, G, Torp, SH, et al. Surgical resection versus watchful waiting in low-grade gliomas. Ann Oncol Off J Eur Soc Med Oncol (2017) 28(8):1942–8. doi: 10.1093/annonc/mdx230

3. Oldrini, B, Vaquero-Siguero, N, Mu, Q, Kroon, P, Zhang, Y, Galán-Ganga, M, et al. MGMT genomic rearrangements contribute to chemotherapy resistance in gliomas. Nat Commun (2020) 11(1):3883. doi: 10.1038/s41467-020-17717-0

4. Tsvetkov, P, Coy, S, Petrova, B, Dreishpoon, M, Verma, A, Abdusamad, M, et al. Copper induces cell death by targeting lipoylated TCA cycle proteins. Science (2022) 375(6586):1254–61. doi: 10.1126/science.abf0529

5. Li, SR, Bu, LL, and Cai, L. Cuproptosis: lipoylated TCA cycle proteins-mediated novel cell death pathway. Signal transduct target Ther (2022) 7(1):158. doi: 10.1038/s41392-022-01014-x

6. Feng, S, and Liu, Y. Metabolomics of glioma. Adv Exp Med Biol (2021) 1280:261–76. doi: 10.1007/978-3-030-51652-9_18

7. Bolstad, BM, Irizarry, RA, Astrand, M, and Speed, TP. A comparison of normalization methods for high density oligonucleotide array data based on variance and bias. Bioinformatics (2003) 19(2):185–93. doi: 10.1093/bioinformatics/19.2.185

8. Ritchie, ME, Phipson, B, Wu, D, Hu, Y, Law, CW, Shi, W, et al. Limma powers differential expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res (2015) 43(7):e47. doi: 10.1093/nar/gkv007

9. Miller, G. Brain cancer. a viral link to glioblastoma? Science (2009) 323(5910):30–1. doi: 10.1126/science.323.5910.30

10. Liu, CJ, Hu, FF, Xia, MX, Han, L, Zhang, Q, and Guo, AY. GSCALite: a web server for gene set cancer analysis. Bioinformatics (2018) 34(21):3771–2. doi: 10.1093/bioinformatics/bty411

11. Corsello, SM, Nagari, RT, Spangler, RD, Rossen, J, Kocak, M, Bryan, JG, et al. Discovering the anti-cancer potential of non-oncology drugs by systematic viability profiling. Nat Cancer (2020) 1(2):235–48. doi: 10.1038/s43018-019-0018-6

12. Anderson, NM, Mucka, P, Kern, JG, and Feng, H. The emerging role and targetability of the TCA cycle in cancer metabolism. Protein Cell (2018) 9(2):216–37. doi: 10.1007/s13238-017-0451-1

13. Scagliola, A, Mainini, F, and Cardaci, S. The tricarboxylic acid cycle at the crossroad between cancer and immunity. Antioxid Redox Signaling (2020) 32(12):834–52. doi: 10.1089/ars.2019.7974

14. DeBerardinis, RJ, Mancuso, A, Daikhin, E, Nissim, I, Yudkoff, M, Wehrli, S, et al. Beyond aerobic glycolysis: transformed cells can engage in glutamine metabolism that exceeds the requirement for protein and nucleotide synthesis. Proc Natl Acad Sci United States America (2007) 104(49):19345–50. doi: 10.1073/pnas.0709747104

15. Eckel-Passow, JE, Lachance, DH, Molinaro, AM, Walsh, KM, Decker, PA, Sicotte, H, et al. Glioma groups based on 1p/19q, IDH, and TERT promoter mutations in tumors. New Engl J Med (2015) 372(26):2499–508. doi: 10.1056/NEJMoa1407279

16. Lin, W, Qiu, X, Sun, P, Ye, Y, Huang, Q, Kong, L, et al. Association of IDH mutation and 1p19q co-deletion with tumor immune microenvironment in lower-grade glioma. Mol Ther oncolytic (2021) 21:288–302. doi: 10.1016/j.omto.2021.04.010

17. Nicholson, JG, and Fine, HA. Diffuse glioma heterogeneity and its therapeutic implications. Cancer Discovery (2021) 11(3):575–90. doi: 10.1158/2159-8290.CD-20-1474

18. Prados, MD, Chang, SM, Butowski, N, DeBoer, R, Parvataneni, R, Carliner, H, et al. Phase II study of erlotinib plus temozolomide during and after radiation therapy in patients with newly diagnosed glioblastoma multiforme or gliosarcoma. J Clin Oncol Off J Am Soc Clin Oncol (2009) 27(4):579–84. doi: 10.1200/JCO.2008.18.9639

19. Merker, K, Hapke, D, Reckzeh, K, Schmidt, H, Lochs, H, and Grune, T. Copper related toxic effects on cellular protein metabolism in human astrocytes. BioFactors (2005) 24(1-4):255–61. doi: 10.1002/biof.5520240130

20. 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-oncology (2018) 20(1):66–77. doi: 10.1093/neuonc/nox132



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 Ye, Zhang, Cai, Ye, Gao, Wang, Tong, Sun, Wu, Xiong and Chen. 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.











	
	TYPE Review
PUBLISHED 14 September 2022
DOI 10.3389/fmed.2022.966458






Development of immunotherapy for high-grade gliomas: Overcoming the immunosuppressive tumor microenvironment

Andrea Franson1, Brandon L. McClellan2,3,4, Maria Luisa Varela2, Andrea Comba2, Mohammad Faisal Syed2, Kaushik Banerjee2, Ziwen Zhu2, Nazareno Gonzalez5, Marianela Candolfi5, Pedro Lowenstein2,3,6,7 and Maria Graciela Castro2,3,7*


1Division of Pediatric Hematology/Oncology, Department of Pediatrics, University of Michigan Medical School, Ann Arbor, MI, United States

2Department of Neurosurgery, University of Michigan Medical School, Ann Arbor, MI, United States

3Department of Cell and Developmental Biology, University of Michigan Medical School, Ann Arbor, MI, United States

4Immunology Graduate Program, University of Michigan Medical School, Ann Arbor, MI, United States

5Instituto de Investigaciones Biomédicas (INBIOMED, UBA-CONICET), Facultad de Medicina, Universidad de Buenos Aires, Buenos Aires, Argentina

6Department of Biomedical Engineering, University of Michigan Medical School, Ann Arbor, MI, United States

7Biosciences Initiative in Brain Cancer, Biointerface Institute, University of Michigan, Ann Arbor, MI, United States

[image: image2]

OPEN ACCESS

EDITED BY
Enrico Franceschi, IRCCS Institute of Neurological Sciences of Bologna (ISNB), Italy

REVIEWED BY
Amy Heimberger, Northwestern University, United States
 Joseph Charles Glorioso, University of Pittsburgh, United States

*CORRESPONDENCE
 Maria Graciela Castro, mariacas@med.umich.edu

SPECIALTY SECTION
 This article was submitted to Pathology, a section of the journal Frontiers in Medicine

RECEIVED 10 June 2022
 ACCEPTED 22 August 2022
 PUBLISHED 14 September 2022

CITATION
 Franson A, McClellan BL, Varela ML, Comba A, Syed MF, Banerjee K, Zhu Z, Gonzalez N, Candolfi M, Lowenstein P and Castro MG (2022) Development of immunotherapy for high-grade gliomas: Overcoming the immunosuppressive tumor microenvironment. Front. Med. 9:966458. doi: 10.3389/fmed.2022.966458

COPYRIGHT
 © 2022 Franson, McClellan, Varela, Comba, Syed, Banerjee, Zhu, Gonzalez, Candolfi, Lowenstein and Castro. 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.



The preclinical and clinical development of novel immunotherapies for the treatment of central nervous system (CNS) tumors is advancing at a rapid pace. High-grade gliomas (HGG) are aggressive tumors with poor prognoses in both adult and pediatric patients, and innovative and effective therapies are greatly needed. The use of cytotoxic chemotherapies has marginally improved survival in some HGG patient populations. Although several challenges exist for the successful development of immunotherapies for CNS tumors, recent insights into the genetic alterations that define the pathogenesis of HGG and their direct effects on the tumor microenvironment (TME) may allow for a more refined and targeted therapeutic approach. This review will focus on the TME in HGG, the genetic drivers frequently found in these tumors and their effect on the TME, the development of immunotherapy for HGG, and the practical challenges in clinical trials employing immunotherapy for HGG. Herein, we will discuss broadly the TME and immunotherapy development in HGG, with a specific focus on glioblastoma multiforme (GBM) as well as additional discussion in the context of the pediatric HGG diagnoses of diffuse midline glioma (DMG) and diffuse hemispheric glioma (DHG).
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Introduction

Despite substantial advances in the treatment of several types of cancer in both adult and pediatric patients in recent decades, the standard treatment of high-grade glioma (HGG) remains unchanged with up-front surgical resection followed by radiation therapy (+/- concurrent chemotherapy) and outcomes remain very poor (1, 2). The successful development of immunotherapies for the treatment of select hematologic malignancies and solid tumors with CAR T cells and immune checkpoint blockade, for example, has led to rapid-pace growth in the field of anti-cancer immunotherapy. The development immunotherapies in the treatment of many solid tumors, HGG included, has been limited by several factors, most notably the anti-inflammatory tumor microenvironment (TME) that is frequently found in the peri- and intratumoral immune cellular milieu (3, 4). This pro-tumor and anti-inflammatory TME is influenced by many factors, including the specific tumor subtype, the genetic aberrations found within the tumor, and the host immune system. Additional considerations in immunotherapy development in the treatment of tumors of the brain/spine include the ability of therapy to cross the blood-brain barrier (BBB) or the use of a local delivery method to bypass the BBB (5). Immunotherapies currently in development are mechanistically diverse, and each therapeutic approach involves complexities in preclinical and clinical study design that must be carefully considered for rigorous data to result. As more of these therapies are transitioned into clinical trials in pediatric and adult patients, a deep understanding of the expected local and systemic immunologic effects is essential to an appropriate trial design and incorporation of the appropriate bio-correlative studies. Successful clinical development of immunotherapies for HGG is likely to require a multi-institutional, consortia-based approach, with collaborations between academia and pharmaceutical companies. Here, we review in depth the TME in HGG, the various drivers of the TME in HGG, a current review of various immunotherapeutic approaches, and some of the challenges to successful immunotherapy development.



Tumor microenvironment in high-grade glioma


Myeloid derived suppressor cells (MDSCs)

High grade gliomas are heterogeneous tumors, with a complex composition of both malignant and non-malignant cells. The majority of HGG-infiltrating cells are macrophages, microglia, and dendritic cells (DCs), with non-tumor cells make up ~50% of HGG total tumor mass (6). The tumor microenvironment (TME) is composed primarily of myeloid cells, including DCs, neutrophils, tumor-associated macrophages (TAMs), and myeloid-derived suppressor cells (MDSCs) (7).

MDSCs are found extensively in the HGG TME (8, 9), and they are an heterogeneous population of immature myeloid cells (10). MDSCs are dominant intratumoral immunosuppressive cells and have been found to directly interfere with the efficacy of immunotherapy (11). Two distinct subpopulations of MDSCs have been described, polymorphonuclear (PMN-MDSC) and monocytic cells (M-MDSC), with PMN-MDSCs being the more abundant in several tumors, including glioma (12–14). Patients with HGG have elevated levels of circulating MDSCs, with high levels of PMN-MDSCs that continue to expand during glioma progression and negatively correlate with patient survival (15, 16).

MDSCs block an anti-tumor response by the immune system by suppressing effector T cells and inducing Tregs (8, 17). MDSCs can produce arginase (Arg I), reducing the amount of L-arginine available for T cells and necessary for their normal function. MDSCs can also secrete nitric oxide (NO) leading to the production of reactive oxygen species (ROS), which themselves are capable of inducing T cell suppression. Additionally, MDSCs can express PD-L1, resulting in the upregulation of PD-1/PD-L1-mediated immunosuppression (18, 19). The production of Arg I and NO is the primary immunosuppressive mechanism of M-MDSCs, whereas the production of ROS is the primary mechanism by which PMN-MDSCs act on effector T cells (20). Gliomas produces cytokines that can recruit MDSCs (i.e. CCL2, CXCL8, SDF-1, CXCL2), as well as cytokines that induce MDSCs expansion (i.e., IL-6, PGE2, IL-10, GM-CSF) (21). Additionally, the TME of HGG is generally hypoxic, leading to upregulation of vascular endothelial growth factor (VEGF) and hypoxia-inducible factor-1 alpha (HIF1a) and therefore enhanced migration of MDSCs to the tumor (22). The STAT3 pathway is often constitutively active in HGGs, and STAT3 activation induces the secretion of immunosuppressive cytokines, suppressing T cell expansion and promoting Tregs recruitment, and promotes tumor angiogenesis (23, 24).

Temozolomide (TMZ) is the most used cytotoxic chemotherapy for the treatment of HGG. Treatment with TMZ in preclinical models leads to an increased production of HIF-1a and VEGF that stimulates the expansion of MDSCs (25). Possible therapeutic approaches to target the immunosuppressive activity of MDSCs include the inhibition of COX2 to reduce MDSCs recruitment and reduce Arg I expression (26) and blocking CSF-1, CXCL2, or CXCL12 to inhibit trafficking of MDSCs to the tumor (20).



Glioma-associated macrophages and microglia (GAMs)

The immune suppressive TME is a hallmark of GBM (27). The glioma TME includes several non-neoplastic cell populations, and within them, the glioma-associated macrophages and microglia cells (GAMs) make up more than 30% of tumor mass (28). GAMs contribute to the immunosuppressive TME milieu, and as a result, they represent an attractive therapeutic target to overcome resistance to anti-tumor therapy (29). Microglia and macrophages have different ontological origin and differentiating these cell types within the tumor microenvironment is difficult (30). Microglia cells are the resident macrophages of the brain, originated from progenitor cells in the yolk sac that migrate to the brain during embryo development (31, 32). In contrast, macrophages are myeloid immune cells derived from circulating monocytes that infiltrate the tumor (33). Although, microglia/macrophages participate in the normal brain immune surveillance and tissue homeostasis, their phagocytic and pro-inflammatory role is altered during the progression of gliomas. Instead, they promote tumor proliferation, increase tumor cell migration, and support immune suppression (34).

Several paracrine signals secreted by glioma cells lead to the recruitment of GAMs to the tumor and drive them into a pro-tumorigenic state (34). As a result, GAMs represent potential targets to reprogram the tumor microenvironment and impair tumor malignancy.

Recent studies indicate the role of macrophages in inducing glioma mesenchymal-like states through stimulation of Oncostatin-M (OSM) and its receptor OSMR, resulting in STAT3 activation (35). Additionally, another recent study shows that COL1A1 inhibition in glioma cells decreased CD68+ and IBA1+ macrophages/microglia within the tumor, decreased mesenchymal transformation, and inhibited tumor growth (36).

Glioma-derived cytokines such as the colony stimulating factor 1 and 2 (CSF1/2) stimulate infiltration of GAMs and promote an M2 anti-inflammatory, pro-tumoral phenotype (37). In this context, blocking its receptor, CSF1R, led to impaired recruitment of GAMs and reduced tumor invasion (38). Inhibitors such as RG7155, BLZ945 and, PLX339 have been used to block CSFR1 in clinical trials, however results are inconclusive and require further interrogation (39). It has been shown that the inhibition of CXCL12/CXCR4 signaling pathway, in combination with radiotherapy, decreased myeloid cells' infiltration; delayed tumor progression and ultimately led to anti-glioma immunological memory (40).

Recently, it has been demonstrated that CD47 overexpression in glioma cells helps tumor cells to escape phagocytosis and correlates with decreased overall survival (41). CD47 is a ligand of the SIRPα receptor expressed in macrophages. Therapeutic inhibition of CD47 using specific antibodies in preclinical orthotopic models of solid tumors, including GBM, showed a decrease in tumor growth increasing animal survival (42). A latest clinical trial using 5F9, a CD47 inhibitor, in combination with other anticancer therapy showed promising results in solid tumors (43). Moreover, the interaction of overexpressed sialic acid within glioma cells and the SIGLEC (sialic acid-binding immunoglobulin-like lectin) receptors in macrophages was identified as a negative regulatory mechanism of phagocytosis. Antibody ablation and genetic inhibition of one of the SIGLEC family members (SIGLEC15) increased antitumor immune response and reduced tumor progression in preclinical mouse glioma models (44).

The reprograming of GAMs appears to be a promising approach to inhibit glioma progression. However, due to the inherent heterogeneity of HGGs, it is plausible that single modulation of GAMs activity and infiltration will not be sufficient by itself. Thus, integrative approaches to target GAMs in combination with other immunotherapies such as CAR T cells, checkpoint inhibitors, or vaccine treatments needs to be further evaluated.



T cell infiltration and dysfunction in high-grade glioma

Poor anti-tumor T cell response is a hallmark of HGG (45). The most notable causes for this hampered T cell response are low T cell infiltration and TME-induced T cell dysfunction (46). Low numbers of antigen presenting cells (APCs), the presence of the blood-brain barrier (BBB), and the immunosuppressive microenvironment all contribute to the poor anti-tumor T cell activity (47, 48). Under typical inflammatory conditions, APCs such as DCs take up antigens, migrate to the draining lymph nodes, and present the antigens and costimulatory signals to T cells. The combination of antigen and costimulatory signals with T cell receptors (TCRs) that recognize and bind to the antigen results in T cell activation and proliferation. These T cells migrate to the original location and activate targeting of the antigen expressing cell (49). In the case of glioma-mediated brain inflammation; the paucity of APCs present in the brain parenchyma, and the immunosuppressive TME (50, 51) limit the ability of APCs to take up tumor antigens, traffic to the draining lymph nodes and stimulate efficient activation of T cells (52). Cytokines in the HGG TME, such as TGF-B and IL-10, also inhibit DCs activation and drive DCs polarization to an anti-inflammatory phenotype with low costimulatory molecule expression (51, 53). Thus, as the tumor develops and produces cancer-specific antigens, the APCs in the TME have a limited ability to activate and recruit T cells due to their limited number and the immunosuppressive environment.

Although the location of HGG contributes to poor anti-tumor immunity, the immunosuppressive TME also plays a major role by activating several immunoregulatory mechanisms to induce T cell dysfunction. Along with glioma cells inducing T cell apoptosis through the expression of FasL (54), the primary mechanisms of T cell dysfunction are through the induction of T cell exhaustion and T cell tolerance. T cell exhaustion is a state of activated yet hyporesponsive, or non-responsive, T cells resulting from long-term antigen exposure under immunosuppressive conditions (55, 56). Under normal, acute inflammatory conditions, these immune checkpoints are beneficial, in that, they dampen the immune response of T cells to prevent damage to healthy tissue within the host (55). In the case of chronic infections and cancer, such as HGG, these mechanisms of immune dampening hinder the pro-inflammatory, anti-tumor immune response. Exhausted T cells are marked by “immune checkpoint” receptors including PD-1, CTLA-4, TIM3, LAG3, TIGIT, and several other newly-emerging molecules, and the binding of these receptors to their cognate ligand promotes the reduced T cell functionality (57). In general, glioma cells have been shown to promote exhaustion directly by expressing the checkpoint receptor ligands PD-L1, Galectin-9, B7-H4, B7-H3, CD155, HVEM, PD-L2, CEACAM-1, but there are differences in which ligands are expressed depending which GBM cell line is considered (58). This variation is attributed to differences in GBM cell mutational burdens (56, 59–61). PD-L1 expression, which is perhaps the most researched immune checkpoint receptor ligand, is reduced on glioma cells harboring a mutation of isocitrate dehydrogenase gene 1 (IDH1) and is increased after loss of phosphatase and tensin homolog (PTEN) (60, 62, 63). These findings suggest the need to identify additional links between HGG cell mutational burden and immune-suppressive ligands. Notably, the features and levels of T cell exhaustion correlates with the aggressiveness of the GBM (56, 58).

Like T cell exhaustion, T cell tolerance is a state of restricted T cell responses that are normally activated to prevent injurious T cell responses (64). GBM cells alter the TME to induce T cell tolerance through immunosuppressive myeloid cells (discussed above) and T regulatory cells (Tregs) (52). Tregs are a subset of CD4+ T cells, which are primarily identified by their expression of the transcription factor Foxp3. The trafficking of Tregs to the TME is mediated, at least in part, by Treg chemoattraction to GBM-derived chemokines CCL2 and CCL22 (65, 66). The GBM-secreted indoleamine 2,3-dioxygenase 1 (IDO) also supports Tregs accumulation as high IDO levels in the GBM TME are positively associated with Treg accumulation and negatively impact survival (67). Tregs limit the antitumor immune response through multiple mechanisms including: secreting the anti-inflammatory cytokines IL-10 and TGF-B, sequestration of IL-2, the cytokine necessary for T cell proliferation, converting ATP to AMP in the immunosuppressive adenosinergic pathway, inhibition of DCs by CTLA-4 expression, FasL-mediated T cell apoptosis, and expressing T cell exhaustion promoting ligands such as PD-L1 (68, 69).




Genetic drivers of high-grade glioma and tumor microenvironment


IDH mutations and effects on the TME

Isocitrate dehydrogenase (IDH) is an enzyme involved in cellular metabolism and oxidative stress responses, catalyzes the conversion of isocitrate to α-ketoglutarate (αKG). Mutations in IDH (mIDH) are common genetic lesions in HGGs (70). About 90% of IDH1 mutations occur at codon 132 of exon 4, resulting in a single amino acid change from arginine to histidine (R132H). Mutation of active site residue R132 converts αKG to 2-hydroxyglutaric acid (2-HG) (71, 72). Excessive 2-HG leads to DNA hypermethylation by inhibiting the methylcytosine dioxygenase TET2 and promotes histone hypermethylation by competitively inhibiting αKG-dependent Jumonji-C histones demethylases (73, 74). This hypermethylation results in epigenetic reprogramming of the transcriptome within mIDH1 glioma cells (75).

Multiple studies have shown that IDH mutational status affects the immunological landscape of the TME. Mutations in IDH in HGG have been associated with reduced expression of programmed death ligand 1 (PD-L1) is (due to hypermethylation of the CD274 promoter) expression and less infiltration of CD8+ T cells (62, 63, 76, 77). This reduction in T cell infiltration was a result of decreased expression of adhesion molecule ICAM1 and chemo-attractants CXCL9 and CXCL10, which together mediate the recruitment of T cells from circulation into the TME (78). The decreased T cell infiltration and consequent decreased IFN-γ levels in the TME may also play a role in reducing PD-L1 expression (77). There is also evidence that mIDH is also involved in immune evasion mechanisms through the reduction of STAT1 levels and inhibition of CD8+ T cells accumulation (77). A low proportion of CD8+ T cells is also seen in the presence of reduced chemokine expression (79). A recent study revealed a significant reduction in CD4+ T cells and Foxp3+ Tregs in mIDH glioma (80). Tregs were prevalent in tumors of astrocytic lineage, predominantly, high grade gliomas (81). In addition, mIDH1 glioma cells have been observed to have lower expression of NKG2D, a receptor that activates NK cells and CD8+ T cells and mediates cytotoxic effects on target cells. Thus, decreased NKG2D expression results in mIDH1 cells evading NK immune surveillance (82). Another study demonstrated that 2-HG can also cause elevated levels of p-NF-κB, which promote the expression of the chemokine CX3CL1 and then leads to the recruitment of more NK cells into the TME (83). Furthermore, mIDH gliomas have been shown to exhibit higher methylation of the MHC-I HLA, which reduces MHC-I expression levels in these tumors (84). MHC-I is important for NK cell-mediated lysis, as lack of HLA class I molecules or their downregulation is accompanied by upregulation of ligands that activate NK receptor recognition, thereby promoting NK cell-mediated lysis (85).

It has been reported that immune cells infiltrating mIDH gliomas have features distinguishing them from immune cells infiltrating wtIDH tumors. Interestingly, the major types of TAMs differed between mIDH and wtIDH gliomas, with mIDH TAMs consisting mainly of microglia and wtIDH gliomas mainly associated with monocyte-derived macrophage (86, 87). However, microglia also appear to be present in wtIDH glioma and are more activated than those found in mIDH glioma based on CD14 and CD64 expression (86). Friedrich et al. show that IDH-mutant gliomas educate their infiltrating macrophages toward an immunosuppressive phenotype through regulation of tryptophan metabolism (88). Nevertheless, this mutant IDH1 mouse glioma model does not harbor ATRX and TP53 inactivating mutations, thus it does not take into account the genetic context encountered in diffuse astrocytic lower grade gliomas (70). The presence of MDSCs in the HGG TME has been linked to reduced numbers of tumor-infiltrating T cells (89). Notably, recruited monocytic MDSCs may in turn differentiate into TAMs in glioma (90). Interestingly, the glioma TME-generated CCL2 mediates the recruitment of inhibitory CCR2+ monocyte MDSCs and Tregs (91), while mIDH glioma has a reduced CCL2 expression (76). When compared with wtIDH gliomas, mIDH tumors have also been shown to have fewer infiltrating neutrophils (62, 76, 84). In our recent study, we showed that granulocytes in mIDH tumors did not exhibit immunosuppressive properties compared to infiltrating granulocytes within wtIDH tumors (9). In these mice, the presence of mIDH1 reprogrammed the transcriptome of tumor cells, affecting not only immune cell infiltration but also granulocyte differentiation in the bone marrow (9). Furthermore, immunostimulatory gene therapy showed higher efficacy in mIDH1 glioma than in wtIDH1 glioma tumor-bearing mice, and this effect depended on G-CSF secreted by mIDH1 glioma stem-like cells (9).



Cytokines as possible driver of tumor immune escape

Cytokines are multi-faceted molecules in the TME that regulate neo-angiogenesis, proliferation, invasion, and immune cell infiltration. Tumor-associated cytokine dysregulation causes the immune system to fail to detect tumor cells, suppressing effective cell-mediated immunity (92). The complex cytokine network in the TME supports HGG growth by allowing crosstalk among normal brain cells, tumor cells, and immune cells (93). HGGs expresses a variety of immune-suppressive cytokines, including TGF-β, IL-10, IL-4, IL-6, and IL-13, all of which impede the anti-glioma immune response directly or indirectly (94–98). IL-33 has been demonstrated to promote glioma growth, decrease overall survival, and orchestrate the GBM microenvironment to overcome immunotherapy resistance (99). IL-6 and CSF-1 are pro-inflammatory cytokines that cause an immunosuppressive environment in GBM by suppressing T cell functions (100, 101).

Despite recent advances in cancer immunotherapy, HGG remains highly resistant to a variety of immunotherapies due, in part, to a TME that inhibits the anti-tumor immune response. The GBM microenvironment elicits T cell exhaustion, characterized by upregulation of multiple immune checkpoints and transcriptional signatures. However, T cell exhaustion cannot be reversed with immune checkpoint blockade alone, emphasizing the urgent need to identify other underlying mechanisms of glioma-induced exhaustion to develop effective immunotherapies targeting HGG (56). An additional target of immunotherapy could be TAMs, which are recruited to the glioma TME and release anti-inflammatory cytokines, such as transforming growth factor β (TGF-β) and IL-10, and pro-inflammatory cytokines including TNF-α, IL1-β and CXCL10 (28, 102). As discussed above, macrophage-derived Oncostatin-M (OSM), a member of the IL-6 family of cytokines, triggers a mesenchymal-like GBM state with enhanced cytotoxicity of T cells, altering the TME (35).

Recently, a subset of IL-10-releasing HMOX1+ myeloid cells spatially localized to mesenchymal-like tumor regions were found to drive T cell exhaustion and trigger an immunosuppressive TME (103). Additionally, these TAMs have a distinct effect throughout the entire tumor mass, where blood-derived macrophages that predominate in the center of the tumor exert immunosuppressive effects (28). In contrast, microglia derived CCL5 can augment low-grade glioma growth (104). Glioma-derived cytokines are the primary drivers of MDSC expansion in the TME. MDSCs also exert their immunosuppressive effects by differentiating into TAMs within the tumor by producing anti-inflammatory cytokines, reactive oxygen species (ROS), and nitric oxide and interfere with anti-glioma immunotherapy (8, 9, 105). Furthermore, constitutive STAT3 signaling has been linked with increased MDSCs and TAMs within the TME (106). An inhibitor of STAT3, WP1066, has been recently shown to have anti-tumor activity in histone H3 G34R-mutant HGG, a subtype of HGG most commonly occurring in teenage and young adult patients (107), and is currently being evaluated in clinical trials (NCT01904123 and NCT04334863).

An interesting strategy utilizing convection-enhanced delivery (CED) to infuse GBM cells with a recombinant form of IL-13 fused to Pseudomonas Exotoxin A (IL13-PE38QQR) was evaluated in a phase 1/2 clinical trials for the treatment of patients with recurrent malignant gliomas (NCT00041587). This study demonstrated that local administration of IL13-PE38QQR is safe (108, 109). Recently, the antibody-cytokine fusion molecule L19-TNF, when administered after systemic treatment, transports immune-stimulatory cytokines directly to tumors to evoke immune responses (110). The antibody-cytokine fusion protein is injected intravenously and accumulates in tumors, demonstrating promising effects in mice models. A phase 1/2 clinical trial to evaluate the safety and early efficacy of L19-TNF was completed in patients with metastatic solid tumors and safety objectives were achieved (111). Currently, a phase 1/2 trial with L19-TNF in patients with HGG at first relapse is ongoing (NCT03779230).



Pediatric high-grade glioma

Diffuse midline glioma (DMG) is a subtype of pediatric HGG (pHGG) and is one of the most lethal pediatric CNS tumors (1, 2). DMG arises in midline structures, such as the pons, thalamus, and spinal cord, and the median overall survival (OS) in patients with DMG remains at just 9 to 11 months despite much ongoing clinical and translational research in this area (1, 2). The understanding of the genetic and epigenetic landscape of DMGs has deepened substantially in the last decade, from the initial description of recurrent somatic mutations in the histone H3 genes (112–114) to the recent expanding cataloging of the frequently altered pathways in pHGG (1). The epigenomic rewiring that occurs as a result of histone mutations lead to significant alteration in the post-translational histone modifications that then drive differential transcriptional output (114, 115). Additionally, there is a growing list of recurrent mutations found in DMGs, such as TP53, PDGFRA, PTEN, PIKC3A, and ATRX, as well as the use of methylation profiling to prognosticate based on tumor sub-grouping (116–120). Multiple ongoing preclinical and clinical trial efforts are underway to determine if targeting these altered genes using targeted therapy leads to anti-tumor activity as monotherapy as well as in a combination approach with agents such as TKIs, PI3K inhibitors, and HDAC inhibitors, among others (121) (NCT03739372).

Another predominately pediatric subtype of HGG is histone H3 G34-mutant diffuse hemispheric glioma (DHG), though this entity is now increasingly recognized in young adult population as well (122). Patients with H3 G34-mutant DHG have a slightly better prognosis than H3K27M-mutant DMG, but long-term survival remains unlikely (123). It has been shown that the TME of these histone-mutant DHGs is less immunosuppressive than the histone wild-type tumors, with fewer MDSCs and increased T cell infiltration (124). It is postulated that this less suppressive TME in H3 G34-mutant tumors would allow for a more robust pro-inflammatory response in the presence of immunotherapy aimed to stimulate an antitumor response, and work in this area is ongoing.




