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Editorial on the Research Topic 


Insights in neuro-oncology and neurosurgical oncology: 2021


The Frontiers Research Topic titled Insights in Neuro-Oncology and Neurosurgical Oncology: 2021 includes a collection of 18 articles published from May 2021 to March 2022. The topics summarize our understanding of as well as key advances in the field of Neuro-Oncology, covering a variety of subjects focused on primary central nervous system (CNS) tumors, such as biomarkers and diagnostics, model systems, anatomic and surgical considerations, and novel approaches to therapeutics. A comprehensive review of brain metastases is also included.


Insights into biomarkers and diagnostics in neuro-oncology

In 2018, Capper et al. introduced DNA methylation profiling for CNS tumors, significantly improving our capacity to correctly categorize and diagnose brain tumors in children and adults (1). More recently, the fifth edition of the World Health Organization (WHO) Classification of Tumours of the Central Nervous System was published, integrating tumor histology, tumor grade (where applicable), tumor markers, and molecular genetics (2).

Zreik et al. studied disparities in the reporting of 1p/19 co-deletions (codel) in oligodendroglial tumors before and after the introduction of the fourth version of the WHO CNS classification in 2016 through an analysis of the National Cancer Database. Interestingly, the reported rate of codel testing increased from ~45% in 2011 to nearly 60% in 2017. Furthermore, those with a reported test result received adjuvant therapy with an OR of 1.73. However, significant disparities were observed by geography as well as ethnicity and race.

Cell surface markers are characterized in two separate studies. Lu et al. investigate the impact of tumor purity and focus on the role of CD3E, a novel immune biomarker, in the tumor microenvironment of low-grade gliomas (LGG) of adults using the TCGA and GEO databases, with validation in a real-world cohort of 100 Asian patients. The prognostic utility of the cell surface expressed and well-described glioma stem cell marker, CD133, in adult high-grade gliomas (HGG) is assessed in a systematic review provided by Shadbad et al. The authors conclude that using a 10% cut-off, overexpression of CD133 protein was associated with a very poor progression-free survival (PFS) linked to tumor progression/recurrence.

In an interesting report, Prasad et al. describe a multi-generational family with germline BAP1-inactivating mutations resulting in meningiomas with rhabdoid features. Rhabdoid meningiomas are classified as WHO Grade III meningiomas and have a variable prognosis. Germline mutations of the tumor suppressor gene BAP1 are linked to a rare tumor predisposition syndrome and affected patients are at very high risk of melanoma and mesothelioma. The authors recommend that germline testing be offered for patients with meningiomas harboring BAP1-inactivating mutations.



Neuroanatomic and neurosurgical insights

In this group of six manuscripts, insights were provided into diverse topics regarding specific neuroanatomic considerations, imaging adjuncts, and localized therapies. Skardelly et al.s assess the extent of resection (EOR) and residual tumor volume in a retrospective, multicenter cohort study of adult patients with glioblastoma (GBM). The authors developed a nomogram validated in a separate patient cohort that can be applied in clinical practice and incorporated into prospective non-randomized clinical trials where EOR could introduce bias in the outcomes concerning PFS and overall survival (OS). Feng et al. apply Enhanced Recovery After Surgery (ERAS) principles regarding rehabilitation, quality of life, and survivorship in 50 brain tumor patients experiencing craniotomy. Although postoperative recovery was enhanced in this patient cohort, the authors recommend multicenter collaborative studies in order to confirm that ERAS can enhance patient prognosis while concomitantly reducing postoperative complications.

Surgical approaches to tumors located in in or originating from the fourth ventricle were the focus of Onorini et al., who studied 92 consecutive pediatric patients treated at a single center by one pediatric neurosurgeon who used either telovelar (51 patients) or transvermian (41 patients) surgical approaches to tumor resection. In this single-center study, a relatively low rate (11%) of cerebellar mutism (also referred to as posterior fossa syndrome) was noted, and there were no significant differences between either surgical strategy. The authors advocate training in and the application of either neurosurgical approach to tumors localized to the fourth ventricle, individualized to tumor anatomy, infiltration of the vermis, and lateral or upwards extension. Li et al. discuss advances in the neurosurgical approach to parasellar meningiomas, incorporating preoperative imaging and protection of the cerebral arteries and their perforating branches, which can be compressed, encased, or, rarely, invaded by these extra-axial tumors. The authors promote the use of a bidirectional dissection technique.

Gao et al. present an interesting manuscript regarding glioma-associated epilepsy (GAE) and the emerging application of radiomics in neuro-oncology in a cohort of 166 adult patients with frontal gliomas. In addition to identifying 17 specific MR imaging features, the authors also consider the influence of patient age and tumor grade in an integrated clinical-radiomics predictive model.

The application of laser interstitial thermal therapy (LITT) as a minimally invasive adjunct to surgery is explored by Noh et al.. During LITT, continuous real-time temperature mapping was conducted using magnetic resonance thermometry. The authors studied 17 patients, paying specific attention to the contribution of signal dropout, an artifact of biopsy that often precedes LITT. Within this group, 6 of the 17 patients had biopsies with artifacts due to the presence of blood or air that affected the thresholds of thermal damage at tumor borders.



Considerations on pathogenesis and disease modeling

Two publications included in this article collection focus on GBM tumor heterogeneity and the subventricular zone (SVZ), respectively. Comba et al. explore spatiotemporal heterogeneity in glioblastomas in a timely review of the influence of the molecular genetic features of the tumor, the tumor microenvironment (including non-transformed neuronal and glial cells, immune, mesenchymal, and stem cells), and dynamic qualities within the tumor itself. The authors discuss the contributions of more recently adopted platforms including machine learning in histopathology, single-cell transcriptomics, and spatial transcriptomics. Data acquisition using these technologies will better inform our preclinical models with translational implications, including high-throughput drug screening.

Beiriger et al. compare neural stem/precursor cells (NSC) resident to the adult SVZ and glioma stem cells (GSC), which are both implicated in the pathogenesis of gliomas. The authors review several in vitro and in vivo model systems and include human brain and/or GBM organoids as important emerging model systems in the study of the contributions of NSC and GSC, thereby reframing our approaches toward improving preclinical translational research in the laboratory.



Considerations for the use of tumor treating fields in neuro-oncology

Two articles discuss insights into the efficacy of tumor treating fields (TTF), an FDA-approved treatment adjunct for adults with glioblastoma, which is being explored for other treatment indications in children and adults with brain and other solid tumors. The effect of the corticosteroid dexamethasone (DXM) on TTF is addressed by Linder et al. The authors use GBM cell lines treated with DXM and either radiotherapy or TTF in vitro. In addition, they perform a retrospective analysis of GBM patients who received TTF +/- DXM. The authors conclude that concomitant DXM with TTF did not affect the efficacy of TTF in vitro or in clinical practice. The impact of the ongoing COVID-19 pandemic on the use of TTF is the focus of a separate contribution by Gatson et al., who summarize an expert panel discussion, which took place during the early months of the pandemic. Since TTF is administered by a portable device that is used in the home and is not known for additional immunosuppressive effects over and above the intrinsic effects of the tumor itself, the authors recommend that specific patient populations, especially the elderly and those with co-morbidities, may benefit from TTF-mediated therapies.



Treatment advances using viral gene, immune checkpoint, and CAR T-cell mediated therapies

A major focus in neuro-oncology reflects ongoing efforts to advance our understanding and utilization of therapies that harness the immune system. Viral-mediated gene therapies for GBM are reviewed by Li et al. The authors summarize several viral vectors and their potential or current use in viral gene therapy, including retroviruses, lentiviruses, adenoviruses, herpes simplex virus (HSV), and oncolytic viruses; many of these vectors are under active investigation in clinical trials in neuro-oncology. Combined immune checkpoint inhibitor therapy applied to meningeal melanoma, a relatively uncommon tumor entity belonging to the class of primary melanocytic tumors of the CNS, is presented by Burgos et al.

Burns et al. summarize current efforts in the laboratory and the clinic to use CAR T-cell therapies, which have already been adopted for some hematopoietic malignancies expressing CD19, in the treatment of very challenging pediatric brain tumors, especially diffuse midline gliomas with Histone H3K27 alterations, which are relatively prevalent in children. Methods of application (intraventricular, intra-tumoral, intravenous), CAR T-cell design, target identification, and characterization, targeting one or more antigens (i.e., multivalent CARs), cytokine release syndrome and other CAR T-cell associated toxicities, and combinatorial therapies with kinase and other small molecule inhibitors and/or immune checkpoint inhibitors are all under active investigation.



Insights into brain metastases

Finally, Li et al. provide a comprehensive review of brain metastases (intracranial metastatic disease or IMD) in adults for which the application of improved molecular genetics-based diagnostics, neuroimaging, minimally invasive surgery, novel local therapies, improvements in radiation therapy (stereotactic radiosurgery, hippocampal sparing whole brain radiotherapy, etc.), neurocognitive rehabilitation strategies, and the application of either targeted and/or immunotherapies offer some hope to those patients with very poor prognoses overall. Specific sections of this review article focus on breast cancer, NSCLC, and melanoma, given their relative contributions to IMD in adults.



Concluding remarks

Despite significant progress in neuro-oncology translational and clinical research, we have yet to fully realize the potential of improved diagnostic platforms; advances in therapy from surgery; radiation; and other local or systemic therapies, including targeted, viral gene, or immunotherapies. Given the high priority of this combined effort, the neuro-oncology community has mapped out an ambitious agenda for improving both the duration and quality of survival for our pediatric and adult patients with primary or secondary tumors of the central nervous system. However, we will have to continue our collective journey to achieve these worthy goals.
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Background

The COVID-19 pandemic has placed excessive strain on health care systems and is especially evident in treatment decision-making for cancer patients. Glioblastoma (GBM) patients are among the most vulnerable due to increased incidence in the elderly and the short survival time. A virtual meeting was convened on May 9, 2020 with a panel of neuro-oncology experts with experience using Tumor Treating Fields (TTFields). The objective was to assess the risk-to-benefit ratio and provide guidance for using TTFields in GBM during the COVID-19 pandemic.



Panel Discussion

Topics discussed included support and delivery of TTFields during the COVID-19 pandemic, concomitant use of TTFields with chemotherapy, and any potential impact of TTFields on the immune system in an intrinsically immunosuppressed GBM population. Special consideration was given to TTFields' use in elderly patients and in combination with radiotherapy regimens. Finally, the panel discussed the need to better capture data on COVID-19–positive brain tumor patients to analyze longitudinal outcomes and changes in treatment decision-making during the pandemic.



Expert Opinion

TTFields is a portable home-use device which can be managed via telemedicine and safely used in GBM patients during the COVID-19 pandemic. TTFields has no known immunosuppressive effects which is important during a crisis where other treatment methods might be limited, especially for elderly patients with multiple co-morbidities. It is too early to estimate the full impact of COVID-19 on the global healthcare system and on patient outcomes and the panel strongly recommended collaboration with existing cancer COVID-19 registries to follow CNS tumor patients.





Keywords: COVID-19, tumor treating fields, glioblastoma, recurrent glioblastoma, elderly



Introduction

The global case-fatality ratio for COVID-19 in confirmed cases was 2.1% as of January 11, 2021 (1), and the rate increases to 22.4% in the cancer population (2). GBM patients are considered a vulnerable patient population during the ongoing COVID-19 pandemic mainly due to the increased incidence of GBM in the elderly population (3), treatment related immunosuppression, and the requirement for frequent hospital visits. Importantly, the >65-year-old age group is expected to increase over the next two decades in the USA, Canada, Australia, and Europe (4). Various groups of experts have already published recommendations and considerations concerning the treatment of patients with high grade glioma during the early stages of the COVID-19 pandemic (5, 6). Elderly patients have a significantly higher risk of mortality when infected with COVID-19 (7) as do patients with multiple co-morbidities, common in the elderly population (8), especially obesity and hypertension (9–11).

Recently published recommendations for care of brain tumor patients with COVID-19 focus on the need to continue essential treatments such as surgery, but to carefully assess the need for full cycles of radiation therapy as well as the timing of immunosuppressive agents such as temozolomide (TMZ) and steroids (5, 6). Strict adherence to physical distancing rules is reinforced by these recommendations as the safety of both patients and health care providers is of utmost priority. As such, in-person patient visits to health care facilities should be reduced to a safe minimum to minimize potential exposure of the patient and to ensure adequate safety of the ongoing treatment.

The aforementioned recommendations to treat patients with brain tumors in the context of the COVID-19 pandemic (5, 6) focused on general recommendations and not on specific therapies such as TTFields. TTFields is an established treatment modality for newly diagnosed GBM, the most common type of primary malignant brain tumor in adults (3), and is delivered using Optune®, a portable home-use medical device. TTFields are low intensity, intermediate frequency (200 kHz) alternating electric fields that disrupt cancer cell division (12, 13). The large Phase 3 randomized control trial, EF-14, has demonstrated TTFields efficacy for GBM: TTFields combined with TMZ significantly increased overall survival vs TMZ alone in patients with newly diagnosed GBM (14) without deterioration in quality of life (QoL) (15).

The recently published SNO/EANO consensus article (16) summarizes the role of TTFields in newly diagnosed GBM patients aged 18 to 70 years with good functional status as compared to poor performing newly diagnosed GBM patients aged ≥ 65 to 70 years, and evaluated both MGMT-methylated and unmethylated patients in both groups (Figure 1).




Figure 1 | Wen, et al. Adult glioblastoma management: a Society for Neuro-Oncology (SNO) and European Society of Neuro-Oncology (EANO) consensus review. Neuro-Oncology. 2020;22(8):1073–1113. DOI: 10.1093/neuonc/noaa106. Adapted and reprinted by permission of Oxford University Press on behalf of the Society for Neuro-Oncology. GBM, glioblastoma; MGMT, O(6)-methylguanine-DNA methyltransferase; RT, radiation therapy; TMZ, temozolomide; TTF, Tumor Treating Fields. Disclaimer: OUP and SNO are not responsible or in any way liable for the accuracy of the adaptation. Licensee is solely responsible for the adaptation in this publication/reprint.



TTFields has no known suppressive effect on the immune system, and may be a reliable treatment modality in times of a health pandemic when other treatment methods that require in-person visits to the hospital/doctor are limited. In-person monthly visits by device support specialists (DSS) are critical to provide patient-education and training for proper use of new and replacement equipment, array placement, and appropriate follow-up on usage. These practices required review during the pandemic to better comply with physical distancing recommendations. Bernhardt et al. noted that TTFields therapy regimen is generally associated with a low relative likelihood of having viral exposure. (5) Still, device delivery and support has been transitioned to include virtual and telemedicine practices which allow for safer physical distancing with fewer in-person encounters.

International experts in the field of neuro-oncology with TTFields experience were convened by Novocure to provide guidance and discuss available data on TTFields use in both newly diagnosed GBM and recurrent GBM in the context of the COVID-19 pandemic. This paper provides an opinion from an expert panel for a risk-benefit based decision regarding the inclusion of TTFields therapy to treat GBM during the COVID-19 pandemic.



Methods


Expert Panel Discussion

A virtual meeting with a panel of multinational experts was conducted on May 9, 2020. The panel was chosen by specialists in GBM treatment with TTFields experience, and consisted of 7 neuro-oncologists (including two internal medicine specialists and one surgeon), an epidemiologist, a radiation-oncologist, President of the Central Brain Tumor Registry of the United States (CBTRUS), and Novocure’s Head of Global Medical Affairs. In addition to the panel members, further discussions were held with other researchers, statisticians, and COVID-19 cancer registry developers relevant to the neuro-oncology community after the advisory board meeting.



Objectives of the Panel Discussion

The purpose of this expert panel discussion was to gain insights on:

	Treatment challenges and selection during the COVID-19 pandemic

	Safety profile of TTFields as observed by the attendees

	Clinical and patient experiences using TTFields during the pandemic

	Opportunities to expand awareness and education on TTFields safety profile

	TTFields use in clinical trials during the pandemic

	Future directions in research and treatment guidelines in cancer COVID-19 patients






Discussion


TTFields Impact on the Immune System

Given that GBM patients are in a baseline immune compromised state (17) and undergo additional immune suppression related to standard of care chemo- and radiotherapies, it was noted that the use of adjuvant TTFields therapy poses no known additional risk. Recent preclinical investigations have demonstrated that TTFields induced immunogenic (tumor) cell-death and potentially enhances the anti-tumor effects of the anti-PD-1 immune checkpoint inhibitor when used in combination (18). There were no observed negative in vivo effects on immune system function in tested mouse models (18). In these experiments, pulmonary regions were treated with TTFields and the frequency of T-cells (CD8+, Tregs, CD4+), dendritic cells, and macrophages were investigated (18). Hematopoiesis has been demonstrated to be unaffected by TTFields as hematopoietic stems cells, residing in the bone marrow, are shielded due to the high bone impedance resulting in significantly lower field intensities (19). Diamant et al. reported no impact on T-cell counts secondary to TTFields (20). In vitro studies of T-cell functionality such as induced cytotoxic degranulation and direct cytotoxic activity were not inhibited by TTFields (20). Taken together, the preclinical data, to date, suggests that TTFields do not induce local and systemic immunosuppressive effects and supports a favorable clinical safety profile for TTFields. The combination of TTFields with an immune-checkpoint inhibitor (anti PD-1) and TMZ is currently under investigation for newly diagnosed GBM (2-THE-TOP trial) (21), and available preliminary safety results suggest that the combination therapy is well tolerated.



Concomitant Use of Chemotherapy and TTFields

GBM patients may be intrinsically immunosuppressed as demonstrated by reduced CD4/CD8 counts (22). Standard treatments such as TMZ, dexamethasone, and lomustine (CCNU, Gleostine) have been reported to further hamper the adaptive immune system by reducing the CD4/CD8 counts (23, 24). Importantly, the CeTeG trial evaluated combined use of TMZ and CCNU without noting increased infection rates (25), which challenges the overall immunosuppressive impact of these chemotherapy regimens. However, immune competence against infection may have more to do with the innate than the adaptive immune system (26, 27). While the benefit of TMZ in MGMT-promoter-unmethylated patients has been debated (28), many have continued its use in this patient population despite pandemic concerns. Overall, the pandemic has not driven indications for major modifications in the use of standard chemotherapeutic regimens in GBM care.