Development of immunotherapies for high-grade glioma


Immune checkpoint blockade

Immune checkpoints (IC) are negative regulators of the immune system that maintain self-tolerance. These molecules are receptor-ligand pairs that following immune activation act as natural inhibitors to diminish or stop inflammation (125). However, these pathways can be activated in tumor cells, blocking immune surveillance. Thus, compounds that target IC like PD-1, PD-L1 or CTLA-4 can enhance anti-tumor immunity, allowing T cells to eliminate cancer cells more efficiently. Immune checkpoints inhibitors (ICIs) have led to increased cure rate in many aggressive solid tumors and the potential application of ICIs in HGG has been actively evaluated. Although HGGs are generally “cold tumors” due to its relatively low T cell infiltration in comparison with other tumors (126), ICI development is still may be a valid approach in gliomas, as CTLA-4, PD-1, TIM3, LAG3 and their corresponding ligands are expressed in these tumors (127).


CTLA-4

CTLA-4 is a co-inhibitory receptor present on the surface of APCs and Tregs (128) with the B7 family (B7-1 or CD80 and B7-2 or CD86) as their natural ligands. CTLA-4/B7 interaction inhibits T cell proliferation and cytokine production, such as IL-10, TGFβ, and indoleamine (129). CTLA-4 expression has been observed in HGG and is linked to a worse prognosis (130, 131). Preclinical studies have shown that antibodies that inhibit CTLA-4 produced antitumoral responses and promising results as single agents or in combination with other immune-stimulant approaches (132). Thus, the preclinical properties of ipilimumab and tremelimumab (fully humanized anti-CTLA-4 antibodies) led to their transition into clinical trials (133, 134). Specifically within the HGG population, a sub-analysis of the large CheckMate 143, a phase 1 clinical trial of nivolumab (anti-PD-1) alone or in combination with ipilimumab, revealed that in a recurrent GBM population, no differences in overall survival were seen with monotherapy vs. combination therapy, but higher toxicity when the anti-CTLA-4 antibody was added to the treatment (135).



PD-1 and PD-L1

The transmembrane receptor PD-1 (encoded by PDCD1 gene) is a member of the immunoglobulin family that it is mainly expressed in T cells (136) and can be activated by PD-L1 (CD274) or PD-L2 (CD273), ligands known to be present in APCs, B cells and parenchymal cells (137). The PD-1/PDL1 pathway avoids autoimmunity through negative regulation of the T cell-mediated immune response (136). Several reports have shown that PD-L1 can be expressed in GBM cells (4, 138–141). In addition, it has been reported that higher levels of PD-L1 expression in GBM are correlated with worse outcome (140). Encouraging preclinical results in GBM mouse models have demonstrated that PD-L1 inhibitors could have therapeutic efficacy (142–145). However, due to the highly invasive, aggressive, and immunosuppressive phenotype of HGG, several clinical trials have shown unsatisfactory results and no survival advantage of PD-1/PD-L1 inhibitors as monotherapy (146, 147). In this regard, several clinical trials are evaluating new therapeutic approaches that combine standard-of-care therapy (temozolomide and/or radiotherapy) with molecularly-targeted therapy or immunotherapy to overcome the limited efficacy of these ICIs as monotherapy (148).



TIM3 and GAL9

T cell immunoglobulin and mucin domain-containing molecule 3 (TIM3) is an inhibitory receptor present in T cells that, upon activation by its ligand Galectin-9, plays a key role in abolishing T cell response against tumors (149, 150). TIM3 expression is associated with poor prognosis (59) and TMZ resistance (151) in gliomas. Moreover, it was shown that MGMT promoter methylation status in combination with TIM3 expression could be a novel prognostic signature for GBM (151). Thus, targeting TIM3 could be a promising approach for further development of immunotherapy treatments, alone and in combination with PD-1 and CTLA-4-mediated immunotherapy.



LAG3

Lymphocyte activation gene-3 (LAG3 or CD223) is another negative regulatory molecule present on NK and T cells (152). The expression of LAG3 has been detected in 10% of gliomas biopsies in one study and in 66% of samples in other study (153). However, LAG3 was shown to be positively correlated with IDH1 expression in patients with IDH1 mutation (62). Although the expression of LAG3 is controversial in gliomas, it is possible that the expression of this immunological checkpoint could raise in response to the inflammatory infiltration induced by immunotherapeutic strategies, such as anti-mIDH vaccines. In this light, LAG3 may be an interesting target to explore further in HGG, especially in IDH1-mutant HGG.

CTLA-4 and PD-1/PD-L1 are the most studied molecules in preclinical and clinical studies (125) but at the moment, there are no FDA-approved ICIs for GBM. Thus, efforts in ICIs research for GBM should explore additional checkpoints and develop combination strategies to improve responses and expand ICIs treatments to a greater number of HGG patients. It will therefore likely be important to combine ICIs with other immunotherapeutic approaches such as those discussed below.




Anti-cancer vaccines

The goal of cancer vaccines is to inhibit cancer progression or relapse by inducing humoral (tumor-specific antibodies) or cellular (cytotoxic T cell activation) anti-tumor responses (154). Most of the efforts to date in cancer vaccine development were focus on the latter, supported by the rationale that T cells are able to directly eliminate tumor cells in non-immunosuppressive environments.

Currently, multiple vaccine approaches are being tested in preclinical and clinical studies: peptide vaccines, DNA vaccines, cell vaccines and mRNA vaccines. Peptide or DNA vaccines involve the inoculation of tumor-specific peptides or DNA to induce a potential adaptative immune response once they reach lymph nodes. DC vaccines are derived from peripheral blood mononuclear cells (PBMCs) and are loaded with tumor antigens. Finally, mRNA vaccines encode for specific tumor antigens to elicit potent immune responses.

Peptide vaccines are composed of peptides of 8–25 amino acids in length, containing an epitope within an antigenic sequence. Because humoral responses require B cells to recognize conformational epitopes and short peptides do not emulate conformational epitopes, these vaccines are usually designed to induce cellular-mediated immunity. For this reason, peptides are design based on tumor-specific antigens (TSAs) and tumor-associated antigens (TAAs) that can be recognized by antibodies or T cell receptors (TCRs).

Proteins frequently mutated or aberrantly expressed genes in HGG include EGFR, PTEN, TERT, RB1, TP53, IDH1, PIK3CA and PIK3R1 (155). Although these pathways represent potential candidates to develop peptide vaccines, due to the high intratumor variability in expression in an individual tumor, only the targets that are consistently present in HGG have been proposed as vaccine targets. Epidermal growth factor (EGFR) is genetically altered, whether by amplification, mutation, rearrangement, or altered splicing, in almost 60% of HGG (156, 157). Constitutively active mutant EGFR has been found to promote angiogenesis through increased secretion of interleukin 8 (IL-8) and constitutive DNA binding of the transcription factor nuclear factor (NF)-kB (158). The constitutively active splice variant of epidermal growth factor (EGFR), EGFRvIII, has shown to promote tumor progression and chemoresistance in GBM, and EGFRvIII is expressed in 25–40% of GBMs (155, 159). In spite of these promising pre-clinical developments, translation to the clinic of single peptide vaccines have remained ineffective.

Thus, rindopepimut, a 14 amino acid peptide vaccine covering the EGFRvIII-specific exon junction site with keyhole limpet haemocyanin (KLH) as carrier protein was developed. Preclinical results in mice treated with rindopepimut show EGFRvIII-specific antibodies lead to antitumor immunity against EGFRvIII-positive tumor cells, inhibiting tumor growth and increasing median survival following intracerebral challenge with EGFRvIII-positive tumor cells (160). Moreover, when mice received this vaccine prior tumor implantation, tumor formation was prevented (161). A phase 1 trial (VICTORI) showed to be well-tolerated with minor adverse effects (162). Three phase 2 clinical trials followed, ACTIVATE, ACT II and ACT III, which confirmed safety and an increase in PFS and OS in vaccinated patients, compared to patients treated with TMZ (163–165). A phase 3, randomized, placebo-controlled trial (ACT IV) was designed to assess whether the addition of rindopepimut to TMZ improved survival in patients with EGFRvIII-positive GBM. However, this study did not show an improved survival in patients with newly diagnosed GBM treated with rindopepimut (166). As predicted by histological data from preclinical results, patients lost EGFRvIII expression after recurrence, proving that targeting heterogeneously expressed antigens is unlikely to be sufficient to achieve substantial clinical benefit in these patients. Taking into account these results, a clinical trial is evaluating the effect of a multi-peptide vaccine designed with several epitopes: EGFRvIII, IL-13, receptor alpha-2 (IL13Ralpha2), ephrin type A receptor 2 (EphA2), HER2/neu and YKL-40 peptides (167–170) in combination with TLR3 agonist poly-ICLC and Bevacizumab (a VEGF-blocking antibody) in recurrent GBM patients in a phase 2 trial (NCT02754362) (171).

Even though EGFRvIII has been the most widely studied target to date, other TAAs are being evaluated in GBM as potential peptide vaccines candidates. Survivin is an anti-apoptotic protein that showed upregulation in GBM in comparison with normal brain tissue and was associated with worse prognosis (172, 173). Thus, SurVaxM, a peptide mimetic survivin vaccine tested in combination with TMZ in newly diagnosed GBM, was found to be safe and produced survivin-specific CD8+ T cells and antibodies in a phase 2 clinical trial (174). Moreover, treatment with SurVaxM improved overall survival at 12 months (OS12) in patients with poor prognostic factors (unmethylated MGMT, higher survivin levels).

IDH, as discussed above, is a target of interest in HGG, as it is mutated in a sizeable subset of HGG and represents a protein product that is mutated only in tumor cells but not in healthy brain tissue (62). Antitumor efficacy of R123H-IDH1 peptide vaccines was assessed in transgenic MHC-humanized mice harboring mIDH1 gliomas (175). This vaccine mimics the specific mutation present in 95% of the patients with mIDH1 (176) and it has been shown to induce antitumor immune responses that correlate with increased survival of mice with orthotropic gliomas (177). Thus, the potential success of peptide vaccines targeting mIDH1 is being evaluated in mIDH1-glioma patients (NOA-16 in NCT02454634, PEPIDH1M in NCT02193347) (178). Promising combination strategies were recently published and reviewed in detail (179–181).

Dendritic cells (DCs) are antigen-presenting cells that recognize, process and present antigens to T cells promoting an adaptive anti-tumor immune response (181). Approaches to use DCs in anti-tumor vaccines have been developed, where DCs are loaded with TAA, peptides, viral antigens, RNA, or tumor lysates are administered and subsequently lead to an antitumoral T cell response and tumor cell lysis and prevent tumor recurrence (182). DCs vaccination for GBM has been tested in several preclinical mouse models (183–185), prophylactic (183, 186, 187), and therapeutic (188–194) settings, and have been shown to be safe, without inducing autoimmunity, leading to reduced tumor growth and prolonged survival. Thus, although clinical efficacy of DCs vaccination is not robust at this time, these animal studies provided strong rationale for the continued optimization of DCs vaccine development and clinical development in patients with HGG (195).



CAR T cells

T cells can be modified to be redirected against TAA via viral transduction of T Cell Receptors (TCRs) or Chimeric Antigen Receptors (CARs). Transferring TCR chains is limited to antigens presented in the context of MHC or human leukocyte antigen (HLA). To avoid this requisite, T cells can be redirected to TAA through the transduction of chimeric antigen receptors (CARs) (Figure 1).
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FIGURE 1
 Strategies to redirect T cells toward tumor cells using TCRs and CARs. T cells can be redirected against TAAs via viral transduction of specific T Cell Receptors (TCRs) or Chimeric Antigen Receptors (CARs), which identify target molecules in the surface of tumor cells independently of MHCI presentation. LTR, Long Terminal Repeat; Fab, fragment antigen-binding region; TM, transmembrane domain.


Chimeric antigen receptors (CARs) are recombinant receptors that combine the effector functions of T cells and the ability of antibodies to recognize specific targets found on cancer cells in a non-MHC restricted manner. CARs generally consist of an extracellular antigen-recognition domain (typically an antibody single-chain variable fragment (scFv), but it can be a peptide or other protein). This domain is linked to an intracellular signaling domain. CARs' design has started with first-generation CARs that included the CD3ζ of TCR. Subsequent CAR development (second, third and fourth generations) added other intracellular domains from CD28, 4-1BB, or OX40 to CD3ζ, trying to emulate co-stimulation signals required for a complete T cell activation (196).

The first clinical trials of CAR T cvells enrolled patients with CD19-positive hematological cancers, such as B-cell acute lymphoblastic leukemia (B-ALL) (197–199) or chronic lymphocytic leukemia (CLL) (200–203). Although the initial CAR T cell clinical trials were conducted in patients with advanced blood cancers and barriers in the use of CAR T cells in solid tumors, there remain a large number of preclinical and clinical studies aimed at optimizing this treatment in patients with solid tumors. As discussed, the generally immunosuppressive TME and other biological features of HGG present challenges to the successful development of cytotoxic or targeted chemotherapies. In this sense, CAR T cell therapy holds significant promise as an emerging strategy in the treatment of aggressive solid tumors such as HGG.

Several GBM antigens represent reasonable targets for CAR T cell development, such as EGFRvIII (204, 205), IL13 receptor subunit alpha 2 (IL13Ra2) (96, 206, 207) or Her2 (208–210). However, although CAR T cell development has shown promise, one of the most important limitations of its application in HGG is the heterogeneity of these tumors. This heterogeneity makes it difficult to develop CAR T cell-based strategies to target all clonal and subclonal populations (211). In this regard, CAR modifications are being developed to diminish tumor antigen escape and overcome the heterogeneity and immunosuppressive TME in HGG. These novel approaches can give CAR T cells the ability to produce epitope spreading, stimulating tumor-specific immune responses.

One of the first attempts to enhance this approach was to modify T cells with a bicistronic retroviral vector encoding the CD40 ligand (CD40L) gene in addition to the CD19-specific CAR. The expression of the immune-stimulatory molecule showed tumor specific cytotoxic effects in different mouse models of CD40+-CD19+ B-cells and patient-derived chronic lymphocytic leukemia cells (212). Moreover, these CD40L-CAR T cells prolonged overall survival of CD19+ tumor-bearing mice when compared to CD19-CAR T cell treatment (212). In another study, CD40L-CAR T cells displayed greater antitumor effects, recruiting enhanced levels of immune effectors and inducing a sustained antigen-presenting cell response to mobilize antitumor T cells (213). Moreover, these CAR T cells were capable of orchestrating an endogenous T cell-mediated response against unidentified tumor antigens (213). Another study explored the potent antitumor effects of the CD40 pathway by modifying CAR T cell to secrete anti-CD40 agonist antibodies (214). These cells not only secreted increased levels of cytokines, but these treatments also led to an enhanced antitumor activity in vivo in a human ovarian cancer model (214).

As mentioned above, using CAR T cells for producing a host immune response against unknown tumor antigens may be an interesting strategy to overcome an at-present somewhat limited efficacy of CAR T cells in the treatment of HGG. In this regard, engineered T cells that express and secrete Flt3L, a DC growth factor, were developed for the treatment of solid tumors (215). Flt3L-secreting CAR T cells not only promoted DC expansion and differentiation, but also enhanced DC-dependent and T cell-mediated inhibition of tumor growth by inducing endogenous epitope spreading.

Chemokine receptors present in the tumor microenvironment (TME) are capable of recruiting different subsets of leukocytes into tumors which share similar patterns of chemokine expression. This feature raises the possibility of modifying CAR-T cells to enhance its infiltration into solid tumors using key chemokine-chemokine receptor axes. MDSCs are recruited via CXCR1/CXCR2/CXCR4/CCR2 (216) and it was shown that CXCL12 expression, is upregulated in cancer-associated fibroblasts in many solid tumors (216–218). Moreover, the CXCR4-CXCL12 axis has been associated with higher proliferation rates, angiogenesis, and metastasis of several cancers (219). To enhance the recruitment of CAR T cells into the bone marrow of mice transplanted with a patient-derived acute myeloid leukemia (AML), CD25 targeted CAR T cells were modified to also express CXCR4 (220). The injection of these CXCR4-modified CAR T cells resulted in complete remission of human AML cells in peripheral blood diminishing tumor burden (220). Moreover, CXCR4-modified CAR T cells that target B cell maturation antigen (BCMA) are being tested in a phase 1 study in patients with multiple myeloma (NCT04727008).

Although these next-generation CAR T cells have shown promising results in hematological cancers, the major challenge to use them in solid tumors is the dense in anti-inflammatory TME that prevents effective homing of the therapy. Thus, the ability of these new CARs to produce epitope spreading or the production of chemokine receptor-modified CAR-T cells, may enhance their efficacy against solid tumors, with the aim of engaging as many immune effectors as possible and produce a more potent antitumor effect.



Gene therapy

Gene therapy is a therapeutic approach that consists of manipulating genetic elements to treat diseases such as glioma. In this approach, complete genes, oligonucleotides, or different regulatory elements may be delivered into the target glioma cells either by mechanical methods or by using vectors. To achieve high therapeutic efficacy, vectors must be chosen, considering the expression levels of therapeutic transgene, immunogenicity, biosafety and distribution of gene expression within the TME (221–223). The advantage of using gene therapy is its local administration may overcome the challenges exerted by the BBB for systemic delivery. Several viral and non-viral immune stimulatory gene therapies have shown efficacy in many pre-clinical studies; however, their successful clinical implementation still manifests several challenges (224).

Immune stimulatory gene therapy involves tumor-selective gene transfer of various cytokines such as IL12 and IFNs which can induce robust immune responses in glioma cells (222). Gliomas can effectively evade host immune responses (225). In this respect, in a phase 2 clinical trial GBM patients with unmethylated MGMT promoter were administered with a single dose of autologous CD34+-enriched hematopoietic stem and progenitor cells (HSPCs) exposed to transduction with a 3rd generation lentivirus mediating myeloid-specific IFN-α2 expression (NCT03866109). In another study, non-replicative adeno-associated virus (AAV) and replicative Herpes simplex virus (HSV) have been used to express IL12 in malignant glioma, resulting in significant inhibition of tumor and increased expression of IFNγ together with microglial activation and recruitment of T and NK-cells (226, 227). Recently, two phase 1 clinical trials (NCT02026271 and NCT03330197) revealed that when the resection cavity walls were injected with a fixed dose of a regulatable Ad-RTS (RheoSwitch Therapeutic System)-hIL12 vector along with veledimex, an oral activator of IL-12, increased expression of IFNγ in peripheral blood of the glioma patients was seen (228). Additionally, an increase in TILs and PD1+ immune population was observed following Ad-RTS-hIL12 treatment (228). These inflammatory infiltrates support the immunological anti-glioma effect of IL-12 and IFNs through gene therapy.

With the aim of overcoming the limitations of monotherapies, combination therapies together with gene therapy have been developed. We have pioneered the combination of Ad-Flt3L and Ad-TK for glioma therapy. The expression of HSV1-TK within glioma cells in the presence of systemic delivery of ganciclovir (GCV) leads to DNA replication termination, which ultimately results in glioma cell death (Figure 2) (223, 229). This induces the release of tumor antigens and damage-associated molecular patterns (DAMPs) molecules into the TME and triggers immune responses via the activation of DCs and generation of T cell mediated cytotoxic immune responses against glioma-antigens (230). These infiltrating DCs can phagocytose antigens that are released from TK-induced glioma cell death (223). Also, Flt3L increases the migration and infiltration of DCs into the TME (223). We found that combination therapy resulted in long-term survival of glioma-bearing animals compared to either therapy used and monotherapy (8). Also, our combination gene therapy together with CTLA4, or anti-PD-L1 immune-checkpoint blockade significantly increased the survival of glioma-bearing animals (8). Our first human phase 1 trial (NCT01811992) using Ad-Flt3L and HSV1-TK combination gene therapy for the treatment of newly-diagnosed, resectable malignant gliomas, revealed increased levels of DCs, CD4+ and CD8+ T cells within the TME (231). Therefore, our results showed for the first time that reprogramming the host's brain immune system to recognize glioma antigens could present an attractive approach to the treatment of glioma (224).
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FIGURE 2
 The immune mediated gene therapy consisting of Ad-TK [plus Ganciclovir (GCV)], and Ad-Flt3L. Glioma cells can be efficiently transduced with Ad-TK, which encodes the conditionally cytotoxic HSV1-Thymidine Kinase (TK). TK can convert the prodrug GCV, a nucleotide analog, to GCV-phosphate, which is further phosphorilated into GCV-triphosphate by intracellular kinases. GCV-triphosphate is a purine analog and can inhibits DNA replication, inducing Immunogenic Cell Death (ICD). Dying cells release Damage-Associated Molecular Patterns (DAMPs), i.e., HMBG1, calreticulin, and ATP. Glioma cells transduced with Ad-Flt3L, express and secret Flt3L that recruits dendritic cells (DC) into the tumor microenvironment, where they uptake tumor associated antigens and get activated by DAMPs. Mature antigen presenting cells (APC) migrate to the regional lymph nodes and prime anti-tumor cytotoxic CD8+ T lymphocytes. Cytotoxic T cells recognize and kill tumor cells. Following T cells exposure to tumor antigen, immunological memory is developed. Memory T cells activate an anti-tumor response leading to inhibition of tumor recurrence.




Oncolytic viruses

The use of oncolytic virotherapy represents an attractive therapeutic approach for the treatment of HGG. Oncolytic viruses (OVs) are viruses that selectively infect and lyse cancer cells and spare normal surrounding cells. OVs are designed to recognize tumor-specific receptors or to replicate under oncogene promoters to improve their tropism and avoid non-malignant cells. It was observed that an immunosuppressive TME promotes the infectivity of oncolytic viruses and improves oncolysis (232, 233). Once the tumor cells are infected with OVs, the dying tumor cells present tumor-associated antigens/epitopes that are released in the TME and trigger a viral or tumor-specific T cell-mediated immune responses, critical for the efficacy of oncolytic virotherapy and overcoming tumor-mediated immunosuppression (234, 235).

HSV G47Δ-mIL12, a genetically engineered third-generation oncolytic virus armed with IL-12, showed increased survival in a syngeneic murine GBM model (236). Recently, HSV G47Δ was evaluated in a phase 2 clinical trial in patients with GBM who received repeated intratumoral stereotactic injections in addition to TMZ (237). Vectors based on Newcastle disease viruses (NDV) have a natural tropism for tumor cells and also have oncolytic potential and immune-stimulatory properties (238). LaSota strain of naturally oncolytic NDV can induce increased apoptosis in glioma when treated complementarily in comparison to TMZ alone, and combination treatment significantly enhances survival in a rat xenograft tumor model (239). Moreover, in vivo immune-virotherapy with stains of measles virus (MV) in combination with anti-PD-L1 blockade synergistically enhanced the infiltration of activated CD8+ T cells within the TME and increased the survival of the syngeneic GBM mouse model (240). Recently, MV has been evaluated in a dose-finding phase 1 clinical trial in patients with recurrent HGG, and no dose-limiting toxicities were observed (NCT00390299). In addition, an oncolytic double-stranded human RNA orthoreovirus (known as reovirus) is under clinical trial as Reolysin in patients with GBM (NCT00528684) (241). Reovirus can selectively target and lyse Ras-activated malignant cells (242). Currently, a phase 1 clinical trial is evaluating the combination of intravenously administered Reolysin and subcutaneously administered GM-CSF on patients with recurrent HGG (NCT02444546). Another phase 2 trial with conditionally replicating oncolytic-HSV1 viz. G207 revealed anti-tumor activity without any serious adverse effects (NCT00028158). Recently reported results from a phase 2 trial in Japan (UMIN000015995) employing HSV G47Δ, showed a survival benefit and good safety profile in patients with residual or recurrent GBM. Patients received repeated intratumoral stereotactic injections for up to six doses. Overall median survival was 20.2 (16.8–23.6) months after G47Δ initiation and 28.8 (20.1–37.5) months from the initial surgery (243). In contrast, recurrent glioblastoma reported median survival after standard of care treatment is ~5.0 months (244). Gene therapy employing oncolytic viruses represents a promising treatment for GBM, although OVs may still require additional engineering to generate an OV that persists and spreads effectively, while being massively lytic for tumor cells.




Challenges in immunotherapy development for high-grade glioma

Although immunotherapy for the treatment of CNS tumors is an area of active research, several barriers to the development of successful immunotherapies remain. Significant intra- and intertumoral heterogeneity occurs in both adult and pediatric HGG and the genetic and epigenetic drivers of tumorigenesis can evolve over time as tumors progress (120, 245–247). A deeper characterization of the variations in immune infiltrates within the TME of HGG is critical to understand how immunotherapy can be used to induce an antitumor response, possibly most effectively through a multi-modal therapeutic approach using immunotherapy combined with targeted therapies. Successful delivery of an immunotherapy to the tumor site is critical to testing its efficacy rigorously. The blood-brain barrier (BBB) has impaired successful transition of therapies developed for non-CNS solid tumors into CNS tumors (248). However, local delivery of immunotherapy mitigates this problem and either direct injection of a therapy intraoperatively or administration via an Ommaya reservoir, for example, are approaches currently being used in immunotherapy clinical trials for CNS tumors (5). The field of immunotherapy in the treatment of cancer has only relatively recently achieved significant successes in certain tumor types (249, 250), and there is much that remains to be learned regarding how to better translate preclinical immunotherapeutic advances into the clinic, as there are often many unknowns and practical challenges that arise when immunotherapies are transitioned into first-in-human studies. Collaborative, “team-science” will be increasingly necessary to efficiently and effectively develop successful immunotherapies for HGG.


Therapy development in adult vs. pediatric high-grade glioma

An advance in the treatment of HGG, specifically GBM, was made in 2005 after completion of a randomized phase 3 study of radiotherapy (RT) alone vs. RT plus concurrent temozolomide, where median survival improved from 12.1 months with RT alone to 14.6 months with RT plus TMZ (251). Additionally, analysis of several clinical trials via meta-analysis revealed the addition of bevacizumab to RT led to improved progression-free survival (PFS), but not OS or overall survival at 6 months (OS6) (251, 252). A multitude of similar chemotherapy regimens have subsequently been trialed in pediatric populations, and unfortunately a parallel survival benefit has not been seen with identical regimens or other combinatorial cytotoxic chemotherapeutic regimens (253–256). The differential benefit, or lack thereof, derived from these therapeutic approaches between adult and pediatric patients with HGG is thought to be primarily the result of disparate tumor biology between these two age populations. The genetic changes and activated pathways in each HGG population were rather incompletely understood at the time these trials were implemented, where tumor histology was considered the predictor of biology and clinical behavior. Therefore, clinical trials that used only a histological diagnosis for study entry with a lack of tumor-specific genetic data are now understood to have enrolled a rather heterogenous group of patients. This has made extrapolation of results from the adult HGG population to a pediatric population much less accurate in predicting response. As a result, there is an increasingly strong sentiment in the pediatric oncology community that the tumor biology of pediatric HGG, and the multiple molecularly distinct entities within this diagnosis, should drive specific therapeutic development as opposed to transition of therapies from adult HGG into pediatric patients with HGG (257). Unfortunately, although we have a much deeper insight into the genetic and epigenetic landscape of HGG in both pediatric and adult populations, the treatment paradigm of surgical resection and radiotherapy +/- alkylating chemotherapy remains unchanged with rather negligible improvement in clinical outcomes.

These prior failures of therapies to successfully translate into benefit in a pediatric population after one was seen in adult patients are likely multifactorial, but it has become increasingly clear that the developmentally linked genetic and epigenetic alterations found in pediatric cancers in general, and pHGG specifically, lead to significant differences in tumor biology. Future therapy successes in pHGG may be those transitioned from adult therapeutic successes. However, entirely different approaches according to the tumor biology may be required to successfully develop immunotherapies and targeted therapies for the treatment of pHGG.



Practical challenges in CNS immunotherapy clinical trials

There are several clinical trial related barriers that can prove challenging in the development of immunotherapy for HGG. Cell-based and gene-based immunotherapies require a large infrastructure for cell or vector manufacturing with multiple layers of regulatory oversight necessary to maintain product safety. Although this is true for clinical trials in general, immunotherapies and the clinical infrastructure necessary to deliver these immunotherapies are expensive and require significant support beyond what is necessary to complete trials with generic cytotoxic or targeted chemotherapy.

If possible, CNS immunotherapy studies should be expanded beyond single institution studies into multiple institutions preferably under the umbrella of a consortium, as consortia-based trials increase patient access, support robust accrual to these clinical trials, and allow for broader access to a novel therapy that is not as limited by patient geography. Another important factor in the design of immunotherapy clinical trials is the incorporation of appropriate biomarkers into the studies. Ideally, the chosen biomarkers should have either been validated or supported by strong preclinical data instead of more broadly drawing patient blood during a trial and deciding after-the-fact the testing that will be done. Careful consideration of the design and incorporation of biomarker studies into a clinical trial testing an immunotherapy is critical to make the most of precious, and often scarce for practical reasons, samples obtained from patients who agree to enroll on these studies.




Conclusions

Novel therapeutic approaches for glioma have been developed, and although they showed promising results in preclinical models, they ultimately failed in Phase 3 clinical trials. Some of the obstacles that may hamper therapeutic efficacy in the clinic include the highly heterogeneous nature of gliomas, the presence of the BBB- that precludes the entry of drugs to the CNS-, tumor immune escape, invasion of glioma cells into the surrounding brain tissue, and the immune suppressive nature of the glioma microenvironment.

Preclinical models currently available to assess the efficacy of immune-mediated therapies, include, tumor syngeneic models established in immunocompetent rodents. Whilst these models are useful to study the cross talk between the tumor cells and the immune microenvironment, they fail to replicate tumor heterogeneity as encountered in human patients. Thus, although single tumor antigens used as vaccine targets have yielded encouraging results in these models, they failed in Phase 3 clinical trials (163, 166). Recently, more accurate heterogeneous tumor models have encompassed the generation of genetically engineered mouse models of glioma (GEMMs) and have been implemented in immunocompetent rodents (72, 258–260). These models more accurately recapitulate the salient mutations encountered in different glioma subtypes and harbor tumor heterogeneity. Thus, they constitute attractive preclinical models to test the efficacy of immunotherapies. An additional challenge related to the available glioma models is the small tumor size achievable on rodent models. However, to overcome this, pet dogs which exhibit endogenous gliomas are an attractive model, as the tumors harbor many features encountered in glioma human patients, including tumor heterogeneity, an immunosuppressive TME and the presence of the BBB (261–263).

Many promising immune-mediated therapies have been implemented in the clinic with disappointing outcomes, these include immune checkpoint blockade, CAR T cells, peptide vaccines, dendritic cells-mediated vaccines, gene therapies and oncolytic virotherapy. To date, these therapies have been implemented as monotherapies, perhaps, the key would be to use them in combination to maximize efficacy. In this regard, one could envisage combining immune checkpoint blockage with immune stimulatory gene therapy to prevent T cell exhaustion and maximize the activity of cytotoxic T cells within the TME. This will in turn enhance the efficacy of CD8 T cells mediated glioma cells' killing.