The randomized phase III EF-11 trial investigated safety of TTFields as monotherapy (n=116) in recurrent GBM patients compared to best standard of care (BSC; n=91). Patients receiving TTFields in the EF-11 trial had fewer blood and lymphatic system disorders (4.3% TTFields alone versus 18.7% BSC), infections (4.3% TTFields alone versus 12.1% BSC) and respiratory, thoracic, and mediastinal disorders (6.0% TTFields alone versus 11.0% BSC) (29, 30). Of note, the EF-14 trial demonstrated similar toxicity profiles between the TTFields plus second-line therapy versus second-line therapy alone following the first progression (31). In addition to the phase III clinical trials, retrospective investigations of TTFields in combination with other therapies (i.e. TMZ and CCNU) found no increase in adverse events (AE) in newly diagnosed GBM (32) nor in TTFields plus CCNU in recurrent GBM (33).

In recurrent GBM (TTFields used as monotherapy) (30) and newly diagnosed GBM (TTFields plus TMZ) (14), the most common TTFields-related AE was skin reaction beneath the arrays, with no significant increase in systemic AEs, including blood and lymphatic system disorders. In many cases, skin reaction can be prevented and managed at home via telemedicine assessment and appropriate use of topical therapies as noted in the skin reaction guidelines (34). Therefore, treatment of skin reactions can take place in compliance with physical distancing regulations. Additionally, patients who receive TTFields treatment consistently report no deterioration in quality of life (15, 30).



TTFields in Elderly Patients

In a recent real world evidence study in England covering approximately 40% of the population, increasing age was strongly associated with risk of COVID-19–related mortality (fully adjusted hazard ratios per age group: 40 to 49 years, 0.3 vs 50 to 59 years, 1.0 vs 60 to 69 years, 2.4 vs 70 to 79 years, 6.1 vs 80+ years, 20.6) (7). The efficacy of TTFields in elderly newly diagnosed GBM patients (age ≥ 65) was also investigated in the EF-14 trial, and this subgroup analysis indicated that TTFields in combination with TMZ (n=89) was associated with significantly increased survival compared to TMZ alone (n=45) (17.4 months versus 13.7 months; HR, 0.51; 95% CI, 0.33–0.77) (14). Both data from the EF14 study (n=134) (35) as well as the recently published global post-marketing surveillance analysis of TTFields (n=2,887 elderly patients out of 11,029 total patients) (36) demonstrated a comparable safety profile between the elderly subgroup and non-elderly subgroups treated with TTFields plus TMZ. Specifically, the most common TTFields-related AE, skin reaction, was comparable in elderly, adult, and pediatric subgroups, with an incidence of 36%, 34%, and 37% respectively. The incidence of infections was <1% in all groups (36), and so addition of TTFields in high-risk elderly GBM patients is not expected to be associated with poorer outcomes in the context of COVID-19.



TTFields and Radiation Therapy

Use of TTFields with radiation induced cellular DNA damage demonstrated synergistic effects in vitro (37, 38). Currently, TTFields is approved for use in newly diagnosed GBM in combination with adjuvant TMZ initiated after completion of chemoradiation (i.e. in concert with the current GBM standard of care). There was agreement among the experts that there is no objective data to suggest that radiation dose or schedule negatively impacts the efficacy of TTFields and, presumably, TTFields could also be offered after hypofractionated chemoradiotherapy when indicated.

A pilot trial by Bokstein et al. (39) demonstrated the feasibility and safety of TTFields administered concurrently with radiotherapy and TMZ in newly diagnosed GBM patients. Several ongoing newly diagnosed GBM clinical trials are investigating the safety and efficacy of this concurrent triple-modality therapy, and include: (1) the phase II study conducted in Israel (40), (2) the German PriCoTTF phase II study (41), and (3) the global phase III study EF-32/TRIDENT (42). A phase II study, GERAS, will enroll elderly patients, who will receive TTFields and concomitant hypofractionated radiation therapy and will provide additional insights into the use of TTFields in this patient population (43).



TTFields Therapy Delivery and Support During the COVID-19 Pandemic

Patients on TTFields undergo routine home-based technical support and education at the start of TTFields and follow up with monthly home-based visits for usage downloads. A recent publication raised important concerns regarding the potential risk of DSS breach of pandemic physical distancing restrictions during these patient interactions (5). This panel reaffirmed the importance of minimizing exposure risks to COVID-19 for both patients and support specialists and supports the measures to reduce infectious exposure risks, such as: (1) DSS to offer virtual treatment starts; (2) DSS to follow strict protocols for wearing full personal protective equipment (PPE) including mask, glasses, gloves, and a disposable gown for all necessary in-person visits; (3) Allowing temporary approval to obtain verbal patient consent via telemedicine for TTFields therapy; (4) Adapting the monthly DSS visit to be completed virtually with device replacements either by shipping (in the US) or non-contact home front door delivery (in Europe); and (5) Availability of new software in the US, called MyLink™, which enables patients to remotely download monthly usage reports.



TTFields and Conduct of Clinical Trials During the COVID-19 Pandemic

The experts indicated that some medical centers have seen an increase in TTFields’ acceptance and use due to limitations for patient enrollment in many non-TTFields clinical trials. The expert panel agreed that TTFields provides safe and effective practices for newly diagnosed as well as established and recurrent GBM patients on clinical trials which limits exposure risks during the COVID-19 pandemic. The fact that TTFields treatment can be initiated and maintained at home was identified as an advantage when comparing TTFields-based GBM clinical trials with other treatment modalities which might require the in-person patient visits to medical facilities. An expert panelist involved in ongoing TTFields-based clinical trials noted its recommendation for continued recruitment based on the overall favorable safety profile of TTFields.



Cancer COVID-19 Pandemic Registries and Brain Tumor Patients

Multiple national and international COVID-19 registries have been established since the onset of the COVID-19 pandemic. Important to this effort are the cancer and COVID-19 registries aimed at assessing epidemiological, demographic, and practice and treatment outcomes as well as identifying cancer health disparities uncovered by the COVID-19 pandemic; CCC19 (44), NCI NCCAPS (45), ASCO (46), and ESMO-CoCARE (47). There is some degree of overlap within these registries, but each has specific regulatory constraints and data collection objectives which increases the potential for wide variability in data reporting.

Our expert panel discussed the potential for better alignment with these registries, aiming to increase the representation of central nervous system tumor patients and garner participation from the pertinent neuro-oncology community. Several experts have worked closely with the COVID-19 and Cancer Consortium (CCC19) (44) to begin evaluating the COVID-19 impact on brain tumor patient care and outcomes. The CCC19 (North America) is one of the largest inclusive cancer COVID-19 registries and has partnered with the European Society for Medical Oncology Registries (ESMO-CoCARE (47), covering Europe and Asia) to increase the rate of data collection by combining coverage of their respective participating sites across the world.




Conclusion

TTFields is a treatment modality for newly diagnosed and recurrent GBM that can be safely administered during the current COVID-19 pandemic when other treatment methods are limited. Since TTFields has no known suppressive effect on the immune system and is an established treatment modality with a proven safety profile, it should be considered in times when immunosuppression and other point of care critical factors such as physical distancing and travel reduction are of concern. As TTFields is a portable home-use device it involves no treatment-related travel thereby avoiding additional hospital exposure. Furthermore, the most common skin-related adverse events can be managed in the home via telemedicine. Clinical trial enrollment with TTFields have continued relatively unaffected. The expert panel further concluded that it is currently too early to see the full impact of COVID-19 on GBM patients and strongly recommended establishing support via the cancer and COVID-19 registries (Table 1).


Table 1 | Summary of Key Points: Based on expert panel opinion.



We recognize that there are non-safety issues that might limit brain tumor patient’s access to use of the TTFields device during the COVID-19 pandemic. One important limitation might be due to out-of-pocket expense to the patient and/or the already challenged healthcare system during this crisis. While the cost impact on therapeutic access was outside of the scope of this panel discussion, we agree this is an important issue to consider and should be studied further.
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Glioblastoma multiforme (GBM), as one of the most common malignant brain tumors, was limited in its treatment effectiveness with current options. Its invasive and infiltrative features led to tumor recurrence and poor prognosis. Effective treatment and survival improvement have always been a challenge. With the exploration of genetic mutations and molecular pathways in neuro-oncology, gene therapy is becoming a promising therapeutic approach. Therapeutic genes are delivered into target cells with viral vectors to act specific antitumor effects, which can be used in gene delivery, play an oncolysis effect, and induce host immune response. The application of engineering technology makes the virus vector used in genetics a more prospective future. Recent advances in viral gene therapy offer hope for treating brain tumors. In this review, we discuss the types and designs of viruses as well as their study progress and potential applications in the treatment of GBM. Although still under research, viral gene therapy is promising to be a new therapeutic approach for GBM treatment in the future.
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Introduction

Glioblastoma multiforme (GBM) is one of the most common primary brain tumors in adults (1, 2), mainly derived from astrocytes (3, 4). The World Health Organization (WHO) classification in 2016 defined GBM as grade IV, which leads to a high degree of malignancy and mortality. The current standard treatment for GBM includes maximum surgical resection, radiotherapy, and chemotherapy (5–7). However, the complete resection of GBM has been challenging due to the invasive growth pattern and the functional area involvement. It has been almost inevitable that the tumor-infiltrating parenchyma tissue eventually relapsed even after surgical resection (8, 9). The resistance to chemotherapy drug temozolomide (TMZ) was mainly caused by O6-methylguanine-DNA methyltransferase over-expression, mismatch repair and base excision repair (10–12). The molecules mediated GBM chemoresistance, including P-glycoprotein, multidrug-resistance protein transporters, and DNA repair enzymes (13). Furthermore, the inefficient delivery across the blood-brain barrier (BBB) limited the entry of therapeutic drugs into the central nervous system (CNS) (14–16). Glioblastoma stem cells supported tumor self-renewal which contributed to GBM resistance to radiotherapy (17–19). So even with standard treatment, the outcome of patients with GBM was still very poor. The median survival of patients diagnosed with GBM was just about 15 months (20–22). The clinical use of additional therapies, including local adjuvant therapy with Carmustine wafers and tumor-angiogenesis inhibition with Bevacizumab, were tried to improve the outcome (23–26). However, the survival rate was still less than 5% within five years of diagnosis (27, 28).

Therefore, the application of new treatment methods to get rid of the limitations of conventional treatment has been necessary. Growing evidence has proved that tumor is a kind of genetic disease (29, 30). With the exploration in the treatment of other diseases, viral gene therapy has brought hope for the treatment of GBM (31–33). Both wild-type viruses and engineered viruses could be used for viral gene therapy. Non-lytic viruses were used for gene therapy and lytic viruses exert anti-tumor effects by inducing tumor cell lysis (34). Moreover, the lytic viruses exposed GBM antigens to the host immune system which stimulated a specific immune response to tumor cells (35). The natural sensitivity of GBM cells to virus infection has made viral therapy a promising prospect. The viral vectors were designed according to the characteristic of target cells, the size of therapeutic gene, and the ability of long-term gene expression. In this review, we will focus on the types of viral vectors and demonstrate the versatility of gene therapy for GBM treatment. In this review, we will focus on the types of viral vectors (Table 1) and demonstrate the versatility of gene therapy for GBM treatment.


Table 1 |  Modifications and mechanisms of the viral vectors used for GBM gene therapy.





Viral Vectors


Retrovirus

Because of the special biological characteristics, retrovirus vectors were first attempted in gene therapy for glioma. Replicating retroviral vectors were able to deliver the prodrug activator genes, which were also called suicide genes, into tumor cells and integrate into host genomes (36, 37). When a prodrug was given, the protein expressed by the gene could convert the non-toxic drug into a cytotoxic substance, which led to GBM cell death (38). Even as tumor cells escape the killing of cytotoxic drugs, they could also be used as an integrated retrovirus set and continue to play a role in the events of GBM recurrence (39). Therefore, this method was also known as “suicide gene therapy”. In the initial clinical trial, the therapeutic effect of retroviral vectors encoding herpes simplex virus thymidine kinase (HSV-tk) on malignant brain tumors was evaluated. The researchers found that HSV-tk could convert ganciclovir (GCV) into an active form of GCV triphosphate, which inhibited DNA replication and cell division in tumor cells, resulting in an anti-tumor effect (40). However, the results also indicated the limitations in transfection inefficiency of retroviral vectors was inefficient (41).

Retroviral vector TOCA511 has been used to deliver cytosine deaminase (CD) gene into tumor cells (42). CD enzyme converted the prodrug 5-fluorocytosine (5-FC) to active antineoplastic 5-fluorouracil (5-FU) which caused the death of tumor cells. The preclinical studies observed that TOCA511 did not lead to widespread or uncontrolled replication, which proved the safety of TOCA511 treatment. The safety and activity of TOCA511 were further supported by molecular analyses (43). Moreover, another study found that in addition to direct cytotoxic effects, TOCA511 could also be used as a radiosensitizing agent (44). TOCA511 could increase the intratumor concentration of 5-FU and induce T cell-mediated antitumor immunity (45, 46). TOCA 511 has been shown to be safe and provide a significant survival benefit in the clinical trial (47). Recent results from the Phase III clinical trial showed that TOCA511 treatment significantly improved survival in patients with two or more recurrences (48).



Lentivirus

Lentiviruses belonged to the retroviridae family (49, 50). Exogenous genes or shRNAs could be effectively integrated into the genomes of dividing or non-dividing cells to achieve the effect of persistent expression of the target sequence (51). Compared with retroviral vectors, lentiviral vectors were more stable and less prone to insertion mutation. The active transportation of pre-integration complex through the nucleopore was the unique mechanism of lentiviral vectors (52). Researchers constructed a lentiviral vector expressing shRNA to downregulate Bcl-2 and S-TRAIL to induce apoptosis in glioma cells. The result showed that lentivirus-mediated apoptosis resulted in an increase in the expression of activated caspase-3 and caspase-7, which accelerated the apoptosis of tumor cells (53). The transfection of target genes by lentiviral vectors could improve sensitivity of GBM to radiotherapy. The CD133+ cells in GBM were resistant to radiotherapy. A study down-regulated the expression of sirtuin 1(SirT1) in CD133+ by a lentiviral vector expressing shRNA (sh-SirT1). The results showed that the silence of SirT1 significantly enhanced the inhibition of tumor growth by radiotherapy and improved the mean survival rate of GBM (54).

Specific miRNAs were proved to be associated with the increase of proliferation, invasiveness, angiogenesis, and apoptosis resistance in GBM. A study has shown that with the transfection of lentiviral vectors, the overexpression of miR-100 significantly inhibited the growth and migration of GBM, and increased the sensitivity to chemotherapy. And the delivered miR-100 played an anti-tumor effect on GBM by regulating FGFR3 directly (55). The latest genome editing technology could also be used for GBM treatment by lentiviral vector transfection. It has shown that editing the sequence of vascular laminin-411 overexpressed in GBM could suppress tumor growth and improve survival of GBM (56). Researchers constructed lentiviral vectors with an equal expression of growth arrest specific 1 (GAS1) and phosphatase and tensin homolog (PTEN) via the versatility of expression cassettes allocation. Both of the transgenes were regulated by the same promoter. The result showed that the anti-tumor effect of GAS1 could be superimposed with the inhibitory effect of PTEN on Akt pathway, and this could significantly inhibit the growth of GBM (57).



Adenovirus

Adenovirus is a non-enveloped double-stranded DNA virus (58, 59). Adenoviruses selected for gene therapy were serotypes 2 and 5 (60). Adenoviral vectors used coxsackie-adenovirus receptor (CAR) to mediate cell tropism and internalize adenovirus vectors by the interactions between penton protein and host cell surface integrins (61–63). After endocytosis into the tumor cells, adenoviruses did not integrate into the host genome and remained episomal while gene expression (64).

The E1 and E3 regions of adenovirus genome were conventionally deleted to eliminate the expression-related toxicity by adenovirus infection. The latest generation of adenoviral vectors could minimize the anti-adenovirus immune response by removing all the endogenous virus coding regions to induce more stable transgene expression (65). The deficiency of non-replicative adenoviruses was that episomes might be diluted due to cell division, resulting in a rapid decline in transgene expression. Conditional replication adenoviruses, as tumor-specific agents, were designed to selectively replicate within and kill the tumor cells (66). Moreover, the replicated transgenes could spread the therapeutic effect to other neighboring tumor cells. The genetically modified adenovirus ONYX-015 was a recombinant chimeric Ad2 and Ad5 vector with selective replication ability. The protein encoded by adenovirus E1B gene interacted with tumor suppressor p53 and the transcriptional activity was blocked (67). Due to the decreased expression of p53 in GBM, ONYX-015 was able to replicate effectively. Previous studies showed that ONYX-015 administration was safe and effective (68). And the phase I clinical trial has shown that no serious adverse events were observed in patients treated with ONYX-015 and ONYX-015 therapy could significantly inhibit tumor growth (69).

Delta-24 was designed to selectively replicate in cells deficient in the Rb/p16 tumor suppressor pathway. The deletion of retinoblastoma (Rb) binding domain fragment in E1A gene inhibited the interaction between E1A and Rb. Rb protein negatively regulates cell growth by blocking E2F. Rb/p16 tumor suppressor pathway deficiency likely occurred in GBM cells, which made it possible for Delta-24 selective replication in GBM cells but not in the normal cells (70). Furthermore, it was difficult for adenoviral vectors transfection due to the poor expression of CAR in tumor cells, which reduced the therapeutic effect. By mortifying an Arg- Gly-Asp peptide sequence in the HI loop of the fiber, the vectors were allowed to bind αv integrins to enter the tumor cells, thus enhancing the infectivity of the virus (71). Delta-24 and its modified versions have shown encouraging results in clinical trials (72).



Herpes Simplex Virus

Herpes simplex viral vectors used for gene therapy were mainly modified from Herpes Simplex virus type 1 (HSV-1), an enveloped double-stranded DNA virus (73). Due to the neurotropic nature, HSV vectors are attractive for gene transduction in central nervous system tumors. The 152kbp genome length made it possible to carry a sufficient payload (68).

RL1 gene (γ34.5) was a necessary gene for effective replication of HSV. RL1 gene encodes The Infected Cell Protein 34.5 (ICP34.5), also known as Neurovirulence factor ICP34.5, was encoded by RL1. Phosphorylation of translation initiation factor eIF2α by protein kinase R (PKR) inhibited the translation process and blocked the production of viral proteins. Moreover, PKR could activate transcription factor NF-κB by inducing the degradation of negative regulator IκB to stimulate the antiviral immune response. ICP34.5 reversed this process by activating phosphatase-1α (74). The PKR pathway was often inhibited in GBM, so it did not restrict the replication of HSV vectors with the modification of ICP 34.5. For example, the recombinant vector HSV1716 removed both copies of RL1 to allow its selective replication in tumor cells (75). Clinical studies have proved that HSV-1716 can effectively improve the survival of patients (76, 77). C134 vectors deleted RL1 gene and inserted human cytomegalovirus IRS1 gene to enhance replication (78).