In summary, HGG patients have a poor prognosis and effective therapies are not available. Currently, the standard of care for HGG involves maximal safe surgical resection, radiation therapy, and treatment with temozolomide. Despite advances in surgical and imaging techniques, the median survival for these patients has improved only marginally over the past decades. This highlights the need to expand our translational research efforts to improve outcomes for these patients.

Upcoming scientific discoveries will further reveal mechanisms which mediate immunosuppression and cross talk between glioma cells, brain resident cells and immune cells within the TME, providing appealing signaling pathways for developing novel therapeutic strategies. In addition, with the advent of scRNA-seq technologies and its application to uncover mechanisms of resistance, powerful targeted therapies may emerge to prevent tumor recurrence. Moreover, targeting known mutations, such as in mutant IDH, represent exciting avenues for developing novel immunotherapies harnessing epigenetic manipulations of the tumor immune microenvironment (4, 54). Novel translational research followed by the implementation of clinical trials to assess the efficacy and safety of these exciting therapies, should lead to improved median survival for these patients.
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The 2021 World Health Organization (WHO) classification of CNS tumors incorporates molecular signatures with histology and has highlighted differences across pediatric vs adult-type CNS tumors. However, adolescent and young adults (AYA; aged 15–39), can suffer from tumors across this spectrum and is a recognized orphan population that requires multidisciplinary, specialized care, and often through a transition phase. To advocate for a uniform testing strategy in AYAs, pediatric and adult specialists from neuro-oncology, radiation oncology, neuropathology, and neurosurgery helped develop this review and testing framework through the Canadian AYA Neuro-Oncology Consortium. We propose a comprehensive approach to molecular testing in this unique population, based on the recent tumor classification and within the clinical framework of the provincial health care systems in Canada.


Contributions to the field

While there are guidelines for testing in adult and pediatric CNS tumor populations, there is no consensus testing for AYA patients whose care occur in both pediatric and adult hospitals. Our review of the literature and guideline adopts a resource-effective and clinically-oriented approach to improve diagnosis and prognostication of brain tumors in the AYA population, as part of a nation-wide initiative to improve care for AYA patients.
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Introduction

Advances in molecular techniques and concerted efforts to characterize signatures at the genomic, epigenomic, transcriptomic and proteomic level have provided a deeper understanding and appreciation of the biology, molecular classification, and behavior of brain tumors. The 2016 revision to the WHO classification formally introduced the integration of molecular diagnostics to complement histological diagnosis and grading (1). The classification was further detailed and updated by the Consortium to Inform Molecular and Practical Approaches to CNS Tumor Taxonomy (cIMPACT-NOW), which has now published seven updates (2–8). The 2021 WHO classification (5th Edition) (WHO CNS5) reflects these updates and incorporates molecular signatures with histology for an integrated diagnosis of brain tumors (9).

The adolescent and young adult (AYA) population is defined by the National Cancer Institute as patients aged 15–39. Primary brain tumors remain a major cause of morbidity and mortality, and AYA patients represent 30% of the population with CNS cancers (10). This population is understudied across the cancer spectrum and represents an age group where transition from pediatric to adult care can represent an important barrier to specialized care and to clinical trials (11). AYA CNS tumors span a number of different subtypes including glioma (both adult and pediatric types), medulloblastoma/embryonal tumors and ependymoma. Between 2013–2017 in Canada, 250 AYA patients were diagnosed annually with glioma, 38 were diagnosed with glioneuronal tumors, and 13 with embryonal tumors (12), although this may be an underestimate due to heterogeneous testing strategies. Currently, there are no defined consensus diagnostic or treatment guidelines for patients in this age group. However, there is a clear need for multidisciplinary care involving both pediatric and adult neuro-oncologists, neurosurgeons, radiation oncologists, and neuropathologists as Canadian patients with “pediatric-type” tumors are often treated at adult medical centers and vice-versa.

While WHO CNS5 presents recommendations for molecular testing across age groups, some markers are more clinically relevant in the AYA context, and practical implementation nationally will need to occur within the limitations of a single-payer provincially reimbursed system. In Canada, testing for molecular markers in brain tumors remains practitioner- and institution-dependent, although recommendations exist across some provinces, which are mandated by each provincial governing body (e.g., Cancer Care Ontario, BC Cancer, etc).

The purpose of this publication is to inform and engage Canadian neuro-oncologists, radiation oncologists, neuropathologists and neurosurgeons regarding the molecular work-up that is clinically relevant for the care of AYA CNS patients based on the 2021 WHO classification (5th Edition) (9). Here, we present consensus guidelines for molecular testing in the AYA CNS population, based on review of the literature and expert opinion, focusing on clinical care in the context of diagnosis, treatment selection and prognostication.



Glioma

The WHO CNS5 now classifies gliomas, glioneuronal tumors and neuronal tumors into six different families: adult-type diffuse gliomas, pediatric-type diffuse low-grade gliomas, pediatric-type diffuse high-grade gliomas, circumscribed astrocytic gliomas, glioneuronal and neuronal tumors, and ependymal tumors (9). Gliomas (of all types) account for approximately 43% of all brain and other CNS tumors in AYAs, and about 83% of all malignant tumors (13). Despite their monikers, pediatric-type tumors sometimes occur in young adults and adult-type tumors may occur in adolescents. Still, the exact age-stratified incidence using the new classification system remains undetermined and is an active area of research. This new recognition of the clinical and molecular distinctions between diffuse gliomas that primarily occur in adults (adult-type gliomas) and those that primarily occur in children (pediatric-type gliomas) is likely the most important change in the WHO CNS5. This fundamental distinction aims to better the understanding of pathobiology and prognosis, improve care, and promises to inform more biologically sensible patient enrollment into clinical trials. Thus, the information presented below will also be stratified by adult- vs pediatric-type gliomas (Table 1).


Table 1 | Recommended biomarkers for testing and their clinical implications in AYA glioma.




Adult-type gliomas

In the WHO CNS5, neoplasms are now graded within rather than across different tumor types (1). This mainly impacts the common diffuse gliomas of adults, which were previously divided into 15 entities but now include only three: astrocytoma, isocitrate dehydrogenase (IDH)-mutant; oligodendroglioma, IDH-mutant and 1p/19q codeleted; and glioblastoma, IDH-wildtype. The loss of nuclear ATRX chromatin remodeler (ATRX) in an IDH-mutant glioma is now sufficient for the diagnosis of an astrocytic lineage tumor without the need for 1p/19q codeletion analysis. Conversely, 1p/19q codeletion status should be determined in all IDH-mutant gliomas with retained nuclear expression of ATRX (14).

In the new classification, molecular parameters contribute to tumor grade. All IDH-mutant diffuse astrocytic tumors are now considered a single type—astrocytoma, IDH-mutant—and are graded as 2, 3 or 4 (with “anaplastic” no longer used). The presence of cyclin-dependent kinase inhibitor (CDKN) 2A/B homozygous deletion, even in the absence of microvascular proliferation or necrosis, portends a worse prognosis and therefore is classified as astrocytoma, IDH-mutant, CNS WHO grade 4. In the WHO CNS5, the term glioblastoma (GBM) is no longer used to refer to IDH-mutant astrocytic gliomas. GBM is now defined as a diffuse astrocytic glioma with neither mutations in the IDH or histone H3 genes, and is characterized by microvascular proliferation and/or necrosis, and/or one or more of three genetic parameters: telomerase reverse transcriptase (TERT) promoter mutation, epidermal growth factor receptor (EGFR) amplification, or combined gain of entire chromosome 7 and loss of entire chromosome 10 (1). However, caution needs to be exercised, particularly in diffuse astrocytomas (Grade 2) with isolated TERT promoter mutations (15, 16). The majority of GBM, especially those with classical histological features, are diagnosed in the elderly population. In IDH-wildtype diffuse astrocytomas without any of these three genetic alterations, especially among AYA patients, pediatric-type gliomas must be considered (see below) (1). Subtypes such as gliosarcoma and giant cell GBM are no longer listed in WHO CNS5 (1).



Pediatric-type gliomas


Pediatric-type diffuse low-grade gliomas

Under WHO CNS5, pediatric-type low-grade gliomas are subdivided into MYB- or MYBL1- (from the avian myelobalstosis viral oncogene) altered diffuse gliomas, mitogen-activated protein kinase (MAPK)-altered diffuse gliomas (commonly BRAF or FGFR1 alterations), angiocentric glioma (MYB::QKI fusion), or polymorphous low-grade neuroepithelial tumor of the young (FGFR2 fusions) (9). This is particularly important to recognize in the AYA population, where gliomas with alterations in the MAPK pathway or MYB and MYBL1 have distinctly different prognoses from other glioma subtypes and offer possibilities for targeted therapy (5). From a histopathological standpoint, pediatric- type LGGs with alterations in the MAPK pathway are diffuse gliomas with low density of cells with mild atypia. They typically have diffuse immunopositivity to OLIG2 and variable expression of GFAP. MYB or MYBL1-altered tumors on the other hand consist of relatively monomorphic cells of glial origin with bland round to spindled nuclei within a fibrillar matrix and may have vague angiocentric polarity. They are typically immunoreactive for GFAP but negative for OLIG2.



Pediatric-type diffuse high-grade gliomas

In contrast to adult-type gliomas (which may transform from low-grade tumors), pediatric-type HGGs arise from distinct molecular drivers (17). Within the AYA group, pediatric-type diffuse high-grade gliomas (HGGs) can be further subdivided into 1) diffuse glioma, H3 K27-altered; 2) diffuse hemispheric glioma, H3 G34-mutant; and 3) diffuse pediatric type HGG, H3-wildtype and IDH-wildtype.

Diffuse gliomas with amino acid substitutions in lysine 27 of H3.3 or H3.1 of (H3-3A or H3C2 genes, respectively) are typically midline tumors (brain stem, thalamus or spinal cord) that occur in children and younger adults. Microscopically, they are usually astrocytic but can also show varied cytology with piloid, oligodendroglial, giant cell, epithelioid or undifferentiatiated features. A higher mitotic index and areas of microvascular proliferation and/or necrosis can be observed although not prognostic. Immunophenotypically, midline tumors can express OLIG2, MAP2 and S100 with variable immunoreactivity for GFAP.

Diffuse hemispheric gliomas, H3-G34 mutant typically occur in older adolescents and young adults, with a reported median age of 25 in some adult cohorts (18). They can have histological features of glioblastomawith highly cellular, infiltrative astrocytic appearance and high mitotic activity. Microvascular proliferation and necrosis can be seen. Another pattern resembles embryonal tumors with small monomorphic hyperchromatic nuclei. These tumors may have GFAP positivity and typically loss of ATRX expression as well as nuclear p53 expression. OLIG2 is usually negative. HGGs in AYA patients that are H3-wildtype and IDH-wildtype represent a heterogeneous group of tumors and excluding adult-type GBM is an important part of the work up. As transformation from lower-grade tumors can also occur within this subtype, further investigations of molecular drivers, in particular B-Raf (BRAF) p.V600E, fibroblast growth factor receptor (FGFR), p53 and mutations in mismatch repair genes are also warranted.

In contrast to IDH-wildtype adult-type HGGs, the prognostic relevance of markers such as O6-methylguanine-DNA methyltransferase (MGMT) promoter methylation status in pediatric-type HGGs is unclear.




Circumscribed astrocytic gliomas

Within this histologically heterogeneous group of tumors, pilocytic astrocytoma, high-grade astrocytoma with piloid features, pleomorphic xanthoastrocytoma, subependymal giant cell astrocytoma, and chordoid glioma, can be seen in the AYA population. Diagnosis currently relies heavily on histological characterization both for classification and grading. Relevant mutations, e.g. KIAA1549::BRAF fusion in pilocytic astrocytomas and BRAF p.V600E mutations in pleomorphic xanthoastrocytomas, need to be properly assessed in these tumors as molecular drivers can be both diagnostic (9) and define targeted therapy options.



Clinical approach to gliomas in AYA and relevance of molecular testing

Upfront surgery for tissue diagnosis is recommended for most AYA gliomas unless serial MRIs reveal a stable, small, asymptomatic, non-enhancing tumor; or if a tumor is found in an eloquent, unresectable location. Clinical decision-making without tissue is warranted in some rare cases, e.g., optic pathway glioma in NF1 patients or diffuse intrinsic pontine glioma, but referral to specialist neurosurgeons at high-volume centers is recommended for AYA tumors in challenging locations. Maximal safe resection is recommended for all gliomas. Beyond the benefit of cytoreduction, adequate tissue is essential for morphologic assessment, immunohistochemical staining, and molecular testing.


High-grade gliomas

Regardless of histological grading, it is recommended that AYA CNS diffuse gliomas be assessed for IDH-mutation through immunohistochemistry (IDH1 R132H antibody), and, if negative, genotyping for non-canonical IDH mutations. Clinically, the presence of an IDH mutation is prognostic, and should prompt further classification according to presence of 1p/19q codeletion (diagnostic of oligodendroglioma) and ATRX staining (with loss of staining diagnostic of astrocytic lineage). IDH sequencing to assess for non-canonical mutations in IDH1 or IDH2 is recommended in AYA tumors with negative staining for IDH1 R132H (Figure 1).

Currently, treatment of IDH-mutant tumors continues to rely on prognostic markers such as grade, performance status, age, extent of resection and neurological symptoms (14). About 25% of HGGs in AYAs are IDH-mutant and likely represent progression from a lower-grade glioma. In patients with high-risk IDH-mutant tumors (Grade 3 or 4, older age, residual tumor or symptomatic lesion), following initial resection, standard of care typically entails a combination of radiation followed by chemotherapy with either temozolomide or PCV (procarbazine, lomustine and vincristine) (14, 19). While this remains the standard of care for IDH-mutant glioma, there is increasing evidence that co-occurring mutations (20) or pathway alteration of PI3K, mTOR or AKT may be present (21), highlighting that testing for IDH mutations alone is insufficient in this group of diffuse gliomas. Mismatch repair deficiency (MMRD) has been associated in IDH-mutant gliomas following alkylating chemotherapy. These recurrent tumors tend to be of higher grade and less responsive to therapy, possible targeting of this resistance pathway is still under investigation and evaluating mutational burden and MMRD in these patients may help open clinical trial or therapeutic avenues. Hereditary MMRD in histologically high grade gliomas (constitutional MMRD and germline mutations in DNA mismatch repair genes such as MLH1, MSH6 and MSH2) on the other hand has been described in pediatric and AYA patients and form a unique DNA methylation group (22). These tumors may benefit from approaches other than standard of care therapy including immune checkpoint inhibition (23). Therefore, testing AYA patients for MMRD (with immunostains, or sequencing) in newly diagnosed high grade IDH-mutant gliomas, or recurrent gliomas previously treated with alkylating chemotherapy is clinically valuable.

The approach to IDH-wildtype HGGs is different within the AYA cohort, where HGGs with molecular features of adult-type GBM are less frequently encountered than in older adults (24) (Figure 1). In midline IDH-wildtype HGG, alterations in H3 p.K27 should be assessed with H3 K27me3 and H3.3 p. K27M immunostaining. If there is a H3K27 alteration, molecular characterization may be helpful to allow enrollment in clinical trials. Assessment for a co-occurring mutation, although rare, may also be helpful to inform options for targeted therapy. Currently, H3 p.K27-altered diffuse midline gliomas (DMGs) carry a dismal prognosis in the pediatric population, similar to GBM in the adult population (median OS: 18.5 months) (24). Treatment of DMGs in AYA differs by institution, but radiation therapy is typically administered, and chemotherapy can be considered, although there is no established systemic therapy regimen within this population. Clinical trials outside of Canada are currently underway to test potential treatment strategies including with an oral small molecule imipridone dopamine receptor (DRD2) antagonist (ONC201, NCT02525692), a histone deacetylase inhibitor (panobinostat, NCT04804709) and with immunotherapeutics, including vaccines and cellular therapies (NCT04196413, NCT02960230), among other strategies.

In hemispheric HGGs, testing for H3 p.G34R with immunohistochemical staining is recommended. The presence of this mutation confers a better prognosis than adult-type GBM or H3 K27-altered DMG but a worse prognosis than IDH-mutant HGG (with median OS: 36.2 months) (24). Currently H3 G34R-mutant tumors are treated similarly to adult-type GBM, with maximal safe resection, concomitant chemoradiation, and typically adjuvant temozolomide. H3 p.G34R-mutant HGGs may also harbor activating platelet-derived growth factor receptor alpha (PDGFRA) mutations (25), which may have future treatment implications including with targeted agents such as imatinib.

In confirmed IDH- and H3-wildtype HGGs, further molecular sequencing can be conducted in a stepwise fashion in the absence of a readily available glioma-focused next-generation sequencing (NGS) panel. Ideally, molecular testing would be able to assess for relevant copy number alterations and chromosomal arm changes (gain of chromosome 7, loss of chromosome 10, EGFR amplification), along with other relevant mutations in “non-GBM” IDH-wildtype tumors (TERT promoter, BRAFV600E, MYCN, MMR, EGFR, PDGFRA, p53). Non-GBM IDH-wildtype gliomas, especially in AYA should be screened for other alterations with single nucleotide polymorphism [SNP] array and/or RNA sequencing panels when available.

In IDH-wildtype GBM, MGMT promoter methylation status is both a prognostic and predictive biomarker (26) and should be tested for. Although MGMT methylation status may be more impactful in determining the ideal regimen in elderly patients with GBM (27), it is often used in upfront clinical trials to determine eligibility and should ideally be done in all GBM patients regardless of age.GBM in AYA is treated with maximal safe resection, followed by concomitant chemoradiation and adjuvant temozolomide according to the Stupp protocol (28). Identification of molecular GBM is also essential for inclusion in clinical trials, which is encouraged for patients with both newly-diagnosed and recurrent GBM (29). While mutation-specific prognostic differences need to be better evaluated, as a group these pediatric type tumors often carry a better prognosis than GBM (5). In addition, identification of these mutations may open the door to targeted therapies with BRAF/MEK and FGFR inhibitors as well as clinical trial options. An algorithm for testing of HGGs in AYA patients is proposed in Figure 1.




Figure 1 | Testing algorithm for adolescent and young adult high grade gliomas. HGG, high grade gliomas; AYA, adolescent and young adults; IDH, isocitrate dehydrogenase; ATRX, ATRX chromatin remodeler; CDKN, cyclin-dependent kinase inhibitor; FISH, fluorescence in situ hybridization; SNP, single nucleotide polymorphism; WHO, World Health Organization; DMG, diffuse midline glioma; EGFR, epidermal growth factor receptor; RNA, ribonucleic acid; EZHIP, EZH Inhibitory Protein; MMR, mismatch repair; cMMRD, constitutional mismatch repair deficiency; BRAF, B-Raf; MYCN, N-myc proto oncogene; RTK, receptor tyrosine kinase; NTRK, neurotrophic tyrosine receptor kinase; TERT, telomerase reverse transcriptase.





Low-grade diffuse gliomas and circumscribed astrocytic gliomas

All gliomas typically undergo staining for IDH1 R132H, p53 and ATRX as a first step. Thereafter if ATRX is retained and p53 s negative, 1p/19q codeletion status is determined. If IDH1 R132H is negative, sequencing for non-canonical IDH is often pursued in young patients or if suggested by the clinical history. Lastly, in IDH-mutant astrocytomas, CDKN2A loss is evaluated for grading purposes (Figure 1). IDH-mutant LGGs in AYA tend to ultimately progress to HGG and treatment approaches may vary as discussed above.

Importantly, if IDH negative, distinction must be made between molecular GBM and pediatric-type diffuse glioma. In this case, BRAF p.V600E may be tested using immunohistochemistry but other alterations require molecular diagnostics. Alterations in FGFR1, FGFR2, MYB, MYBL1, and BRAF can occur in AYA IDH-wildtype LGGs (Figure 2). Targeted treatments with FGFR or pan-RAF inhibitors represent viable approaches in the context of recurrent/residual disease that may decrease the need for other treatment modalities such as radiation therapy.




Figure 2 | Testing algorithm for adolescent and young adult low grade gliomas. AYA, adolescent and young adults; LGG, low grade glioma; IDH, isocitrate dehydrogenase; ATRX, ATRX chromatin remodeler; CDKN, cyclin-dependent kinase inhibitor; WHO, World Health Organization; BRAF, B-Raf; FISH, fluorescence in situ hybridization; FGFR, fibroblast growth factor receptor; MYB, avian myelobalstosis viral oncogene; MYBL1, MYB Proto-Oncogene Like 1; MAPK, mitogen-activated protein kinase; PLGNT, pediatric low-grade neuroepithelial tumor; PXA, pleomorphic xanthoastrocytoma; EGFR, epidermal growth factor receptor; TERT, telomerase reverse transcriptase.



Circumscribed astrocytic gliomas are treated similarly to IDH-wildtype LGGs and often carry similar mutations in the RAS/MAPK pathway. In addition to these alterations, activating fusions of in neurotrophic tyrosine receptor kinase (NTRK) are exceptional but may offer options for targeted therapy with agents such as larotrectinib. For subependymal giant cell astrocytomas (SEGAs), mammalian target of rapamycin (mTOR) inhibitors (everolimus or sirolimus) can be given following maximal safe resection or in the context of recurrent disease.




Glioneuronal tumors

The WHO CNS5 classification system defines several types of tumors with mixed neuronal and glial components. Gangliogliomas and dysembryoplastic neuroepithelial tumors (DNETs) are the two most common glioneuronal tumors. Other glioneuronal tumors include diffuse glioneuronal tumor with oligodendroglioma-like features and nuclear clusters (DGONC), rosette-forming glioneuronal tumors (RGNT), papillary glioneuronal tumors, myxoid glioneuronal tumors, diffuse leptomeningeal glioneuronal tumors (DLGNT), gangliocytomas, multinodular and vacuolating neuronal tumors (MVNTs), and Lhermitte–Duclos disease. Central neurocytomas are categorized as neuronal tumors.

Glioneuronal tumors are uncommon, though they make up a large portion of long-term epilepsy-associated tumors (30). In Canada, the age-standardized annual incidence rate of glioneuronal tumor diagnosis among AYA patients is 0.42 per 100,000 (compared to 0.33 and 0.22 per 100,000 in younger and older patients, respectively) (12).



Clinical approach to glioneuronal tumors in AYA and relevance of molecular testing

Surgical resection is the most important treatment for symptomatic, circumscribed glioneuronal tumors which can also result in effective and durable anti-seizure control. For recurrent or widespread disease, other treatment options include radiotherapy or chemotherapy. Glioneuronal tumors occasionally harbor potentially targetable molecular alterations (Table 1). In DNETs, germline or somatic FGFR1 mutations are common, while BRAF p.V600E mutations are rare (31). In gangliogliomas, BRAF p.V600E mutations occur in 10–60% of cases (depending on the tumor location). Rosette-forming glioneuronal tumors can have FGFR1 mutations with co−mutation of PIK3CA and NF1 (32). Targeted therapies are currently under investigation for the treatment of glioneuronal tumors.




Ependymoma

Since the 2016 iteration of the WHO classification of CNS tumors, advances in the understanding of the molecular characteristics and biology of ependymomas has prompted a revised classification. In WHO CNS5, ependymomas continue to be grouped based on anatomical site across the supratentorial, posterior fossa and spinal compartments (1), with enhanced focus on molecular features. Prior to the WHO CNS5 revisions, methylome profiling and genomic studies revealed at least 9 molecular subgroups of ependymoma that were superior in risk stratification compared to histopathologic classification (33). The 5th edition now classifies ependymomas into 10 subgroups based on a combination of histopathological, anatomical and molecular features (Figure 3). Ependymomas within each compartment can be designated either grade 2 or 3 depending on histologic features, as data regarding grading of molecularly defined subtypes is still immature (8). Within WHO CNS5, the term “anaplastic” has been removed, and the morphological variants of classical ependymoma (papillary, clear cell, and tanycytic) are no longer recognized as ependymoma subtypes due to lack of clinical utility, and are instead included as histological patterns (8). A simplified algorithm for classification is presented in Figure 4.




Figure 3 | Age at presentation and classification based on anatomic site, histology and molecular features of ependymomas (33, 34). ZFTA, zinc finger translocation associated; YAP1, yes-associated protein 1; posterior fossa type A (PFA) and posterior fossa type B (PFB) MYCN, N-myc proto oncogene.






Figure 4 | Testing algorithm for adolescent and young adult ependymomas. ZFTA, zinc finger translocation associated; YAP1, yes-associated protein 1; FISH, fluorescence in situ hybridization; RT-PCR, reverse transcriptase polymerase chain reaction; NGS, next generation sequencing; PFA, posterior fossa type (A) PFB, posterior fossa type (B) MYCN, N-myc proto oncogene; CDKN, cyclin-dependent kinase inhibitor; SNP, single nucleotide polymorphism.




Clinical approach to ependymoma in AYA and relevance of molecular testing

Treatment stratification in ependymoma is currently based on anatomical location, extent of resection, grade and the presence of dissemination rather than molecular subtype (9, 35, 36). Therefore, the standard of care, beginning with maximal resection with consideration of post-operative conformal radiation, has not yet changed based on the molecularly expanded diagnostic schema (37). However, current clinical consensus suggests that pending more trial data, treatment should be tailored to the distinct molecular variants of ependymoma (38).

Upfront adjuvant chemotherapy has not shown benefit in adult ependymoma regardless of grade or subtype, but temozolomide and lapatinib can be considered in the recurrent setting based on phase II data (39, 40). There is no established role for upfront chemotherapy in the management of pediatric ependymoma (41), however preliminary results from the ACNS0831 trial shows some benefit to adjuvant maintenance chemotherapy in gross total or near totally resected, newly diagnosed ependymoma in children (42). Other therapies for recurrent ependymoma include re-operation (43) – ideally a gross total resection for locally-recurrent disease – and re-irradiation (43, 44).

Although the advances in molecular diagnosis have not yet changed the standard of care in ependymoma, molecular subgrouping of ependymoma allows for more precise prognosis and tailored treatment intensity (35). Clinical trials can now better stratify and compare novel investigational treatments specific to the 10 ependymoma subtypes in the WHO CNS5. Molecular diagnosis is essential to the development of new targeted treatments in this rare group of tumors.


Supratentorial ependymoma

The WHO CNS5 classification now lists two molecular groups of STE, characterized by their recurrent genetic alterations. Most relevant to the AYA population is defined by zinc finger translocation-associated (ZFTA; previously C11orf95) gene fusions. This is the same as the reticuloendotheliosis viral oncogene homolog A (RELA) fusion-positive ependymoma group introduced in the 4th edition of the WHO CNS guidelines, with the name changed prompted by the slightly increased prevalence of the ZFTA gene as a fusion partner (9). The second type is defined by yes-associated protein 1 (YAP1) gene fusions which is largely restricted to infants and young children (33).

Suggested molecular work-up of STE in AYA patients involves testing for ZFTA fusions, which can be identified via fluorescence in situ hybridization (FISH), reverse transcriptase polymerase chain reaction (RT-PCR), next generation sequencing (NGS), or nanoString (45). In the AYA population, if a ZFTA fusion is not present then alternate diagnoses such as GBM with ependymal differentiation (46), or MN1-fused or BCOR-fused neuroepithelial tumors, should be considered (47, 48).

Following gross total resection, observation may be considered for grade 2 ZFTA fusion STE (49). Additional FISH, SNP array, or methylation profiling for homozygous CDKN2A deletion can be subsequently performed for ZFTA fusion STE, as it is a prognostic marker for increased risk of local and distant disease progression (50–53). However, further trials are needed prior to the recommendation of molecularly tailored treatment for STE (38).



Posterior fossa ependymoma

Posterior fossa ependymomas lack recurrent mutations, and are instead classified based on epigenetic methylation profiling (54). In WHO CNS5 they are categorized into two main groups based on global levels of histone H3 K27 trimethylation, with group PFA exhibiting loss of trimethylation and over-expression of EZH inhibitory protein (EZHIP), and PFB exhibiting trimethylation retention (55). Most posterior fossa ependymoma occurring in adults are PFB while the great majority of PFA ependymoma occur in children younger than 8 years of age, with a median age of diagnosis of 3 years (33). It should be noted that while retention of H3K27me3 is characteristic of PFB, it is by no means specific and if the diagnosis is in doubt, then methylation profiling may be of help here.

In the AYA population, PFB is more common and carries a favorable prognosis compared to the PFA subgroup (33, 55–57). In a large retrospective multicohort of patients with ependymoma, PFA occurred in 10% of adults with posterior fossa ependymoma and within this group outcome was not affected by age. PFA occurred equally between the ages of 18-54 years (56). PFA versus PFB can be differentiated, as mentioned above, on immunohistochemistry (IHC) with H3K27me3 and EZH inhibitory protein (EZHIP) staining. Methylation profiling may also be used (55).

PFB ependymoma should be treated with gross total resection following which the prognosis is excellent however trials are required to further ascertain if these patients can be observed as re-resection and radiation therapy at recurrence may represent a viable option (38, 56). Patients with PFA should also be treated with gross total resection, when possible, as subtotal resection carries a high risk of poor outcome. Unfortunately, due to the frequent involvement of the brainstem, there is often residual disease, and the recommendation is therefore for adjuvant therapy in the form of external-beam irradiation, and hopefully novel therapies in the future.



Spinal compartment ependymoma

Spinal cord ependymomas typically occur in young and middle aged adults (39). Among these, the WHO CNS5 now grades myxopapillary ependymomas as grade 2 given comparable clinical outcomes to classic spinal cord ependymomas (58). WHO CNS5 also recognizes a new distinct molecular subtype of rare spinal cord ependymoma characterized by MYCN amplification, that is associated with older age, early dissemination and poor prognosis (59, 60).

Spinal and myxopapillary ependymoma are defined morphologically rather than molecularly (8), and therefore molecular testing is not necessary unless the tumor appears aggressive or disseminated, in which case MYCN amplification should be tested via FISH or SNP arrays (58, 59).

Spinal ependymomas are treated like other ependymomas, with maximal resection followed by observation or radiation depending on extent of resection, grade and evidence of dissemination (36). The treatment approach to myxopapillary ependymoma is en bloc gross total resection and, provided the capsule is not violated, adjuvant radiation is not required. In the case of capsule violation or subtotal resection, then adjuvant radiation should follow (36).



Subependymoma

Additionally, within each anatomic site, subependymomas can occur. These are identified histopathologically and do not require molecular testing (8). These grade 1 tumors are most commonly diagnosed in adults over the median age of 40 years, and therefore do not often present in the AYA age range and their management will not be further discussed (33).





Medulloblastoma and embryonal tumors

Embryonal tumors of the CNS are highly malignant and poorly differentiated tumors of neuroepithelial origin. Of these, medulloblastoma is one of the most common malignant brain tumors in children, however in adults these tumors are less common, accounting for less than 1% of all intracranial malignancies in adults (61). While most cases of medulloblastomas are diagnosed in children prior to the age of 15 years (median age: 9 years) it is the most common malignant embryonal tumor in the AYA population. As medulloblastoma arising in childhood vs adulthood have different subgroup enrichment and prognostic markers, treatment strategies and outcome predictors should also be differentiated. However, clinical trials are limited; standardized treatment are lacking in the adult population and decisions are often extrapolated from available pediatric standards of care.

The WHO CNS5 classification retains the four main molecular subgroup and morphologic classification from the 2016 classification of medulloblastoma. The molecular groups are: Wingless-type (WNT)-activated; Sonic Hedgehog (SHH)-activated (TP53 wildtype and mutated); group 3 and group 4 (non-WNT/non-SHH). The morphologic groups are classic; desmoplastic/nodular; and anaplastic/large cell and medulloblastoma with extensive nodularity (MBEN) – with the expectation that these are reported in a layered diagnostic fashion together with other molecular prognostic features. Additional sub-subgrouping with methylation array is also discussed but the clinical utility of these, particularly in the AYA age group, is not clear at present.

Tumor location tends to be subgroup associated and is thought to be related to cell of origin, with WNT tumors found in the cerebellopontine angle cistern and cerebellar peduncle, SHH-activated tumors arising in the cerebellar hemispheres, and Group 3 or 4 tumors occurring within the midline and fourth ventricle (62, 63). In children, WNT medulloblastoma can also be found in the Foramen Luschka and fourth ventricle (64).

Within the four main molecular subgroups, adult medulloblastoma differs from their pediatric counterparts (65). A majority (60%) of adult medulloblastomas fall within the SHH group, followed by Group 4 and WNT tumors; Group 3 tumors are rare in adults. Within each subgroup further transcriptional and epigenetic changes have shown to contribute to risk stratification (66–68). An overview of the subtypes of medulloblastoma is presented in Table 2.


Table 2 | Medulloblastoma subgroups with relevant clinical, molecular information and risk stratification.



WNT tumors are found in both children and adults; 15-20% of adult medulloblastomas are of WNT subgroup and, in contrast to pediatric cases, are less likely to harbor monosomy 6. Those diagnosed in childhood (prior to age 16) have excellent prognosis, with 10-year event free survival >95% (69, 70). Most WNT medulloblastomas have mutations in exon 3 of the CTNNB1 gene which results in reduced cytoplasmic degradation and nuclear accumulation of B-catenin, a transcription factor coactivator. In children, nuclear B-catenin accumulation is associated with excellent prognosis whereas this prognostic value has not been shown in adults (71); this difference may be due to differing treatment regimens rather than to intrinsic biological differences.

In adults, the most frequent group of medulloblastoma is SHH-activated, and the most common subset of SHH-activated medulloblastomas are TP53 wildtype, accounting for up to 70% of cases (69, 72). In contrast to the pediatric population, a P53 mutation is less likely to be associated with hereditary cancer predisposition, specifically Li-Fraumeni syndrome, and is not as negative a prognostic marker in adults. They tend to have an enrichment for TERT promoter mutations, demonstrate loss of function mutations or deletions in PTCH1, or copy number changes, specifically 10q loss (73–77). Adult SHH-medulloblastoma have frequent upstream pathway alterations (PTCH1 and SMO mutations), but infrequent downstream alterations (SUFU, MYCN amplifications) (73, 78). In a group of older children and adolescents with SHH medulloblastoma, germline or somatic TP53 mutations were associated with poor outcomes (72). In adults, germline TP53 mutations are rare or non-existent (77). Furthermore, the presence of 10q loss serves as a strong predictor for poor survival specifically (68, 71, 77), and SHH tumors with chromosome 3p loss, 17p loss and PTCH1 mutations have inferior outcomes.

Group 3 medulloblastoma are primarily seen in infants and older children. They tend to be male patients and frequently present with disseminated disease with a poor prognosis, especially in the context of MYC amplification (79). Other cytogenetic features include isochromosome 17q and chain of chromosome 8q (80). Gene mutations are infrequent, but tend to include SMARCA4, KBTBD4, CTDNEPI and KMT2D (80–82).

Group 4 medulloblastoma frequently have cytogenetic aberrations with gain of chromosome 7 or 17q and deletions of chromosome 8, 11 or 17p, or isochromosome 17q (80). Chromosome 8 loss has been shown in both pediatric and adults to be associated with increased survival, whereas other pediatric markers such as whole chromosome 11 loss have not been found to be prognostic in adults (77). Pediatric Group 4 medulloblastoma with chromosome 8 loss has been associated with a survival advantage (83). This has also been recently shown to be true in adults (77). Amplifications in MYCN and CDK6 are seen, as is overexpression of PRDM6 and mutations in histone modifying genes, KDM6A, AMYM3, KMT2C and KBTBD4 (79, 80). Amplification of MYC or MYCN has been shown to be associated with poor survival in pediatric medulloblastoma, but are rare in adults (71). In contrast, CDK6 is almost exclusively found in adults and correlated with adverse outcomes (71).


Clinical approach to medulloblastoma in AYA and relevance of molecular testing

Like gliomas and ependymomas, standard of care management for medulloblastomas begins with maximal surgical resection for cytoreduction, as well as histopathologic and molecular diagnosis. The historical Chang staging criteria (M0–M4) are still used for medulloblastoma. M0 represents no evidence of metastatic disease; M1 is those with positive cerebrospinal fluid (CSF) cytology without gross visible tumor radiographically; M2 is intracranial metastasis; M3 is overt metastasis within the spinal subarachnoid space; and M4 is disease outside of the neuraxis. Extraneural metastases, especially late metastases, have been reported in adult cases and most commonly involve bone, and rarely lymph node, visceral organs and bone marrow (84–87). M-stage at diagnosis is prognostic in children, but its role in adults is less clear (88–91). Patients tend to be classified as average or high risk based on presence of metastatic disease and extent of resection. Average risk patients are those with 1.5cm2 or less residual disease, no metastatic disease on MRI brain and spine, and absence of malignant cells in the CSF via lumbar puncture, whereas those with residual disease or presence of metastatic disease on imaging or CSF are classified as high risk. In children extent of surgical resection, specifically gross total resection with 1.5cm2 or less residual disease has been shown to be prognostic. However, in adults, the prognostic value of complete resection is less clear. Nonetheless guidelines recommend a gross total resection if possible (92–94).

Diagnostic classification of medulloblastoma into the 4 main subgroups is accomplished with IHC and molecular methods, with the latter being preferred. IHC testing of beta-catenin can identify tumors in the WNT subgroup (beta-catenin positive), while the SHH subgroup, group 3, and group 4 are negative for beta-catenin. It is important to note that beta-catenin IHC may not entirely be reliable and should be interpreted with caution; instead, molecular subgrouping is preferred. GAB1 and filamin-A are positive via IHC in the SHH subgroup, but negative in the group 3 and 4 subgroups. There is no reliable immunohistochemical method for distinguishing groups 3 and 4.

Medulloblastoma subgrouping is most reliably performed by molecular methods, including nanoString assay, or methylation profiling. Additional copy number alterations of potential prognostic significance maybe be obtained from the methylation array or via SNP arrays or FISH, but are not always necessary. Such molecular subclassification has become routine for the diagnosis of pediatric medulloblastoma, whereas the clinical benefit in adults is less clear (92).

Within Canada, the standard treatment approach for childhood medulloblastoma (> 3–6 years of age) and average risk medulloblastoma is treatment as per the ACNS0331 protocol (95, 96). This involves upfront maximal safe surgical resection followed by craniospinal irradiation (CSI) (23.4 Gy) with a boost to the tumor bed, with a total dose of 54–55.8 Gy, with concomitant vincristine. This is then followed by 9 cycles of multi-agent chemotherapy including vincristine, CCNU, cisplatin and cyclophosphamide. Comparatively, those with high risk medulloblastoma are treated per the ACNS0332 protocol, Regimen A (95, 96), with 36 Gy CSI with a boost to the tumor bed/posterior fossa to a total of 54–55.8 Gy followed by 6 cycles of chemotherapy with vincristine, cisplatin, and cyclophosphamide.

As medulloblastoma is infrequent in adults, treatment protocols are quite heterogeneous and more intense systemic protocols have reported subsequent toxicities in adult patients (96, 97). Most published cohorts of adult medulloblastoma patents are limited to retrospective studies and randomized trials are lacking. Current adult approaches include maximal safe resection followed by craniospinal irradiation with or without adjuvant chemotherapy irrespective of risk category (92). Treatment recommendations are generally derived from pediatric trials, retrospective analysis of adult cohorts within pediatric trials, and prospective single-arm trials in adults (92, 94, 98–101). Although craniospinal radiation has been shown to be necessary, there is controversy regarding the appropriate dose of radiation in adults, with most opting for 36 Gy to the neuraxis and localized dose escalation to the tumor bed. Reduced dose CSI to 23.4 Gy in combination with chemotherapy has been used in pediatric trials (102) and is being investigated in adults (NCT01857453). Furthermore, there are ongoing discussions regarding appropriate radiation dosing to the tumor bed in adult patients, with doses higher than 50 Gy associated with an improved outcome (97).

Most retrospective studies in adults suggest that adjuvant chemotherapy is associated with improved survival relative to craniospinal radiotherapy alone in both average and high-risk individuals (98, 103), however the added value to high-risk adults is less established than in children. The typical chemotherapy regimen used in adults is the Packer regimen (adjuvant vincristine, cisplatin, and lomustine up to 8 cycles) (102). Weekly vincristine during RT is often omitted or dose modified in adults due to increased risk of toxicity. Overall, tolerance to the Packer regimen is worse in adolescents and adults compared to children (104), with dose modifications or early termination required by cycle 4 in nearly 60% of patients (99). Therefore, identifying therapeutic targets utilizing molecular characterization may improve patient care and should aim to reduce toxicities associated with therapy. An example of this is the SHH pathway as a potential candidate for targeted therapy for patients for recurrent or refractory disease. Some early clinical trials have shown efficacy of the SMO inhibitor vismodegib in recurrent SHH medulloblastoma phase I trials. The majority of pediatric relapsed cases had P53 mutant SHH and downstream activation such as SUFU mutations limiting vismodegib’s effectiveness, but these alterations are uncommon in adults. Thus, in theory adult SHH-activated medulloblastoma patients may benefit from vismodegib with improved response rates noted in almost half of patients when used in the recurrent setting as demonstrated in phase II trials. This response may, however, be short lived, as PFS was consistently less than 4 months (105, 106). Recently, a phase I/II study evaluating vismodegib and temozolomide vs. temozolomide alone in recurrent/refractory medulloblastoma in adults showed no added toxicity, but failed to show improvement in PFS (107). Further studies are required to elucidate the role of vismodegib and other potential targeted therapies for medulloblastoma.

Pediatric SHH medulloblastoma patients should undergo genetic counselling for evaluation of germline TP53 and SHH pathway mutations (Gorlin syndrome) and WNT patients without somatic CTNNB1 mutations require genetic counselling for APC sequencing. In contrast, adult SHH patients do not routinely require referral for genetic testing given the rarity of germline TP53 mutations in older patients, unless there are other clinical or familial concerns.




Discussion

AYA patients represent a unique group of patients whose care spans both pediatric and adult treatment centers. As a result, the diagnostic and treatment approaches to their biologically unique tumors have been heterogeneous across Canada. The incorporation of diagnostic and prognostic molecular biomarkers, culminating in the WHO CNS5, has led to a rapid evolution of our understanding of CNS tumors in AYA patients. WHO CNS5, in particular, highlights the distinct pediatric and adult subtypes within gliomas, and the need for separation of these entities for treatment considerations and prognostication. New classifications are especially useful if each element is prognostically distinct or if each differentially responds to therapies. In particular, molecular classification of CNS tumors can assist with accurate prognostication, can open up clinical trial options, and can occasionally allow for targeted therapy or treatment de-escalation. Looking to the future, access to molecular sequencing, combined with liquid biopsies could also present a unique chance to refine less invasive diagnostic and prognostic biomarkers in AYA patients (108).

While this review provides some recommendations for testing, national implementation within the Canadian single-payer system remains challenging, because provincial insurance coverage often dictates access to advanced molecular testing. Because AYA CNS tumors are relatively rare, centralized testing may provide the only feasible option to better identify and molecularly characterize these tumors to ensure suitable therapy, and follow-up, is provided to this group of patients. In larger Canadian provinces, streamlining testing at one or two major centers could ensure best use of resources and allow for better development and validation of next generation sequencing panels. However, in less populous provinces, inter-provincial collaborations may be required for timely access to testing. The challenges of a single-payer system may ultimately ensure that technological advances that translate into improved patient care are implemented more uniformly and equitably, although this process may be slower in its development.

In this vulnerable patient population, where treatment strategies can have long term sequelae, it is particularly important that research and clinical efforts recognize not only the unique biology but also the unique effects of age on the ability to endure or respond to treatments. Clinical trial designs will need to evolve to address these challenges. For example, current trials that incorporate AYA as a group (and do not segregate pediatric vs adult patients) remain scarce but are essential. In addition, sample size calculations and trial designs must take into account the rarity of these tumors, and accrual will often have to depend on multi-institutional and international collaborations. Cooperative group studies that span the 18-21 age group, such as ARST1321 trial of non-rhabdomyosarcoma soft tissue sarcomas that was developed by both NRG Oncology and the Children’s Oncology Group, are able to successfully accrue participants aged <18 and >18 (109). Bridges and platforms for communication need to be built between adult and pediatric neuro-oncologists, radiation oncologists, neurosurgeons, and neuropathologists to improve care in this population, and to ensure that care is consistent across the country. Similar collaborations between Canadian research organizations, such as the Canadian Clinical Trials Group, Canadian Cancer Clinical Trials Network (3CTN) and C17 Council are necessary to develop high-impact, clinically relevant studies spanning the pediatric, AYA and adult disease spectrum. As the need for better molecularly guided therapies and interdisciplinary and interprovincial collaborations has been recognized, efforts initiated by our Canadian Adolescent and Young Adult Brain Tumour Consortium has led to the creation of initiatives such as a pan-Canadian multidisciplinary molecular tumor boards to help address these gaps. This current work reflects our goal to provide a unified, resource-effective, clinically oriented approach to molecular testing in light of the new WHO CNS5 classification, that will help ensure that all AYA patients are eventually cared for within this evidence and precision-medicine based framework. Lastly, while the molecular testing gap is closing, access to targeted therapies for AYA continues to lack behind and should be the focus of future advocacy efforts.

While our collaborative efforts are still in their infancy, improved identification and classification of these tumors for Canadian AYA brain tumor patients will help inform standards of practice and help accelerate research efforts to provide more precise therapies and may spare long term side effects of some of the current treatment strategies in a population that needs it the most.
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Background

Glioblastoma (GBM) is a malignant brain tumor associated with high morbidity and mortality rates with a poor prognosis. In recent years, studies on prognostic markers such as programmed death ligand 1 (PD-L1) have increased; however, their conclusions remain controversial. Here, relevant literature was reviewed and a meta-analysis was performed to clarify the correlation between PD-L1 expression and overall survival (OS) in GBM.



Methods

The non-foundational literature on PD-L1 expression associated with OS in GBM up to February 2022 was searched in the PubMed, Metstr, Cochrane, and Web of Science databases. Literature was rigorously screened according to inclusion and exclusion criteria, the total hazard ratio (HR), and corresponding 95% confidence intervals (CIs).



Results

Calculating the combined HR value and corresponding 95% CI of HR=1.124 (95% CI: 1.047–1.201, P=0.000, I2 (I-squared)=48.8%), it was shown that PD-L1 expression was significantly associated with low OS in GBM patients. Although I2 = 48.8% < 50%, to make the results more credible, in the cutoff values ≥10% subgroup HR=1.37 (95% CI: 1.07–1.67, P=0.000, I2 = 0%), which was also the result found in the first meta-analysis. In contrast, in the cutoff value ≥5% subgroup HR=1.14 (95% CI: 0.98–1.30, P=0.000, I2 = 59.8%) and in the cutoff value median PD-L1 expression levels subgroup HR=1.05 (95% CI: 0.92–1.18, P=0.000, I2 = 0%), indicating that PD-L1 expression was not associated with low OS in GBM. Furthermore, in four studies, we found no significant correlation between PD-L1 expression and the progression-free survival of GBM (HR=1.14, 95% CI:0.40–1.88, P=0.03, I2 = 29.3%).



Conclusion

PD-L1 expression was significantly associated with low OS in GBM patients; however, this result needs to be interpreted with caution and requires a large, multicenter clinical study in patients with similar baseline data for further evaluation.
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Introduction

Glioma, a primary malignant central nervous system tumor, has high morbidity and mortality rates (1). The higher the pathological grade, the more malignant the tumor and the worse the prognosis; glioblastoma is considered the most malignant central nervous system tumor, with an overall 5-year survival rate of only 9.8% (2). The prognosis is very poor, even with a range of conventional treatments available such as surgical resection combined with postoperative radiotherapy (3). Fortunately, in recent years, treatments including the blockade of immune checkpoints (stimulatory or inhibitory factors that generate immune responses) and chimeric antigen receptor T-cell therapy have offered hope for patients (4, 5). Studies have shown that various malignancies are groundbreaking in this regard (6); for example, blocking programmed death 1 (PD-1)/programmed death ligand 1 (PD-L1) immune checkpoints can modify the prognosis of non-small cell lung cancer (NSCLC), gastric cancer, head and neck squamous cell carcinoma, and melanoma to some extent (7–11). With the successful treatment of melanoma and NSCLC with monoclonal antibodies against PD-1/PD-L1, immunotherapy may become a promising approach for the treatment of glioma (12, 13). Although PD-1/PD-L1 expression has been validated in GBM (14–27), the conclusions are controversial and require further investigation.

In this study, a meta-analysis based on previous studies was conducted to verify the correlation between high/positive PD-L1 expression and overall survival (OS) in GBM. Conclusions differing from previous studies were obtained, demonstrating the need for continued in-depth studies of PD-L1 to predict a prognosis in GBM.



Materials and methods


Study identification and data collection

This meta-analysis was conducted based on the recommendations and criteria developed by the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) (28). By using keywords and free words (“GBM” or “glioblastoma”) and (“PD-L1,” “CD274,” or “B7-H1”) in the PubMed, Metstr (http://fmrs.metstr.com/index.aspx), Cochrane, and Web of Science data searches, all literature up to February 2022 was evaluated manually and screened for usable literature (G and J), and senior reviewers (Z) resolved any disputes therein. Finally, basic data from the included literature were extracted, such as the year of publication, first author, country, sample size, cutoff, material, assay method, staining pattern, presence of 1p/19q codeletion, O6 -methylguanine-DNA-methyltransferase (MGMT) methylation status, IDH mutation status, analysis methOS rate and 95% confidence interval (CI), progression-free survival (PFS), and 95% CI. The extraction of results was prioritized under multifactorial analysis and for the literature without a corresponding OS hazard ratio (HR) and 95% CI but with corresponding Kaplan–Meier curves. The interrupted point-taking method of Engauge Digitizer version 12.1 was used to extract the survival rates and transform them into HR and 95% CI.



Inclusion and exclusion criteria

Inclusion and exclusion criteria were followed for article selection. The inclusion criteria were as follows: 1) the study investigated the prognostic value of PD-L1 expression in GBM; 2) literature was from the CGGA- and TCGA-published databases; 3) pathological findings were present confirming GBM in all patients with GBM; and 4) all patients were initially diagnosed with GBM. The exclusion criteria were as follows: 1) identical literature in different databases; 2) literature dealing with GBM recurrence; 3) similar meta-analyses; and 4) reviews, letters, and basic trials.



Quality assessment

Two independent reviewers (G and J) assessed the quality of the included studies using the Newcastle–Ottawa Quality Assessment Scale (NOS) (29), which included three main entries (Table 1, 14–27). According to the relevant literature, an NOS score ≥5 was defined as high quality based on the literature (29).


Table 1 | Basic characteristics of the included literature.





Statistical analyses

The extracted HR values and 95% CIs were combined and displayed in deep forest plots, and the vertical line passing through one was defined as an invalid line that would suggest that PD-L1 expression does not predict a GBM prognosis. P<0.05 was defined as statistically significant. Furthermore, in the Cochrane Handbook criteria, heterogeneity is expressed by the Higgins I-squared (I2) statistic, and when I2 >50% indicates significant heterogeneity (30), a random-effects model was chosen to represent the final combined results; when it was <50%, a fixed-effects model was chosen. When there was significant heterogeneity, subgroup analysis, sensitivity analysis, and meta-regression were used to identify the sources of heterogeneity. Finally, funnel plots were used to detect the presence of publication bias, and when the funnel plots were asymmetric, Egger’s linear regression and Begg’s rank were used for further quantitative evaluation. The aforementioned data analyses were performed using Stata 16.0.




Results


Search results

A total of 319 publications were initially identified based on the search strategy. Of these, 305 were subsequently excluded for the following reasons: meta-analysis (n=3); GBM recurrence (5); letters, reviews, and base trials (20); and other (277), of which one was excluded for providing HR and 95% CI but the total number of patients for which HR was calculated was unclear (31); another did not provide HR and CI (32) (Figure 1). In total, 14 papers, containing 19 studies, were finally identified for inclusion (Table 1). The 19 studies included 2,943 patients; 8 studies assessed PD-L1 expression from gene expression, and the remaining 11 assessed PD-L1 expression from protein expression. A total of 10 cases showed PD-L1 expression detected by immunohistochemistry (IHC), and 1 case was detected by the immunofluorescence histochemistry (IFC) method. Of these, PFS values were present in four studies. The cutoff values for the percentage of PD-L1 expression–positive cells varied among the included studies, with eight studies having a cutoff value of ≥5%, five studies did not have a cutoff defined, three studies had a median PD-L1 expression level, two studies had a cutoff value of ≥10%, and one study had a cutoff defined as 0.37. Among the analysis methods, eight studies were multifactorial analyses and the others did not mention the analysis type.




Figure 1 | Selection process for the including studies.





Correlation between overall survival, progression-free survival, and programmed death ligand 1 in GBM

The combined HR and corresponding 95% CI were calculated as HR=1.124 (95% CI: 1.047–1.201, P=0.000, I2 = 48.8%), indicating that PD-L1 expression was significantly associated with OS in GBM (Figure 2). Although I2 = 48.8% < 50%, to make the results more credible, in the cutoff values ≥10% subgroup HR=1.37 (95% CI: 1.07–1.67, P=0.000, I2 = 0%), which was also the result found in the first meta-analysis. In contrast, in the cutoff value ≥5% subgroup HR=1.14 (95% CI:0.98–1.30, P=0.000, I2 = 59.8%) and in the cutoff value median PD-L1 expression levels subgroup HR=1.05 (95% CI: 0.92–1.18, P=0.000, I2 = 0%), indicating that PD-L1 expression was not associated with low OS in GBM (Figure 3). Furthermore, in four studies, we found no significant correlation between PD-L1 expression and PFS in GBM (HR=1.14, 95% CI:0.40–1.88, P=0.03, I2 = 29.3%) (Figure 4).




Figure 2 | Association between PD-L1 expression and OS of GBM patients.






Figure 3 | Analysis of subgroups with different cutoff values of PD-L1.






Figure 4 | Association between PD-L1 expression and PFS of GBM patients.





Heterogeneity and sensitivity analysis

To further explore the sources of heterogeneity, the included literature data were analyzed using a sensitivity analysis; results showed that single studies were not associated with heterogeneity (Figure 5). Second, a subgroup analysis was performed based on gene and protein expression; results showed that in the gene expression subgroup HR=1.12 (95% CI: 1.03–1.20, P=0.000, I2 = 53.0%) and in the protein expression subgroup HR=1.15 (95% CI: 0.99–1.32, P=0.000, I2 = 50.4%), there were no reductions of heterogeneity (Figure 6); Meta-regression was used to test whether the country, year, age, Karnofsky Performance Score (KPS), MGMT methylation status, IDH mutation status, assay, and method of analysis affected heterogeneity. The results of the meta-regression showed that the inclusion of four variables (eight variables) resulted in a heterogeneity between the studies of Tau 2 = 0, which was 0.0303 less than the previous value of 0.0303 in Figure 2, implying that these factors could be used to explain 48.8% of the heterogeneity between studies (Table 2).




Figure 5 | Sensitivity analysis.






Figure 6 | Subgroup analysis of PD-L1 expression in genes and proteins.




Table 2 | Meta-regression.





Publication bias

Funnel plots were used to assess the presence of publication bias (Appendix A Figures A1); when the funnel plots were asymmetric, Egger and Begg tests were used for quantitative assessment (Appendix: Figures A2, A3). As shown in Table 3, P=0.18 > 0.05, 95% CI: –.5499226–2.712886, indicating the absence of publication bias in the included studies.


Table 3 | Egger and Begg tests.






Discussion

PD-L1 is expressed by a variety of cell types, including macrophages, T cells, B cells, and a subset of non-hematopoietic cell types such as vascular endothelial cells (33). Aberrant expression is present not only in glioma cell lines but also in other tissue specimens (34–36). To date, little is known about the mechanisms regulating PD-L1 expression, although one study suggested that it is regulated by two basic mechanisms: innate immune resistance–mediated structural expression and acquired immune resistance–mediated inducible expression (37). In tumor cells, interferon gamma (IFN-g-), which responds to an antitumor immune activity, is a major regulator of PD-L1; PD-L1 expression in tumors can also be activated by oncogenic mutations, such as the deletion of phosphatase and tensin homologue in gliomas (38–40).

PD-L1 expression has been observed in cancers such as NSCLC, melanoma, and colorectal cancer (41–43). In addition, PD-L1 expression has been found in gliomas, but the significance in predicting its expression in glioma patients remains controversial. For example, a study by Knudsen et al. (20) on 163 patients with glioblastoma showed that high median PD-L1 expression levels were not significantly related to prognosis, both under univariate and multifactorial analyses (univariate: HR=0.89, 95% CI: 0.66–1.23, P=0.58; multifactorial: HR=1.05, 95% CI: 0.8–1.5, P=0.8). In contrast, Han et al. (18) performed an immunohistochemical analysis of pathological sections from 54 glioma patients and defined at least 5% of cells detected by membrane staining as PD-L1 positive (without regard to staining intensity); high PD-L1 expression was related to gliomas and OS under multifactorial analysis (HR=4.958, 95% CI:1.557–15.79). Although there have been an increasing number of studies on the role of PD-L1 in predicting glioma prognosis in recent years, the conclusions remain mixed. Even though the index, patients, materials, assay, staining pattern, cutoff date, and analysis methods were the same as Han et al. (18), a study by Lee KS (19) showed that PD-L1 expression did not predict prognosis in glioma patients (HR=1.204,95% CI: 0.584–2.485, P=0.615).

Because of this inconsistency, this study reviewed and analyzed all the published literature on the role of PD-L1 expression in predicting OS in GBM patients. The results showed a correlation between PD-L1 expression and low OS in GBM patients. Further subgroup analysis showed that PD-L1 did not correlate with low OS in GBM patients in terms of protein expression, which was inconsistent with the findings of Wang H (44). Through discussion, it was found that the HR values included in this study were multifactorial, whereas the study by Wang et al. was univariate. In addition, this meta-analysis found a statistically significant heterogeneity of 0% (P=0.000) in the subgroup with a PD-L1 cutoff ≥10% for the first time, although further studies are needed to demonstrate this due to the paucity of literature. In the meta-regression, differences in the country, year, age, KPS, MGMT methylation status, IDH mutation status, assay, and method of analysis affected heterogeneity.

Fortunately, even though no immune checkpoint inhibitors have been approved for glioma (24), the efficacy of PD-1/PD-L1 inhibitors has been validated in preclinical glioma models; PD-1/PD-L1 inhibitors have been shown to restore antitumor T-cell activity and improve survival, which provides a theoretical basis for clinical trials (45–50). For example, in a study by Reiss SN (51), pembrolizumab prolonged PFS in some patients despite a low response rate. In addition, Lim (52) confirmed that nivolumab was well tolerated by newly diagnosed GBM patients, the incidence of adverse events was consistent with other reported neurological frequencies, and no deaths due to drug toxicity were reported; however, survival data require further follow-up. Therefore, there is a need to further investigate the relationship between PD-L1 expression and low OS in GBM patients. In addition, it has been shown that PD-L1 mRNA is expressed in all glioma grades and shows grade dependency (25, 53), possibly due to the association of expression with the vascular endothelial growth factor, matrix metalloproteinase 9, and KI-67. Further studies are needed to better understand these relationships.

Although the present study showed a correlation between PD-L1 expression and low OS in GBM patients, there are some limitations. First, although we analyzed the effect of the MGMT methylation status and IDH mutation status on heterogeneity, we could not further analyze the prognosis of PD-L1 expression in the MGMT methylation status or IDH mutation status only because the MGMT methylation status or IDH mutation status is not mentioned in part of the literature. Second, this study was retrospective and, as such, it was not possible to define GBM according to the latest WHO pathological classification (54), and only four studies mentioned PFS values. In addition, the impact of treatment on the prognosis of GBM patients could not be further explored because some treatment options were not mentioned. Finally, despite the low heterogeneity of the present study, PD-L1 in protein expression was not shown to be associated with low OS in GBM patients in the subgroup analysis, and despite the analysis of the reasons for this, further studies are needed to demonstrate the relationship between PD-L1 and the prognosis of GBM patients.



Conclusions

In conclusion, despite the limitations of this study, a correlation was found between PD-L1 expression and poor OS in GBM. Statistically significant heterogeneity was found in the subgroup with a PD-L1 cutoff of ≥10% after pooled analysis, providing a theoretical basis for prospective clinical studies. Furthermore, meta-regression analysis demonstrated that the country, year, age, KPS, MGMT methylation status, IDH mutation status, assay, and method of analysis-affected heterogeneity were sources of heterogeneity. After controlling for these, the correlation between PD-L1 expression and low OS in GBM patients will become clearer, and interventions aimed at improving patient prognosis will become more defined.
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Purpose

No consensus has currently been reached regarding the optimal radiation volume for radiotherapy of glioblastoma. Here, we have proposed a new delineation approach to delineating clinical target volume based on the relationship between the growth patterns of glioblastoma and neural pathways. Its safety and efficacy were evaluated in a phase II clinical trial.



Methods

A total of 69 patients with histologically confirmed glioblastoma were enrolled. All patients underwent tumor resection, followed by focal radiotherapy and concomitant temozolomide (TMZ), and then received six cycles of adjuvant TMZ. The gross tumor volume (GTV) was defined as the surgical resection cavity plus any residual enhancing tumor, on contrast enhanced T1-weighted MRI. The clinical target volume (CTV) was delineated through our new approach.



Results

The median recurrence-free survival (RFS) and overall survival (OS) were 11.4 months and 18.2 months, which were better than the previous reports. Relapse was found in 47 patients, of whom 41 patients (87.2%) failed in central, two patients (4.3%) failed in field, and four patients (8.5%) failed in distance. No marginal recurrence was found. Our regimen showed a trend of lower rates of marginal recurrence, and the brain volume of high-dose radiation fields in our regimen was similar to that of EORTC (p = 0.257).



Conclusions

We have proposed a novel method for the delineation of clinical target volume by referencing the nerve fiber bundles for radiotherapy of glioblastoma. The results of the present phase II clinical trial suggest that this approach may be feasible and effective.