Another important gene UL39 encoded the large subunit of ribonucleotide reductase (RR), also known as ICP6. This protein converts ribonucleotide into deoxyribonucleotide allowing viral DNA replication, and the UL39-deficient vectors were unable to replicate in non-dividing cells. However, the host ribonucleotide reductase could compensate for the function loss of viral RR in dividing cells. Combining the two mechanisms above, the deletion of RL1 gene in G207 allowed the virus to target GBM cells, and the mutation in UL39 gene eliminated the replication in normal non-dividing cells (79). The result of the clinical studies has shown the safety of G207 in GBM treatment, and the favorable therapeutic effect of the combination with G207 and radiotherapy in recurrent GBM treatment (80, 81). Due to the specific up-regulation of nestin promoter in gliomas, rQNestin34.5v.2 vectors were designed within an insertion with a copy of RL1 gene under the transcriptional control of nestin promoter. The combination of the vectors and cyclophosphamide was proved to increase virus replication in tumors and improve the survival rate of patients (82).



Oncolytic Virus

Oncolytic viruses had dual anti-tumor effects, which not only destroyed tumor cells directly but activated tumor-specific immune response. Current clinical trials have demonstrated the feasibility of OV-specific tumor infection. By selective transfection and replication (83, 84), tumor cell lysis was induced without damage to normal cells. Furthermore, oncolytic viruses were also able to infect tumor vascular endothelial cells, inhibit tumor-related angiogenesis, and cause hypoxic death of tumor cells (85). Meanwhile, oncolytic viruses induced systemic anti-tumor immunity by releasing tumor-associated antigens (86).

In addition to wild-type viruses, engineered viruses could also be used as oncolytic viruses, including reovirus, vaccinia virus, parvovirus, poliovirus, vaccinia virus, Newcastle disease virus, etc. And the anti-tumor immunity could be further enhanced by encoding cytokines, chemokines, and tumor-associated antigens (87). Currently, types of viruses have been involved in clinical trials to verify the safety and therapeutic effectiveness. Reovirus was a non-enveloped wild-type oncolytic virus with double-stranded RNA genome. Reovirus Pelareorep (REOLYSIN) could replicate specifically in Ras pathway activated tumor cells (88). In the phase I clinical trial, no treatment-related adverse reactions after intratumoral injection of reovirus were observed (89). Reovirus therapy could lead to tumor leukocyte infiltration and an increase in the expression of IFN, caspase 3, and PD-L1 (90). As an enveloped double-stranded DNA virus, the vaccinia virus did not rely on cell receptors, but membrane fusion to enter cells. Its rapid replication cycle and strong ability of intercellular transmission made it a promising candidate for viral therapy (91). TG6002 was modified from vaccinia virus, which was designed as a combination of direct oncolysis effect and prodrug conversion function. It mainly replicated in tumor cells and transformed 5-FC into 5-FU. Its safety and oncolytic activity have been confirmed in a large number of preclinical studies (68). Parvovirus was a single-stranded DNA virus. As a kind of parvovirus, H-1PV bound to the receptors on the surface of host cells and entered within endocytosis mediated by clathrin, inducing DNA damage and cell cycle arrest (92). The result of clinical trials showed that H-1PV could cross the BBB to reach the tumor and enhance the immunogenicity in tumor microenvironment (93, 94). Poliovirus was a kind of encapsidated viruses with a single strand RNA. Poliovirus infected tumor cells by binding the cell adhesion molecule CD-155 expressed in GBM (95). The phase I clinical trial showed that PVS-RIPO (poliovirus-rhinovirus chimera) immunotherapy significantly improved the survival rate of GBM patients (96).




Gene Therapy

Gene therapy achieved the purpose of treatment by delivering therapeutic genes or manipulating disease-related genes into target cells. Based on the related therapeutic strategies, gene therapy has been divided into suicide gene therapy, oncolytic viral gene therapy, tumor suppressor gene therapy, immuno-stimulatory therapy, and tumor microenvironmental regulation therapy (97, 98). Suicide gene therapy and oncolytic viral gene therapy have been described above. The main function of tumor suppressor genes included cell signal transduction and epigenetic regulation, negative regulation of cell cycle, negative regulator expression, regulation related to stem cell proliferation, and DNA mismatch repair. Studies have shown that Rb, p53, PTEN, CDKN2A, and other tumor suppressor genes played an important role in effective GBM inhibition. However, the related clinical trials on tumor suppressor gene therapy were limited. IFN-β (interferon β) inhibited the growth and invasion of GBM with the effects of anti-tumor immune modulation, anti-proliferation, and anti-angiogenesis (99). IFN-β gene delivered by viral vectors showed a widespread expression and distribution in astrocytes and endothelial cells. A phase I clinical trial showed local inflammation and tumor necrosis in IFN-β treatment (100). The intra-tumor injection of angiostatin could effectively inhibit tumor growth and vascularization (101, 102). Therefore, anti-angiogenic genes and tumor extracellular matrix regulatory genes made it possible to treat GBM via modulating tumor microenvironment.



Discussion

Glioblastoma has been a common, highly aggressive, and heterogeneous brain tumor. The infiltration of GBM to the surrounding tissue made it impossible to eliminate by surgical intervention. The inefficient delivery of BBB reduced the therapeutic effect of chemotherapy. The abnormal vascularization promoted the proliferation of tumor cells. And immunosuppressive status in tumor microenvironment severely limited the anti-tumor response to GBM. Therefore, we urgently need new treatment strategies to face the challenges of this disease and improve the prognosis of patients. Gene therapy aimed to treat GBM by targeting and regulating oncogenes and tumor suppressor genes in tumor cells. The latest understanding of genetic material and molecular alteration provided an accurate theoretical basis for gene therapy. Due to the high transfection efficiency and the development of vector engineering techniques, viruses were widely used in the researches of GBM gene therapy. Viral vectors-mediated gene therapy could be combined with current treatment methods to improve therapeutic outcomes. The transmission of suicide genes has been evaluated in clinical trials to overcome the resistance of chemotherapy. HSV-tk and TOCA511 converted the prodrugs into active form and mediate the anti-tumor response. The transfection of sh-siRT1 vectors in CD133+ GBM cells significantly improved the resistance to radiotherapy. The extensive replication of oncolytic viruses in tumor cells, including ONYX-015, Delta-24, and PVS-RIPO, led to cytolysis and induced an anti-tumor immune response. Furthermore, the expression of cytokines could enhance the therapeutic effectiveness of viral vectors by improving anti-tumor immunity. However, there are still some concerns that need to resolve in viral gene therapy before its application in clinical therapy. The first is the transduction efficiency and expression stability of target genes. As we mentioned, the expression level of receptors and the efficiency of membrane fusion affected the entry of the virus into tumor cells. How well the viruses entered the cells would determine the effectiveness of gene therapy. Non-replicative viruses, including adenoviral vectors, were not integrated into the host genome, the expression level of the transgenes might decrease with cell divisions. Secondly, viral vectors needed to be further optimized to improve tumor targeting especially in radiotherapy and chemotherapy-resistant GBM cells, and avoid entering normal cells. Multiforme implied that heterogeneity existed among the GBM cells within the same tumor. It has been necessary to explore the common mechanism of viral replication. Moreover, the use of engineering technology to eliminate the immunogenicity of virus was worth considering, which could avoid antiviral immunity. Currently, several preclinical trials and clinical trials have proved the safety of viral therapy. However, the effectiveness of its treatment in clinical trials was still unclear, so large clinical trials have been needed. Undeniably, viral gene therapy provided a new therapeutic approach and perspective in GBM treatment.



Conclusion

Viral gene therapy has shown strong therapeutic potential in GBM treatment. In the future, studies need to focus on the therapeutic efficacy and monitor adverse events before viral vectors widely use in clinical practice. Furthermore, the combination of viral gene therapy with other new treatment methods needs further research. Although the road ahead may be challenging, gene therapy has brought new hope for patients with GBM.
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Purpose

Dexamethasone (Dex) is the most common corticosteroid to treat edema in glioblastoma (GBM) patients. Recent studies identified the addition of Dex to radiation therapy (RT) to be associated with poor survival. Independently, Tumor Treating Fields (TTFields) provides a novel anti-cancer modality for patients with primary and recurrent GBM. Whether Dex influences the efficacy of TTFields, however, remains elusive.



Methods

Human GBM cell lines MZ54 and U251 were treated with RT or TTFields in combination with Dex and the effects on cell counts and cell death were determined via flow cytometry. We further performed a retrospective analysis of GBM patients with TTFields treatment +/- concomitant Dex and analysed its impact on progression-free (PFS) and overall survival (OS).



Results

The addition of Dex significantly reduced the efficacy of RT in U251, but not in MZ54 cells. TTFields (200 kHz/250 kHz) induced massive cell death in both cell lines. Concomitant treatment of TTFields and Dex did not reduce the overall efficacy of TTFields. Further, in our retrospective clinical analysis, we found that the addition of Dex to TTFields therapy did not influence PFS nor OS.



Conclusion

Our translational investigation indicates that the efficacy of TTFields therapy in patients with GBM and GBM cell lines is not affected by the addition of Dex.





Keywords: brain cancer, TTFields, corticosteroids, dexamethasone, glioma, survival, translational investigation



Introduction


Dexamethasone Administration for Vasogenic Edema Management in Patients With Glioblastoma

Patients suffering from glioblastoma (GBM) usually are afflicted with perilesional edema that is caused by a tumor-induced disruption of the blood brain barrier (BBB) (1). Defective astrocytes lead to the impairment of endothelial tight junctions on the one hand and tumor-produced vascular endothelial growth factor (VEGF) that increases vessel permeability on the other hand resulting in the diffusion of fluid into the extracellular brain parenchyma with a consequent increase of intracranial pressure (ICP) (2). The resulting perilesional edema is the major contributor to patient’s neurologic deficits. Corticosteroids reduce the permeability of tumor vessels by upregulating tight junctions and inducing the transcription of several genes that are involved in stabilization of the BBB (e.g. occludin, NF-κB, VE-cadherin etc) (3). In the clinical practice, Dexamethasone (Dex) has become the corticoid of choice for brain tumor-associated cerebral edema due to its fast and effective alleviation of perilesional edemas, long half-life, low mineralocorticoid activity and the reduction of nausea. Despite its routine clinical use, the lack of prospective clinical studies impairs the implementation of a standard dosage protocol. Usually, the orally administered dosage ranges from daily 2 to 20 mg Dex (4).



Unfavorable Clinical Effects of Concomitant Dex Administration in GBM

Given the fact that perilesional edemas are a major cause of mortality in GBM patients, their treatment is indispensable. However, long-term Dex ingestion also leads to numerous well characterized clinical side effects including insomnia, psychiatric alterations, tremor, hyperglycemia, muscle atrophy, cushingoid appearance, hypertension, gastrointestinal perforation and immunosuppression (1). Furthermore, recent studies identified concomitant Dex administration as a risk factor for an impaired progression-free (PFS) and overall survival (OS) of patients suffering from GBM. A retrospective clinical study of 73 GBM patients demonstrated that Dex administration concomitant to radiation therapy (RT) leads to a reduction of the OS from 22.6 to 12.7 months (4). Furthermore, a multicentre retrospective analysis of more than 2000 GBM patients identified Dex as an independent risk factor for poor outcome, even after adjusting for extent of resection, initial treatment, age and Karnofsky Performance Score (KPS) (5). Another study demonstrated that patients with Dex-induced leucocytosis (DIL) had decreased OS and PFS and showed a significant reduction of tumor-infiltrating leukocytes and lymphocytes (6).



Experimental Effects of Dex Administration in Preclinical Studies

The molecular effects of Dex on GBM cells as described in previous studies are pleiotropic and partially conflicting, possibly related to context-dependent effects in different tumors/cell models and experimental setups. Accordingly, Dex was shown either to inhibit or to stimulate the proliferation of glioma cells in vitro. Previous data further suggest a time-dependent and dosage-dependent antiproliferative effect of Dex (7, 8). Moreover, Dex administration was associated with reduced glioma cell invasion, primarily caused by decreased transcription of metalloproteases (9). On the other hand, Dex decreased the efficacy of chemotherapy by counteracting an alkylating agents induced apoptosis in primary GBM cell lines (10). The addition of Dex to glioma stem cells led to increased proliferation and invasion (2). In addition, Dex treatment leads to a decreased hypoxia-sensitivity in primary glioma cell lines, presumably by downregulation of VEGF (11).



TTFields in GBM Therapy

TTFields (Optune, Novocure LTD) is a new type of cancer treatment modality that has been shown to significantly improve outcome in GBM patients in combination with radio-chemotherapy and was approved for newly diagnosed and recurrent GBM (12). TTFields create alternating electric fields with varying frequencies between 50 to 400 kHz and its efficacy is dependent on the cell type, size and orientation (13). Two pairs of juxtapositioned transduced arrays placed on the patient’s skin, deliver a locoregional antiproliferative and cell-killing effect on mitotic glioma cells by interfering with the cell’s mitotic apparatus (disruption of the polymerization of highly dynamic microtubules and septin filaments). This electromechanical cell cycle intervention leads to abnormal chromosome segregation and consecutive cell death (14). However, recent studies explored further mechanisms of action including the inhibition of the DNA damage response (DDR) by altered expression of DNA repair genes in the BRCA1 pathway and impaired cellular migration and invasion (15). Furthermore, TTFields increased immunogenic cell death in combination with anti-PD1 therapy presumably by increasing the amount of CD45+ tumor infiltrating cells.



Aim of This Study

To date, Dex remains the gold standard of edema treatment in the clinical setting due to its highly effective resolution of perilesional edema and fast improvement of patient’s neurologic deficits despite the unfavorable long-term consequences. Previous studies identified the addition of Dex to increased radio resistance and poor outcome in glioma therapy. Furthermore, TTFields therapy is a novel effective treatment modality that shows improved survival in GBM therapy and is now widely used in the clinical setting. Yet, the effects of concomitant Dex administration during TTFields therapy remain unknown. We thus conducted this translational study to analyse the effects of Dex on TTFields efficacy in patients with GBM and GBM cell lines.




Materials and Methods


Patients and Data Collection

For this study, an ethical approval was obtained from ethics committee of the University hospital Frankfurt am Main (Identification number: 20-676). As a non-interventional, retrospective single-center study no patient consent was necessary.



Patient Cohort

In total, 26 GBM patients that were treated at the Department of Neurosurgery, University Hospital, Goethe University Frankfurt am Main and received TTFields treatment between November 2015 and September 2019 were retrospectively analysed. According the EF 14 trial the inclusion criteria was pathological GBM verification, age over 18 years, Karnofsky scale ≥ 70, received maximal debulking surgery and radiotherapy concomitant with Temozolomide (45-70Gy). Further inclusion criteria were the application of TTFields (Novocure, LTD). Patients in the Dexamethasone cohort were identified as presence of Dexamethasone medication at the beginning of TTFields treatment and the dosage ranged between 0.5 and 4mg/d. Patient characteristics that were extracted from the medical chart included sex, age, MGMT methylation status, date of starting and ending TTFields therapy, date of surgery, date of death or date of last contact and the date of tumor progression. Tumor progression was defined as the date of cranial MRI with progressive disease according to the RANO 18 criteria and/or the assessment of the local interdisciplinary neurooncological tumor board (16).



Clinical Application of TTFields

Within the framework of this trial, TTFields were started after completion of radiochemotherapy. The alternating electric fields were delivered (≥ 18 hours/d) via 4 transducer arrays on the shaved scalp. Temozolomide was administered (150-200 mg/m2) for 5 days per 28-day cycle (6-12 cycles) (12).



GBM Cell Lines and Culture

U251-MG (U251) and MZ-54 (17), two adherent human Glioblastoma wild type cell lines were used. Both cell lines were maintained in DMEM Glutamax Media (Sigma-Aldrich) supplemented with 10% heat-inactivated FCS (Invitrogen) and 1% Penicillin/Streptomycin (Invitrogen). For cultivation, cells were kept in an incubator at 37°C and a 5% CO2 atmosphere. We passaged the cells weekly at a ratio of 1:10 for MZ-54 or 1:20 for U251 using Trypsin (Sigma, Aldrich) as detachment solution. A 100mg/10ml Dex stock injection solution (Jenapharm) was added after media change in final half-maximal inhibitory concentrations (IC50) of 65 µM for MZ-54 cells and 165 µM for U251 cells. Dex was kept at 4°C in a light sealed Falcon.



TTFields Application

TTFields were applied according to the protocol described by Porat et al. (17) with minor modifications to the experimental setup. 10.000 cells per dish were seeded on 24 mm² coverslips in 500µl DMEM medium placed at the bottom of the ceramic TTFields dishes. After overnight incubation at 37°C, the medium was removed and replaced with fresh 2 ml DMEM medium with or without Dex. The TTFields dishes were covered with Parafilm (Sigma-Aldrich) manually before starting TTFields treatment. Cells were then subjected to electric field treatment at 250 kHz for MZ-54 and 200 kHz for U251 and expected intensities between 1.48 V/cm – 1.41 V/cm for 24h, 48h and 72h using the Inovitro™ system (Novocure Haifa, Israel). The TTFields dishes were kept inside an incubator at 20°C - 21°C, since the Novocure device produces excessive heat (18). After harvesting and Annexin/PI staining, the effects of TTFields on cell death induction and cell count were analysed by a BD Accuri C6 (BD Biosciences, Franklin Lakes, New Jersey, USA) fluorescence-activated cell-sorting device (FACS).



Frequency Scan

For the determination of the optimal frequency, TTFields were administered as described in Porat et al. (17), on MZ-54 cells at different frequencies ranging from 200 kHz, 250 kHz, 300 kHz to 350 kHz for a duration of 72 h. Cell death and cell count were then determined via flow cytometry. For U251 cells, we worked with 200 kHz as optimal frequency as used in previous studies (19).



Cell Viability Assay

The IC50 concentration of Dex were determined for four different cell lines (U251 and MZ-54) using the MTT-Assay. For this purpose, cells were plated at 5.000 cells/well in 96-well plates and a day later subjected to 72 h Dex treatment at increasing concentrations: 0 µM, 0.2 µM, 1 µM, 5 µM, 10 µM, 50 µM, 100 µM, 250 µM, 500 µM, 1 mM. Cells were cultivated at 37°C. At time points 0 h, 24 h, 48 h, 72 h the cell confluence was measured using the Tecan reader. For the determination of cell viability, 20 µl of 5 mg/ml MTT-Tetrazolium salt (3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) (Sigma-Aldrich) was added to each well after treatment. After allowing cells to incubate for 3 h at 37°C, the media containing MTT was carefully removed and 100 µl isopropanol/HCl solution (1ml HCl in 24 ml Isopropanol) was added to each well with gently mixing for 20 min to dissolve the formazan crystals and fixate the cells. The photometrical absorption was measured using a Tecan Spark plate reader (Tecan) at a wavelength of 560 nm.