Keywords: radiotherapy, clinical target volume, glioblastoma multiforme (GBM), radiation volume, the white matter tracts



Introduction

Glioblastoma (GBM) is the most common primary brain malignancy in adults (1). Maximal safe surgical resection followed by chemoradiotherapy is the standard treatment at present (2). However, the prognosis is still extremely poor. Local recurrence is the most common cause of failure (3).

Radiotherapy (RT) is one of the most important local treatments besides surgery, but currently, no consensus has been reached regarding the optimal radiation volume for high-grade gliomas (4). For instance, according to the recommendations of the European Organisation for Research and Treatment of Cancer (EORTC), the clinical target volume (CTV) was defined as the gross tumor volume (GTV) +2 cm (5). While in the guidelines of Radiation Therapy Oncology Group (RTOG), the initial field of CTV was defined as the peritumoral edema +2 cm and the boost field was defined as GTV +2.5 cm (6, 7). There are big differences between the two guidelines, no matter the radiation dose or target volume. However, several studies compared the differences in patterns of failure and survival between the two radiation techniques, and no significant difference was noticed (8–10). Larger RT fields do not show a survival advantage but lead to a higher risk of late neurological radiation-induced toxicity. However, according to the results of previous studies, smaller RT fields failed to treat all microscopic areas of infiltrating tumors (11).

The main growth characteristic of glioblastoma is infiltrative growth through the white matter tracts. Regions along the white matter tracts, especially those at the direction of the main fiber bundles, would have a higher risk of microscopic tumor cell dissemination (12). However, in current practice, the recommendation for the CTV definition is to add a 2 cm symmetrical margin to GTV or peritumoral edema in all directions, which hardly accounts for the growth characteristics of gliomas that are known from histopathological findings. Diffusion tensor imaging (DTI) has been reported to be able to detect white matter tracts and has been widely applied in surgical planning in glioblastoma patients (13–15).We have analyzed the relationship between the nerve fiber bundles and tumor growth patterns previously, and found that the application of the nerve fiber bundles will facilitate precise positioning of the radiotherapy target area (16). In this study, we traced the main white matter tracts by DTI and analyzed the growth patterns of GBM in relation to the main white matter tracts. Finally, we designed a detailed protocol for target delineation of the CTV and conducted a phase II clinical trial to evaluate the efficacy and safety of this strategy.



Patients and methods


Eligibility criteria

Approval of the study was obtained from the institutional review board of the Zhongnan Hospital, Wuhan University (Hubei, China). All patients signed informed consent forms before study entry. From August 2016 to December 2018, patients with glioblastoma were recruited for this study based on the following eligibility criteria: performance status of 0–1 (Eastern Cooperative Oncology Group performance status), histologically confirmed glioblastoma, no cerebrospinal fluid, and distant metastatic disease. All patients had adequate hematologic, hepatic, and renal function. Patients younger than 18 years old and older than 75 years; patients with a prior (i.e., within 5 years) or synchronous malignancy, other than non-melanoma skin cancer; and those with significant comorbidities were excluded.



Study design and treatment

Eligible patients received chemoradiotherapy (CRT) (PTV-GTV: 60 Gy at 2.0 Gy per fraction, five fractions per week for 6 weeks; PTV-CTV: 54 Gy at 1.8 Gy per fraction, five fractions per week for 6 weeks) with a Temozolomide (TMZ) regimen (75 mg/m2 per day during RT), followed by six additional cycles of TMZ (150 mg/m2 for the first cycle and 200 mg/m2 for the second to sixth cycles, on days 1–5, every 4 weeks). The flow chart of the study schema is shown in Figure 1.




Figure 1 | Flow chart of the study schema. GBM, glioblastoma.





Target volume delineation and radiotherapy techniques

Patients were maintained in a supine position and immobilized with a thermoplastic elastomer film. All patients underwent a conventional and contrast-enhanced spiral CT scan (Siemens AG, Munich, Germany) with a 2-mm slice thickness from the vertex to the lower border of C3. Preoperative and postoperative (within 1 week and pre-radiotherapy) contrast enhanced MRI (contrast enhanced T1 + T2/FLAIR sequences) and DTI sequences were fused with the planning CT to aid target delineation. The target volume of GTV was defined as T1 enhancement and the surgical cavity without the inclusion of T2 abnormality. The target volume of CTV was delineated according to the methods described in the following paragraph. The PTV-GTV and the PTV-CTV included the GTV and CTV plus margins of 3 mm. Intensity-modulated radiotherapy (IMRT) techniques were delivered to the patients.



Protocols of delineation for CTV

We established a detailed protocol for target delineation of the CTV based on brain anatomy, white matter fiber tract distribution, and the growth patterns of the tumor. Briefly, along the directions of the main nerve fiber bundles (Table 1), the CTV is defined as peritumoral edema plus 1 cm. While in other directions, the CTV is defined as GTV plus 2 cm and should be adjusted to anatomical borders such as the skull (0 mm, using bone window), ventricles (5 mm), falx (0 mm), tentorium cerebelli (0 mm), visual pathway/optic chiasm and brainstem (each 0 mm) and modified to include all regions of abnormal T2/FLAIR MRI signal. Deep brain white matter is the focus for RT target contour. Regions of normal uninvolved gray matter should be modified to be protected. Supplementary Figure 1 provides an illustrative example of the new approach.


Table 1 | List of main fiber tracts involved in different tumor locations.





Study endpoints

The primary endpoints were recurrence-free survival (RFS) and overall survival (OS). The secondary endpoint was pattern of relapse. RFS was calculated from the date of surgery to the date of the first locoregional recurrence. According to the DVH, if more than 95% of the recurrence volume was in the original high-dose field (isodose 95%—54 Gy), it was considered a central failure, whereas those within 80%–95% were designated as in-field, 20%–80% as marginal, and <20% as distant recurrences, respectively.



Statistical analysis

Survival was investigated with the Kaplan–Meier method. All tests were two-sided, and significance was defined as a P-value less than or equal to 0.05. Statistical analyses were performed with the Statistical Package for Social Sciences, version 22.0 (IBM SPSS Statistics, Chicago, IL, USA).




Results

Between August 2016 and December 2018, 69 GBM patients were enrolled. The median follow-up of patients included in the analysis was 15.2 months (range, 6.7 to 31.5 months). The baseline clinical characteristics of the patients are presented in Table 2. The median age was 52 years (range, 23–72 years), and 41 patients (59.5%) were male.


Table 2 | Baseline characteristics of the patients.




DTI images

The DTI-p (isotropic diffusion) map was reported to be an imaging correlate for the infiltrative edge of the tumor (17). A DTI-p map was taken in all 69 patients. The DTI-p map abnormality area was found to be inconsistent with T2/FLAIR in 60 patients (87%). The depth of tumor infiltration shown by the DTI-p map was found to be significantly deeper than T2/FLAIR in the direction of adjacent main nerve fiber bundles in 51 patients (73.9%) (Figure 2).




Figure 2 | An example of the sites of tumor infiltration shown by T2 (A) and the DTI-p map (B). The red line represents GTV, the pink lines represent the sites of tumor infiltration shown by T2, and the light blue lines represent the sites of tumor infiltration shown by the DTI-p map. The green arrow represents the depth of tumor infiltration shown by the DTI-p map was deeper than T2/FLAIR in the direction of adjacent main nerve fiber bundles.





Pattern of relapse

Sixty-six patients completed the planned protocol. Three patients failed to complete the therapy because of tumor recurrence during the period of adjuvant chemotherapy. During the follow-up period, relapse was found in 47 patients, of whom 41 patients (87.2%) failed in central, two patients (4.3%) failed in field, and four patients (8.5%) failed in distant recurrence. No marginal recurrence was found (Table 3). The MGMT promoter was methylated in 14 (36%) patients and unmethylated in 55 (64%) patients, respectively. Recurrence occurred central/in-field and outside in eight (80%) and two (20%) of patients with MGMT methylated status, and in 35 (94.6%) and 2 (5.4%) of patients with unmethylated status, respectively (P = 0.59).


Table 3 | Comparison of pattern of relapse with different target delineation methods.





Comparison of recurrence pattern

No significant difference was noticed between the recurrence pattern of EORTC (10) and our regimen. However, our regimen showed a trend of lower rates of marginal recurrence (Table 3). The comparison of brain volume exposed to radiation between our radiotherapy plan and the EORTC virtual plan is shown in Table 4. The brain volume of high-dose radiation fields in our regimen was similar to that of EORTC (p = 0.257).


Table 4 | Comparison of brain volume of high-dose radiation fields between our radiotherapy and EORTC virtual plan.





Survival

The median time to relapse was 11.4 months, and the median overall survival time was 18.2 months. As shown in Figure 3, the 1- and 2-year overall survival rates were 91% and 30%, respectively. As shown in Figure 4, the 1-year recurrence-free survival was 44.5%.




Figure 3 | Overall survival of 66 study patients.






Figure 4 | Recurrence-free survival of 66 study patients.






Discussion

In the present study, we have established a new method for clinical target volume delineation by referencing the nerve fiber bundles in glioblastoma patients. Our phase II clinical trial of this approach showed a median RFS and OS of 11.4 months and 18.2 months, which were better than the previous reports (18, 19).

Among the 47 recurrence cases, 87.2% and 4.3% were relapsed in the central and in the field, respectively. No marginal recurrence was found and the distance recurrence was 8.5%. These preliminary results indicate that it may be feasible and effective to delineate CTV by using the white matter tracks for reference in glioblastoma patients.

It is well recognized that glioma cells can invade a distance away from the edge of a gross tumor by infiltration along white matter tracts (20). However, it would be very hard to accurately localize microscopic glioma infiltration by standard CT or MR imaging (21, 22). Price et al. examined the difference in tumor infiltration in different image-guided biopsy sites in 20 patients. In some cases, tumor infiltration was found in the MRI T2-weighted image normal region. They also analyzed the relationship between histologic examination and DTI and found that DTI was better than T2/Flair to direct local therapies for tumor infiltration (23). DTI displays the nerve fiber bundles by detecting the Brownian motion of water molecules (24). Tumor-induced changes in vascular permeability result in a large amount of water infiltrating into the interstitial space of the brain. These water molecules move along the nerve fiber bundle. Therefore, in most cases, the shape of the edema zone is exactly the same as the nerve fiber bundles shown by DTI. By analyzing the relationship between the shape of the edema and the nerve fiber bundles, we found that the nerve fiber bundle can be replaced by edema in some way (Figure 5). In addition, edema increases the gap between the fiber bundles, which is conducive to the spread of tumor cells. Therefore, on one hand, the edema zone provides the direction for the tumor to spread. On the other hand, the edema zone increases the interstitial space to facilitate the spread of the tumor, while the regions without edema are relatively difficult for tumor cells to infiltrate. Based on these points of view, the CTV in this study was recommended to include the edema.




Figure 5 | Different parts of edema is the representation of different nerve fiber bundles: Arcuate fiber (green arrow), inferior longitudinal fasciculus (pink arrow), external capsule (light blue arrow), Posterior limb of internal capsule (red arrow), tapetum of corpus callosum (yellow arrow), and extreme capsule (blue arrow).



As the cerebral falx and tentorium cerebelli are the continuation of the dura and play an important role as a barrier, it is rarely observed in clinical studies that tumors can directly infiltrate across them. Therefore, it is not recommended to include the normal brain tissue opposite the falx and tentorium cerebelli in the target volume. In this study, a 0 mm margin was applied to most of the falx and tentorium cerebelli barriers. However, on the plane of the corpus callosum body, tumor cells can spread from the corpus callosum to the opposite side, so 5 mm margin may not be enough. Margins in these regions should be adjusted according to the distribution of the nerve fiber bundles.

Most of the current target definitions for CTV are based on the analysis of the distance between the recurrence site and primary lesions. By analyzing CT data after whole-brain radiotherapy, Hochberg and Pruitt were the first to report that 80% of recurrences of GBM occurred within 2 cm of the primary tumor bed (25). These findings were also confirmed by later studies (26–28). Based on these results, isotropic margins were widely used in radiotherapy protocols (29). However, the infiltration of glioma is not isotropic but mainly along white matter tracks. Isotropic margins may increase the irradiation volume and lead to high doses of radiation to normal uninvolved brain tissue. Besides, according to the histopathological findings of previous studies (11, 12), tumor cells may spread further along main neural pathways than in other directions. Margins measuring 2 cm in these directions may not be enough to treat the possible microscopic areas of infiltrating tumor, which may lead to a high incidence of marginal and distant recurrence. Halperin et al. compared the extent of the neoplasm defined by histological and CT studies in 15 brains with GBM and found that a 3 cm margin around the edema was essential to cover the histologically identified tumor in all cases. Besides, the histological extent of the tumor was suggested to be non-isotropic but concentrated on main neural pathways (11). Jayamanne et al. reported on the correlation of first recurrence site and neural pathways in 100 recurrent temporal lobe GBM patients, many of the recurrences were reported to be predictable and more than half were involved with neural pathways (30).

In this study, differentiated non-isotropic margins were adopted. At the directions of the main neural pathways, DTI can predict the sites of tumor progression more precisely than conventional MR images. We proposed that an additional 1 cm should be added to the CTV to treat all possible microscopic areas of infiltrating tumor. In other directions, a 2 cm margin around the GTV was added and modified to include all regions of abnormal T2/FLAIR MRI signal. The aim of this new approach was to try to make a balance between minimizing normal brain irradiation and treating infiltrating tumors as much as possible. Compared with RTOG guidelines, on the one hand, irradiated volume, especially the volume of normal brain, was reduced. On the other hand, the irradiated volume of the regions which are most likely to be infiltrated by tumors was ensured and the dose was increased. Compared with MD-Anderson’s recommendation, the irradiated volume along the main fiber bundles was increased. However, other directions, especially on the planes of the falx and tentorium cerebelli, were reduced. So the total volume of the CTV was similar. The results of this trial showed that nearly 92% of cases were relapsed in central and in the field, the distance recurrence was 8.5%, and no marginal recurrence was found. According to the analysis of the relationship between DTI and tumor recurrence pattern, we have found that in some patients the target area would be underestimated if DTI imaging was not used. In Figure 6, a patient with left frontal glioblastoma, the ipsilateral body of the corpus callosum was involved by tumor before surgery. According to the EORTC or RTOG guidelines, a 5 mm margin crossed over the cerebral falx to the opposite side would be the border of the CTV. However, according to the DTI imaging, the nerve fiber bundles of the bilateral corpus callosum are interconnected; therefore, the whole body of the corpus callosum should be included in the CTV. The analysis of the relationship between tumor recurrence and different target areas confirmed that DTI imaging was useful to guide the target delineation of radiotherapy. The increase of irradiated volume and dose to the high-risk area of microscopic glioma infiltration may be the main reason why marginal recurrence was reduced. All these results suggest that this approach may be feasible and safe.




Figure 6 | A patient with left frontal glioblastoma, the ipsilateral body of the corpus callosum was involved by tumor before surgery. The red line represents GTV, the purple lines represent CTV outlined according to the EORTC guidelines, and the light blue lines represent CTV outlined according to our methods. (A) Target area is shown in the postoperative T1 enhancement sequence. (B) Target area is shown in DTI Fa sequence. (C) The relationship between tumor recurrence and different target areas.



The limitations of this study include the small size of samples, single-arm and non-randomized nature. More phase III trials should be carried out to validate our conclusion. Though DTI imaging technology can clearly show the main nerve fiber bundles, for tumors at a particular location, the number of adjacent nerve fiber bundles is large and they are intricate and cross-linked, so it is very difficult to predict which bundle or bundles of the nerve fibers will be the location or the distance of tumor spread. However, until we have sufficient imaging technology to predict where a recurrence is most likely to occur, the use of DTI is supported.

In conclusion, we have proposed a novel method for the delineation of clinical target volume by referencing the nerve fiber bundles for radiotherapy of glioblastoma. The feasibility and efficacy of this method have been demonstrated by the results of the present phase II clinical trial. When applying this strategy, practitioners should be very familiar with the distribution of the nerve fiber bundles.
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Supplementary Figure 1 | The clinical target volume (CTV) delineation in a patient with left frontal lobe glioblastoma (subsequently delineated in T2, DTI-FA, CT/CE slices), GTV (red): T1 enhancement and surgical cavity without inclusion of T2 abnormality, CTV (light blue): peritumoral edema+1cm at main nerve fiber directions (yellow arrow A: Superior longitudinal fasciculus B: Corpus callosum body and Superior longitudinal fasciculus. C: splenium of the corpus callosum and Superior longitudinal fasciculus D: splenium of the corpus callosum, Inferior occipitofrontal fasciculus and Internal capsule E: Inferior occipitofrontal fasciculus F: unciform fasciculus), GTV+2cm at other directions, constrained at anatomical sites and modified to include all regions of abnormal T2/FLAIR MRI signal.
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Central nervous system (CNS) metastasis is the most common brain tumor type in adults. Compared to their primary tumors, these metastases undergo a variety of genetic changes to be able to survive and thrive in the complex tissue microenvironment of the brain. In clinical settings, the majority of traditional chemotherapies have shown limited efficacy against CNS metastases. However, the discovery of potential driver mutations, and the development of drugs specifically targeting affected signaling pathways, could change the treatment landscape of CNS metastasis. Genetic studies of brain tumors have so far focused mainly on common cancers in western populations. In this study, we performed Next Generation Sequencing (NGS) on 50 pairs of primary tumors, including but not limited to colorectal, breast, renal and thyroid tumors, along with their brain metastatic tumor tissue counterparts, from three different local tertiary centers in Saudi Arabia. We identified potentially clinically relevant mutations in brain metastases that were not detected in corresponding primary tumors, including mutations in the PI3K, CDK, and MAPK pathways. These data highlight the differences between primary cancers and brain metastases and the importance of acquiring and analyzing brain metastatic samples for further clinical management.
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Introduction

Brain metastases constitute the majority of intracranial cancers, and are often associated with a poor prognosis. Brain metastasis is a major healthcare burden, especially involving cancer patients with recurrences. Classic treatment modalities usually include radiation and supportive treatments, including glucocorticoids among others (1). With the evolution of neurosurgery, these patients can also be treated with surgery, stereotactic radiosurgery (SRS), and fractionated stereotactic radiotherapy (FSRT) (2). The gold standard for diagnosis is radiology through Computed Tomography (CT) scans. In very few cases, these patients undergo an excisional biopsy (which can be curative of some signs and symptoms), or even CSF fluid aspiration (3). Such specimens allow the retrieval of the concentrated DNA of tumor cells via a cascade of steps needed for Next Generation Sequencing NGS and other helpful tumor analysis techniques (4).

The ability of cancer cells to metastasize has been attributed to the migratory and invasive capabilities of cancer cells, which depend on cell-to-cell interactions and communication with the cellular and extracellular matrix microenvironment, in addition to immune reactions and genetic factors (5–7). The most common location for a tumor metastasis varies from one primary tumor type to another, with various transmitting routes such as arteries, the lymphatic system and/or direct extension (8). The most common locations for metastasis are the lung and liver, with the incidence of brain metastasis approaching 1.9% for gastric cancer (9).

For tumor cells to cross the blood brain barrier (BBB), extravasation, migration, adhesion and proteolysis are required, in addition to changes in the brain-specific tumor microenvironment (TME), in order to accommodate subsequent metastatic tumor growth (10), which often is more aggressive compared to the primary tumor (11). Tumor types including breast cancer, colorectal and thyroid derive their metastatic potential from cadherins, TP53 loss, and other proteolytic enzymes and soluble molecules involved in tumor epigenetics, which may help in them crossing barricaded BBB defenses through the endothelial cell layer of brain capillaries and vessels (10).

Previous studies have demonstrated genetic heterogeneity between metastatic and primary tumor pairs (12, 13). Genetic profiling of brain metastatic tumors and their primary tumor has identified the activation of the PI3K and HER2/EGFR pathways, amongst others, in the metastasizing tumor (14). As brain metastasis is considered an ominous sign that might resign some patients to palliative instead of curative therapy, we aimed to perform a study targeting metastasizing tumor cells found in the brain. However, due to re-sampling difficulty in such patients, the sample size remained too low to predict a generalized approach. The genetic heterogeneity of metastases makes resampling challenging, since another sample from the same metastasis might have a different genetic make-up (15, 16).

A better knowledge of targetable signaling pathways in specific metastases may shift current routine therapies toward more targeted therapeutic approaches (16, 17). Importantly, there is a need to study the genetic drivers in non-western populations, to ensure scientifically sound treatment therapies based on specific genetic changes in these populations. Therefore, we performed Next Generation Sequencing (NGS) on 50 pairs of primary tumors including but not limited to: colorectal, breast, renal, and thyroid tumors with their brain metastatic tumor tissue counterparts, from three different local tertiary centers providing full clinical care for our cohort. Our results show a unique pathway-specific activating mutation pattern in brain metastases in comparison to their corresponding primary tumors, thus highlighting the importance of studies like ours to develop therapeutic strategies targeting metastasis-specific pathways.



Materials and methods

Tissue samples were collected from 50 Saudi patients at three different local tertiary centers diagnosed with metastatic brain tumors in the period of 2010–2021 (King Fahad Medical City, King Abdulaziz Medical City, and Security Forces Hospital-Riyadh). IRB approval was obtained from all participating centers.

Samples were collected as FFPE (Formalin Fixed Paraffin Embedded) tumor blocks with a tumor percentage of >90%. DNA was manually extracted from the blocks using the GeneRead™ DNA FFPE Kit (QIAGEN). We performed the NGS panel of Oncomine Comprehensive v3–w4.2 DNA–Single Sample. This panel detects and annotates low frequency somatic variants (SNPs, InDels, CNVs) from targeted DNA libraries from the Oncomine Comprehensive Assay panel v3 (OCAv3, Thermo Fisher Scientific, Waltham, MA, USA) run on the 540 chips. Released with: Ion Reporter Software 5.18. Workflow Version: 4.2 (18).


Statistical analysis

Descriptive statistics including means, standard deviations, medians, IQRs (interquartile ranges), and frequencies were obtained for age at primary tumor and brain metastasis diagnosis, and metastatic free interval (MFI- difference between primary and metastatic diagnosis dates), the only quantitative variables considered. A Cox proportional hazards model was then constructed using R statistical software (v4.0.5), to assess the relationship between survival to the end of the study period by age at brain metastasis and the following predictive variables: gender, MFI, having anti-HER2 treatment prior to brain metastasis (breast cases only), having chemotherapy prior to brain metastasis, having targeted therapy prior to brain metastasis, having nodal involvement and primary tumor grade. Smoking was omitted from the model due to the small number of smokers included (n = 3). Where the date of primary diagnosis was missing but the age at primary diagnosis was known, the date of primary diagnosis was estimated as the date at the median of the potential interval.

Kaplan-Meier curves were created to visualize survival by significant independent categorical predictors indicated by the Cox survival model. A log-rank test was carried out for each pair of Kaplan Meier curves to determine the chi squared and p-value for the difference between groups, using the R survdiff function. The R pwr package was used to assess the power of the sample size at various effect sizes, and to determine the limitations of the analysis.




Results


Clinical and histopathological findings

Our patients included 31 males and 19 females, with a mean age of 49 and ages ranging from 11–83 years (clinical characteristics summarized in Table 1). All centers are tertiary referral oncology centers. All cases were diagnosed as primary and metastatic brain tumors with histopathological diagnoses including the following tumors: Alveolar Soft Part Sarcoma (ASPS), Burkitt Lymphoma, Colorectal Carcinoma (CRC), Ganglioneuroblastomas, Gastric adenocarcinoma, Invasive Ductal Carcinoma (IDC), Invasive Lobular Carcinoma (ILC), Leiomyosarcoma, Melanoma, Neuroendocrine Carcinoma (NEC) large-cell type, Osteosarcoma, Ovarian Serous Carcinoma, Clear Cell and Papillary Renal Cell Carcinoma (RCC), Keratinizing and Non-Keratinizing Squamous Cell Carcinoma (SCC), Papillary, Poorly-differentiated, and Anaplastic Thyroid Carcinomas. Numbers of cases for each tumor type are summarized in Figure 1. Primary tumors were diagnosed between 2005 and 2020. The most common tumor types observed are reflective of the availability of both primary and metastatic brain tumors found in the centers involved.


TABLE 1    Patient clinical characteristic summary (categorical variables).
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FIGURE 1
The study cohort (N = 50) distribution by location of primary tumor with corresponding metastatic CNS tumor(s).


We studied patient outcomes by analyzing age at metastasis, MFI and disease-free survival, in addition to immunotherapy and radiotherapy treatments applied to these patients. In total, 15 patients were lost to follow-up, leaving 35 with known survival status at the end of the study period.

As would be expected for patients with brain metastasis, almost half of the patients presented with a high grade and nodal metastasis, and 38 patients had a history of metastasis at other sites (Table 1). The majority of the patients (39 cases) had received chemotherapy prior to brain metastasis, while nine patients had received immunotherapy and one patient received radiotherapy prior to brain resection. Only three patients in our cohort were smokers, therefore any effect of smoking could not be analyzed.

Focusing on our 22 breast cancer samples, 13 patients had received Anti-HER2 ERBB2 (Human Epidermal Growth Factor Receptor 2) gene therapy, despite only 11 showing HER2 ERBB2 positivity in their primary tumor samples, and ten of these showing the same positivity in their metastatic tumors.



Next generation sequencing analysis

Each primary tumor and its metastatic counterpart showed increases in the number of genomic aberrations. Some tumors showed different mutations, fusions, SNVs, CNVs, indels, and copy number aberrations within the same gene, while others showed new mutations in otherwise wild-type primary tumors. We summarize the most important findings in Figures 2A–C, with a special focus on the genetic markers for common and established targeted therapies.
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FIGURE 2
(A) Breast cancer primary and metastatic tumors with associated genetic mutations. (B) Colorectal cancer primary and metastatic tumors with associated genetic mutations. (C) Miscellaneous/other tumors primaries and metastatic tumors with associated genetic mutations.


We focused on the availability/absence of Cyclin Dependent Kinase pathway (CDK)-associated genes such as CCND1, CCND2, CCND3, CCNE1, CDKN2A, CDK6, CDK4, CDKN1B, and RB1 (Retinoblastoma 1), in addition to Mitogen Activated Protein Kinase (MAP-K) pathway-associated genes including KRAS (Kirsten rat sarcoma virus), BRAF (v-Raf murine sarcoma viral oncogene homolog B), NRAS (Neuroblastoma RAS viral [v-ras] oncogene homolog), HRAS (Harvey Rat sarcoma virus) and MAP2K1. Another signaling cascade we focused on is the PI3K-AKT-mTOR pathway involving phosphoinositide 3-kinase (PI3K), protein kinase B (Akt) and the mammalian target of rapamycin (mTOR), with its associated genes PIK3CA, PIK3R1, NF1, and NF2 (Neurofibroma genes), AKT2, PTEN (Phosphatase and TENsin homolog), FBXW7 (F-Box and WD Repeat Domain Containing-7), and TSC2 (Tuberous sclerosis complex). Other highlighted genes include ERBB2, Breast Cancer Genes 1 and 2 (BRCA1 and BRCA2) and TP53 (tumor suppressor protein p53).

When analyzing breast cancer tumors, including IDCs and ILCs, we observed new mutations in CDKN2A, RB1, CCND2, and CCND3 in the brain metastases of four IDCs, but not in their primary tumor counterparts (Figure 2A). Other mutations of CCNE1 were detected in both tumors in each case (primary and brain metastasis), while six primary IDC tumors showed mutations that were not present in the brain metastatic counterparts.

When analyzing the PIK/AKR/mTOR pathway, we detected the same mutations for both primary tumors and brain metastases in 11 patients. One patient had a PIK3CA mutation in the primary tumor but not in the brain metastasis, and five patients harbored new mutations in their brain metastasis tumors only. These results might indicate that these patients could benefit from therapies targeting the PI3K/AKT/mTOR pathway.

The MAPK pathway showed mutations in the BRAF, KRAS, and MAP2K1 genes in three brain metastatic tumors that were not present in their breast primary tumors. Mutations in BRCA1 and BRCA2, in addition to ERBB2, were also newly present in brain metastatic tumors and not detected in primary breast tumors in eight out of 22 breast cancer patients. Novel mutations in TP53 were only present in one metastasis sample.

Considering colorectal cancer (CRC) samples, one patient had mutations in RB1, PTEN, PIK3CA, NF1, and FBXW7 in one brain metastasis, but not in the primary tumor, while another patient showed mutations in CDK4 only, indicating that these patients might benefit from CDK and PIK/AKT/mTOR pathway inhibitors (Figure 2B). Other CRC patients also highlighted the need to re-assess their brain metastatic tumors through mutational analysis of the CCNDs, KRAS and TSC genes, with loss of the mutation previously also seen for TP53 (Figure 2B).

Other tumors in this cohort are shown in Figure 2C, enabling us to identify new mutations in components of the PIK/AKT/mTOR pathway in brain metastasis tumors of primary ganglioneuroblastoma. We also identified new mutations in the CDK and PI3K/AKT/mTOR pathways in clear cell RCC brain metastasis tumors, while a melanoma brain metastasis also showed a single new CDKN1B gene mutation, suggesting the potential for CDK inhibitor therapy in these patients.

Our coverage of all potential mutations will not be comprehensive, as neither a synovial primary sarcoma nor its brain metastasis showed mutations in any of the genes analyzed here. Similarly, no mutations were found in the MAPK, CDK, and PI3K/AKT/mTOR pathways in thyroid tumors and their brain metastases, which would suggest that a therapy targeting these pathways would not be clinically recommended.



Survival analysis

Log rank comparisons of Kaplan Meier curves comparing survival by age at metastasis by levels of each predictor variable did not flag significant relationships between these variables and survival (the corresponding p-values did not reach the <0.05 threshold for significance). However, a Cox proportional hazards model was used to determine predictors significantly associated with survival by age at brain metastasis, showing a significant negative association between survival and primary tumor stage; Death during the study window adjusted for metastatic age was disproportionately likely if the primary tumor stage was unknown (p = 0.03) which may reflect late diagnosis of a primary tumor close to the diagnosis date of a metastatic brain tumor. A Kaplan Meier plot for the univariate relationship is shown in Figure 3A (Log Rank test p = 0.002). There was also a significant positive relationship between the use of immunotherapy for primary tumor treatment and hazard of death in brain metastatic patients (p = 0.03, Figure 3B), most likely because of association of this treatment pathway with specific forms of cancer which have a poorer prognosis. Log rank comparison suggested differences in survival curves with immunotherapy were not significant (p = 0.8) (Figure 3).
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FIGURE 3
(A) Primary tumor stage of high or low with survival probability related to age of brain metastasis. (B) Immunotherapy treatment administered as (yes/no) with survival probability related to age of brain metastasis.


Although some clinical history predictors did not independently predict survival in this cohort which may have been expected to do so, including prior treatment type, it may be that primary tumor stage resamples these variables by acting as a proxy for overall primary tumor severity, which correlates with tumor size and site and also influences treatment choice. Sixteen patients received a combination of multiple treatments for their primary tumor (Table 1). A power calculation indicated that in a cohort of 35 (with survival outcomes recorded) we would be able to detect effect sizes over 0.5 at 88% confidence, but may have missed smaller effects (42% likelihood of detecting significance where effect size = 0.3). Correlations which approached but did not reach significance in this study included lymph node involvement in primary tumors (p = 0.08) (Figure 3).

The Cox proportional hazards model and the Kaplan-Meier curves will be to some extend skewed by left censoring, as the actual age at brain metastasis will typically be younger than the observed age at brain metastasis diagnosis, dependent on screening interval. We make an assumption that this screening interval is approximately equivalent for patients with similar diagnoses, and therefore anticipate that the same basic time trends will be seen for survival, albeit over a longer time interval.




Discussion

This study compared mutational burdens in a wide spectrum of primary tumors including breast cancer, colorectal cancer, melanoma, synovial sarcoma, gangioneuroblastoma, renal cell carcinoma and thyroid cancer, and their associated brain metastases. We hypothesized that specific signaling pathways might be affected by mutations in the pathway components of brain metastases, but not the original primary tumor. Our results show metastasis-specific mutations in a number of pathways and cancer types, including the MAPK, CDK, PIK/AKR/mTOR, and other pathways in breast cancer patients.

Previous literature has highlighted the need to explore the PI3K/AKT/mTOR pathway in aggressive tumors (19), and this includes brain metastatic tumors and their primary counterparts, suggesting the PI3K/AKT/mTOR pathway as a potential therapy target to prevent brain metastasis formation (20, 21). PI3K/AKT/mTOR inhibitory agents that have been studied in literature, such as rapamycin and everolimus, which both inhibit mTOR, are expected to lead to better therapeutic responses compared to traditional treatment modalities in primary breast cancers (22). Moreover, primary renal cell carcinomas, melanomas and neuroendocrine tumors appear to respond well to promising potential pathway inhibitory therapies of the mTOR pathway such as everolimus (22). Angiogenesis problems and treatment resistance have been associated with targeting the mTOR pathway (21, 23).

Similar findings of a need for regular treatment strategy review were identified in targeted CDK therapies for breast cancer patients with metastases utilizing CDK4/6 inhibitors (24). Positive outcomes are seen in situations where certain CDK4 inhibitory agents have the ability to cross the blood brain barrier (BBB) (25). The development of suitable agents is still underway, but survival is observed to improve when using the CDK inhibitor Abemaciclib combined with radiation therapy, in studies focusing on breast cancer brain metastases (26, 27). In addition, the CDK4 pathway has been newly mutated in our brain metastasis samples of Clear cell RCCs and not in primary tumor cells, while tumors of neuroendocrine carcinoma, synovial sarcoma and keratinizing SCCs show mutations only in their primaries. Synovial Sarcomas harboring CD4 mutations in literature were correlated with higher stages—and hence more propensity for brain metastasis—which gives hopes for potential targeted therapies exploiting their apoptotic activity and administering agents such as palbociclib (26, 28). Other CDK4 inhibitory agents such as ribociclib have been shown to affect RCCs also (29).

Our analysis of genes involved in the MAPK pathway did not show any activating mutations that would lead to pathway activation in the analyzed tumors (Figures 2A–C). Very few breast cancer tumors were positive for mutations in the MAPK pathway, and our single melanoma patient showed no mutations in this pathway, which might be due to the lack of a sufficient sample size. Previous studies showed efficacy of targeting the MAPK pathway in the treatment of metastatic melanoma and other tumors (30–32). We do see MAPK pathway genes mutations involving our gastric adenocarcinoma and clear cell RCC tumors in the brain and not in primary tumors. This has been further studied in Asian populations where gastric adenocarcinomas persist (33). MAPK pathway inhibitors have been seen to harbor a potential role in treating RCCs (34).

Common potential therapeutic target genes such as BRCA1/2, TP53, and EGFRs were positive in our metastatic samples of breast cancer and renal cell tumors but not in primary tumors (Figures 2A,C). Novel mutations in these genes in brain metastatic tumors have been reported in previous studies, making the targeting of these genes a promising therapeutic approach to prevent or halt brain metastases in cancer patients (4, 35).

Cancer cells utilize multiple mechanisms including migration, invasion, extravasation and intravasation, to navigate through multidimensional environments in order to travel to and populate the metastatic target organ (36). The brain microenvironment poses a complex environment for these cancer cells that requires adaptations. These adaptations include epigenetic changes that control gene expression levels rather than protein coding sequences, in addition to new somatic genetic mutations observed in metastatic but not primary tumors (36, 37). In this context, heterogeneity has been shown to generate subclones with different genetic and epigenetic profiles within the same primary tumor and its metastases (38, 39).

Routine clinical analysis of brain metastases using Comprehensive Genomic Panels (CGP) can positively impact the survival rate of patients by allowing the administration of pathway-specific therapeutic interventions. Integration and widespread clinical use of NGS or CGP sequencing for such patients, especially in view of positive clinical characteristics of a lower tumor grade and no nodal involvement, could provide a cost-effective alternative for patients who would otherwise suffer the consequences of the debilitating and non-specific classical treatment of chemotherapy. For sample collection, some studies have used the less invasive technique of obtaining tissue samples from CSF, and thus avoiding a resection surgery (35, 40). Such patients will benefit from reassessing their tumors for a better targeted therapy (see examples in Figure 4). We propose the routine use of CGP for brain metastasis patients similar to that described in our previous studies (18, 19, 41).
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FIGURE 4
Suggested targeted therapy scheme in primary tumors such as breast cancer, colorectal cancer or thyroid cancers with changed management in case of changes in their brain metastasis tumors.


In summary, we showed that the genetic signature of CNS and systemic metastases can differ from their primary tumor. We also report that clinically actionable genetic alterations present in brain metastases are frequently not detected in primary tumors. Thus, patients only screened for primary tumor mutations could miss the opportunity for a targeted therapy to combat their brain metastases.
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Shape Regular 15 (39.5%)
Iregular 23(60.5%)
Boundary Clear 31(81.6%)
Undlear 7(18.4%)
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Absence 29 (76.3%)
Dural tail sign Presence 31(81.6%)
Absence 7 (18.4%)
Skul invasion Presence 21(55.3%)
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Absence 24(63.2%)
Tumor enhancement Homogeneous 17 (44.7%)

Heterogeneous 21(55.3%)






OPS/images/fneur-13-855973/fneur-13-855973-t004.jpg
No  Sex  Age Histopathology Communication  EOR Adjuvant Recurrence DFS KPS
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EOR, extension of resection; NC, natural cavity; DB, destruction of bone; RT, radiotherapy; PR, progesterone receptors.
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Variables

Age (<50)
Sex

Histological grade
Extent of resection
Communication way

Uni-variate

P-value

0954
0.627
0.051
0013
0.600

P-value

0.756
0.588
0.007
0.009
0.809

Multivariate
HR (95% CI)

/
/

8.423 (1.778-39.905)

0.084 (0.013-0.536)
/
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Category Value

Gender
Male 13 (24.5%)
Female 40 (75.5%)
Age

<50 27 (50.9%)
250 26/(49.1%)
Extracranial extensions

Onbit 45 (84.9%)
Nasal cavity or paranasal sinus 9(17.0%)
Infratemporal or pterygopalatine fossa 3(5.7%)
Histological grade

Grade 1 45 (84.9%)
Grade 2 8(15.1%)

Grade 3 0
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Clinicopathological
features

Age (years)

Gender

Grade

IDH status

1p19q codeletion
status

MGMT promoter
status

PR type

>40

NA

Male

Female

Il

[

Mutant
Wid-type

NA
Non-codeletion

Codeletion
NA
Methylated

Un-methylated
NA

Primary
Recurrent

Training
cohort

TcGA
(n=408)

195
213
0
226
182
196
212
331
7%

270

138
0
NA

NA
NA
NA
NA

Validation cohorts

cGGA
(n=590)

306
283
1
340
250
269
321
413
138
39
370

180
40
284

199
107
408
182

Gravendeel
(n=104)

40
64
0o
68
36
23
81
46
38
20
NA

NA
NA
NA

NA
NA
NA
NA

IDH, isocitrate dehydrogenase; MGMT, O-6-methylguanine-DNA methyltransferase.
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Subgroup ‘WNT-activated

Clinical Information

Age at diagnosis Child > 4 years old, adolescents and adults

Midline with involvement of brainstem or in cerebellar
peduncle and cerebellopontine angle cistern

Classic, rarely LCA

Anatomic location
Histology
Molecular characteristics

Recurrent gene
amplifications

Recurrent single- CTNNB1

nucleotide variants/ DDX3X

mutations SMARCA4
TPS3
CSNK2B

Cytogenetic events Loss of chromosome 6*

Outcome Predictors

Childhood nuclear B-catenin accumulation#

Adult

SHH-activated
(TP53 wildtype and
mutated)

Bimodal, most often
occurring in infants and
adults

Cerebellar hemispheres

Desmoplastic/nodular,
Classic, LCA

MYCN*
GLI1 or GLI2*

PTCH1

TERT**

SUFU*

SMO**

TP53

Ul snRNA**

DDX3X**

Gain of chromosome 3q or
9%

Loss of chromosome 3p, 9q,
10q, 14q, 17p

TP53 mutations##

10q, 3p, or 17p loss##
PTCHI mutations##
TP53 mutations##

Group 3

Infants and young children

Midline vermian location
adjacent to 4th ventricle

Classic, LCA

MyYC*
MYCN*
OTX2

SMARCA4
KBTBD4
CTDNEP1
KMT2D

Gain of chromosome 1q
Loss of chromosome 8,
10g,11, 16q
Isochromosome 17q

MYC amplification##

Isochromosome 17q##

Group 4
(non-WNT,
non-SHH)

Childhood and
adolescents

Midline vermian

Classic, LCA

SNCAIP
MYCN*
OTX2
CDK6

KDM6A
SMYM3
KTM2C
KBTBD4

Gain of
chromosome 7, 18q
Loss of
chromosome 8, 11,
13q
Isochromosome 17q

Chromosome 8
loss#
Amplification of
MYC or MYCN ##

Chromosome 8 loss
#

CDK6##
Isochromosome
17q##

LCA, Large cell anaplastic; *more likely to be associated with childhood medulloblastoma, **more likely to be associated with adult medulloblastoma, # associated with better prognosis, ##

associated with inferior prognosis.
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Adult-type diffuse gliomas

Astrocytoma, IDH-mutant
(CNS WHO grade 2, 3, 4)

Oligodendroglioma, IDH-mutant, and 1p/
19g-codeleted
(CNS WHO grades 2, 3)

Glioblastoma, IDH-wildtype
(CNS WHO grade 4)

Pediatric-type diffuse gliomas
Low-grade glioma (IDH-wildtype)

High-grade glioma (hemispheric)
High-grade glioma (midline)

High-grade glioma (IDH-wildtype and H3-
wildtype)

Glioneuronal tumors

Dysembryoplastic neuroepithelial tumor,
Ganglioglioma, Multinodular and
vacuolating neuronal tumor, and others

Genes/Molecular profiles
characteristically altered

IDHI, IDH2, ATRX, TP53, CDKN2A/B

IDHI, IDH2, 1p/19q, TERT promoter, CIC,
FUBP1, NOTCH1

IDH-wildtype, TERT promoter, chromosomes
7+/10-, EGFR

BRAF, FGFR1, FGFR2, MYBL1, MYB, or other
MAPK alterations,
CDKN2A

H3 G34R
H3 K27M

BRAF V600E*, FGFR1*, MYBL*, MYB*, MYCN,
PDGFRA, EGFR, p53, or other MAPK
alterations, MLH1, MSH2, MSH6 and PMS

FGFRI1 in DNETs,
MAPK alterations in MVNTs

Clinically relevant biomarkers (diagnostic, predictive
or prognostic)

ATRX nuclear loss is diagnostic for astrocytic- lineage tumors in an
IDH-mutant glioma

TP53 mutations are commonly found in astrocytomas

CDKN2A/B homozygous deletion is a marker of poor prognosis and
upgrades Grade 2/3 IDH-mutant astrocytomas to Grade 4 astrocytomas

1p/19q codeletion distinguishes oligodendroglioma from astrocytoma,
within IDH-mutant glioma

IDH-wildtype, and one of: TERT promoter mutation; chromosome 7
+/10-; or EGFR amplification, defines molecular GBM irrespective of
histologic grade

MGMT promoter methylation is a

prognostic biomarker independent of treatment with alkylating
chemotherapy and a predictive biomarker of benefit from alkylating
chemotherapy in patients with IDH-wildtype glioblastoma

In pediatric LGG, homozygous deletion in CDKN2A carry a worse
prognosis.

RAF/RAS/MAPK alterations can offer targeted therapy options

In pediatric HGG, H3 G34R and H3 K27M alterations are diagnostic
and confer a poor prognosis

*Mutations in BRAF V600E, FGFR1, MYBL, MYB carry a better
prognosis and are more common in low-grade glioma
RAF/RAS/MAPK alterations can offer targeted therapy options

RAF/RAS/MAPK alterations can offer targeted therapy options
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Histology Molecular Profile

Subependymoma
(6rade 1)

Supratentorial K

Ependymoma
(Grade 2/3)

Subependymoma
(6rade 1)

Posterior Fossa

Ependymoma
(Grade 2/3)

Subependymoma
(6rade 1)

Myxopapillary
Ependymoma

(6rade2)

Spinal Compartment

Ependymoma
(Grade 2/3)

Age of Presentation

Adults

2FTA fusion positive

- Allages

YAP1 fusion positive
(Infants/Children)

ExclusivelyInfants/ Children

Adults
prn
(H3K27mes loss, EzHp | ~~==+=- ExcusivelyInfants/ Chidren
posiive)
P8

Adolescents/ Adults

(H3K27me3 retained,
EZHIP not expressed)

Adults

Adolescents/ Adults

Adults

MYCN amplified

MYCN non-amplified Geralfeinis
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Abbreviation Full name Abbreviation Full name

ACC Adrenocortical carcinoma LUSC Lung squamous cell carcinoma

BLCA Bladder urothelial carcinoma MESO Mesothelioma

BRCA Breast invasive carcinoma ov Ovarian serous cystadenocarcinoma
CESC Cervical squamous cell carcinoma and endocervical adenocarcinoma PAAD Pancreatic adenocarcinoma

CHOL Cholangiocarcinoma PCPG Pheochromocytoma and paraganglioma
COAD Colon adenocarcinoma PRAD Prostate adenocarcinoma

DLBC Lymphoid neoplasm diffuse large b-cell ymphoma READ Rectum adenocarcinoma

ESCA Esophageal carcinoma SARC Sarcoma

GBM Glioblastoma multiforme SKCM Skin cutaneous melanoma

HNSC Head and neck squamous cell carcinoma STAD Stomach adenocarcinoma

KICH Kidney chromophobe TGCT Testicular germ cell tumors

KIRC Kidney renal clear cell carcinoma THCA Thyroid carcinoma

KIRP Kidney renal papillary cell carcinoma THYM Thymoma

LAML Acute myeloid leukemia UCEC Uterine corpus endometrial carcinoma
LGG Brain lower grade glioma ucs Uterine carcinosarcoma

LIHC Liver hepatocellular carcinoma Uwm Uveal melanoma

LUAD Lung adenocarcinoma
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Characteristic

WHO grade, n (%)
G2

G3

G4

IDH status, n (%)
WT

Mut

1p/19q codeletion, n (%)
codel

non-codel
Gender, n (%)
Female

Male

Age, n (%)

<60

>60

Age, median (IQR)

ASF1B expression in the TCGA database

ASF1B expression in the CGGA database

Low
n =348

188 (29.6%)
117 (18.4%)
4(0.6%)

35 (5.1%)
310 (45.2%)

131 (19%)
216 (31.3%)

155 (22.3%)
193 (27.7%)

315 (45.3%)
33 (4.7%)
39 (32, 49)

High
n =348

36 (5.7%)
126 (19.8%)
164 (25.8%)

211 (30.8%)
130 (19%)

40 (5.8%)
302 (43.8%)

143 (20.5%)
205 (29.5%)

238 (34.2%)
110 (15.8%)
54 (40, 63)

P-value

<0.001

<0.001

<0.001

0.399

<0.001

<0.001

Low
n =346

149 (21.5%)
129 (18.6%)
68 (9.8%)

206 (32.1%)
102 (15.9%)

86 (13.8%)
196 (31.5%)

141 (20.3%)
205 (29.6%)

321 (46.4%)
25 (3.6%)
42 (34, 50)

High
n =347

39 (5.6%)
126 (18.2%)
181 (26.2%)

150 (23.4%)
184 (28.7%)

59 (9.5%)
282 (45.3%)

154 (22.2%)
193 (27.8%)

300 (43.4%)
46 (6.6%)
44 (34, 54)

P-value

<0.001

<0.001

<0.001

0.374

0.012

0.056






OPS/images/fonc.2022.912101/fonc-12-912101-g003.jpg
>60

<C
ol g <
27 < %
o
3
¥
r . . -
s © ~ ~ °
(1+Nd1) %607
(a] g14SY Jo uoissaidxa ay) T
3
8 ¢
s
23
@ <
: 3
g 8
32
8
(1+WdJ) 2607
(&) g1 4SYV Jo uoissaidxe ay) o
»
]
= <
» o)
o o]
a o
(1+Wdl) ¢6oq
o g14SY Jo uoissaidxa sy w
<
o
o
bl
£ <
® O
o o %
< o
2
o
o

(1+Wdl) 2607
=4 q14SY 10 uoissaidxa ay| w

)

© v ¥ ©®© &« = o
g14SYV Jo uoissaidxa sy
T T T T T T
© [ -« © ~ -
g14SV Jo uoissaidxa 8y
X T T T T T
© v v o o -
g14SV jo uoissaidxe 8y
. -
r T T T
@ © <« o~

g14SY Jo uoissaldxa ay |

0

>60

=60

Non-codel

Codel

Mutant

Wildtype

WHO Il WHO IV

WHO Il





OPS/images/fonc.2022.912101/fonc-12-912101-g004.jpg
B
TCGA CGGA &
1.0 ASF1B
o —— Low
£ 08 — Hgh =
a a
8 8 T
g 06 S &
a Q E
T 04 3 =
13 e 2
3 0.2 Overall Sul =] D
@ HR = 5.03 (3.76-6. « HR = 3.02 (2.44-3.73) S
0.0 P<0.001 P <0.001 (%] iy
0 50 100 150 200 0 40 80 120 160 ’ =7 1Year(AUG=0.780)
Time (months) Time = jeanAuG =054
— 5-Year (AUC = 0.799)
Low 348 59 15 3 0 Low 328 192 85 10
High 347 34 1 4 1 High 329 73 21 1 0 0 02 0 08 08 U
1-Specificity (FPR)
D E
CGGA Characteristics N (% HR (95% CI P Value
WHO grand 1
G2 224 (35.3%) 1.39(0.71-2.72) — 0.347
G3 243 (38.3%) 3.16(2.03-4.90) L o—— <0.001
G4 168 (26.5%) 1.14(0.82-1.60) 0.427
IDH status 1
WT 246 (35.9%) 1.37(1.02-1.85) o~ 0.031
Mut 440 (64.1%) 2.02(1.33-3.06) | —— 0.001
1p/19q codeletion |
codel 171 (24.8%) 1.42(0.63-3.22) To—— 0.398
non-codel 518 (75.2%) 4.32(3.34-5.59) ! — <0.001
Gender :
Female 298 (42.8%)  4.69(3.21-6.85) —e——  <0.001
— 1-Year (AUC = 0.647)
— 3-Year (AUC = 0.736) Male 398 (57.2%) 5.12(3.75-7.00) : —e—— <0.001
— 5-Year (AUC = 0.753) Age i
- <=60 553 (79.5%) 4.31(3.20-5.82) , —— <0.001
0.0 0.2 04 0.6 0.8 1.0 >60 143 (20.5% 1.75(1.18-2.60 —— 0.005
1-Specificity (FPR) 2 4 6
F G
. 0 20 40 60 80 100
POlntS PP B I TP I I I I e e |
G3 2
WHO grade —,r— =
G2 WT G4 2
Qo
IDH status — T <]
Mut >60 a
Age — T
<o High H
ASF1B .—; 2
Low c
Total Points [t i bt s b U M U b Udad b s | 2
0 40 80 120 160 200 240 280 S
Linear Predictor | s S S e S S S e | ;
-1.5 -0.5 0.5 1.5 25 ©
1-year Survival Probability E
0.9 0.8 0.7 0.60.50.4 2 2V
3-year Survival Probability — ¢} - S:Y:::
o8 06 04 02 Ideal line
5-year Survival Probability ——
0.8 0.6 04 02

0.0 0.2 0.4 0.6 0.8 1.0
Nomogram predicted survival probability





OPS/images/fonc.2022.912101/fonc-12-912101-g005.jpg
-Log 1o (Pad))

C

pattern specification process
nuclear division
regionalization

chromosome segregation

mitotic nuclear division

anterior/posterior pattern
specification

skeletal system morphogenesis

sister chromatid segregation
mitotic sister chromatid
segregation

embryonic skeletal system
development

Log, (Fold Change)

dg

0.050.060.070.080.090.100.11

receptor ligand activity
DNA-binding transcription
activator activity, RNA
polymerase Il-specific

cytokine activity

extracellular matrix
structural constituent

glycosaminoglycan binding
heparin binding

extracellular matrix binding

extracellular matrix
structural constituent
conferring tensile strength

chemokine activity

platelet-derived growth factor
binding

GeneRatio

£ beasrre-1a

1.548788e-14

1.033204e-14

5.176210e-15

2.037737e-17
Counts

O 3
[ORU
O

p.adjust
0.0025

0.0020
0.0015
0.0010
0.0005

Counts
Q 10
O
QO
O 40

T
0.06

T
0.04
GeneRatio

0.08

ASF1B
Log, (TPM+1) @
[P

2
2
E4
5

MELK
SKA1
PCLAF
NDCB0
BIRCS
KIF20A
NCAPG
use2c
MYsL2
ALDH2
cBX7
16l
NRG3
LDHD
HPSE2
CcPEB3 |
|

|

I

M M (H:\’ III’\ \H
|.‘ ’MI I‘ !I “ xl

Ul thIIII\ I i

NALCN
DNAJC12
ADHFE1

D

collagen-containing
extracellular matrix

chromosomal region

spindle

chromosome, centromeric region
condensed chromosome

kinetochore

condensed chromosome,
centromeric region

condensed chromosome
kinetochore

DNA packaging complex

condensed nuclear chromosome,
centromeric region

F

Cytokine-cytokine receptor
interaction

Transcriptional misregulation
in cancer

Alcoholism

Cell cycle

Systemic lupus erythematosus
Oocyte meiosis

ECM-receptor interaction

Viral protein interaction with
cytokine and cytokine receptor

IL-17 signaling pathway

p53 signaling pathway

Z-score.

0.02 0.03 0.04 0.05 0.06 0.07
GeneRatio

20

0.04

T
0.10

T
0.08
GeneRatio

0.06

R=-0743"
R=-0.713"
R=-0674"
R=-0694"
R=-0671"
R=-0.640"
R=-0635"
R=-0607"
R=-0.664"

p.adjust
4e-09
3e-09
2e-09
1e-09

Counts
O 2
QO

p.adjust

0.002

0.001

Counts.
o 10

[ORH
Qn





OPS/images/fonc.2022.912101/fonc-12-912101-g006.jpg
A REACTOME_CELL_CYCLE B REACTOME_CELL_CYCLE_MITOTIC c REACTOME_RNA_POLYMERASE_II_TRANSCRIPTION
NES = 3.246 NES =2.388
044 p.adj =0.008 p.adj =0.008
2 [0 FOR=0002 | @ 034 FOR=0002
8 8 8
N @ 034 12}
£ g £ 02
g £ 02 g
£ £ £
S s s
c € 0.1 e 01
w w w
0.0 00
£6 £6 £ o+
£ 4 £ 4 £ 4
B 24 3 2 3 24
3 B 3
€ 24 € 24 € 24
5 ] H
[.'4 T T T T o T T T T {4 T T T T
250 500 750 1000 250 500 750 1000 250 500 750 1000
Rank in Ordered Dataset Rank in Ordered Dataset Rank in Ordered Dataset
D REACTOME_M_PHASE E REACTOME_SIGNALING_BY_RHO_GTPASES F . REACTOME_CELL_CYCLE_CHECKPOINTS
05 NES =2790 0.5 NES =2.038
) 044 p.adj = 0.008 p.adj = 0.008.
- [ FOR=0002 [ @ 0.4 FOR =0.002
5§ %1 8 8
o 034 » 034
2031 H §
& E 02 £ 02
E o2 5 5
2 £ 0.1 € 014
S 014 fir &
00
00 80
o £ £ 6
N £ £
s .] g4 g 44
3 2 22 2 29
5 od E 0 E o
£ = 2 Z 5
€ 24 5“1 §
[ i T ‘ T = 250 500 750 100 = 250 500 750 1000
250 500 750 1000 : -
Rank in Ordered Dataset Rank in Ordered Dataset Rank in Ordered Dataset
G REACTOME_RHO_GTPASE_EFFECTORS H REACTOME_EXTRACELLULAR_MATRIX_ORGANIZATIO | REACTOME_MITOTIC_METAPHASE_AND_ANAPHASE
059 NES =2.849 04d NES =2.311 059 NES=2500
padj = 0.008 p.adj=0.008 p.adj=0.008
4 FOR=0002 | & FoR=0002 [ © 047 FOR =0.002
8 8 034 8
B @ ? 03
£ £ 2 024
S s s
H E 0.1 £ 01
w w w o
00 ™~
i) b= k-
£ 4 g4 £ 4
B 24 B 2 B 24
3 °1 30 3 °1
€ 24 € 24 € 24
& - - v v & - - T - & - - —
250 500 750 1000 250 500 750 1000 250 500 750 1000

Rank in Ordered Dataset

Rank in Ordered Dataset

Rank in Ordered Dataset





OPS/images/fonc.2022.912101/crossmark.jpg
©

2

i

|





OPS/images/fonc.2022.912101/fonc-12-912101-g001.jpg
I

CGGA TCGA
693 gliomas samples 696 gliomas samples w

ASF1B expression in

W WWMWJ!L‘

gliomas

ASF1B and
clinicopathological features

ASF1B and glioma patients
survival

Functional enrichment analysis
for ASF1B

{000 0REEEaEE:

: i ASF1B and immune infiltration






OPS/images/fonc.2022.912101/fonc-12-912101-g002.jpg
The expression of ASF1B
Log, (TPM+1)

8 . . .
= E3 Normal
B3 Tumor
64 . :
I . :
0] ; i .
+ ‘ g * q
. : . : . : : g 2 E : : .
) . ) o : | ; .; i :
AT, W : Gl CHGRL L ] L HTL | [
T o ; H i ! . s : - R *‘ f
o H . . ; o :, . *
ol q 8 l l + ! :
& &1@0
B C 1.0
g 0.8
%) .,
<= x
o o
OE = 06
sa 2
2t =
25 2 04
9 ®
) [}
o
= 0.2
= ASF1B
AUC: 0.985
Cl: 0.980-0.989
0.0
Normal Tumor 0.0 0.2 0.4 0.6 0.8 1.0
D 1-Specificity (FPR)

ASF1B protein expression

Cerebral cortex
Normal tissue,
NOS(M-00100)
HPA069385
Female, age 52
Patient id: 3740
Staining: Not detect
Intensity: Negative

Quantity: None

Glioma

Glioma, malignant,
High grade(M-938033)
HPA069385

Male, age 56

Patient id: 3226
Staining: Low
Intensity: Moderate

Quantity: <25%






OPS/images/fonc.2022.912821/fonc-12-912821-g002.jpg





OPS/images/fneur-13-861438/crossmark.jpg
©

2

i

|





OPS/images/fonc.2022.866623/fonc-12-866623-g003.jpg
A

IDH-mut grade Il BEe
beoosom o FOLLOW-UP
’ S\I‘R °‘ >

[ SURGERY

//’ ~
Radiotherapy L‘; N
H/ \» 4
oihs"“‘ AND/OR
“opsy

Chemotherapy @/@
B @
IDH-wt grade II
Astrocytoma
STUPP Regimen

)‘ SURGERY (I rasotresry !\\\) D Crenotnersy Q‘/%





OPS/images/fonc.2022.866623/table1.jpg
Molecular alterations with a poor prognostic role in grade 2 astrocytomas

IDH-mut IDH-wt

CDKN2A/B homozygous EGFR amplification

deletion

CDK4 amplification PTERT mutation

Chromosome 14 loss Chromosome 7 gain and chromosome 10
loss

G-CIMP-low DNA methylation pattern

PIKBCA mutation

MYCN amplification





OPS/images/fonc.2022.912821/crossmark.jpg
©

2

i

|





OPS/images/fonc.2022.912821/fonc-12-912821-g001.jpg





OPS/images/fneur-13-865171/fneur-13-865171-t004.jpg
References  Features Gliomatype  Sequences Radiogenomics Predictive power* Validation

examined () method set?
Tumor grade
(127) 180 Al grades FLAIR, T4, T1CE, T2 A AUC: 0.887; ACC: 0.898 SE: 88%; YES
SP: 90%
(128) 1,421 Al grades TICE ML AUC: 0.79; ACC: 0.81 YES
IDH mutation
(129) 6472 Low grade Conventional MRI, ADC, ML AUC: 0.79 YES
normalized blood volume
(130) 671 Low grade T2FLAR ML AUC: 0.86; ACC: 0.80 SE: 83%; YES
SP: 74%
(131 65 Low grade 1, T2, T2FLAR ML AUC: 0.83; ACC: 0.84 YES
(132) 107 Low grade TICE, T2 ML AUC: 0.75-0.94 YES (TCIA)
(@) 29 Al grades DSC-MRI ML Cortect subtyping in 71% of cases NO*
(133) 1,044 Grades I/l APTw imaging ML AUC: 0.89; ACC: 0.95 YES
(134) 16,384 Low grade Modified CNN* Radiomic oL DL: AUC: 0.92 ML: AUC: 0.86 YES
features vs. DLR ONN
(135) 306 High grade TICE ML AUC: 0.87 (0.754-0.855); ACC: 0.79  YES
SE: 85.5%; SP: 75.4% PPV: 0.734;
NPV 0.867
(136) a1 Low grade DTI, TACE, T2, FLAR ML DTl+conventional radiomics AUC: YES
0.900
(137) 851 Al grades TICE, T2, ASL ML AUC: 0.77; ACC: 0.82 YES
(138) 92 All grades DwiI, FLAR ML TFLAIR-trained XGBoost AUC: 0.95; YES
ACC:0.90
(139) 704 All grades T1, TICE, T2, T2FLAR ML Random Forest: high YES
predictive performance AUC: 0.93;
ACC:0.88
(140) 671 Low grade T2 FLAR ML AUC: 0.86; ACC: 0.80 SE: 83%; YES
SP: 74%.
(141) 5300 Glioblastoma  FLAIR, T1, T2, DWI, TICE, DL SE: 93%; SP: 88% YES (TCGA)
PWI
(142) 92 All grades T2FLAIR, T1CE, DWI DL AUC: 0.99; ACC: 0.80 YES
(143) 265 Low grade 3D-ASL, T2, T2FLAR, DWI ML AUC: 0.93; ACC: 0.94 SE: 100%; NO
SP:85.7%
ATRX mutation
(141) 5300 Glioblastoma  FLAIR, T1, T2, DWI, TICE, DL SE: 94%; SP: 92% YES (TCGA)
PWI
(144) 376 Low grade T2 ML AUC: 0.94 YES
TP53
(145) 431 Low grade T2 ML AUC: 0.89 YES
(146) 65 Low grade 1, T2, T2FLAR ML AUC: 0.94; ACC: 0.92 YES
1p/19q codeletion
(147) 7,352 Low grade T2FLAR, TICE ML ACC: 0.81 (0.75-0.86) YES
(148) 107 Low grade TICE, T2 ML AUC: 0.89 YES
(149) 647 Low grade ™ ML AUC: 0.88 YES
EGFR
(142) i3 All grades T2, FLAR, TICE, DWI ML AUC: 0.77; ACC: 0.66 YES
(150) 431 Low grade T2 ML AUC: 0.90; ACC: 0.82 YES
(151) 256 Glioblastoma T1CE, DTI, DSC, PWI ML ACC: 0.75 YES
TERT promoter mutation
(152) 1,298 Low grade T4, TICE, T2 ML AUC: 0.84; ACC: 0.79 SE: 93%; YES
SP: 62%
(153) 107 Low grade TICE, T2 ML 3 radiomic signatures. Tumor TOA
signature had best performance
(AUC: 0.94)
(154) 5,064 High grade TICE, T2FLAR, MRS ML AUC: 0.955 YES
+7/-10 signature CDKN2A/B homozygous deletion
(141) 5,300 Glioblastoma FLAR, T1, T2, DWI, T1CE, DL Cdk chromosome 7/10 aneuploidies NO
PWI (SE: 0.90, SP: 0.88) CDKN2

mutations (SE: 76%, SP: 86%)
MGMT promoter methylation

(155) 3,061 Astrocytomas T1CE, T2, FLAIR, ADC ML AUC: 0.92 YES
maps

(156) 1,702 Low grade T1 (3D-CE-T1), T2 ML AUC: 0.97 (0.93-1.00); ACC: 0.84 YES (TCIA)

(142) 92 All grades T2FLAIR, T1CE, DWI ML AUC: 0.79; ACC: 0.67 YES

(157) 1,705 Glioblastoma Multiparametric ML AUC: 0.88; ACC: 0.80 YES

(158) 1,665 Glioblastoma T1, TICE, T2 ML ACC: 0.86 YES

(159) Automated Al grades T2, ResNet DL, ONN, AGC: 0.95 YES
selection ResNet

GFAP

(128) 1,421 Al grades T1CE ML AUC: 0.72; ACC: 0.81 YES

Ki67

(160) 431 Low grade ML AUC: 0.91; ACC: 0.83 YES

(128) 1,421 All grades TICE ML AUC: 0.85; ACC: 0.80 YES

cic

(161) 105 Low grade T1, T2, T2FLAIR, TICE ML ACC: 0.94 NO

Al artificel intelligence; AUC, area under the curve; ACC, accuracy; SE, sensitiity; S specificity; ML, machine leaming; ADC, apparent diffusion coefficient; TCIA, The Cancer Imaging
Archive; DSC, dynamic susceptibility contrast; APTw, amide proton transfer weightedi; CNN, convolutional neural network; DLR, deep leeming-based radiomics; DL, deep learning; ASL,
arterial spin labeling; PPV, positive predictive value; NPV, negative predictive value; DT}, ditusion tensor imaging; DWI, diffusion-weighted imeging; TCGA, The Cancer Genome Atlas;
PWI, pertusion-weighted imaging; MRS, spectroscopy; ResNet, residual deep neural network

*For purposes of uniformity, AUC and ACC are shown in decimals and SE and SP are shown as percentages.