IC50 Calculations

The IC50 value is the concentration of a drug in which cell viability is inhibited to 50% of the control. The IC50 was determined by nonlinear regression analysis in GraphPad Prism (Version 7, GraphPad Software) using the function “log (inhibitor) vs. response (three parameters) of the data derived from the MTT measurement after normalizing the data from solvent-treated cells to 100% using the “remove baseline” function.



Flow Cytometry

After the treatment period the medium was removed, and wells were washed with PBS. Cells were next trypsinized and incubated for 10 min at 37°C. PBS was added to the cells to stop trypsin reaction, washed twice, and then transferred into FACS tubes. The FACS tubes were centrifuged for 3 minutes at 195 x g to form pellets. After discarding the supernatant, cells were stained with 0.8 µl Propidium Iodide (Sigma-Aldrich, 10 µg/ml) and 0.8 µl Annexin V-APC (BD Pharmingen #550475) in 50 µl FACS-Buffer, mixed and incubated in the dark for 10 min at room temperature. Flow cytometric determination of cell death was performed by counting of 10.000 cells on an Acurri C6 (Becton Dikinson).



Irradiation Procedures

Cells were plated in 12 well-plates and then pre-treated with or without Dex for 24 h prior to radiation. Irradiation (IR) was performed using a linear accelerator with 6 MV photon energy, 100 cm focus to isocentre distance and a dose rate of 6 Gy/min (Elekta, Crawley, UK) at the Department of Radiation Therapy (University Hospital Frankfurt, Frankfurt, Germany). GBM cells were irradiated at room temperature with a dose of 10, 20, 30, 40 Gy. Afterwards cells were incubated with or without Dex for another 48 h and 72 h at 37°C. Control cells underwent the same experimental conditions.



Statistical Analysis

Statistical analysis was done using GraphPad Prism 7 (GraphPad Software, La Jolla CA, USA). The minimum level of statistical significance was set at p ≤ 0.05. Significances were marked as follows: p ≤ 0.05: *, p ≤ 0.01: **, p ≤ 0.001: ***, p<0.0001: ****, n.s. not significant. Significances are depicted between control and treatments or as indicated. To estimate the survival rates, the Kaplan-Meier analysis was used. The differences between curves were assessed using the log-rank test. Progression-free survival (PFS) was defined as the time from diagnosis to first recurrence or death. Overall survival (OS) was defined as the time of first presentation to death. The applied statistical test is denoted in the respective figure legend.




Results

In order to test our hypothesis whether Dex affects the efficacy of TTFields-treatment we first determined the response of the cells towards Dex. For this purpose, we treated the cells with increasing concentrations of Dex, ranging from 0.2 µM to 1000 µM and measured cell viability after 72 h using MTT assays (Figure 1A). Afterwards we determined the IC50 values using non-linear regression analyses and obtained an IC50 of 65 and 165 µM for MZ-54 and U251, respectively. This concentration reflects the frequently used clinical dosage of 4-16 mg/d. Next, we aimed to determine the optimal TTFields frequency for MZ-54 cells. Thus, we performed a frequency scan using 200, 250, 300 and 350 kHz of MZ-54 cells and measured cell death (Figure 1B) and cell count (Figure 1C). This approach revealed that the optimal frequency for MZ-54 cells is 250 kHz. For U251 cells we adopted the best frequency available from the literature at 200 kHz (20).




Figure 1 | (A) Non-linear regression (log (inhibitor) vs. response (three parameters)) of MZ-54 (green) and U251 (red) 72h after treatment with increasing concentrations of Dex and determining cell viability using MTT Assay. The half-maximal inhibitory concentration was determined at 65 µM and 165 µM for MZ-54 and U251, respectively. (B) FACS-based measurement of cell death of MZ-54 cells 72h after Tumor Treating Field (TTFields) application at the depicted frequency. (C) FACS-based measurement of cell count derived from the same measurement as in (B). The optimal frequency of 250 kHz was selected for MZ-54 cells. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001; One-Way ANOVA with Dunnett’s multiple comparison test (GraphPad Prism 7).



As outlined above, recently, it was shown that Dex can protect GBM cells from radiation-induced cell death in vitro (5). Therefore, we first wanted to test whether these effects using our cell models. For this purpose, we pre-treated MZ-54 and U251 GBM cells with Dex for 24 h before radiation treatment consisting of 10, 20, 30 and 40 Gy (Figure 2). After 48 h and 72 h after irradiation, cell death, and that after cell counts were determined via flow cytometry. These experiments showed that in MZ-54 cells (Figures 2A, B) increasing doses of radiation resulted in increased cell death, whereas after 72 h the amount of cell death was higher compared to 48 h. The addition of Dex had almost no statistically significant effect on cell death in MZ-54, except for 20 Gy after 48 h, where a moderate cell death rescue was observed. These observations are further corroborated by our analyses of the cell counts (Figures 2C, D). Here, we observed after both timepoints a Dex-induced decrease in cell number in non-irradiated control cells. In contrast, IR-treatment effectively and dose-dependently reduced the amount of cells significantly, but an additional Dex-treatment had no further inhibiting effect. U251 (Figures 2E–H) also showed a dose-dependent increase in cell death (Figures 2E, F) and reduction in cell number (Figures 2G, H) with stronger effects at the later time point. Dex alone had no discernible effect on either cell death or cell count in non-irradiated cells, whereas it could rescue cell death at 20 Gy IR after 48 h and even more pronounced at doses higher than 20 Gy after 72 h.




Figure 2 | FACS-based measurement of (A, B) cell death and (C, D) cell count of MZ-54 GBM cells after 24h pre-treatment with Dex and irradiation (IR). The measurements were conducted (A, C) 48h and (B, D) 72h after IR-treatment. MZ-54 show dose-dependent increases in cell death and concomitant decreases in cell counts, with no discernible effect through the addition of Dex. FACS-based measurement of (E, F) cell death and (G, H) cell count after (E, G) 48h and (F, H) 72h of U251 GBM cells treated accordingly show similar IR-dose-dependent increases and decrease in cell death and cell count respectively. Note that U251 cells are protected from IR-induced cell death after additional Dex-treatment. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; Two-Way ANOVA with Dunnett’s multiple comparison test (GraphPad Prism 7).



Next, we wondered if Dex has a similar effect on cell death induction of TTFields treatment. For this purpose, we treated the cells with IC50 concentrations of Dex and simultaneously commenced TTFields treatment (Figure 3) for 24, 48 and 72 h and measured cell death and cell counts via flow cytometry. This analysis revealed that in treated MZ-54 cells (Figure 3A) no cell death occurred at 24 h, whereas after 48 and 72 h cell death was very pronounced. The addition of Dex had neither a discernible effect on TTFields efficacy nor on its own. For U251 (Figure 3B), we could determine a significant induction of cell death after 24 h of treatment, which was strongly increased after 48 h and 72 h. The concurrent addition of Dex had no effect on cell death induction after 24 h and 48 h, but resulted in a moderate, yet significant, prevention of cell death after 72 h. Conversely, we also analysed cell count from our FACS data (Figure 3C). This analysis revealed that after 24h of treatment a slight downward-trend using Dex alone and TTFields alone for MZ-54 can be observed, which culminates in a significant reduced cell number in the combined treatment. At later time points (48h and 72h), the growth-inhibitory effects of Dex and TTFields became even more apparent, whereas TTFields treatment was more effective than Dex. The combined treatment showed slightly less cell numbers after 48h; however, this difference did not reach statistical significance and after 72h no difference was visible. Similar results regarding TTFields and combination treatment were obtained in U251 (Figure 3D), which can both effectively reduce the cell number with the effect being most pronounced after 72h. In contrast, Dex single treatment had no effect on cell number after any time point, which is in line with the reduced sensitivity observed using the dose-response curve, that MZ-54 are more sensitive towards Dex. Based on these results we concluded that Dex does not interfere with TTFields treatment in vitro. We further concluded that TTFields treatment may exhibit cell death to a greater extent compared to IR-treatment, especially in IR-resistant cell models such as U251.




Figure 3 | FACS-based measurement of (A, B) cell death and (C, D) cell count of (A, C) MZ-54 and (B, D) U251 GBM cells after treatment with the IC50 of Dex and Tumor Treating Field (TTFields) application at the optimal frequency for 24, 48 and 72h. Effective cell death induction can be appreciated after 48h using TTFields and TTFields + Dex in both GBM cell lines with a concomitant decrease in cell count. Note the MZ-54 also display reduced cell counts after 48h and 72h after Dex alone and U251 already display significantly induced cell death after 24h. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, non significant. One-Way ANOVA with Tukey’s multiple comparison test (GraphPad Prism 7). Con, control; D, dex; T, TTFields; T + D, TTFields + Dex.



To crosscheck these findings in the clinical setting, we analysed the characteristics and clinical outcome of 26 patients that were treated for primary GBM in our University Hospital according to the EF-14 trial (12). During the TTFields therapy 10 patients received Dex and 16 patients had no concomitant Dex administration. The median Dex dosage was 2 mg (SD: 1.45). Male to female ratio was non-significant in our cohort (60% male in the Dex group vs. 75% in the Dex negative group). Median age was also statistically non-significant between the cohort (55 years in the Dex vs. 50 years in the Dex negative group). Furthermore, MGMT promotor methylation was observed in 50% of the patients in the Dex group vs. 44% in the Dex negative group. Finally, the median TTFields treatment time in days and the median day from operation to TTFields therapy was not-significant between the two cohort (Table 1). In addition, PFS was 9 months in the Dex cohort vs. 11 in patients without Dex treatment and thus not statistically significant. OS was 15 months in the Dex cohort vs. 18 months in patients without Dex again not reaching a level of significance (Figure 4 and Table 1).


Table 1 | Baseline characteristics of GBM cohort stratified by Dex administration during TTFields treatment.






Figure 4 | (A) Kaplan–Meier plots for progression-free survival (A), and overall survival (B) stratified by Dex administration during TTFields treatment. P-values calculated from log-rank and Gehan-Breslow-Wilcoxon-test) (GraphPad Prism 7).





Discussion

We aimed to determine whether concomitant Dex administration affects TTFields efficacy. We choose a translational approach to answer this question and found that Dex administration during TTFields application has no negative effect on the antitumor capacity in vitro and in a retrospective clinical evaluation. On the other hand, our in vitro results confirm the accumulating evidence against the usage of Dex during RT.

The addition of Dex during RT resulted a significantly increased radio-resistance in U251 GBM cells, whereas for MZ54 cells only a small tendency after 72h of treatment is apparent. These findings underscore the context-dependency of DEX effects that was also observed in other studies (5). This is in accordance with a clinical observation of Shields et al., who showed that Dex usage during RT was correlated with reduced OS and PFS (4). Additionally, Pitter et al., described Dex-induced anti-proliferative effects that may confer protection from radiotherapy-induced genotoxic stress, by inducing cell cycle arrest (5). In line with the mentioned research, our analysis confirm that Dex pre-treatment leads to a significant RT-induced cell death resistance in both GBM cell lines. Interestingly, this observed resistance does not occur when analysing the cell count, although an RT-dependent reduction in cell count can be observed. RT, first induces cell cycle arrest, which can ultimately lead to cell death if RT-induced damages cannot be restored and the cells proceed to cell cycle. Thus, we reason that the combined cell cycle arrest by Dex and RT more potently prevents the cells from escaping this cell cycle arrest, and therefore protects them from cell death.

On the other hand, in vitro TTFields application (200 kHz/250 kHz) for 72 h induced massive cell death in U251 and MZ54 cell lines. The frequency and efficacy of in vitro TTFields application is in line with the literature (17), while the higher frequency of MZ54 cells likely is due to their increased size compared to U251 cells.

In the clinical setting however, Dex weaning in symptomatic patients is problematic and administration is often maintained thorough adjuvant therapy. Therefore, the main question was whether concomitant Dex administration reduces TTFields efficacy analogous to RT in GBM. Adjusted for the optimal frequency and Dex concentration, the addition of Dex to TTFields showed no significant impact on cell death in MZ-54 and U251 cells. Complimentary, the retrospective analysis of GBM patients showed no significant impact on PFS and OS. Our study revealed no contraindication of Dex usage in GBM patients during TTFields application. However, these results should be evaluated in lager prospective clinical trials.

To answer the impending question why TTFields efficacy is not alternated by Dex is challenging. Wong et al. described their retrospective analysis of phase III registration trial comparing TTFields vs chemotherapy in recurrent GBM patients. Their unsupervised mathematical algorithm showed that a Dex dose higher than 4.1 mg per day was associated with reduced OS in the TTFields-treated cohort. Peripheral blood lymphocyte counts were independent of Dex application but positively correlated with patient’s outcome. The group therefore concludes that dexamethasone exerted a profound interference on the therapeutic effects of TTFields therapy (21). The median Dex dosage in our cohort was 2 mg and accordingly under the proposed cut-off. Collectively these data suggest that there could be a therapeutic window for concomitant DEX treatment without major effects on TTFields efficacy that can be used for the benefit of the GBM patients. We did not analyse peripheral blood lymphocytes which makes it difficult to oppose our studies. However, as TTFields are a local tumor therapy and its systemic effects remain elusive, we advocate the point of local antitumoral TTFields effect unaffected by Dex. The TTFields induced disruption of the mitotic chromosomes spatial order which results in asymmetric chromosome segregation and aneuploidy is supposedly not counteracted by systemic Dex administration.

Nevertheless, several studies identified high Dex dosage as prognostically unfavourable in GBM. We therefore advocate consequent Dex weaning where possible but our data indicates that concomitant application during TTFields therapy is not associated with poor efficacy and outcome.

Our study has several strengths and weaknesses. First, we analysed two cell lines, which cannot exclude different results in other cultivated GBM cells. As such, future research should include further cell lines including primary ones. As a strength, our investigation is the first study to answer the question of Dex effects by a translational approach and both in vitro and retrospective clinical findings resulted in coherent results. The obvious limitation of the clinical finding is the single centre character, the small sample size and the retrospective design. As this part is of observational character, confounding, selection bias, reverse causation and uncontrolled statistical error risk cannot be excluded. However, further prospective randomized trials with large cohorts are necessary to confirm our findings.



Conclusion

This study provides the first evidence that concomitant Dex administration is not associated with reduced TTFields efficacy nor affects patient’s outcome in GBM therapy.
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Glioblastomas (GBM) are the most common and aggressive tumors of the central nervous system. Rapid tumor growth and diffuse infiltration into healthy brain tissue, along with high intratumoral heterogeneity, challenge therapeutic efficacy and prognosis. A better understanding of spatiotemporal tumor heterogeneity at the histological, cellular, molecular, and dynamic levels would accelerate the development of novel treatments for this devastating brain cancer. Histologically, GBM is characterized by nuclear atypia, cellular pleomorphism, necrosis, microvascular proliferation, and pseudopalisades. At the cellular level, the glioma microenvironment comprises a heterogeneous landscape of cell populations, including tumor cells, non-transformed/reactive glial and neural cells, immune cells, mesenchymal cells, and stem cells, which support tumor growth and invasion through complex network crosstalk. Genomic and transcriptomic analyses of gliomas have revealed significant inter and intratumoral heterogeneity and insights into their molecular pathogenesis. Moreover, recent evidence suggests that diverse dynamics of collective motion patterns exist in glioma tumors, which correlate with histological features. We hypothesize that glioma heterogeneity is not stochastic, but rather arises from organized and dynamic attributes, which favor glioma malignancy and influences treatment regimens. This review highlights the importance of an integrative approach of glioma histopathological features, single-cell and spatially resolved transcriptomic and cellular dynamics to understand tumor heterogeneity and maximize therapeutic effects.
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Introduction

Glioblastoma (GBM) is the most common malignant primary brain tumor in adults, occurring most commonly in the 6th to 7th decade of life (1). GBM is classified by World Health Organization (WHO) as an astrocytic grade IV tumor, which commonly presents as a heterogeneously enhanced mass by neuroimaging. Microvascular proliferation, hypercellularity, nuclear atypia, pseudopalisades, cellular pleomorphism, and necrosis are hallmarks of GBM histopathology (2).

The prognosis for GBM is relatively poor and universally fatal, with a median overall survival of approximately 16 months from the time of diagnosis. O6-methylguanine-DNA methyl transferase (MGMT) promotor methylation is detected in about a third of GBM, and is prognostic of a better survival outcome, and predictive of better treatment response to alkylating chemotherapy. Isocitrate dehydrogenase 1 (IDH1) mutations, which are associated with more favorable outcome, represent a new tumor group termed ‘adult-type, diffuse glioma, IDH-mutant, astrocytoma, grades 2-4’, while glioblastoma is now reserved to the ‘adult-type, diffuse glioma, IDH1 wildtype’ (3–6). The current standard of care for GBM utilizes methods that are agnostic of molecular GBM phenotypes. They comprise an initial, maximally safe surgical resection, followed by conformal radiotherapy with concurrent oral temozolomide chemotherapy, followed by adjuvant temozolomide therapy. In addition, the use of tumor treatment fields has been introduced to the treatment of adult diffuse gliomas, though it is not considered part of standard of care (7, 8). Historically, each of the standard of care measures only adds a few months to survival. Although bevacizumab improves progression free survival, there is no evidence, at this time, that standard of care second line treatment improves overall survival (9, 10).

Advancement in GBM treatments is urgently needed; however, treating GBM faces numerous challenges due to, but not limited to, temporal and spatial tumor heterogeneity, altered cellular metabolism, and the unique immunosuppressive glioma microenvironment (11, 12). Immunotherapies and molecularly targeted personalized medicine have recently advanced the field of oncology in many cancer types; however, targeted agents against recurrent EGFR mutations and immune checkpoint inhibitors have so far not improved overall survival for GBM patients (13–19).

Moreover, assessing the treatment response holds significant importance to developing better GBM treatments. However, it can be quite difficult to differentiate tumor progression from inflammatory or necrotic changes associated with treatment, such as chemoradiation and immunotherapy, making neuroradiographic assessment suboptimal in these cases (20, 21). The blood-brain-barrier hinders drugs from reaching the tumor site, and also limits the utility of liquid biopsy (22). The lack of optimal surrogate markers of survival to effectively assess treatment efficacy is a paramount challenge the neuro-oncology community faces when evaluating potential new therapies (23). These challenges suggest that advanced, integrated histological, cellular, and molecular characterization with spatial resolution can provide insights for therapeutic interventions and predict clinical outcomes for GBM patients. Herein, we will review the recent advances made towards these integrated approaches.



Molecular Genetics and Epigenetic Alterations in Glioma

GBMs differ in histologic features, malignancy grade, and molecular alterations. Recently, the presence and distribution of genetic/epigenetic alterations have been added as criteria to classify gliomas, refining the histological WHO classification, which previously defined these tumors as glial in origin (24–26). Recurrent IDH1 point mutations, which have been identified as contributors to gliomagenesis (27, 28), is used to classify gliomas and represents a major division of mutant IDH1 gliomas from wild-type-IDH1 (wt-IDH1) gliomas. wt-IDH1 gliomas, WHO grade IV, high grade gliomas (HGG) (12, 24, 29), present with several genomic alterations and higher somatic mutation frequency versus low grade gliomas (LGG) (30, 31). In adults, wt-IDH1 gliomas retain ATRX activity, and typically co-exhibit TP53 and TERT promoter (TERTp) mutations. In addition, wt-IDH1 gliomas can harbor alterations in regulators of the RTK-RAS-PI3K signaling cascade, including EGFR amplification, as well as mutations or deletions to tumor-suppressor genes PTEN and CDKN2A/B, and alterations to chromosomes 7 and 10 (12, 24, 25, 31). IDH1 mutation, usually at arginine 132 (R132H), occurs in the vast majority of diffuse LGG (WHO grade II), and occurs also in a LGG that has recurred as GBM (WHO grade IV) (29, 32–35). IDH1-R132H, which is associated with better prognosis in glioma, catalyzes 2-hydroxyglutarate production, prompting epigenetic reprogramming of the glioma transcriptome (29, 32, 36–39).

A subgroup of adult-type diffuse mutant IDH1 gliomas which harbor 1p/19q chromosomal co-deletions (1p/19q-codel) and TERT promoter mutation are now classified as oligodendrogliomas (6, 40). Epigenetics alterations are a remarkable feature of gliomas with clinical significance. DNA methylation in CpG islands define the CpG island methylator phenotype (G-CIMP), a hallmark of mutant-IDH1 glioma, which is linked to better prognosis (41, 42). On the other hand, demethylation in CXCR4, TBX18, SP5, and TMEM22 genes are related with tumor initiation and progression in GBM (43). Analyzing methylation profiles of TCGA data identified DNA methylation clusters designated subtypes LGm1 to LGm6, which were linked to molecular glioma subclasses and WHO grades (32). Also, methylation of CpG islands in the MGMT promoter predicts a better response to DNA alkylating agents (44). Recently, a novel methylation subgroup of IDH-WT GBM was introduced. This group differs from known molecular subgroups in terms of methylation and copy number profile with a distinct histological appearance and molecular signature (45).

In addition, different histone mutations are associated with pediatric brain tumors. Various studies have shown a high frequency of two-point mutations in the genes of the histone variants H3.3 “H3F3A”, and to a lesser extent H3.1 “HIST1H3B”, which result in substitution of lysine at position 27 with methionine (K27M) or glycine at position 34 with arginine or valine (G34V/R). Further reports highlighted the association of K27M mutation with midline gliomas (MLG) and G34V/R mutation with gliomas of the cerebral hemispheres (46–48). In this context, epigenetic modifications to histone tails by methylation or acetylation in gliomas impact gene expression and, therefore, tumor characteristics (38, 49, 50). Identification of these alterations have been useful for predicting prognosis of glioma patients (51) and for developing therapeutics agents targeting regulators of histone modifications, such as DNA methyltransferase (DNMT) inhibitors and histone deacetylase inhibitors (HDACIs) (52).

As a consequence of the genetic alterations that classify gliomas, significant signaling pathways are altered. This includes activation of the growth factor receptor tyrosine kinase (RTK) pathways as result of PDGF and EGFR overexpression (53, 54). The frequent activation of RAS, PI3K/PTEN/AKT, RB/CDKN2A-p16INK4a, and TP53/MDM2/MDM4/CDKN2A-p14ARF pathways are implicated in glioma proliferation (55, 56). On the other hand, the anaplastic features of HGG/GBM can be boosted by NOTCH signaling activation, which is related with hypoxia and PI3K/AKT/mTOR and ERK/MAPK pathways (57). Other alterations in glioma cell signaling include metabolic (58), cell differentiation (59), and DNA repair (38, 60) pathways, all with the therapeutic implications.



HGG Intertumoral and Intratumoral Molecular Heterogeneity

HGG/GBM are characterized by high intertumoral and intratumoral heterogeneity. This heterogeneity is observed at different inter-related levels (histological, cellular and molecular) and is one of the main features that hinders tumor treatment (Figure 1). Molecular unsupervised transcriptome analysis of GBM revealed different tumor clusters, highlighting the prominent intertumoral heterogeneity. Different studies over the past 15 years have attempted to classify GBM into molecular subtypes. Back in 2006, Phillips et al. reported the molecular gene expression profile of 76 HGGs, defining signatures from a set of 35 genes, which characterized 3 different subtypes: Proneural, Proliferative, and Mesenchymal. They found a correlation between molecular subtypes and histological tumor grade. Also, Mesenchymal and Proliferative tumors showed a markedly inferior prognosis compared to Proneural (61). Subsequent studies carried out by Verhaak et al. used integrated, multidimensional genomic data and DNA copy number to define a more robust gene expression-based molecular GBM classification into 3 confirmed subtypes with a signature from 210 genes per subtype (53). Overall, aberrations and gene expression of EGFR, NF1, and PDGFRA define Classical, Mesenchymal, and Proneural subtypes, respectively. Specifically, the Classical subtype exhibited chromosome 7 amplification associated with high-level EGFR amplification. This subtype also lacked distinct additional genetic abnormalities in TP53, NF1, PDGFRA, or IDH1, but affected expression of genes, such as FGFR3, PDGFA, EGFR, AKT2, and NES. The Mesenchymal subtype displayed focal hemizygous deletions of a region at 17q11.2, containing the gene NF1. This subtype was associated with greater necrosis and inflammatory infiltrates, which was linked to higher expression of tumor necrosis factor and NF-kB pathway genes, such as TRADD, RELB, and TNFRSF1A. Some of the most relevant differentially expressed genes of Mesenchymal tumors were CASP1/4/5/8, ILR4, CHI3L1, TRADD, TLR2/4, and RELB, among others. The Proneural subtype was defined by PDGFRA and TP53 alterations and IDH1point mutations and differential expression of DLL3, NKX2-2, SOX2, ERBB3, and OLIG2 (53).




Figure 1 | Spatiotemporal complex intratumoral heterogeneity of GBM. GBM intratumoral heterogeneity at the histological, cellular and dynamic level is illustrated. The schematic representation of the gliomas TME highlights the spatio-temporal heterogeneity at the histological, dynamic, and cellular level. We indicate various hallmarks of GBM. (1) Pseudopalisading necrosis in GBM is characterized by garland-like organization of tumor cells at the edge of areas of tumor necrosis. Glioma cells migrate away from hypoxic regions and invade into healthy tissue at the infiltrating edge. (2) Endothelial hyperplasia represents the vascular lesions characterized by the proliferation of endothelial cells. Glomeruloid vessels and extensive endothelial multilayering result from the endothelial hyperplasia characteristic of GBM. (3) Microvascular proliferation appears as glomeruloid tufts of multilayered endothelial cells together with smooth muscle cells and pericytes. VEGF release from the surrounding necrosis tissue acts on nearby vessels to cause vascular hyperplasia, including microvascular proliferation. (4) Scattered large pleomorphic glioma cells represent multinucleated giant cells with generalized nuclear atypia. (5) Poorly vascularized regions of the tumor become hypoxic and necrotic. At the dynamic level GMB displays different migratory patterns. (6) The tumor–brain interface is characterized by an invasive edge that harbors invasive glioma cells that migrate along white matter tracts or extracellular matrix fibers to infiltrate the brain either as collective invasion (i.e., connected elongated cells infiltrating the brain parenchyma), or (7) Single-cell invasion characterized by amoeboid movements, weak intercellular adhesions, and random movement. (8) Glioma cells are shown to also invade collectively using the perivascular space. Perivascular glioma cells quickly invade the perivascular space as a conduit for invasion. Bottom panel shows the striking cellular heterogeneity of GBM, being composed of both neoplastic cells and nonmalignant cells. It includes several phenotypes of tumor cells, such as rounded cells and mesenchymal-like cells, as well as nonmalignant cells, that form the tumor microenvironment (TME) and make up 50% of the tumor mass. TME is composed of normal brain residents: neurons, astrocytes, oligodendrocytes and microglia; endothelial cells from the vasculature, surrounded by perivascular-mesenchymal cells; and immune system infiltrating cells. 95% of the TME are tumor associated macrophages (TAM), derived either from circulating monocytes or microglia. The remaining 5% are mainly dendritic cells, with smaller contributions of T cells, B cells, NK cells and neutrophils. Understanding tumor heterogeneity composition allows to employ better antitumor therapies.



Using DNA methylation profiles from 396 GBMs, Brennan et al. in 2013 identified six methylation clusters. They found that Cluster M1 (60%) was enriched in Mesenchymal subtype, Cluster M3 (58%) was enriched in Classical subtype, and the G-CIMP cluster was enriched in Proneural subtype. They observed that the Mesenchymal subtype expressed higher levels of endothelial markers, such as CD31 and VEGFR2, in concordance with Phillips et al. (61) and inflammation markers, such as fibronectin and COX2. On the other hand, the Proneural subtype was associated with somatic mutations to genes such as IDH1, TP53, ATRX, and MYC, and the Classical subtype with EGFR amplifications or mutations (31).

Lastly, in 2017, Wang et al. postulated GBM-specific intertumoral heterogeneity, and defined 3 tumor-intrinsic transcriptional subtypes from transcriptomic analysis of wt-IDH GBM samples, derivative neurospheres, and single-glioma-cell gene expression profiles (62, 63). Subtypes were designated as Proneural, Mesenchymal, and Classical using a 50-gene expression signature per subtype, which represented a 42 to 54% overlap with previous studies (53). The 50-gene expression signature by subtype could be summarized by the most relevant genes from each group. The Mesenchymal subtype overexpresses BCL3, TGFBI, ITGB1, LOX, COL1A2, VDR, IL6, and MMP7, the Proneural subtype has increased expression of GARBR3, HOXD3, ERBB3, SOX10, CDKN1C, PDGFRA, HDAC2, and EPHB1. Finally, the Classical subtype was characterized by overexpression of PTPRA, ELOVL2, SOX9, PAX6, CDH4, SEPT11, MEOX2, and FGFR3, among others.

A new study by Garofano, L. et al. postulates a novel pathway-based stratification of GBM that uncovers new subtypes with potential prognostic relevance, namely mitochondrial (MTC), glycolytic/plurimetabolic (GPM), proliferative/progenitor (PPR), and neuronal (NEU) (64).

In another study, Neftel et al. showed that glioma subtypes are associate with a set of cellular states that define 4 different groups: NPC-like (neural progenitor like), OPC-like (oligodendrocyte progenitor like), AC-like (Astrocyte like) and MES-like (mesenchymal like). The frequency of each steady-state is modulated by specific genetic modifications (CDK4, PDGFRA, EGFR and NF1); in addition, each single tumor can contain a diversity of states maintained by cellular plasticity (65).

Although similarities and discrepancies surround glioma subtype classification, the Mesenchymal subtype is one of the steadiest subtypes, when analyzing human GBM tissues, GBM xenograft models, and derivative GBM stem cells (53, 61, 66, 67).

In addition to the vast molecular intertumoral heterogeneity, GBM also exhibit high heterogeneity within the same tumor mass, showing histologically and molecularly dissimilar areas (Figure 1). Research studies using tumor sampling from different anatomical locations demonstrated that 60% (6/10) of tumors presented two or three different subtypes within the same tumor (68). Other studies showed that molecular subtypes correlate with histological features. Mesenchymal tumor was associated with hypoxic and perinecrotic areas and high microvascular proliferative zones, while Classical was related to vascular and invasive zones. Tumors with these two characteristics had the worst prognosis (69).

Single-cell RNA-Seq (scRNA-Seq) analysis has emerged as an important approach to dissect the cellular and molecular profile of complex tumors compared to bulk conventional analysis. scRNA-Seq has yielded insights into phenotypic and genotypic differences resulting from tumor cells, the relation with the neural lineages, and the tumor microenvironment, and subpopulations of transformed cells in these extremely heterogeneous tumors (63, 70–72). Analysis of scRNA-Seq suggested that GBM consist of a combination of tumor cells with different GBM subtype footprints (63). Patel et al. analyzed intratumoral heterogeneity by single-cell full-length transcriptomes (SMART-Seq) of isolated cells from five freshly resected human wt-IDH/EGFR amplified GBM depleted of CD45+ cells. They observed a genetic correlation between individual cells and transcriptional intratumoral heterogeneity within the same tumor. They also observed mosaic protein expression of common signaling pathways affected in GBM, such as EGFR, PDGFRA, PDGFA, FGFR1, FGF1, NOTCH2, and JAG1. Interestingly, all tumors contained heterogeneous combinations of individual cells corresponding to different TCGA defined subtypes. They observed that intratumoral subtype heterogeneity imparted significant insights into GBM biology and prognosis, where extensive heterogeneity was associated with reduced survival. Tumors highly heterogeneous for different subtypes or displaying Mesenchymal signatures had poorer outcome than pure Proneural GBM (63). On the other hand, Wang et al. reported multiple activation of different subtypes associated with intratumoral heterogeneity. They suggested that only 8% of the TCGA samples activated more than one transcriptional subtype, displaying low simplicity scores, while GBM samples with a single subtype had higher simplicity scores. Using this approach, they demonstrated that samples with high simplicity scores had significant survival differences between Mesenchymal and non-Mesenchymal tumors. They concluded that the intratumoral heterogeneity at single-cell level is captured in the transcriptional signature of the bulk tumor (66).

A recent study suggested that tumoral classification pays little attention to the importance of existing intratumoral heterogeneity. They focused on regional architecture of the tumor by analyzing different tumor areas using 9 immunoreactivity biomarkers relevant for GBM. They found that 3 of the 5 pathophysiologically relevant clusters, transformed neuronal, highly proliferative, and mesenchymal stem cell regions, correlated with the 3 tumor subtypes described by Phillips et al. Particularly the Mesenchymal subtype was characterized by high vimentin and nestin expression levels (73). All together, these studies highlight the complexity of GBM molecular signatures and emphasize the importance of considering intratumoral heterogeneity to understand tumor growth and invasion, and develop novel antitumor strategies.



Glioma Tumor Microenvironment and Cellular Heterogeneity

Gliomas are a complex composition of both malignant and nonmalignant cells. Nonmalignant cells, including microglia, astrocytes, macrophages, lymphocytes, endothelial, and other cells, collectively constitute the tumor microenvironment (TME), making up ~50% of GBM tumor mass as shown in Figure 1 (71). The vast majority of GBM infiltrate can be classified as either macrophage or microglia (~95%), with the remaining population comprised primarily of dendritic cells (~4.5%) (71). Darmanis et al. found that transcriptionally distinct immune cells residing in the core increased tumor growth, survival, and invasion by inhibiting inflammation, increasing angiogenesis, and extracellular matrix remodeling (71). Microglia are the predominant resident immune cells in the healthy brain; however, under pathological conditions, brain parenchyma recruits circulating monocytes, which differentiate into macrophages (74, 75). Tumor-associated macrophages (TAM) play key roles in promoting invasion, angiogenesis, metastasis, and immune suppression (76). They can originate from two distinct lineages: tissue-resident microglia (CD45lo MG-TAM) or monocytes recruited from peripheral circulation (CD45hi M-TAM) (77–79). LGG tend to have more MG-TAM, while HGG are enriched in M-TAM (80). Recent work has described that in GBM TAMs within the tumor core mostly originate from the bone marrow derived pool whereas those in the tumor periphery are largely derived from microglial cells (81). These findings correlate with transcriptomic data (71) and reviewed in (79). TAM populations can also be subdivided into activation state phenotypes: Unstimulated M0, classically activated M1, and alternatively activated M2 (17, 74). The M1 phenotype is anti-tumorigenic and is present at lower levels in GBM infiltrate, while the M2 phenotype is pro-tumorigenic and more abundant, correlating with shorter survival (82). It has been shown that resident microglia are crucial modulatory cell population playing a central role in regulation of vascular homeostasis and angiogenesis and represent an alternative source of pro-angiogenic growth factors and cytokines (79, 83). CXCL2 is expressed in several cell types present in GBM such us endothelial cells, glioma cells, T cells, mast cells and myeloid cells, and its expression level has been correlated with GBM aggressiveness (84). Isolated microglia/macrophages from glioma produce a variety of pro-angiogenic molecules as well as high level of CXCL2 (83). CXCL2/IL8/CXCR2 axis has showed to be involved in maintaining GBM angiogenesis (85, 86). The CXCR2 antagonist SB225002 has shown inhibition in tumor growth, and led to reduced number of TAMs as well as tumor vessels (85, 86). Malignant cells recruit microglia and macrophages to the tumor, where they acquire an M2 phenotype and contribute to an immunosuppressive TME. One of the main factors recruiting TAM is the chemo-attractant, colony-stimulating factor (CSF), which is also a critical for macrophage function. Attenuating the interaction between CSF-1 and its receptor by employing target inhibitors reduces TAM numbers at the tumor site and impairs glioma invasion (87).

Although they have an abundance of TAM, gliomas are defined as immunogenically “cold” because they have low levels of infiltrating T cells (17, 88). Lymphocyte infiltrate present in the TME are CD4+ T helper, CD8+ T cytotoxic, and Tregs, with CD4+ cells more numerous than CD8+ (89). High Treg levels in GBM suppress the function of antigen-presenting cells and inhibit T cell proliferation, contributing to tumor evasion (90). Tregs may be immunosuppressive by employing immune checkpoints molecules, such as CTLA-4 and PD-L1 (17, 19, 91, 92). Also, recent work showed that inhibition of the CLEC2D-CD161 pathway may provide synergistic therapeutic benefit when combined with PD-1 blockade by enhancing the anti-tumor function infiltrating T cells in GBM of distinct T cell populations (93).

Myeloid-derived suppressor cells (MDSC) are found extensively in GBM TME (94). They are a heterogeneous population of immature myeloid cells formed from myeloid progenitors and macrophage, granulocyte, and dendritic cell precursors. However, MDSC do have some common features, such as their myeloid origin, immature state, and, most importantly, the ability to convert immune responses from a Th1 to a Th2 phenotype, which potently inhibits CD4+ and CD8+ T cells and fosters an immunosuppressive TME (95). Inhibiting COX2 reduces MDSC recruitment and increases cytotoxic T cell levels (96).