+The model was not validated but was reproduced in cases from six centers.

*#Modlfied CNN structure with 6 convolutional layers and a fully connected layer with 4,096 neurons was used to segment tumors.
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the study (n=19) the study (n=47)
Recurrence pattern

was evaluated (n=47)






OPS/images/fonc.2022.931436/crossmark.jpg
©

2

i

|





OPS/images/fonc.2022.925560/table3.jpg
Std_Eff Coef. Std. Err. t P>|t| [95% Contf. Interval]

Slope 04155 1131381 0.37 0.718 -.1971505 .2802505
Bias 1.081482 7732451 1.40 0.180 -.5499226 2.712886
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Hr Coef. Std. Err. t P>t [95% Conf. Interval]

Country -.0463142 .1435912 -0.32 0.754 -.3662554 .273627
Year -.0577189 12200952 -0.26 0.798 -.5481216 4326837
Age .0080237 1152203 0.07 0.946 -.2487031 .2647506
KPS -.2289972 1.450993 -0.16 0.878 -3.46201 3.004016
MGMT -.1435453 .5214006 -0.28 0.789 -1.305298 1.018208
IDH 0567062 12178329 0.26 0.800 -.4286556 .5420681
Assay -.080288 .3354776 -0.24 0816 -.8277787 .6672027
Analysis method 0774851 6897726 0.11 0913 -1.459424 1.614394
_cons 397794 10.0847 0.39 0.702 -18.49216 26.44804

Meta-regression Number of obs = 19; REML estimate of between-study variance tau2 = 0; % residual variation due to heterogeneity I-squared_res = 0.00%; Proportion of between-study
variance explained Adj R-squared = %; Joint test for all covariates Model F.
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Author and Country
year

Yawei Liu 2013 Denmark
Nduom, k2016 USA
Berghoff 2014 Austria
Berghoff cohort  Austria

2014

Zeng,].2016  China
Jiheun Han ~ Korea
2016

Kyu 2018 Korea
Arnon 2021 Denmark

Dieter 2017 Germany

Dieter cohort  Germany
2017

Chi

Ing 2018 Italy

Chi:
2018

Ing cohort Italy

Zheng 2016 China
Zheng cohort  China

2016
Drew Pratt USA
2018
Drew Pratt UsA

cohort 2018
Zhiyuan Zhu  China

2020
Lingrui Su 2020 China
Yasuo Japan
Takashima

2018

Author and MGMT methyla-
year tion status

Yawei Liu 2013 NM
Nduomk 2016 NM
Berghoff 2014 MGMT

Berghoff cohort  NM
2014

Zeng ].2016  NM
Jiheun Han NM

2016

Kyu 2017 NM
Amon2021  MGMT
Dieter 2017 NM

Dieter cohort ~ NM
2017

Chia-Ing 2018 MGMT

Chia-Ing cohort MGMT
2018

Zheng 2016 NM
Zheng cohort  NM

2016
Drew Pratt NM
2018

Drew Pratt NM

cohort 2018
Zhiyuan Zhu  NM

2020
Lingrui Su 2020 NM
Yasuo NM
Takashima

2018

IHC, immunohistochemistry; IFC, immunofluorescence histochemistry; FFPE, formalin-fixed paraffin-embedded; TMA, tissue microarray; TCGA, The Cancer Genome Atlas. UA,univariate analysis; MA, multivariate analysi
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Gene
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Gene

IDH mutation
status

NM
NM
NM
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NM
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IDH-1
IDH wildtype

IDHI/2 wildtype
NM

IDH-1
IDH-1

IDH1/2 mutations

IDH mutations

IDH wildtype

IDH wildtype

NM

NM
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Patients

GBM
GBM
GBM
GBM

GBM
GBM

GBM

GBM
GBM
GBM

GBM

GBM

GBM

GBM
GBM

Cut off

percentage=10%
037
Percentage=5%

Median PD-L1
expression levels

Percentage=5%

Percentage=5%

Percentage=5%

Median PD-L1
expression levels

NM
NM

Percentage=5%

Percentage=5%

NM
NM

Percentage25%
Percentage25%
NM
percentage210%

Median PD-L1
expression levels

Age mean
+SD

58.53£10.13
NM
588141043
NM

NM
57.24%12.28

58.18£12.09

64.15£8.08
NM
NM

NM
NM

NM
NM

512+122
NM
NM

NM
59.02£12.74

Number

17
152
17
446

62
54

115
163

467

27
2

127
160

125
488
150

47
158

KPS

NM
NM
270
NM

NM
NM

NM

NM
NM
NM

270

NM
NM

NM

NM

NM

NM
NM

analysis
method

NM
MA
NM
MA

NM
MA

MA
MA

NM
NM

MA
MA

NM
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NM

MA

NM
NM

TMA
TMA

TMA/
FFPE
FFPE
FFPE
TCGA

ADCTA

reference

CGGA
TCGA

TMA

TCGA

TCGA

NM
TCGA

HR

15
152
118

1036

132
4958

1204
105

0973
098

0354
0.654

22
147

245

119

1291

131
107

Material  Assay
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Agilent
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RNAseq
data
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lei
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08
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0254

149
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088

os

Staining pattern
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Membranes/Cytoplasm
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Membranous/fibrillary

NM
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patchy/diffuse fibrillary and
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uci

214
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1579

2485
15
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12
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1685

324
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1586

172
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presence of 1p/19q

codeletion

NM
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NM
NM
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analysis
method
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UA
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HR
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HR, hazard ratio; CI,

confidence interval; NM, not mentioned; Cut off: Cut-off criterion for PD-L1 positive; KPS, Karnofsky PerformanceScore; PES: progression-free survival.NOS: Selection (0-4 points): Representativeness of the exposed cohort, selection of the non-exposed
cohort, ascertainment of exposure, demonstration that the outcome of interest was notpresent at start of study; comparability control for important factor (0-2 points); outcome (0-3 points): the assessment of the outcome, was follow-up long enough for
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Exposure

BUN

BUN (quartie)
Q1 (1.000-12.000)
Q2 (12.000-16.000)
Q8 (16.000-20.000)
Q4 (20.000-42.297)

Pfor trend

Model 1 (OR, 95% ClI, P)

1.086 (1.053, 1.080) <0.00001

Ref
0.930 (0.654, 1.322) 0.68666
1.381 (0.986, 1.934) 0.06069
2.744 (2,045, 3.884) <0.00001
<0.00001

Model 2 (OR, 95% Cl, P)

1.043 (1.029, 1.068) <0.00001

Ref
0.827 (0.580, 1.179) 0.29457
1.073 (0.761, 1.613) 0.68573
1.808 (1.326, 2.465) 0.00018
<0.00001

Model 3 (OR, 95% Cl, P)

1.020 (1.004, 1.086) 001381

Ref
0.887 (0.618, 1.273) 0.51657
1.042 (0.731, 1.487) 0.81908
1.363 (0.975, 1.905) 0.07012
0.01226

Model 1 (non-adjusted model): not adjusted for any covariates.
Model 2 (minimally adfusted model): adjusted sex, race, and age ranges.

Model 3 (fuly adjusted model): adjusted sex, race, age ranges, BMI, diabetes, smoke, severe COPD, hypertension, renal failure, dilysis, disseminated cancer, open wound infection,
emergency case, bleeding disorders, Na, Cr, HCT, WBC, PLT, ASACLAS, and steroid use.

OR, odds ratio; 95% CI, 95% confidence interval: Ref, reference.
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BUN (quartile)

N (cases)
Sex, N (%)
Male
Female
Age ranges N (%)
18-40
41-60
61-80
>81
Race, N (%)
White
Asian
African American
Unknown race
BMI (Mean + SD)
Serum sodium (Mean  SD)
Creatinine (Mean = SD)
White blood cels (Mean  SD)
Hematocrit (Mean  SD)
Platelet (Mean = SD)
Diabetes, N (%)
No
Yes (Non-insulin-dependent)
Yes (Insulin-dependent)
Smoking status, N (%)
No
Yes
Severe COPD, N (%)
No
Yes
Hypertension, N (%)
No
Yes
Renal failure, N (%)
No
Yes
Dialysis, N (%)
No
Yes
Disseminated cancer, N (%)
No
Yes
Open wound infection, N (%)
No
Yes
Steroid use, N (%)
No
Yes
Bleeding disorders, N (%)
No
Yes
Emergency case, N (%)
No
Yes
ASACLAS, N (%)
No Disturb
Mild Disturb
Severe Disturb
Life Threat
Moribund

Q1 (1.000-12.000)

3,599

1,284 (34.287%)
2,365 (65.713%)

1,015 (28.202%)
1,703 (47.319%)
845 (23.479%)
36 (1.000%)

2,373 (65.935%)
108 (3.001%)
356 (2.892%)
762 (21.173%)

28,112 + 6.260
138,741 £ 8.079
0.738  0.287
8306+ 3571
39629 & 4.698
250.178 + 69.085

3,331 (92.553%)
186 (5.168%)
82 (2.278%)

2,719 (75.549%)
880 (24.451%)

3,468 (96.360%)
131 (3.640%)

2,663 (73.993%)
936 (26.007%)

3,599 (100.000%)
0(0.000%)

3,507 (99.944%)
2(0.056%)

2,980 (82.801%)
619 (17.199%)

3,566 (09.083%)
33(0.917%)

3,243 (90.108%)
356 (0.892%)

3,545 (98.500%)
54 (1.500%)

3,304 (91.803%)
295 (8.197%)

67 (1.862%)
1,001 (30.314%)
1,942 (63.959%)
442 (12.281%)
57 (1.584%)

Q2 (12.000-16.000)

4,598

2,103 (45.737%)
2,495 (54.263%)

938 (20.400%)

2,115 (45.998%)

1,466 (31.883%)
79(1.718%)

3,371 (73.314%)
166 (3.610%)
316 (6.873%)

745 (16.208%)
28.387 +5.962
139.025 % 3.050

0801 +0.220

8636 +3.761
40.486 £ 4.610

242.883 % 66.475

4,174 (20.779%)
284 (6.177%)
140 (3.045%)

3,709 (80.666%)
880 (19.334%)

4,437 (96.498%)
161 (3.502%)

3,130 (68.073%)
1,468 (31.927%)

4,598 (100.000%)
0(0.000%)

4,595 (99.935%)
3(0.085%)

3,820 (83.080%)
778 (16.920%)

4,564 (99.261%)
34(0.739%)

4,066 (88.430%)
532 (11.570%)

4,518 (98.260%)
80 (1.740%)

4,311 (93.758%)
287 (6.242%)

68 (1.479%)
1,337 (29.078%)
2,658 (57.808%)
496 (10.787%)
39(0.848%)

Q3 (16.000-20.000)

3,844

1,996 (51.925%)
1,848 (48.075%)

497 (12.920%)

1,628 (42.352%)

1,610 (41.883%)
109 (2.836%)

2,867 (74.584%)
107 (2.784%)
248 (6.452%)
622 (16.181%)

28.394 + 5,985
188.820 + 8,127
0844 +0.253
9586 + 4.337
40.760 + 4.695
240,502 + 67.495

3,396 (88.345%)
296 (7.700%)
152 (3.954%)

3,115 (81.035%)
729 (18.965%)

3,681 (95.760%)
163 (4.240%)

2,382 (61.967%)
1,462 (38.033%)

3,843 (99.974%)
1(0.026%)

3,840 (99.896%)
4(0.104%)

3,028 (78.772%)
816 (21.228%)

3,822 (99.428%)
22(0572%)

3,266 (84.964%)
578 (15.036%)

3,771 (98.101%)
73(1.899%)

3,602 (93.704%)
242 (6.206%)

43 (1.119%)
965 (25.104%)
2,329 (60.588%)
468 (12.175%)
39 (1.015%)

Q4 (20.000-42.297)

4,835

2,680 (55.429%)
2,155 (44.571%)

268 (5.543%)

1,601 (33.113%)

2,660 (55.016%)
306 (6.329%)

3,684 (76.194%)
116 (2.399%)
273 (5.646%)

762 (15.760%)
28,637 + 5,931
138,036 + 3.413

0956+ 0.411
11.206 % 4.760
40248 £ 5.071

235,682 & 74.116

3,988 (82.482%)
501 (10.362%)
346 (7.156%)

4,007 (82.875%)
828 (17.125%)

4,510(93.278%)
325 (6.722%)

2,022 (45.957%)
2,613 (54.043%)

4,829 (90.876%)
6(0.124%)

4,812 (99.524%)
23 (0.476%)

3,334 (68.956%)
1,601 (31.044%)

4,782 (98.904%)
53 (1.096%)

3,756 (77.684%)
1,079 (22.316%)

4,699 (97.187%)
136 (2.813%)

4,554 (94.188%)
281 (5.812%)

33(0.683%)
808 (16.711%)
3,146 (65.067%)
793 (16.401%)
55 (1.138%)

P-value

<0.001

<0.001

<0.001

0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001

<0.001

<0.001

0.009

<0.001

<0.001

0.048

<0.001

<0.001

<0.001

<0.001
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18,642 index cases.

|

18,642 cases for consideration

‘According to our studying:

Excluded BUN missing
values (n=1532) and
outlers values (n-234)

16,876 were included in study analysis
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Description

SetSize

EnrichmentScore

NES

p-value

p.adjust

g-values

Rank

Leading edge

CELL_CYCLE

CELL_CYCLE_MITOTIC

RNA_POLYMERASE_II_TRANSCRIPTION

M_PHASE

SIGNALING_BY_RHO_GTPASES

CELL_CYCLE_CHECKPOINTS

RHO_GTPASE_EFFECTORS

EXTRACELLULAR_MATRIX_ORGANIZATION

MITOTIC_METAPHASE_AND_ANAPHASE

7

69

54

48

43

42

40

35

30

0.437984556

0.473839241

0.373331996

0.506821247

0.46987275

0.500099904

0.494357647

0.417893391

0.493483904

3.08492288

3.245671417

2.387827876

3.125983655

2.78974993

2.937629699

2.849323105

2.310986332

2.589899346

0.001071811

0.001089325

0.001114827

0.001142857

0.001164144

0.001168224

0.00118624

0.001196172

0.001213592

0.007861104

0.007861104

0.007861104

0.007861104

0.007861104

0.007861104

0.007861104

0.007861104

0.007861104

0.002284467

0.002284467

0.002284467

0.002284467

0.002284467

0.002284467

0.002284467

0.002284467

0.002284467

454

454

445

454

454

549

454

317

480

tags=73%,
list=36%,
signal=49%
tags=77%,
list=36%,
signal=52%
tags=63%,
list=36%,
signal=42%
tags=81%,
list=36%,
signal=54%
tags=77%,
list=36%,
signal=50%
tags=90%,
list=44%,
signal=52%
tags=80%,
list=36%,
signal=52%
tags=57%,
list=25%,
signal=44%
tags=83%,
list=39%,
signal=52%
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Characteristics

WHO grade
G2

G3

G4

IDH status
Mut

WT

1p/19q codeletion
codel
non-codel
Age

<60

>60
Gender
Female
Male
ASF1B
Low

High

Total (N)

634
223
243
168
685
439
246
688
170
518
695
552
143
695
297
398
695
348
347

Univariate analysis

Hazard ratio (95% CI)

Reference
2.999 (2.007-4.480)
18.615 (12.460-27.812)

Reference
8.551 (6.558-11.150)

Reference
4.428 (2.885-6.799)

Reference
4.668 (3.598-6.056)

Reference
1.262 (0.988-1.610)

Reference
5.029 (3.758-6.730)

P-value

<0.001
<0.001

<0.001

<0.001

<0.001

0.062

<0.001

Multivariate analysis

Hazard ratio (95% CI)

1.723 (1.104-2.688)
3.880 (2.227-6.761)

3.218 (2.141-4.837)

1.346 (0.809-2.239)

1.502 (1.103-2.046)

1.212 (0.923-1.593)

1.573 (1.063-2.350)

P-value

0.017
<0.001

<0.001

0.252

0.010

0.166

0.027

Values in bold indicate that the value is less than 0.05 and is statistically different.
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Characteristics N (%) Hazard ratio (95% CI) P-value
WHO grand

G2 224 (35.3%) 1.39(0.71-2.72) 0.347
G3 243 (38.3%) 3.16 (2.03-4.90) <0.001
G4 168 (26.5%) 1.14 (0.82-1.60) 0.427
IDH status

wWT 246 (35.9%) 1.87 (1.02-1.85) 0.031
Mut 440 (64.1%) 2,02 (1.33-3.06) 0.001
1p/19q codeletion

codel 171 (24.8%) 1.42 (0.63-3.22) 0.398
non-codel 518 (75.2%) 4.32 (3.34-5.59) <0.001
Gender

Female 298 (42.8%) 4.69 (3.21-6.85) <0.001
Male 398 (57.2%) 5.12 (3.75-7.00) <0.001
Age

<60 563 (79.5%) 4.31 (3.20-5.82) <0.001
>60 143 (20.5%) 1.75 (1.18-2.60) 0.005
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Clinical characteristics

All patients
Gender
Female
Male

Age (years)

Age at primary tumor diagnosis

Age at brain metastasis diagnosis

Metastasis free interval

Other variables
Chemotherapy prior to brain metastasis

Targeted therapy prior to brain
metastasis

Immunotherapy prior to brain
metastasis

Brain radiation prior to metastasis

resection

Smoking history

H/O metastasis at another site

Primary tumor histological grade: High
Primary tumor histological grade: Low

Nodal involvement

N (n Mean  Median
missing)  [SD] (IQR)
50
31
19
4417 43 (34.0,
54.8)
465 (] 46 (36.5,
57.0)
231 1.5(0.73,
2.55)
39(2)
15(2)
9(3)
1
3
38
21(15)
14 (15)
24

Therapy combination for primary tumor

Chemotherapy only
Chemotherapy, immunotherapy
Chemotherapy, targeted, anti-HER2

Chemotherapy, immunotherapy,
targeted

Chemotherapy, anti-HER2
Chemotherapy, targeted
All of the above
Immunotherapy only
None of the above
Unknown

Breast primaries total
IDC

ILC2

Anti-HER? treatment prior to brain
metastasis

Positive HER2 status for primary tumor
Positive HER2 status for metastasis

Triple negative primary

20

e R e

20
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Characteristics

WHO grade (G38G4 vs. G2)

1p/19q codeletion (non-codel vs. codel)
IDH status (WT vs. Mut)

Age (>60 vs. <60)

Gender (Male vs. Female)

Total (N)

635
689
686
696
696

Odds Ratio (OR)()

12,664 (8.451-19.419)
4.770(3.233-7.174)
14.220 (9.526-21.754)
4.412 (2.918-6.827)
1.179 (0.873-1.593)

P-value

<0.001
<0.001
<0.001
<0.001
0.284
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Post-operative 30-day mortality
(OR, 95% CI, P-value)

Infection point of BUN, mg/dl 9,804
<9.804 0832 (0.737, 0.941) 00032
>9.804 1.028 (1.011, 1.045) 0.0009

P-value from the log likelihood 0.003

ratio test

This model adjusted for sex, race, age ranges, BMi, diabetes, smoke, severe
COPD, hypertension, renal failure, dialysis, disseminated cancer, open wound infection,
emergency case, bleeding disorders, Na, Cr, HCT, WBC, PLT, ASACLAS, and steroid use.
OR, odds ratio; 95% ClI, 95% confidence interval.
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Total dose (Gy)
Median volume (CM3)
Range

Standard deviation (SD)

Our plan

60
216.65
94.85-582.62
182.45

EORTC virtual plan) P-value
60 0257
208.42
86.24-540.85

175.28
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Recurrence pattern

Central
In-field
Marginal

Distance

Our plan
No. of patients/total (%)

41/47 (87.2%)
2/47 (4.3%)
0/47 (0)
4/47 (8.5%)

EORTC
No. of patients/total (%)

79/105 (75.2%)
6/105 (5.7%)
6/105 (5.7%)

14/105 (13.3%)

P-value

0.094
0.710
0.178
0.395
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Characteristics

Sex

Age (years)

KPS

Location

Surgery

IDH status

MGMT status

Male
Female
Median
Range
Median
Range
Frontal
Parietal
Temporal
Occipital
Two lobes
GTR

STR

wild
Mutant
Methylated
Unmethylated

No. of patients

41
28
52
23-72
80
50-100
22

20
25
44

63

14
55
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Tumor
location

Frontal lobe

Temporal
lobe

Parietal lobe

Occipital lobe

Main fiber tracts involved

Superior longitudinal fasciculus
Corticospinal tract

The genu of the corpus callosum
Corpus callosum body

Inferior occipitofrontal fasciculus
Unciform fasciculus

Internal capsule

Arcuate fasciculus

Inferior occipitofrontal fasciculus

The splenium of the corpus callosumInferior longitudinal
fasciculus

Unciform fasciculus

Superior longitudinal fasciculus
Corticospinal tract

The splenium of the corpus callosum
Corpus callosum body

Internal capsule

Superior longitudinal fasciculus

Inferior occipitofrontal fasciculus

The splenium of the corpus callosumInferior longitudinal
fasciculus

Internal capsule
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NDTH-Data

TCIA-Data NBH-Data

Exclude the subjects with inadequate
data or scanning quality problem. The
number for the train and test sets were
62 (35 GBM, 11 LMPA, 16 META) and
41 (21 GBM, 9 LMPA, 11 META),
respectively.

Exclude 13 (2 GBM, 3 LMPA,
8 META) subjects with lesions
only located in the skull, brain
stem, or cerebellum in test set.

Exclude 39 (4 GBM, 8 LMPA,
27 META) subjects with lesions

only located in the skull, brain
stem, or cerebellum in train set.

Exclude the subjects with preprocessing
problems. The number for the train and
test sets were 23 (15 GBM, 3 LMPA, 5
META) and 5 (4 GBM, 1 LMPA, 0 META),
respectively.

Train set : GBM=80, LMPA=60 META=60 Test set : GBM=20, LMPA=15 META=15
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Variables

Age
miR-4297 level

Variables with statistical significance in univariate analysis were entered into stepwi

Univariate Multivariate
OR 95% CI p-value OR 95% CI
1081 1.015-1.152 0030 1.089 1.012-1170
4038 1.047-15.581 0.040 5420 1193-24.624

logistic regression analysis. OR, odds ratio.

p-value

0.029
0.022





OPS/images/fneur-13-888221/fneur-13-888221-t002.jpg
Male (n = 66) P Female (n = 48) P

Low miR-4297  High miR-4297 Low miR-4297  High miR-4297

Age (years, mean  SD) 39731552 4658 £ 14.44 0.066 46331082 46.17 £ 14.30 0.964
HGGs, N (%) 21(63.6) 25(758) 0172 13 (542) 22(917) 0023
Molecular genetic biomarkers
PMGMT-Me, N (%) 18 (60.0) 16(55.1) 0702 16 (69.6) 14(63.6) 0759
IDH-mutant, N (%) 17(51.5) 12(363) 0277 13 (542) 5(20.8) 0015
1p/199 codeletion, N (%) 6(25.0) 10 (45.0) 0210 2(833) 4016.7) 0587
Immunochemistry indicators
MGMT protein (%) 450 (1.75,6.50) 5.00 (3.00,9.00) 0824 4.00 (2.00, 5.00) 10.00 (4.50,20.00) 0014
P53 (%) 17.50 (4.75, 80.00) 30.00 (650, 55.00) 0811 30.00 (6.25,78.75) 15.00 (4.50, 70.00) 0843
Ki-67(%) 20,00 (6.00, 52.50) 20,00 (9.50, 35.00) 0.980 15.00 (5.00, 30.00) 17.50 (4.25, 42.50) 0310
Blood parameters

inogen (/L) 317£107 304113 0638 2.930.63 282 1.061 0.674
Albumin (g/L) 43.16£357 4217 %351 0285 4147 £294 42904553 0294
Creatinine (pmol/L) 67.45£9.09 67.97 £ 14.12 0.890 50.18 % 7.00 48.09+7.63 0341
WBC (x10°/L) 7.60 4320 8394308 0324 7345252 747 £2.93 0874
M (x10°/L) 043 (0.31,0.56) 039 (0.30, 0.48) 0.807 0.29(0.26,0.43) 0.43(0.22,0.53) 0379
L (x10°/1) 1.65+0.64 1904068 0.123 17840684 16440548 0472
Ne (x10°/L) 5.41£3.10 5704328 0723 490 £2.40 5294288 0.628
RBC (x102/L) 4.91£049 4.77£0.33 0.173. 4.39 £ 0412 4.48 £ 0.484 0.488
HGB(g/L) 146.64 % 1546 146.97 £7.90 0917 129.00 % 1628 13158 1534 0.582
MV (f) 8770 £7.90 89.76 £ 4.51 0211 87.99 £7.66 §7.51 £7.42 0832
HCT 0444 £0.008 0428 £ 0.021 0346 0.38 £ 0.046 0390038 0483
RDW (%) 13344084 13204096 0528 13.95£2.59 1372110 0233
MPV () 824127 8274116 0933 7.76 % 0.820 840115 0.036
NLR 214 141 0300 279 234 0817

(1.27,2.53) (112, 1.81) (1,60, 3.48) (1.42,4.12)
PLR 117 86.70 0.087 14131 123.60 0852
(79.89, 165.14) (63.53, 115.56) (107.59,200.35) (98.81,166.12)
st 485.93 306.84 0.189 57553 (448.34, 591.26 0.700
(276.64,718.29) (235.00,446.37) 652.20) (243.94,591.26)
MLR 025 018 0324 019 021 0582
(0.20,030) (0.15,024) (0.16,0.26) (0.13,027)

PLT/WBC 37.08% 1175 320241184 0126 4148 %1947 3661 £17.62 0378
PNI 50,194 8.58 51714435 0391 48.47 £9.84 51124665 0286

Data are expressed as mean = SD, median (25th, 75th percentile) or number (%).