Elevated tumor-associated neutrophil (TAN) infiltration correlates with lower survival, suggesting that neutrophil infiltrate contributes to immunosuppression (97), and subsequent tumorigenesis and tumor growth. Elevated neutrophil CXCL8 expression boosts recruitment, and is found in high levels in gliomas (98). Disrupting the interaction of CXCL8 with its receptors, CXCR1 and CXCR2, is a possible approach for dismantling neutrophil infiltration and its associated immune suppression. In addition to TAM, MDSC, TAN, and Tregs, Bregs also suppress the immune response in GBM by interacting with other TME cells to augment immunosuppression (99). Glioma cells can induce a phenotype switch from B cells to Bregs, which contributes to Tregs recruitment and suppression of CD8+ T cells (100, 101).

There are also non-immune cell components of the GBM TME, which contribute to tumor progression. A common histologic feature of glioma is reactive astrocytosis, in which tumor-associated astrocytes are more proliferative, have JAK–STAT pathway activation, and CD274 expression (102). Astrocytes, as wells as microglia, secrete anti-inflammatory cytokines, contributing to an immunosuppressive environment (102). A pro-tumorigenic function has also been described for neurons, by either paracrine or autocrine mechanisms (103), as well as through functional synaptic integrations (104). Even though oligodendrocytes are detected in relatively high numbers by scRNA-Seq of glioma clinical samples, their role in glioma pathology has yet to be determined.

Stromal components, such as endothelial cells, and pericyte/mesenchymal stem cells (MSC), also play a role in tumor formation and progression. MSC are a small population characterized by self-renewal, expression of stemness markers, and multi-lineage differentiation properties (105). Tumor cells hijack neural development mechanisms, shifting MSC into glioblastoma stem cells (GSC), which possess tumor-propagating potential and are resistant to radiotherapy and chemotherapies (105, 106). Since MSC cells share expression markers with pericytes and are mainly localized around blood vessels (107), it is difficult to differentiate MSCs from pericytes (108). Up till now, there is no exclusive set of expression markers that differentiates MSC from pericytes, making it difficult to distinguish between them.

As outlined in this section, the interactions between glioma cells and constituents of the TME play key roles in tumor growth and progression. A deeper understanding of the dynamics of these interactions would bring us a step closer to designing effective treatments.



Tumoral Dynamic Heterogeneity Patterns Across Histologic Features

Gliomas are characterized by intratumoral heterogeneity and diffuse invasion into the healthy parenchyma. In doing so, gliomas use various motility patterns, i.e., single cell invasion or collective invasion (Figure 1) (109–113). Tumor growth and invasion is usually considered to be a stochastic. However, whether tumor growth actually results from random processes, or whether gliomas self-organize to promote tumor growth and invasion is not well understood. Thus, the existence of organized dynamic structures in tumors, and what role they may play in tumor progression remains poorly elucidated (114). We recently characterized the complex dynamics of glioma cells in both the tumor core and at the tumor invasive borders, using mouse glioma explants from genetically engineered mouse models (111, 113). We recently found that collective motion of tumor cells can be identified histologically as fascicles of aligned spindle-like and mesenchymal-like tumor cells. For simplicity, we propose to refer to these fascicles as oncostreams. Together with their capacity for collective motion, our data indicate that they likely contribute to tumor malignant behavior. Thus, we interpret oncostreams to be histological structures that represent areas of collective motion (113). As our data indicate that oncostream density correlates with tumor malignancy, we suggest that they are characteristic pathological components of gliomas. Oncostreams display two main types of collective motion, as defined elsewhere by us (112): (i) streams (↑↓) = cells move in both directions, (ii) flocks (↑↑) = cells move mostly in one direction. Cells that move without a preferred direction are defined as swarms and are histologically identified as areas of round cells. We recently showed, using agent-based mathematical modeling, that interactions between individual cells are sufficient to produce these large-scale patterns of collective motion (112). Collective motion patterns have been observed during normal development and also in pathological conditions, such as epithelial to mesenchymal transitions in cancers, followed by metastasis to distant organs (115–117). Directionally correlated cell movement within the tumor core have been also observed in recent studies using ex vivo explants of spontaneous intestinal carcinoma. Staneva et al. provided detailed mathematical support for the existence of dynamic patterns, such as currents and vortices. Their currents are homologues to our flocks, since cells move in one single direction in both descriptions (118). Equally, studies of in vivo motility of human glioma cell invasion within immune-suppressed animals, indicate complex motility patterns at the tumor border (118). Interestingly, these authors determined that cells can actually move towards and away from the tumor, using two types of invasion patterns at the glioma border, the invasive margin of multicellular invading groups of cells, and the diffuse infiltration of single cells. Swarms, in our descriptions, correspond to diffuse infiltration, since these cells present with an increased speed and less directionality in both studies, whereas the invasive margin corresponds to our directional collective motion patterns (119). The role of collective dynamic patterns within glioma tumors has not been addressed in detail so far. A better understanding of glioma dynamic heterogeneity, taking into account its constituent histological features and their underlying molecular basis, are essential to provide a more accurate picture of gliomas. We believe that the eventual pharmacological disruption of collective glioma dynamic patterns will inhibit glioma growth and progression, and will become a novel treatment approach.



The GBM Molecular Landscape: Current and Futures Perspectives in Methodologies to Analyze GBM With Spatial Resolution

Molecular studies of bulk tumors or scRNA-Seq studies disclose the complex cellular and molecular heterogeneity of GBM, but lack the spatial dimension of tumor tissue. The spatial heterogeneity of glioma tumors is not just regulated by the mixture of genotypic profile of individual cells, but rather is shaped by the crosstalk between tumor and TME cells in different tumor areas. Understanding how the molecular heterogeneity relates to the classical histological GBM hallmarks would provide invaluable information for integrated characterization, diagnosis, and treatment (Figure 2).




Figure 2 | Schematic illustration of the integrative translational preclinical and clinical workflow for translational implications. (A) First, clinical information is collected including the MRI and specific glioma grade type. (B) Following surgery, neuropathological studies are used for both histopathological assessment and investigation of intratumoral heterogeneity. The histopathology images in Figure 2B are modified from Figures 1.34A, 1.35A,B, 1.41A in Chapter 1 Astrocyte Tumors, in IARC, and Otmar D. Wiestler. WHO Classification of Tumours of the Central Nervous System: WHO Classification of Tumours of the Central Nervous System (4th Edition), edited by David N. Louis, World Health Organization, 2006 (120). (C) Next, multiregional studies of the surgical samples can be harnessed to determine molecular targets within GBM employing bulk RNA-seq, scRNA-seq and spatially resolved transcriptomics. scRNA-seq method examines heterogeneity at very detailed resolution. The precision treatments are assessed according to tumor heterogeneity evaluation and potential pharmacological sensitivities. (D) Prediction of histopathological features based on a novel artificial intelligence analysis of histological data will further aid clinical decisions. Furthermore, intratumoral heterogeneity assessment based on advanced imaging and machine-learning predictions should be carried out to monitor spatio-temporal heterogeneity dynamically and treatment. (E) GBM patient derived glioma cells, neurospheres and organoids can be exploited for preclinical modeling and perform pharmacological drug screening using in-vitro and ex-vivo assays. Patient derived organoids model the parental tissue and can be used to complement standard molecular pathology to understand mechanisms of resistance and can be applied to numerous functional assays such as: tumor cell survival, proliferation and self-renewal, and ex-vivo invasion/migration assays to identify pharmacological agent to target glioma invasion. Integrative GBM analysis attempts to improve predictive outcomes and treatments for GBM.



In recent years, in situ spatially characterized tissue analysis using state of the art technology, such as spatial transcriptomics or multiplex protein expression, opened up new paths to study in greater detail the cellular and molecular heterogeneity in the context of intact tumor tissue including GBM (121, 122). These technologies span tissue laser capture microdissection (LCM) combined with ex situ RNA-Seq analysis, in situ DNA oligonucleotide barcoding followed by ex situ sequencing, and computationally assigned spatial information to expression and imaging methods based on fluorescence in situ hybridization (FISH) or in situ sequencing (ISS) (123). Methodology parameters, such as sample type and processing, number of detected genes, experimental throughput, and spatial resolution need to be considered before selecting the appropriate method.

Some studies using spatially resolved transcriptomic analysis demonstrated the importance of these technology for examining spatial heterogeneity of the glioma TME. Laser scanning microdissection and RNA-Seq analysis assigned genomic alterations and gene expression patterns to specific GBM histological hallmarks, including tumor infiltration, pseudopalisades cells around necrotic areas, and cellular tumor and microvascular proliferation (69). This Ivy Glioblastoma Atlas project (IvyGAP) combined spatial molecular information with histological features and the clinical database from the patients’ cohort, providing deeper understanding of tumor heterogeneity. Intratumoral microenvironment-specific expression from the IvyGAP atlas also advocated potential therapeutic avenues by identifying brain tumor initiating cells and target genes within individual anatomical regions (124, 125). Our recent study proposed an improved laser scanning microdissection methodology to study the gene expression pattern of multicellular mesenchymal-like structures within the glioma tumor core and at the invasion front (113, 125–128).

Novel studies have recently provided new perspectives in the analysis of proteomics, metabolomics, and lipidomics in different cancers (129–131). In GBM, Gularyan et al. describe developing the TOF-SIMS (time-of-flight secondary ion mass spectrometry) methodology to detect protein expression and metabolites in paraffin or frozen glioma sections with spatial resolution (132). This allowed morphological differentiation of diverse regions in patient-derived tumors, which correlated with clinically relevant data, i.e., tumor grade, survival, to study GBM. Employing these emerging methodologies that combine histopathology with next generation sequencing or metabolomics are essential for translational applications, which identify novel potential targets in glioma tumors. These approaches could generate a new understanding of glioma behavior, uncovering the heterogeneity in functions, dynamics, and interrelation of tumor cells with TME cells (Figure 2).



Computational Deep Learning Analysis and Novel Imaging Technologies Applied to Tumor Heterogeneity

The recent breakthroughs in artificial intelligence (AI), specifically deep neural networks, have resulted in major advances in glioma radiomics and digital pathology. Given a sufficiently large amount of training data, deep neural networks can identify the optimal set of image features to achieve high performance on a specific task, such as image classification. For example, deep neural networks can classify tumors harboring isocitrate dehydrogenase-1/2 (IDH1/2) mutations versus wt-IDH1/2 from brain magnetic resonance imaging (MRI) (133, 134). Similar methods have been applied to diagnose 1p/19q co-deletion and MGMT promotor methylation status (135).

Over the previous decade, digital pathology has experienced a renaissance due to two major factors: (1) the availability of large, public pathology datasets (136) and (2) major breakthroughs in computer vision methods. The application of deep neural networks to the analysis and interpretation of whole-slide images (WSI) has ushered in a new era of digital pathology in cancer (137–140). Efficient whole-slide scanning and digital pathology tools have allowed for quantitative microscopic analysis of tumor heterogeneity (141). Tumor microscopy provides essential phenotypic and microenvironment features not characterized by molecular profiling or -omics data. The spatial relationships between tumor-associated stroma and tumor infiltration can be directly visualized at single-cell resolution using digital pathology (Figure 2).

Our group is currently investigating using optical microscopy and AI to rapidly characterize fresh glioma specimens (138, 142–144). By combining stimulated Raman histology, a rapid, label-free optical imaging method, with deep neural networks, we can automate glioma classification and grading in under 2 minutes. Moreover, we can detect regions of dense, viable tumor infiltration in primary and recurrent tumors.



Glioma Heterogeneity and TME in Clinical Therapeutic Resistance

Within individual tumors, there is significant heterogeneity at the TME level, wherein unique spatial niches harbor numerous cell populations (65, 145–148). These niches are dynamic and adjust to environmental pressures, such as treatment. Indeed, recent data reinforces this adaptive remodeling within tumors. Neftel et al. showed that gene expression in GBM is driven by four different cellular states, which are dynamic and driven by genetic, epigenetic, and microenvironmental factors (65). Even unique genetic subclones were found to exist within all 4 cellular states. Longitudinal assessment of paired patient specimens has revealed unique patterns of clonal evolution with standard of care treatment, highlighting evidence that rare resistant subclones often exist within the initial tumors that are often responsible for treatment resistance (149, 150).

The clinical implication of such profound dynamic cellular and microenvironmental heterogeneity is vast. How does one target a tumor with various subtypes of dynamic gene expression wherein local TMEs maintain and protect tumor cells? With this understanding, it is not unexpected that single target therapies have largely failed in GBM. For example, EGFR alterations are common GBM driver mutations, most frequently as the EGFRvIII variant, which results in a detectable antigen. Clinical trial results of rindopepimut, a peptide vaccine targeting this variant, were disappointing and found that patients who progressed through treatment lost EGFRvIII expression (18, 151, 152). SRC and SRC family kinases (SFKs) have a broad and important role in numerous signaling pathways, which promote GBM tumor growth and invasion; however, a clinical trial assessing Dasatinib, a potent SFK inhibitor, failed to meet its clinical endpoint (153, 154). Similar results occurred from targeting KIT amplification or mutation with Imatinib (155, 156) and TGFβ inhibitors (157, 158), amongst others. The most well-known failure of a single targeted therapy is bevacizumab, a monoclonal antibody against the vascular endothelial growth factor (VEGF), which is highly expressed in GBM and associated with endothelial cell proliferation and angiogenesis (9, 10). Despite an initial imaging response, patient survival did not improve. On the other hand, there are targeted therapies that have shown some promising results, such as targeting BRAFv600e mutations, although using single agents often results in recurrence, which has led to targeting BRAF combined with MEK inhibition (131, 159). In spite of many new therapeutic approaches being in clinical trials, so far, unfortunately, none has shown efficacy in randomized control double blinded Phase III clinical trials (16, 17, 160)

Overall, results from targeted therapy have been disappointing, although there may be numerous reasons why certain therapies were unsuccessful. Despite positive findings in murine models, penetrance across the human blood brain barrier and activity within the brain at the clinical drug dosages are rarely validated. Perhaps the dosage required for penetration and efficacy in humans is not utilized, or not attainable. This further emphasizes the need for phase 0 studies assessing drug penetration and response in human studies. Furthermore, clinical trials may have failed to properly enrich patients likely to benefit; thus, identifying appropriate biomarkers may lead to better patient selection.

Nevertheless, the most likely failure of our current treatment strategies is a lack of understanding of the significant dynamic tumor heterogeneity, which drives therapeutic resistance. However, it is yet unclear how clinical therapeutics can be altered to target this intra and intertumoral heterogeneity. We must consider therapies that address multiple resistance pathways, including immune-based therapies that may target multiple tumor antigens (19, 161–163), or therapies targeting common metabolic and physiological pathways, which may improve chances of success (164, 165). Furthermore, greater effort in developing preclinical models and clinical studies to understand spatial heterogeneity, tumor recurrence, and evolutionary trajectories in GBM are vital (Figure 2).



Precision Oncology for Gliomas: Targeting Spatial Heterogeneity

Cancer therapies have evolved from traditional chemotherapy and radiotherapy options to more personalized and focused approaches. We have seen remarkable progress in recent years, especially in pancreatic, prostate, and ovarian cancers. Precision oncology leverages genetic alterations and molecular markers present in the patient tumor to deliver a personalized therapeutic regimen (166). The progress of precision medicine essentially relies on identifying targetable biological features in tumors (167). This presents a significant challenge, especially for GBM, which is highly heterogeneous. Glioma cells vary in their morphology, underlying gene expression, and genetic mutational landscape (168). Consequently, any chosen therapeutic target may be expressed by most, but not all, cells, resulting in incomplete tumor eradication.

Mutant IDH status, MGMT promoter methylation status, BRAF mutation, and upregulated PI3K/AKT/mTOR signaling pathway have drawn attention as actionable alterations in LGG patients (35, 169–171). Adult brain tumors have seen some progress with precision medicine approaches, especially targeting BRAF, H3K27 demethylation, and NTRK fusions (170, 172, 173). Targeting DNA repair mechanisms with PARP inhibitors, and mutant IDH enzyme and gene fusions with appropriate inhibitors holds potential for treating GBM patients with such genetic alterations (171, 172, 174–176). Identification of several markers relevant to GBM diagnostics using liquid biopsies with NGS for circulating free DNA and/or circulating tumor cells could be used in molecular diagnosis of cytological specimens and potential administration of innovative precision therapy (177, 178).

Nevertheless, spatial and temporal heterogeneity is a critical challenge that the neuro-oncology field must address before precision oncology can be considered a viable option for brain tumor patients (62, 69, 179, 180). Spatial heterogeneity in GBM resected tumors is recognized in transcriptional atlases, where genomic alterations and gene expression patterns vary between the leading edge, infiltrating tumor, cellular tumor, pseudopalisading cells around necrosis, and microvascular proliferation regions (69). To explain the evolution of multiple GBMs (M-GBMs), Lee et al. proposed a multiverse model based on extensive bulk and single-cell RNAseq data (62). They demonstrated that M-GBMs are more genetically diverse than nearby tumors and genetic similarity between multiregional samples correlates with treatment response. Furthermore, enrichment of PIK3CA mutations in M-GBMs, as well as the effects of PAM inhibitors, which are more selective in patient-derived glioma cells. Their findings support the truncal target hypothesis, which states that truncal mutations can help guide more effective therapies (62). Recently, it has been shown within a single GBM tumor, that intratumoral spatial heterogeneity of Bruton’s Tyrosine kinase activity in tumor core versus edge cells showed distinct therapeutic responses (181).

Glioma-initiating cells (early-branched, ancestor-like tumor cells) at tumor edges receive signals from the tumor core, which promotes their malignancy (182–184). Evidence from several murine tumor models supports the Edge-to-Core progression theory (182). However, it is unclear if this hypothesis universally describes the development of primary GBM. Brain tumor cells at the edge reside in a distinct environment from the tumor core, interacting with various somatic cells, including neurons, astrocytes, vascular endothelial cells, and immune cells (104, 185–188). These tumor-associated somatic cells may contain cellular populations that can activate or suppress tumor cells. Multi-OMICs studies have established largely distinct signaling pathways activated in edge- and core-located tumor cells viz., Esm1/endocan, Bruton’s Tyrosine Kinase, nitrogen metabolism. Thus, developing spatially distinct therapeutic modalities for GBM is a critical challenge (181, 182, 189–191). Understanding the phenotypic complexities of patient tumor cells will necessitate molecular investigation to develop effective precision treatments for gliomas (Figure 2).



Conclusions

Over the last few years, tumor heterogeneity has come to the forefront as a bona fide hallmark of tumor biology, including tumor dynamics, migration, and invasion. In the particular case of GBM, heterogeneity is present at the anatomical, histological, functional, molecular, vascular, and immune levels. The complex spatiotemporal structure of brain tumors is likely a major contributor to the difficulties of treating these tumors since treatments may not be equally effective across heterogeneous tumor areas. The presence of heterogeneity means that treatments should be tailored to target microenvironments, since the tumor cell characteristics and their microenvironments vary by tumor location. However, it has been difficult to factor tumor heterogeneity into treatment design.

Heterogeneity in the extracellular matrix, tumor dynamics, and immune compartments are current areas of active research, as these determinants of tumor growth and treatment resistance have not been given adequate consideration so far. For example, the role of collagen in brain tumor growth remains poorly understood, as are the factors that render these tumors resistant to immune checkpoint inhibitors. Equally, the dynamic nature of these tumors has consequences for our understanding of tumor invasion into healthy brain, and the interactions of immune cytotoxic lymphocytes with tumor cells. The invasive areas of the tumor border are also highly variable, demonstrating that heterogeneity needs to be considered across all tumor locations. Invasion is the major determinant of tumor progression and patient death, highlighting the importance of characterizing its histological, functional, molecular, vascular, and immune heterogeneity across the temporal spectrum. We predict that future therapeutic approaches will need to be effective across different tumor areas, spatially, functionally, and molecularly, to improve the overall treatment efficacy for GBM.
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Meningioma is the most common primary brain tumor, and recurrence risk increases with increasing WHO Grade from I to III. Rhabdoid meningiomas are a subset of WHO Grade III tumors with rhabdoid cells, a high proliferation index, and other malignant features that follow an aggressive clinical course. Some meningiomas with rhabdoid features either only focally or without other malignant features are classified as lower grade yet still recur early. Recently, inactivating mutations in the tumor suppressor gene BAP1 have been associated with poorer prognosis in rhabdoid meningioma and meningioma with rhabdoid features, and germline mutations have been linked to a hereditary tumor predisposition syndrome (TPDS) predisposing patients primarily to melanoma and mesothelioma. We present the first report of a familial BAP1 inactivating mutation identified after multiple generations of a family presented with meningiomas with rhabdoid features instead of with previously described BAP1 loss-associated malignancies. A 24-year-old female presented with a Grade II meningioma with rhabdoid and papillary features treated with subtotal resection, adjuvant external beam radiation therapy, and salvage gamma knife radiosurgery six years later. Around that time, her mother presented with a meningioma with rhabdoid and papillary features managed with resection and adjuvant radiation therapy. Germline testing was positive for a pathogenic BAP1 mutation in both patients. Sequencing of both tumors demonstrated biallelic BAP1 inactivation via the combination of germline BAP1 mutation and either loss of heterozygosity or somatic mutation. No additional mutations implicated in oncogenesis were noted from either patient’s germline or tumor sequencing, suggesting that the inactivation of BAP1 was responsible for pathogenesis. These cases demonstrate the importance of routine BAP1 tumor testing in meningioma with rhabdoid features regardless of grade, germline testing for patients with BAP1 inactivated tumors, and tailored cancer screening in this population.




Keywords: rhabdoid meningioma, meningioma with rhabdoid features, familial BAP1 tumor predisposition syndrome, biallelic BAP1 inactivation, adjuvant radiation therapy, cancer screening, germline genetic testing, tumor sequencing



Introduction

Meningioma is the most common primary brain tumor, and recurrence risk increases with increasing WHO Grade from I to III (1). Rhabdoid meningiomas are a subset of WHO grade III tumors that predominantly consist of rhabdoid cells similar to other rhabdoid tumors (such as atypical teratoid rhabdoid tumor) and have a high proliferation index and other histologic features of malignancy (2, 3). These cases usually follow an aggressive clinical course, so traditional grading has excellent prognostic value. On the other hand, some meningiomas show rhabdoid features only focally and/or lack other features of malignancy (high mitotic rate, brain invasion, necrosis, macronucleoli, sheet-like growth, and hypercellularity). The WHO suggests these tumors be graded as usual with an added descriptor of “with rhaboid features”. These cases are thought to be less aggressive but closer follow-up may be warranted as notably some behave aggressively (2, 3).

Recently, inactivating mutations in the tumor suppressor gene BAP1 that codes for the breast cancer (BRCA)1-associated protein, an important member of many vital pathways including DNA damage signaling and repair (4), have been associated with significantly decreased time to recurrence in patients with rhabdoid meningioma and meningioma with rhabdoid features (5, 6). Patients with a familial germline mutation in BAP1 display a hereditary tumor predisposition syndrome (TPDS) leading to early onset malignancy – most frequently melanoma, mesothelioma, and renal cell carcinoma (6–9). Prior retrospective analyses and case series have discovered familial BAP1 TPDS after patients presented with these malignancies, and in some cases, close relatives were later found to have meningiomas. However, to our best knowledge, we present the first report of an inherited BAP1 inactivating mutation identified after several generations of a family presented with meningioma with rhabdoid features instead of with previously documented BAP1 loss-associated cancers (7–9). We review these patients’ diagnoses, molecular profiling results, and management in the context of the literature to demonstrate the importance of BAP1 tumor testing in meningioma with rhabdoid features regardless of grade, germline testing for patients with BAP1 inactivated tumors, and tailored cancer screening in this population. Informed consent was obtained from both patients, and the institutional review board approved this study.



Case Description

A 24-year-old female (Patient A) presented with decreased left facial sensation, blurry vision, left-sided frontal headaches, and pain with mastication of 3 months’ duration refractory to symptom-directed medical management. Physical exam revealed left masticator weakness, diminished sensation in the left V1-V3 distribution, and a decreased left-sided corneal reflex but was otherwise unremarkable. Figures 1A–D depicts a timeline for this patient presentation. Magnetic resonance imaging (MRI) of the brain with contrast revealed an infiltrating, contrast enhancing, roughly 5-cm mass centered in the left parasellar region with compression of the left temporal lobe, cavernous sinus, pons, and trigeminal nerve (Figure 1A). The patient underwent a left orbital frontal craniotomy with middle cranial fossa resection resulting in subtotal resection of the tumor. Pathologic evaluation revealed a meningothelial tumor composed of polygonal cells with mildly pleomorphic oval nuclei, abundant eosinophilic cytoplasm, and conspicuous cell borders. Many of the tumor cells showed eccentrically placed nuclei and round cytoplasmic inclusions of hypereosinophilic material consistent with rhabdoid morphology (Figure 2A). A significant component of papillary architecture was also present (Figure 2B). Mitoses were counted at 3 per 10 high power fields. The tumor cells showed diffuse immunoreactivity for EMA (Figure 2C) and vimentin (Figure 2D). There was complete loss of BAP-1 immunoreactivity in the tumor cells (Figure 2E) with appropriate internal positive controls (endothelial cells, inflammatory cells, etc.). The tumor cells showed focal staining for cytokeratin AE1/AE3. GFAP, S100, desmin, Melan-A, and HMB45 were negative. The Ki-67 proliferation index was 15%. Ultrastructural studies (electron microscopy) confirmed the presence of cytoplasmic whorls of intermediate filaments in many of the tumor cells (Figure 2F). Despite the rhabdoid and papillary features, in the absence of other malignant features (increased mitoses, necrosis, brain invasion, etc.), a diagnosis of atypical meningioma, WHO grade II, was ultimately made. Postoperative MRI brain demonstrated significant surgical decompression with residual enhancement along the left petroclinoid ligament and region of the cavernous sinus (Figure 1B).




Figure 1 | Patient A: preoperative, axial T1 postcontrast weighted magnetic resonance (MRI) imaging showing enhancing disease (A); postoperative, axial T1 postcontrast weighted MRI imaging showing enhancing, residual disease (B); radiation therapy (RT) planning using volumetric arc therapy (VMAT) resulted in excellent coverage of the planning target volume (PTV) (red) by the 100% isodose line (yellow) corresponding to 5940 cGy (C); follow up gallium-68 dotatate positron emission tomography (PET) after more than 6 years showing hypermetabolic, recurrent disease in the left tentorial leaflet and physiologic uptake in the pituitary (D); Patient B: preoperative, axial T1 postcontrast weighted MRI imaging showing enhancing disease (E); postoperative, axial T1 postcontrast weighted MRI imaging showing enhancing, residual disease (F); postoperative PET showing hypermetabolic, residual disease (G); RT planning using VMAT resulted in excellent coverage of the 6000 cGy (red) and 5400 cGy (blue) PTVs by the 100% (yellow) and 90% (green) isodose lines, respectively (H).






Figure 2 | Surgical pathology for Patient A H&E stained sections show numerous rhabdoid tumor cells with cytoplasmic hypereosinophilic inclusions (arrows) (400x) (A). Papillary features are also readily apparent (200x) (B). EMA highlights the tumor cells (200x) (C). The tumors cells label for vimentin (200x) (D). There is loss of BAP-1 immunoreactivity in the tumor cells with appropriate internal positive controls (endothelial cells) (100x) (E). Ultrastructural studies revealed cytoplasmic whorls of intermediate filaments (F).



Because of the subtotal resection of Grade II disease, adjuvant radiation therapy was recommended to 5940 cGy in 33 daily fractions. The patient was simulated in the supine position with an aquaplast mask for head and neck immobilization. To delineate treatment volumes, preoperative and postoperative T1-weighted axial postcontrast MRI imaging was fused to the computed tomography (CT) simulation scan. A preoperative gross tumor volume (GTV) was created to ensure that the clinical target volume (CTV) consisting of the residual contrast enhancing disease and postoperative bed appropriately covered the extent of the macroscopic and potential microscopic disease. An anisotropic expansion of 0-8 mm from the CTV was used to create a planning target volume (PTV) accounting for daily setup uncertainty while respecting dose constraints to the optic structures and brainstem (max dose less than or equal to 5400 cGy) (Figure 1C). Treatment was delivered using volumetric modulated arc therapy (VMAT) with 4 six MV arcs. RT was well tolerated with no significant adverse effects. The patient did well initially, but noted increasing headaches of several months duration over 6 years after resection. MRI brain with contrast showed increased nodular enhancement along the anterior margin of the left tentorial leaflet correlating with increased uptake on gallium-68 dotatate positron emission tomography (PET) imaging (Figure 1D). She underwent gamma knife radiosurgery to the recurrent disease to 22 Gy prescribed to the 50% isodose line.

Around the same time, the 57-yo mother (Patient B) of Patient A presented with a 1-year history of left-sided, progressive hearing loss and pulsatile tinnitus refractory to symptom-directed medical management. On physical exam, she displayed left-sided conducting hearing loss without other abnormalities. Figures 1E–H depicts a timeline for this patient presentation. MRI Brain with contrast revealed a roughly 2.6 cm, enhancing left skull base mass involving the cerebellar-medullary angle cistern and centered around the jugular fossa with a tympanic component protruding into the middle ear cavity (Figure 1E). A left middle ear biopsy was consistent with meningioma with positive staining for EMA. She underwent a left tympanoplasty mastoidectomy resulting in subtotal resection of the tumor. Pathologic evaluation confirmed a meningioma with nearly identical appearance to the tumor of Patient A. Rhabdoid features were noted including eccentrically placed nuclei and abundant eosinophilic cytoplasm (Figure 3A). Papillary architecture with epithelioid cells arranged in perivascular papillae was also noted (Figure 3B). Mitoses were very rare (less than 1 per 10 high power fields). In support of the diagnosis, the tumor cells were immunoreactive for EMA (Figure 3C), vimentin (Figure 3D), and progesterone receptor (patchy; Figure 3E). The tumor cells showed diffuse loss of immunoreactivity for BAP-1 (Figure 3F). The tumor cells were also focally positive for S100, calponin, AE1/3, MNF116, CAM 5.2, CD138, SMA, and desmin. SHDHB, CD138, CD99, Melan-A, HMB-45, synaptophysin, and nuclear STAT6 were negative. Interestingly, SSTR2 immunostain was negative despite previous reports describing expression in most meningiomas including Grade II and III meningiomas (10, 11). The Ki-67 proliferation index was 10%. The tumor displayed infrequent mitoses (1 per 10 per HPF) and otherwise lacked anaplastic features. Postoperative MRI revealed residual tumor projecting into the cerebellomedullary angle, extending into the cerebellomedullary cistern and left jugular foramen, and tracking along the carotid sheath (Figure 1F) with corresponding increased uptake on gallium-68 dotatate PET (Figure 1G).




Figure 3 | Surgical pathology for Patient B H&E stained sections show areas of rhabdoid tumor cells with cytoplasmic hypereosinophilic inclusions (arrows) (400x) (A). Papillary arrangement of tumor cells (200x) (B). EMA highlights the tumor cells (200x) (C). Tumor cells are diffusely positive for vimentin (200x) (D). Focal immunoreactivity for progesterone receptor in the tumor cells (200x) (E). Diffuse loss of BAP-1 immunoreactivity in the tumor cells with appropriate internal controls (100x) (F).



Because of the rhabdoid features potentially portending higher risk of recurrence, adjuvant radiation therapy to 6000 cGy in 30 fractions was recommended after the subtotal resection. The patient was simulated in the supine position with an aquaplast mask for head and neck immobilization. The postoperative PET as well as T1-weighted axial postcontrast and T2 flair MRI sequences were fused to the CT simulation scan and used to delineate a GTV encompassing the residual tumor. The GTV was expanded 0.3 cm to create a CTV and another 0.3 cm to create a PTV that was prescribed 5400 cGy in 30 fractions. A higher dose PTV receiving 6000 cGy in 30 fractions via a simultaneous integrated boost was created using a 0.2 cm expansion from the GTV that was then cropped off the left cranial nerves VII and VIII. The brainstem was constrained to a max dose of less than 5400 cGy, and the left cochlea and fifth, seventh, and eighth cranial nerves were to receive a mean dose of less than 5000 cGy. Treatment was delivered via VMAT with 3 six MV arcs (Figure 1H) and was well tolerated with no significant adverse events.

Due to the strong family history of meningioma with rhabdoid features and patient age at presentation, germline genetic testing was recommended. The daughter tested positive for a pathogenic BAP1 variant (NM_004656.4:c.1777C>T, (p.Gln593*) with no other cancer susceptibility loci found mutated (CancerNext-Expanded, Ambry Genetics) (12, 13). Her mother subsequently tested positive for the same germline mutation. The c.1777C>T variant maps to exon 14 of BAP1 and is predicted to introduce a nonsense change at amino acid 593. It has been reported as pathogenic by multiple clinical laboratories (ClinVar ID: 422219). The premature termination resulting from this variant would remove the BRCA1-binding domain (residues 594-657) (14). A previous study of a family with autosomal dominant, early-onset melanocytic neoplasms demonstrated that tumors which are biallelic for this variant show no BAP1 protein expression by immunohistochemistry. These findings suggest a loss-of-function effect mediated by nonsense-mediated mRNA decay (15).

We submitted our interpretation of the variant to the ClinVar database [Accession: SCV001748998.1 (Submitted: Jul 09, 2021)]. A family history of kidney cancer at age of 52 in Patient B’s sister was discovered as well as lung cancer in patient B’s father (Supplementary Figure 1). No family history of malignancy was noted on Patient A’s father’s side of the family. We performed exome capture (IDT xGen Exome Research Panel v2.0 enhanced with the xGenCNV Backbone Panel and Cancer spike-in) and sequencing (NovaSeq6000) on tumor DNA and matched peripheral blood mononuclear cells from both mother and daughter (Supplementary Document 1). Analyses of these data supported the previous finding of germline BAP1 (p.Gln593*) mutation in both tumors. The second inactivating somatic mutation in BAP1 in Patient A’s tumor occurred through an 11-base pair frameshift mutation NM_004656.4:c.1092_1102del (p.His364GlnfsTer30) consistent with a loss of function BAP1 variant (Figures 4A, B). By contrast, Patient B’s tumor exhibited LOH across the entirety of chromosome 3 including the second BAP1 allele (Figures 4C, D). Patient A’s tumor had an additional 3 somatic coding mutations, and Patient B’s displayed an additional 18 somatic coding mutations (Supplementary Table 1). However, none of these mutations occurred in known cancer genes or in genes associated with meningioma (12) besides a missense somatic mutation in PIK3CA in the tumor of patient B. Mutations in PIK3CA have been previously associated with meningioma (16–18). This raises the possibility for genetic cooperation with BAP1-driven pathogenicity in tumor B, but this particular mutation has not been previously noted to be pathogenic.




Figure 4 | Biallelic inactivation of BAP1 by differing mechanisms. Aligned sequence data from Patient A show the pathogenic BAP1 variant is heterozygous in the germline (top track) and tumor (bottom track) (A); the second hit is a somatic frameshift mutation (B). In contrast, aligned sequence data from Patient B (C) show the germline variant approaching homozygosity in the tumor (D). VarScan tumor allele frequency plot for heterozygous germline variants on chromosome 3 of Patient B indicates chromosome-level LOH across chromosome 3.



At present, more than 7 years post- resection, Patient A has no clinical or radiographic evidence of newly recurrent or progressive disease. Nine months post-resection, Patient B displays no clinical or radiographic evidence of disease.



Discussion

We have highlighted the first account of a familial BAP1 inactivating mutation identified after multiple generations of a family presented with meningioma with rhabdoid features instead of presenting with previously described malignancies (4, 7–9, 19). BAP1 codes for the (BRCA)1-associated protein which is integral to many cellular pathways including DNA damage signaling and repair, and inactivating mutations of this tumor suppressor gene are oncogenic (4). Patients with germline mutations display a TPDS phenotype leading to early onset malignancy, most frequently melanoma, mesothelioma, and renal cell carcinoma (4, 6–9, 19). Prior case series have documented inherited germline mutations after patients presented with these cancers (7–9). One report identified a germline BAP1 truncating mutation, c.799 C>T (p.Gln267*), in a patient presenting with uveal melanoma leading to biallelic inactivation of BAP1 with associated loss of function in this patient’s tumor as well as in a lung adenocarcinoma and meningioma in 2 additional relatives (7). Another case series highlighted a family presenting with multiple mesotheliomas and melanocytic tumors found to have an inherited germline BAP1 mutation (c.1948T>A (p.Tyr646*); two of the family members developed meningiomas in addition to their mesotheliomas (8). A larger series documented several families presenting with melanoma and mesothelioma secondary to an inherited BAP1 (p.Asp404*) germline truncating mutation, and one case of papillary meningioma was identified by autopsy (9). These authors incidentally noted several cases of meningioma in patients with germline BAP1 mutations, but our case series is unique in identifying the presence of a familial BAP1 mutation directly through patient presentation with meningioma with rhabdoid features rather than mesothelioma, uveal melanoma, or cutaneous malignancy. One case of pediatric rhabdoid meningioma in a patient found to have a germline BAP1 mutation has been previously reported, but the mutation may have been sporadic as no cancers were reported in the patient’s siblings or parents’ generation, genetic testing was not conducted for any family members, and no other meningiomas were identified in this family (20).