HGG, high grade glioma; pMGMT-Me, O6-methylguanine-methyl- DNA-transferase promoter methylation; IDH, isocitrate dehydrogenase; Alb, albumin; HGB, hemoglobin; WBC, white

blood cll M, monocyte: L lymphocyte: PLT,phatele; MCV; mean corpuscula volume; MPV; mean plateet volume; ROW, red blood distribution widh; NLR, neatrophil-to lymphocyte
io; PLR, platelet-to-lymphocyte ratio; MLR, monocyte-to-lymphocyte ratio; SI ndex; PNI, prognostic nutrition index.
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Glioma Non-cancer controls p-value

(N'=170) (N=157)
GSE139031 dataset
Age (years, mean  SD) 52341745 55.18 % 14.19 0.102
Male (%) 93(54.7) 76 (48.4) 0270
Serum MiR-4297 1041 (0.221,2.022) 2.185(0.828,2.935) <0.001
Glioma patients Serum miR-4297
(N=114) expression
Validation cohort
Age (years, mean & SD) 4596 £ 1222 0.048
<460 59(51.8%) 0612 (0.151,1.576)
>46.0 55 (48.2%) 1.154 (0.245, 3.340)
Sex (%) 0035
Male 66(57.9) 0.779(0.173,1.613)
Female 48 (42.1) 1392 (0.425,3.194)
WHO grade (%) 0042
Low grade 33(2895) 0521 (0219, 1.325)
WHOII 33(28.95)
High grade 81(71.05) 1.082(0.116,3.481)
WHOIII 23(2839)
WHOIV 58 (71.60)
Glioma subtypes, N (%) 0216
DA, IDH-mut 18 (15.79) 0446 (0.251,0.680)
DA, IDH-wt 7(6.14) 2.186 (0.196,7.951)
AA, IDH-mut 5(438) 0.768 (0.200, 1.061)
AA, IDH-wt 10(8.77) 0.676 (0.800, 1.988)
AOD, IDH-mut 7(6.14) 1230 (0.460, 2.694)
OD, IDH-mut 8(7.01) 1593 (0.157,2321)
GBM, IDH-mut 10(8.77) 0.521(0.344,0783)
GBM, IDH-wt 49 (42.98) 1491 (0.400, 4.170)
Tumor locations (%) 0297
Hemisphere 102 (89.5) 0.853(0.249,2.312)
Cerebellum 4(35) 0.828 (0.2593, 2.635)
Thalamus/hypothalamus 4(35) 2.454(0.3414, 5.756)
Pons/medulla/brainstem 4(35) 0231(0.121,0.389)
Tumor size before RT (%) 0305
<6cm 77(67.5) 1.014(0.250,2.515)
>6em 37(325) 0.712(0.179, 1.732)
MGMT promoter 0.650
Methylation (%) 64(56.1) 0.822(0.254,2.323)
Unmethylation (%) 0(35.) 1.083 (1.821, 3.038)
IDH status, n (%) 0025
Mutation 47 (412) 0.669 (0,266, 1.593)
Wild type 61(53.5) 1.363 (0,278, 3.582)
1p/19 codeletion, 1 (%) 0771
Negative 52(45.6) 0.797 (0.368, 2.347)
positive 22(19.3) 1.230(0.187, 2.330)
Treatment (after surgery)
concurrent chemoradiotherapy 82(71.9)
Chemotherapy/radiotherapy 14(123)
none 18(15.8)

Data are expressed as mean = SD, median (25th, 75th percentile) o number (%).
DA, diffuse astrocytoma; A, anaplastic astrocytoma; AOD, anaplastic oligodendroglioma; OD, oligodendroglioma; GBM, glioblastoma IDH, isocitrate dehydrogenase; RT, radiotherapy:
MGMT, O 6- methylguanine DNA-methyltransferase; wt, wild type; mut, mutant.
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The AUC of discovery group

MB vs. healthy control(a) 0.947
MB vs. brain benign diseases (b) 0.900
MB vs. other malignant tumours (c) 0.842
MB vs. non-MB(d) 0.888

(a) panel: Tetrahydrocortisone; Cortolone; N-Acetylasparagine.

(b) panel: Tetrahydrocortisone; Cortolone; 18-carboxy dinor Leukotriene B4.
(c) panel: Tetrahydrocortisone; Cortolone; L-Dopa; 20-Oxo-leukotriene E4.
(d) panel: Tetrahydrocortisone; Cortolone.

The AUC of validation group

0.906
0.873
0.885
0.801

sensitivity

0.892
0.892
1
0.908

specificity:

0.810
0.882
0.702
0.757
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Sample group No. Males No. Females sum Mean Age = SD
Discovery group Medulloblastoma 44 30 74 7.67 +3.34
Healthy control 43 33 76 7.76 £ 2.06
Brain malignant tumor patients 10 10 20 7.03 +4.27
Brain benign disease patients 24 10 34 717 £3.81
Validation Medulloblastoma 22 15 37 7.37 £3.37
group Healthy control 24 18 42 7.78 +2.31
Brain malignant tumor patients 6 5 11 8.1+ 349
Brain benign disease patients 13 4 17 7.17 £ 3.51
postsurgical validation MB patients of a week after surgery 13 16 29 7.50 +3.27
MB patients of a month after surgery 51 29 80 7.67 +3.34
sum 250 170 420
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Exposure

BUN

BUN (quartile)
Q1 (1.000-11.765)
Q2 (12.000-15.966)
Q8 (16.000-19.900)
Q4 (20.000-41.000)

Pfor trend

Model 1 (OR, 95% ClI, P)

1.068 (1.054, 1.082) <0.00001

Ref
0.947 (0.665, 1.348) 0.76189
1.389 (0.989, 1.951) 0.05764
2.780 (2.066, 3.741) <0.00001
<0.00001

Model 2 (OR, 95% Cl, P)

1.045 (1080, 1.060) <0.00001

Ref
0.844 (0591, 1.206) 0.35213
1.085 (0.768, 1.534) 0.64232
1.848 (1.352, 2.525) 0.00012
<0.00001

Model 1 was sensitity analysis in participants without dielysis and (or) renal faire (non-acfusted mod).
Model 2 was sensiivity analysis in participants without dialysis and (or) renal faiture. We adjusted sex, race, and age ranges.
Model 3 was sensitivity analysis in particioants without dlalysis and (or) renal faiure. We adjusted sex, race, age ranges, BMI, dliabetes, smoke, severe COPD, hypertension, disseminated
cancer, open wound infection, emergency case, bleeding disorders, ASACLAS, steroid use, Na, Cr, WBC, HCT, and PLT.
OR, odds ratio; 95% CI, 95% confidence interval: Ref, reference.

Model 3 (OR, 95% Cl, P)

1.027 (1.012, 1.043) 0.00048

Ref

0879 (0.601, 1.285) 0.50420

1.005 (0.757, 1.682) 0.63013

1.498 (1.067, 2.104) 0.01968
000104
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Characteristic

Sex N (%)
Male
Female
Age ranges
18-40
41-60
61-80
>81
Race
White
Asian
African American
Unknown race
Diabetes
No
Yes (Non-insuiin)
Yes (Insulin)
Smoking status
No
Yes
Hypertension
No
Yes
Disseminated cancer
No
Yes
Open wound infection
No
Yes
Severe COPD
No
Yes
White blood cells N (%)
WBC < 10
WBC >10

OR (95% Cl)

1.015(0.994, 1.037)
1.022 (0.998, 1.046)

1.007 (0912, 1.112)
1.044 (1.014, 1.076)
1.016 (0.995, 1.087)
1.005 (0958, 1.055)

1.025 (1.008, 1.043)
1.014 (0.866, 1.187)
1.062 (0.991, 1.139)
0.993 (0.958, 1.030)

1.020 (1.003, 1.038)
1.023 (0.982, 1.065)
1.012 (0970, 1.056)

1.017 (1.000, 1.035)
1.029 (0.997, 1.062)

1.028(1.003, 1.053)
1.016 (0.996, 1.035)

1.016 (0.996, 1.087)
1.026 (1.003, 1.050)

1.032 (1.015, 1.049)
0.970 (0.859, 1.096)

1.028 (1.012, 1.044)
1.046 (1.006, 1.088)

1.023 (1.002, 1.044)
1.020 (0997, 1.043)

P for interaction

0.6765

0.4079

0.3079

0.9271

0.56169

0.4433

05144

0.3168

0.3998

0.8374
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‘ ‘ Screening ‘ \Identification

Eligibility

Included H \

11,727 studies imported for screening 90 duplicates excluded

11,637 studies screened 10,502 studies irrelevant

1,135 full text studies assessed for 431 studies excluded:
eligibility
- 169 abstract only
- 139 not ML or Al
- 61 review (not original article)
- 22 not English language
- 15 not gliomas

- 11 not MRI/PET/MR Spectroscopy

704 full text studies assessed for - 9 not human

secondary eligibility - 5 duplicate

619 studies excluded (not ML in glioma

85 studies included in final analysis grade prediction)
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Parameter Entire population [number (%)] Contrast enhancement pattern [number (%)] p-value
Breakout All other groups

N= 261 39 (14.9) 222 (85.1)

Age 61.5 58.8 61.6 0.519

(vears; median)

Sex (f/m) 127 (48.6)/134 (51.4) 9 (48.7)/20 (51.3) 108 (48.7)/114 (51.3) 0.994

Tumor size 29 32 28 0.034

(mm; median)

Edema 167 (60.2) 26 (66.7) 131 (59.0) 0.364

Hemorrhage 19 (7.3 3(7.7) 16(7.2) 0.941

Time of metastasis

Synchronous 92 (35.2) 11 (28.2 81 (36.5) 0.318

Metachronous 169 (64.8) 28 (71.8) 141 (63.5)

Metastasis status®

Solitary 64 (24.5) (23.1) 55 (24.7) 0.208

Singular 84 (32.2) 18 (46.2) 66 (29.7)

Oligo 1(27.2) (20.5) 63 (28.4)

Multiple 42 (16.1) (10.2) 38(17.2)

Number of metastases 1.0 1.0 1.0 0.021

(median; range) (1-6) (1-4) (1-6)

Presurgical KPI (median) 90 90 90 0.655

Extent of resection 0.487

Complete 211 (80.8) 32 (82.1) 179 (80.6)

Incomplete 50 (19.2) 7(17.9 43 (19.4)

RPA class 0.218

I 40 (16.3) 9(23.1) 31 (14.0)

In 194 (74.3) 28 (71.8) 166 (74.7)

1] 27 (10.4) 2(.8) 25 (11.3)

Solitary: 1 BM without extracranial metastases; singular: 1 BM with extracranial metastases; oligometastatic: 2-3 BM: multiple: >3 BM.
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Primary tumor Entire population[number (%)] Contrast enhancement pattern[number (%)] p-value

Breakout All other groups
N= 261 39 222
Lung cancer 94 (36) 17 (43.6) 77 (34.6) 0.584
Breast cancer 40 (156.3) 5(12.8) 35(15.8)
Melanoma 40 (15.3) 5(12.8) 35 (15.8)
Colon cancer 20(7.7) 3(7.7) 17 (7.6)
Renal cell cancer 14 (5.4) 1(2.5) 13 (5.9)
CupP 13 (6.0 0(0.0) 13(6.9)
Prostate cancer 6(2.3) 2(56.1) 4(1.8)
Cervical cancer 5(1.9 0(0.0) 5(2.3)
Urothelial cancer 5(1.9 1(2.5) 4(1.8)
Gastric cancer 3(1.2) 0(0.0) 3(1.3)
Others? 21(8.1) 5(12.8) 16 (7.2)

CUP, cancer of unknown primary.
a“Others” refers to rare tumor entities such as sarcoma, hepatocellular carcinoma, and ovarian and testicular cancer.
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Parameter Hazard ratio 95% Cl p-value
MRI CE pattern (breakout vs all other groups) 1.744 1.190 2.556 0.027
Extent of resection (complete vs. incomplete) 0.679 0.485 0.950 0.023
Presurgical KPI (=70 vs. <70) 0.622 0.406 0.953 0.011
RPA class (class | vs. all others) 0.655 0.493 0.868 0.003
Metastasis status (solitary vs. all others) 0.755 0.642 0.888 0.001
Age 1.006 0.993 1.019 0.594
Sex 1.006 0.994 1.020 0.694
Primary tumor 0.979 0.929 1.031 0.891
Time of metastasis class (synchronous vs. metachronous) 0.931 0.699 1.238 0.734
Number of metastases 1.149 1.037 1.274 0.150
Size of resected tumor 1.013 1.002 1.024 0.072
Necrosis 0.795 0.579 1.092 0.299
Hemorrhage 0.838 0.495 1.471 0.505
Large edema 0.888 0.672 1.174 0.307
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Parameter Hazard ratio 95% CI p-value
CE pattern (breakout vs. all other groups) 1.836 1.224 2.752 0.003
Extent of resection (incomplete vs. complete) 0.685 0.487 0.964 0.030
Metastasis status (solitary vs. all others) 0.774 0.646 0.926 0.005
RPA class (class | vs. all others) 0.664 0.468 0.943 0.022
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Parameter Frequency [number 2-year survival rate Overall survival [median; 95% CI (of p-value (selected group vs. all other

(%)1 [%] months] the median groups)
09)

CE pattern

All 261 13.8 7.23 0.897 37.413 0.215
Rim- 129 (49.4) 27 (20.9) 7.56 1.084 48.558 0.449
enhancing

Spherical 59 (22.6) 6 (10.7) 8.77 0.821 30.608 0.027
Breakout 39(14.9) 2(6.1) 4.7 0.897 16.460 0.407

Diffuse 34(13.0) 129 6.32 0.891 19.528
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Contrast enhancement pattern Hazard ratio p-value
Breakout vs. rim-enhancing 1.543 1.024 2.236 0.038
Rim-enhancing vs. diffuse 1.118 0.895 1.396 0.323
Rim-enhancing vs. spherical 0.995 0.883 1.120 0.936
Breakout vs. diffuse 0.821 0.481 1.399 0.469
Breakout vs. spherical 0.767 0.606 0.970 0.027
Diffuse vs. spherical 0.736 0.446 1.213 0.230
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Gene signature Univariable analysis

HR 95% CI p-value HR
EGFR amp- Reference
EGFR amp+ 2.29 1.0-5.25 0.017 2.63
TP53- Reference
TP53+ 178 0.81-3.9 0.184
CDKN2A- Reference
CDKN2A+ 233 0.95-5.71 0.019 2.61
CDK4- Reference
CDK4+ 1.02 0.41-2.53 0.962
PMS2- Reference
PMS2+ 0.67 0.27-1.71 0.440
CCNEL- Reference
CCNE1+ 213 0.59-7.63 0.105
PIK3CG- Reference
PIK3CG+ 0.51 0.17-1.52 0.330

The bold values demonstrated the p<0.05 and were defined as statistically significant.
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Mutation type Patients (n = 53) Ist/2nd (n = 15) 3rd (n = 38)

EGFR T790M 5(9) 1(7) 4(1)
EGEFR C797S 2(4) 1(7) 13)

EGFR-amp 21 (40) 5 (33) 16 (42)
Alternative pathway activation

Mutation of RB1 4(8) 1(7) 3(8)

Mutation of MET 5(9) 1(7) 4(11)
Mutation of ERBB2 4(8) 1(7) 3(8)

Mutation of CTNNB1 4(8) 1(7) 3(8)

Mutation of KRAS 3(6) 1(7) 2(5)

Mutation of BRAF 3(6) 1(7) 2(5)

Mutation of FGF3 4 (8) 1(7) 3(8)

Mutation of FGF4 4 (8) 1(7) 3(8)

Mutation of MYC 3(6) 1(7) 2(5)

Mutation of CCNE1L 7 (13) 4(27) 3(8)

Mutation of FGF19 3(6) 3(8)

Mutation of CCND1 2(4) 2(5)

Mutation of SOX2 3(6) 3(8)

Seven patients have not less than three different mutation genes in next-generation sequencing (NGS) testing. A patient has an increased copy number in five genes, such as FGF3, FGF4,
FGF19, CCND1, and CCNEI. A patient has an increased copy number in four genes, including FGF3, FGF4, FGF19, and KRAS. Another patient also has an increased copy number in four
genes, FGF3, FGF4, FGF19,and CCNDI. Four patients have three mutation genes in the NGS results, including SOX2, CCNE1, and ERBB2 detected in a patient, SOX2, MYC, and CTNNB1
identified in a patient, KRAS, CCNE1, and ERBB2 found in a patient, and CCNEI1, FGF3, and FGF4 shown in a patient.
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Typical brain imaging
Previous EGFR-TKI
TKI—1st or 2nd
Gefitinib
Icotinib
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KI—3"
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CSF pressure (mmH,0)

"A patient has a co-mutation of EGFR L858R and 25 missense_variant.

Study cohort
Number (%)

53
56 (36-74)

29 (55)
24 (45)
70 (30-90)

20 (38)
29 (55)
2(9)
2(4)
2(4)
5(9)

35 (66)

18 (34)

15 (28)
8(15)
4(8)
2(4)
1(2)
38 (72)
36 (68)
2(4)
172.5 (60-330)

®A patient has co-existing EGFR L858R and 15 missense_variant.

EGEFR, epidermal growth factor receptor; TKI, tyrosine kinase inhibitor.

‘With EGFR-amp(cohort 1)
Number (%)
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51 (38-72)

12 (57)
9 (43)
60 (30-90)

8(38)
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"
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Age was expressed as the median (range). Age differences between different groups were analyzed using the Kruskal-Wallis rank-sum test. One tumor can involve multiple brain regions at
the same time. Chi-square test was used to evaluate the baseline characteristics across groups (gender and tumor hemisphere distribution).
*p-values <0.05 were considered statistically significant.
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In blood In CSF

References LB Source/  Technique Results References LB Source/  Technique Results
Component Component
IDH mutation
62 CtDNA PCR SE: related to tumor volume  (53) CtDNA Amplicon analysis by SE: 62.5% SP:
and contrast enhancement PCR 100%
SP: 100%
(64 serum/urine  2-HG concentration by SE: 63% SP: 76% (65) Protein D-2-HG by MS SE: 84% SP: 90%
LC-Ms/MS
(56) Y PCR SE: 80% 7 GtDNA dPCR SP: 100%
ATRX mutation
(63) CtDNA Amplicon analysis by~ SE: 75% SP:
PCR 100%
TP53 mutation
(53) CtDNA Amplicon analysis PCR  SE: 57% SP:
100%
1p/19q codeletion
(68) CtDNA LOH by microsatelite ~ SE: 55% SP: 100%.
-based PCR
EGFRvIll mutation
(69 exosomes  sRTPCR SE: 81.5% SP: 79.3% (60) Ev GRT-RNA SE: 61% SP: 98%
61 CIDNA PCR 3/3p
(62) EV QmIRNA-PCR 7/25p
©3) TEP RT-PCR SE: 80%
TERT promoter mutation
(64 CtDNA dd-PCR SE: 62.5% SP: 90% (53) GtDNA Amplicon analysis by SE: 71.4% SP:
PCR 100%
(©5) CtDNA PCR SE: 7.9% (65) GtDNA PCR SE:92.1% SP:
100%
(66) plasma Protein by IF, IHC and  High correlation with tumor ~ (57)° CIDNA dPCR SP: 100%
ELISA
+7/-10 signature
68) CtDNA Loss of 10q by SE: 85-58% SP: 80-94%
microsatelite-based
PCR
BRAFV600 mutation
®7) CtDNA NGS Detected in brain
metastases of
melanoma
H3F3A histone mutations
7 GtDNA dPCR SE: 80% SP:
100%
(68) CtDNA Sanger sequencing  SE: 87.5% SP:
100%
(53) H3K27 in ddPCR SE: 100% SP:
GtDNA 100%
MGMT promoter methylation
(69) CtDNA MS-PCR and MS-PCR SE: 31% SP: 96% (70) CtDNA MS-PCR SE: 70% SP:
pyrosequencing Pyrosequencing SE: 38% 100%
SP: 76%
“8) GtDNA MS-PCR SE: 36% SP: 52%
@) CtDNA MS-PCR SE: 79.3% SP: 100%
72 GtDNA MS-PCR SE: 76.6% SP: 98.8%
(68) CtDNA MS-PCR SE: 47-59% SP: 100%
(70) CtDNA MS-PCR SE:45%
GFAP
) serum ELISA SE: 76% SP: 100% GBM at
>0.05 microg/l
) serum ELISA SE: 86% SP: 85% GBM at
20,014 ng/m

CDKN2A/B homozygous deletion
(67,75-77)  Detectedin
exosomes in
blood and
CSF in other
diseases and
by NGS in
gliomas

LB, liquid biopsy; CSF, cerebrospinal fluid; SE, sensitivity; SP. specificity; LC-MS/MS, liquid chromatography tandem mass spectrometry; MS, mass spectrometry; EV, extracellular
vesicles; dPCR, digital PCR; sqRT-PCR, semi-quantitative reverse transcription PCR; GRT-PCR, quantitative reverse transcription PCR; QmiRNA-PCR, quantitative miRNA-specific
PCR; RT-PCR, reverse transcriotion PCR; ddPCR, digital droplet PCR; ELISA, enzyme-linked immunosorbent assay; IF; immunofluorescence; IHC, immunohistochemistry; MS-PCR,
methylation-specific PCR; GBM, glioblastoma multiforme.

*Results in CSF obtained from lumbar puncture pre-operatively were different from those in CSF obtained at surgery.
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References

(79)

78)

©0)

@©1)

®3)

®4)

©5)

In blood

LB Source/Component
and NGS technique

GDNA: NGS NextSeq 500
instrument (Ilumina).
Sequencing was performed
with an average coverage of
550-fold.

EV: RNA-Seq

CtDNA: NGS

EV: RNA-microarray

EV: genome wide
methylation profiing
GDNA: genome wide
methylation profiling
GDNA: genome wide
methylation profiling

Alterations detected References

MGMT, IDH1, IDH2, 1p/19g, (67)
BRAF, TP53, CDKN2A, H3F3A,

MDM2, ATM, EGFR, ALK,

CDK4, ERBB2, MDM4, MET,

NF1, PDGFRA, PTEN, ARID1A,

BRCA1, CCNE1, FGFRI, KIT,

KRAS, PIK3CA

Fusions in tissue and plasma: (79)
FGFR3-TACC3 and

VTIA-TCF7L2

59% somatic alterations (76)
TP53, EGFR, IDH1, BRAF,
CDKN2A, TERT

Multiple genes up- or (©2)
downregulated

MGMT, CNV, and driver
mutations

GeLB score to detect glioma
SE: 100%; SP: 97.7%

AUC: 0.90-0.99

In CSF

LB Source/Component
and NGS technique

GDNA: Profilng of
Actionable Cancer Targets
(MSK-IMPACT), a
hybridization capture-based
NGS clinical assay for solid
tumor molecular oncology

CtDNA: NGS

CtDNA: NGS

CtDNA: NGS

Alterations detected

IDH1, PTEN, PIK3CA, EGFR
AMP, CDK4 AMP, 1p/19q del,
PDGFRA AMP, CDKN2B

The most frequently altered
genes: FGFRT (n=15, 88.2%),
0, 58.8%), EGFR
(n=10, 58.8%), RBT (n=10,
58.8%), SMAD4 (n=9, 52.9%),
ERBB2 (n= 8, 47.1%), KDR
(n=8, 47.1%) and IDH1 (n=6,
35.3%). Other important genes:
CDKN2A, BRAF, PTEN, and
others

42/85 p with genetic alterations:
PTERT, TP53, IDH1, CDKN2A
and CDKN2B deletions, 1p/19q
codeletion, EGFR amplification,
EGFRVIIl deletion, ATRX, CIC,
MDM2, and others

SE: 83%; SP: 97.3% HIF3A,
P53, ATRX, PDGFRA,

and others

LB, liquid biopsy; EV, extracellular vesicles; p, patients; SE, sensitivity; SR, specificity; AUC, area under the curve; GeLB, glioma-epigenetic liquid biopsy.
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Patients’ information No. of cases (n = 68)

Age (years)

>48 39
<48 29
Sex

Male 44
Female 24
WHO grade

1 5
2 17
3 10
4 36
Pathology

Astrocytoma 13
Oligodendrogliomas 13
GBM 33
Others 9
IDH status

Mutant 21
Wild type 36
NA 1
1p19q status

Co-deletion 13
Non co-deletion 44
NA 11
CTC collection time

Before surgery 53
After surgery 28

NA, not available.
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Group

WHO 1 grade
WHO 2 grade
WHO 3 grade
WHO 4 grade
Healthy donors
u87 cell line
U251 cell line

Karyoplasmic ratio = DAPI area/total cell area; Data are presented as the mean + SD of independent experiments.

Count

46

50

43

54

9
10,000
10,000

STEAM*/CDA45
Karyoplasmic Ratio

0.807 + 0.055
0.821 + 0.085
0.787 + 0.047
0.878 + 0.046
0.848 + 0.039
0.802 + 0.059
0.772 + 0.042

Count

1000
1000
1000
1000
1000

STEAM/CDA45*
Karyoplasmic Ratio

0.450 + 0.031
0.449 + 0.082
0.396 + 0.061
0.531 + 0.041
0.425 + 0.044
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Positive Negative Total

True 209 788 997
False 21 49 70
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Accuracy (n=82) AUC (n=48) Sensitivity (n=55) Specificity (n=51) Positive Predictive Value (n=12) Negative Predictive Value (n=6) F1 Score (n=7)

0.89 + 0.09 092+ 0.07 0.89 + 0.09 0.88+0.11 0.90 + 0.09 0.82 +0.08 0.89 +0.11
(0.53-1.00) (0.73-1.00) (0.63-1.00) (0.55-1.00) (0.68-1.00) (0.73-0.94) (0.67-0.98)

n, number of studies reporting metric.
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Paper Glioma Grade Dataset HGG : LGG Ratio Validation Imaging Features Best Performance Metrics

Classification Technique Sequences Algorithm
Task
Hedyehzadeh  2/3vs. 4 TCIA (n=461 1.3:1 (262 HGG, 199 Internal (4- T1, TICE, T2, Texture Support Accuracy = 1.00 Sensitivity =
et al. (2020) patients) LGG in total set) fold cross-  FLAIR Vector 1.00 Specificity = 1.00
(31) validation) Machine
BashirGonbadi  1/2 vs. 3/4 BraTS 2.8:11 (210 HGG, 75 Internal T1, T1CE, T2, Deep Convolutional  Accuracy = 0.9918
and Khotanlou (n=285 LGG in total set) (Holdout, FLAIR learning Neural
(2019) (32) patients) 15% of extracted  Network
dataset)
Polly et al. HGG vs. LGG  BraTS 1:1 (60 HGG, 50 LGG  Unspecified T2 First- Support Accuracy = 0.99 Sensitivity =
(2018) (33) (unclear) (n=160 in testing set) order, Vector 1.00 Specificity = 0.9803
images) Shape, Machine
Texture
De Looze etal. HGG vs. LGG  Single Unclear Internal (5- T1, TICE, T2, Qualitative Random Accuracy = 0.99 AUC =0.99
(2018) (34) (unclear) center fold cross-  FLAIR, Diffusion Forest Sensitivity = 1.00 Specificity =
hospital validation) 0.92
(n=381
patients)
Sharif et al. HGGvs. LGG  BraTS (n=30 2.3:1 (7 HGG, 3LGG  Internal T1, T1CE, T2, Deep Convolutional ~ Accuracy = 0.987
(2020) (35) (unclear) patients) in testing set) (Holdout, FLAR learning Neural
10-fold extracted  Network
cross-
validation)
Muneer et al. 1vs.2vs. 3 Single 1.3:1.6:1:1.5 (39 grade  Internal T2 Deep VGG19 (Deep Accuracy = 0.9825 Sensitivity =
(2019) (36) vs. 4 center 1,61 grade 2, 31 (Holdout, learning Convolutional  0.9272 Specificity = 0.9813
hospital grade 3, 47 grade 4 30% of extracted  Neural Positive Predictive Value =
(n=20 images in testing set)  dataset) Network) 0.9471 F1 Score = 0.9371
patients)
Dandil and 1/2vs.3vs. 4 INTERPRET Unclear Unspecified MR First- Long Short-  Accuracy = 0.982 AUC =
Bicer (2020) vs. meningioma (n=179 Spectroscopy order, Term Memory 0.9936 Sensitivity = 1.00
(37) patients) (Time of Echo Shape (Neural Specificity = 0.9753
20ms and and size,  Network)
136ms) Texture
Tian et al. 2vs. 3/4 Single 2.6:1 (111 HGG, 42 Internal T1, T1CE, T2, Texture Support Accuracy = 0.981 AUC = 0.992
(2018) (38) center LGG in total set) (10-fold Diffusion, Vector Sensitivity = 0.987 Specificity =
hospital cross- Perfusion (3D Machine 0.974
(n=153 validation)  Arterial Spin
patients) Labeling)
Loetal (2019) 2vs.3vs. 4 TCIA (n=130 1:1.4:1.9(30 grade 2, Internal T1CE Deep Deep Accuracy = 0.979 AUC =
(39) patients) 43 grade 3 and 57 (10-fold learning Convolutional  0.9991
grade 4 in total set) cross- extracted  Neural
validation) Network
Kumar et al. 1/2 vs. 3/4 BraTS 2.8:1 (210 HGG, 75 Internal (5- T1, TICE, T2, First- Random Accuracy = 0.9754 AUC =
(2020) (40) (n=285 LGG in total set) fold cross-  (T2W)-FLAIR order, Forest 0.9748 Sensitivity = 0.9762
patients) validation) Shape, Specificity = 0.9733 F1 Score
Texture =0.983

Testing or validation metrics are reported when available, otherwise training metrics are reported. HGG, high-grade gliomas; LGG, low-grade gliomas; ML, machine learning; PRISMA-
DTA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses of Diagnostic Test Accuracy; T1CE, T1-weighted contrast-enhanced; TRIPOD, Transparent Reporting of a
multivariable prediction model for Individual Prognosis Or Diagnosis.
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Makino et al. (14) 2011 English  Japan Retrospective
Matsushima et al. (15) 2012 English  Japan Retrospective
Okada etal. (16) 2012 English  Japan Retrospective
Yamashita etal. (18) 2013 English  Japan Retrospective
Nakajima etal. (17) 2015 English  Japan Retrospective
Zhouetal. (19) 2018 English  China  Retrospective
Hatakeyama etal. (20) 2021 English  Japan Retrospective
Jinetal. (21) 2021  Chinese  China  Retrospective
Uchinomura etal. (22) 2022 English  Japan Retrospective
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Demographics, N (%) or median (range/IQR)

Sex

Age

Karnofsky Performance Status Scale (KPSS)

Preoperative KPSS

Postoperative KPSS

Number of metastases, N (%)

1

2

3

>3

Postoperative radiotherapy, N (%)
WBRT

SRS

HSRS

Tumor burden (cm®), median (IQR)
Preoperative

Postoperative

F 350/704 (49.7)
M 354/704 (50.3)
64.0 (range 18-93)

80% (IQR 70-90)
80% (IQR 70-90)

372/704 (52.8)

122/704 (17.3)

142/704 (20.2)
68/704 (9.7)

208/506 (41.2)
26/505 (5.1)
231/505 (45.7)

12.4 cm® (5.2-25.8 cm®)
0.14 cm® (0.0-2.05 cm®)
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Adverse event Grade 1, N (%) Grade 2, N (%)

Dermatitis® 22 (73.3%) 3 (10%)
Pruritus 11 (36.7%)

Fatigue 9 (30%)

Headache 3 (10%) 1(3.3%)
Nausea 4 (13.3%)

Dizziness 2 (6.7%)

Cognitive impairment® 1(3.3%)

No related adverse events > Grade 3 during either concurrent or maintenance phases.
*Dermatitis included scalp irritation, dry skin, folliculitis, erythema, color change, or rash.
bCognitive impairment included concentration change, memory change, or confusion.
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Baseline characteristic N (%)

Gender

Men 20 (66.7%)
Women 10 (33.3%)
Age

Median (range) 58 (19-77)
Karnofsky performance score

Median (range) 90 (70-100)
Extent of resection

GTR 12 (40%)
STR/biopsy 18 (60%)
MGMT status

Methylated 10 (33.3%)
Unmethylated 20 (66.7%)
Multifocal disease

Yes 12 (40%)
No 18 (60%)
T-RT

Median (range) 34 (26-49)

GTR, gross total resection, STR, subtotal resection, MGMT, O(6)-methyiguanine-DNA-
methyiltransferase, T-RT, time from surgery to radiation start in days.