A detailed family history was unremarkable for cancer other than rapidly fatal cases of kidney cancer in Patient B’s sister at the age of 52 and lung cancer in Patient B’s father at age 59. Patient B’s father had no known risk factors associated with lung cancer. Given the relatively young age at which these fatal cancers were diagnosed, it is plausible that one or both of these deceased family members carried an undiagnosed germline BAP1 mutation. Regardless, our case series provide further support for the need for referral for genetic testing for patients presenting with BAP1 mutated rhabdoid meningioma. A recent genetic analysis and literature review suggested germline testing for patients with 2 more or BAP1 TPDS associated tumors, a single tumor with unusually young age at presentation, or a family history (21). Due to the rarity of this condition, prospective experience is not available to guide screening guidelines for patients with a germline mutation. However, referral for annual dermatologic and ophthalmological screening should be considered due to retrospective data showing a high risk of uveal and cutaneous melanoma (6, 21). Even young family members should consider genetic testing as uveal and ocular melanomas may present as early as in the teenage years (6, 21). Screening renal ultrasound, MRI, or urinalysis for renal cell carcinoma could also be considered (21), as these patients are prone to renal cell carcinoma and BAP1 mutated renal tumors appear to grow at a faster rate than kidney cancers driven by other mutations such as in von Hippel-Lindau disease (19).

Recently, inactivating BAP1 mutations have been linked to significantly reduced time to recurrence in both Grade III rhabdoid and lower grade meningioma with rhabdoid features (26 months versus 116 months, p < 0.001, hazard ratio 12.89) (5, 6). Characteristic features of a Grade III rhabdoid meningioma include rhabdoid components in combination with malignant features such as high mitotic rate, brain invasion, necrosis, macronucleoli, sheet-like growth, or hypercellularity. These grade III meningiomas tend to behave with an aggressiveness consistent with their high grade. In contrast, outcomes for lower grade meningiomas with rhabdoid features are mixed (2, 3). Tumors receive this designation if either rhabdoid components are only focal or the previously noted aggressive features are lacking. Although some of these lower grade tumors are less aggressive (2, 3), an analysis by Shankar et al. noted that a subset with BAP1 inactivation recurred far earlier (5, 6). Despite not meeting the full criteria for Grade III rhabdoid meningioma, both patients’ meningioma with rhabdoid features in our study displayed biallelic BAP1 inactivation via an inherited germline BAP1 (p.Gln593*) mutation and biallelic inactivation by different somatic mechanisms. Neither tumor contained mutations in additional genes associated with meningioma (such as NF2 and AKT1) (6) or malignancy, strongly implicating BAP1 inactivation in disease pathogenesis. Patient A had a relatively aggressive disease course consistent with previously reported experiences in rhabdoid meningioma. Her BAP1 mutated meningioma recurred after roughly 6 years, or well before the median time to recurrence expected for a BAP1 wild type rhabdoid meningioma as reported by Shankar et al. (5). Although Patient B has no evidence of recurrence 9 months after resection, further follow up is needed. Meningiomas with rhabdoid histopathologic features appear to encompass a diverse genetic spectrum, and BAP1 function may be just as important, if not more so, than morphology. At this time, BAP1 inactivation is not routinely tested for in rhabdoid meningioma let alone meningioma with rhabdoid features (6). Thus, neither patient was screened for malignancies at the time of diagnosis with meningioma. Fortunately, neither patient has yet developed a cancer despite an 85-100% lifetime risk (6, 21). However, upfront tumor testing for BAP1 inactivation may have aided with prognostication and introduction of timely screening for melanoma and other malignancy.

Besides the relatively limited follow up for Patient B, additional limitations of this case series include that germline genetic testing for asymptomatic family members was not available, and surgical pathology was not accessible to pursue tumor sequencing for family members previously deceased secondary to malignancy. Regardless, we present the first report of a familial BAP1 inactivation TPDS identified after multiple generations of a family presented with meningioma with rhabdoid features instead of presenting with malignancies. Inactivating BAP1 mutations have been associated with inferior outcomes in rhabdoid meningioma and meningioma with rhabdoid features, and routine tumor testing for this mutation may aid prognostication in lower grade tumors with rhabdoid features. Because germline mutations produce a TPDS, genetic testing should be offered to patients found to have BAP1 inactivated tumors. Despite a lack prospective evidence to inform guidelines for screening for malignancy in this population, surveillance for ocular and cutaneous melanoma for patients carrying this germline mutation should be considered based upon elevated rates of disease in retrospective series. Given the paucity of available data to guide management of this rare condition, additional work is needed to determine the optimal diagnostic and management strategy for BAP1 mutated meningioma with rhabdoid features and develop consensus guidelines for screening patients with inactivating germline mutations for malignancy.
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Background

Cancer stem cells have been implicated in tumor relapse, tumor invasion, and cancer therapy resistance in high-grade gliomas; thus, characterizing cancer stem cell-related markers can help determine the prognosis of affected patients. Preclinical studies have reported that CD133 is implicated in tumor recurrence and cancer therapy resistance in high-grade gliomas; however, clinical studies have reported inconclusive results regarding its prognostic value in patients with high-grade gliomas.



Methods

We systematically searched the PubMed, Scopus, Web of Science, and Embase databases to obtain peer-reviewed studies published before March 10, 2021. Then, we conducted the current systematic review and meta-analysis based on the preferred reporting items for systematic reviews and meta-analyses (PRISMA) statements. By applying the random-effect model, the effect size of studies investigating the progression-free survival (PFS), time to local recurrence (TTL), and time to distant recurrence (TTD) were calculated using RevMan version 5.4. The heterogeneity between the included studies was studied by the I2 index and Cochran’s Q test. Egger test was performed on funnel plots to investigate the potential asymmetry and publication bias among the included studies using CMA version 2.



Results

With the 10% cut-off, CD133 protein overexpression is associated with the inferior PFS of patients with high-grade gliomas. Increased CD133 protein expression is associated with sooner distant tumor recurrence on MRI in glioblastoma patients and patients with high-grade gliomas and improved TTL on MRI in glioblastoma patients.



Conclusion

Based on the current evidence from 1086 patients with high-grade gliomas, CD133 overexpression is a valuable marker to predict tumor relapse and tumor recurrence patterns in patients with high-grade gliomas.





Keywords: CD133, high-grade gliomas, high-grade gliomas relapse, high-grade gliomas recurrence pattern, progression-free survival, time to local recurrence, time to distant recurrence, magnetic resonance imaging



Introduction

Gliomas are among the frequently diagnosed primary brain tumors; however, the prognosis of affected patients is not favorable. Indeed, tumor recurrence and cancer therapy resistance have posed daunting challenges for patients with high-grade gliomas (1). Therefore, a better understanding of the biology of high-grade gliomas might pave the way for introducing novel biomarkers that can predict the prognosis of affected patients.

Cancer stem cells are a small population of tumor bulk that has been introduced as the main culprit of tumor relapse. The stemness and self-renewal features of these tumoral cells can give rise to a malignant tumor after the initial therapy. Besides tumor development, cancer stem cells can facilitate tumor migration (2–4). These tumor-initiating cells have also been implicated in chemoresistance. Indeed, the overexpression of aldehyde dehydrogenase-I, stimulated DNA repair mechanisms, reduced chemotherapeutic agents influx, and increased their efflux are among the proposed mechanisms for cancer stem cells-mediated chemoresistance in high-grade gliomas (5). It has been reported that these cells can stimulate the Wnt/β-catenin pathway, leading to stemness, increased invasion, and proliferation in high-grade gliomas (6, 7). Wickström et al. have indicated that the stimulation of the Wnt/β-catenin pathway is highly associated with temozolomide resistance in glioblastoma via activating MGMT (8).

Preclinical findings have indicated that CD133 is overexpressed in cancer stem cells of high-grade gliomas. It has been shown that CD133 can activate the Wnt/β-catenin pathway, maintaining the cancer stem cell population in glioblastoma. Indeed, the expression level of Wnt/β-catenin-related signals in CD133-positive cancer stem cells has been substantially increased compared to differentiated CD133-negative glioblastoma cells (9). Growing evidence indicates that CD133 can increase proliferation, induce cancer therapy resistance, and maintain stemness in glioblastoma (10–13). Despite the critical roles of CD133 in tumor development, there is a controversy about the prognostic value of CD133 in predicting tumor relapse and its recurrence pattern in high-grade gliomas (14–17).

Herein, the current study aims to determine the prognostic value of CD133 in predicting tumor relapse and tumor recurrence patterns in patients with high-grade gliomas. The results of this current study can be translated into clinical practice to predict tumor recurrence and its patterns in patients with high-grade gliomas.



Methods

This study was performed according to the PRISMA statements (18).


Search Strategy

The PubMed, Scopus, Web of Science, and Embase databases were systematically searched to obtain peer-reviewed records published before March 10, 2021, with the following keywords: (“CD133” OR “prominin-1” OR “AC133” OR “AC133 antigen” OR “PROML1” OR “AC133 antigen” OR “prominin-like protein 1” OR “CORD12” OR “RP41” OR “MSTP061” OR “MCDR2” OR “STGD4” OR “prominin 1” OR “prominin (mouse)-like 1” OR “HProminin” OR “PROM1” OR “antigen AC133” OR “CD133 antigen”) and (“glioblastoma” OR “glioblastoma multiforme” OR “high-grade glioma” OR “high grade glioma” OR “anaplastic” OR “anaplastic astrocytoma” OR “astrocytoma” OR “grade III glioma” OR “grade IV glioma”) and (“local recurrence” OR “distant recurrence” OR “local relapse” OR “distant relapse” OR “local recurrent” OR “distant recurrent” OR “local-recurrence” OR “distant-recurrence” OR “local-relapse” OR “distant-relapse” OR “local-recurrent” OR “distant-recurrent” OR “LRFS” OR “local recurrence-free survival” OR “distant recurrence-free survival” OR “DRFS” OR “local recurrence free survival” OR “distant recurrence free survival” OR “local-recurrence-free survival” OR “distant-recurrence-free survival” OR “DRFS” OR “local-recurrence free survival” OR “distant-recurrence free survival” OR “relapse-free survival” OR “recurrence-free survival” OR “relapse free survival” OR “recurrence free survival” OR “RFS” OR “local relapse-free survival” OR “local relapse free survival” OR “local-relapse-free survival” OR “local-relapse free survival” OR “distant relapse free survival” OR “distant relapse-free survival” OR “distant-relapse-free survival” OR “distant-relapse free survival” OR “time to progression” OR “time-to-progression” OR “time to-progression” OR “time-to progression” OR “TTP” OR “progression-free survival” OR “PFS” OR “progression free survival” OR “disease free survival” OR “disease-free survival” OR “DFS” OR “distant recurrence-free interval” OR “distant recurrence free interval” OR “distant-recurrence free interval” OR “distant-recurrence-free interval” OR “recurrence-free interval” OR “recurrence free interval” OR “DDFS” OR “distant disease-free survival” OR “distant disease free survival” OR “distant-disease free survival” OR “distant-disease-free survival” OR “IDFS” OR “invasive disease-free survival” OR “invasive disease free survival” OR “invasive-disease free survival” OR “invasive-disease-free survival” OR “prognosis” OR “prognostic” OR “prognoses”). We incorporated the Emtree and MeSH terms to increase the sensitivity of our systematic search.



Definition of Recurrence Pattern Indices

To investigate the prognostic value of CD133 expression in determining relapse and recurrence patterns of high-grade gliomas, we investigated the association between the protein expression of CD133 with TTL, TTD, and PFS. Local recurrence is defined as a new enhanced lesion on MRI contiguous (< 3cm) the resection site, and distant recurrence is defined as a new enhanced lesion on MRI away (> 3cm) from the resection site (16, 17, 19).



Study Selection and Data Extraction

After the systematic search, the retrieved studies were screened in two phases. In the first phase, the obtained papers were independently reviewed by two authors (M.A.S and N.H) based on their titles and abstracts. In the second phase, the full text of the records and their supplementary data were independently reviewed by the same authors for consideration to be included in the current meta-analysis. Any disagreements were resolved via consulting with B.B and consensus.



The Inclusion and the Exclusion Criteria

Studies with the following eligibility criteria were included in the current meta-analysis: (1) clinical studies, (2) investigations with the objectives of studying the association between CD133 expression with the relapse and the recurrence pattern-related survival indices, i.e., TTL, TTD, and PFS, in patients with high-grade gliomas, (3) studies that investigated the protein expression of CD133 in high-grade gliomas, and (4) studies that were published in English.

Records with the following criteria were excluded from the meta-analysis: (1) studies that failed to fulfill the inclusion criteria as mentioned above, (2) studies that only investigated the mRNA expression of CD133, rather than protein expression of CD133, (3) investigations that did not provide the prognostic data regarding the CD133 expression, (4) meeting abstracts, (5) duplicated records, (6) book chapters, (7) preclinical studies, (8) review articles, and (9) studies that were solely based on bioinformatics.



Data Extraction

The following data were extracted from the included studies: (1) the first author and the year of publication, (2) the sample size, (3) the country, (4) the glioma grade, (5) the measured end-point, (6) the detection method, (7) cut-off for considering CD133 expression as high, and (8) the HR and the 95% confidence interval (CI) of measured PFS, TTD, and TTL.



Evaluating the Quality of Included Studies

We assessed the quality of the included studies to facilitate the translation of our obtained results into routine practice. The quality of included studies has been evaluated according to the Hayden et al. checklist (20).



Statistical Analysis

We used RevMan version 5.4 to conduct our meta-analyses. The common effect sizes were calculated as HR to assess the association between the protein expression of CD133 with the relapse and the recurrence pattern of high-grade gliomas in affected patients. Since there might be unpublished investigations regarding this topic, we applied the random-effect model. Like our previous investigation, the standard chi-squared test (Cochran Q test) and I2 index were used to assess the possible heterogeneity among the included studies (21). The values over 50% for the I2 index were considered as high heterogeneity. To visualize the potential asymmetry and publication bias, we provided funnel plots using CMA version 2. Besides, we performed the Egger test to evaluate the potential publication bias in an objective manner.




Results


The Results of the Systematic Review

We obtained 992 records from PubMed (n=179), and Web of Science (n=201), Embase (n=286), and Scopus (n=326). After removing duplicated studies, the title and the abstracts of the remaining studies were screened. In the second phase, the full text of the remaining 36 studies and their supplementary data were reviewed for consideration to be included in the current meta-analysis. Following the exclusion of the 24 studies, we extracted the data from the remaining 12 studies. The flowchart of our systematic review process is demonstrated in Figure 1. The characteristics of the included studies are shown in Table 1.




Figure 1 | The flowchart of literature identification, inclusion, and exclusion in the current systematic review.




Table 1 | The characteristics of the twelve included studies.



The included studies have been published between 2008 to 2020. The included studies concerning the PFS of affected patients have applied different cut-offs for considering protein CD133 expression as high. However, the studies investigating CD133 protein expression with TTL and TTD have applied a unified method and cut-off (Table 1).



The Protein Expression of CD133 and PFS of Patients With High-Grade Gliomas

Our results have indicated that increased protein expression of CD133 is significantly associated with the inferior PFS of patients with high-grade gliomas (HR = 1.72, 95% CI: 1.22 – 2.42, P = 0.002). Our results have also indicated a high and significant heterogeneity between the included studies (I2 = 65%, P = 0.003) (Figure 2). Therefore, the meta-analyses of the included studies based on CD133 protein overexpression cut-offs have been conducted to address the high and significant heterogeneity.




Figure 2 | The forest plot of studies evaluating the prognostic value of CD133 overexpression in determining the PFS of patients with high-grade gliomas; Rikke H Dahlrot (IV) pertains to the Dahlrot et al.’s study on patients with grade IV gliomas, and Rikke H Dahlrot pertains to the Dahlrot et al.’s study on patients with grade III gliomas.




The Protein Expression of CD133 and PFS of Patients With High-Grade Gliomas With 2% Cut-Off

Our results have demonstrated that the protein overexpression of CD133 with 2% cut-off is not significantly associated with the inferior PFS of patients with high-grade gliomas (HR = 1.25, 95% CI: 0.75 – 2.10, P = 0.39). Our results have also indicated no significant heterogeneity between the included studies (I2 = 47%, P = 0.15) (Figure 3).




Figure 3 | The forest plot of studies evaluating the prognostic value of CD133 overexpression in determining the PFS of patients with high-grade gliomas (with 2% cut-off); Rikke H Dahlrot (IV) pertains to the Dahlrot et al.’s study on patients with grade IV gliomas, and Rikke H Dahlrot pertains to the Dahlrot et al.’s study on patients with grade III gliomas.





The Protein Expression of CD133 and PFS of Patients With High-Grade Gliomas With 10% Cut-Off

Our results have demonstrated that the protein overexpression of CD133 with 10% cut-off is significantly associated with the inferior PFS of patients with high-grade gliomas (HR = 1.82, 95% CI: 1.10 – 3.01, P = 0.02). Besides, our results have shown no significant heterogeneity between the included studies (I2 = 15%, P = 0.31) (Figure 4).




Figure 4 | The forest plot of studies evaluating the prognostic value of CD133 overexpression in determining the PFS of patients with high-grade gliomas (with 10% cut-off).





The Protein Expression of CD133 and PFS of Patients With High-Grade Gliomas With 50% Cut-Off

Our study has shown that the protein overexpression of CD133 with 50% cut-off is not significantly associated with the inferior PFS of patients with high-grade gliomas (HR = 1.37, 95% CI: 0.86 – 2.18, P = 0.19). Our results have also shown no significant heterogeneity between the included studies (I2 = 0%, P = 0.52) (Figure 5).




Figure 5 | The forest plot of studies evaluating the prognostic value of CD133 overexpression in determining the PFS of patients with high-grade gliomas (with 50% cut-off).






The Protein Expression of CD133 and TTD of Glioblastoma Patients

The current study has shown that increased protein expression of CD133 is significantly associated with sooner distant recurrence of gliomas in glioblastoma patients (HR = 3.32, 95% CI: 1.81 – 6.07, P = 0.0001). Besides, we have found no significant heterogeneity between the included studies (I2 = 0%, P = 0.73) (Figure 6).




Figure 6 | The forest plot of studies evaluating the prognostic value of CD133 in determining the TTD of glioblastoma patients.





The Protein Expression of CD133 and TTD of Patients With High-Grade Gliomas

Our results have demonstrated that increased protein expression of CD133 is significantly associated with a shorter time of distant tumor recurrence in patients with high-grade gliomas (HR = 2.49, 95% CI: 1.25 – 4.95, P = 0.009). Besides, we have found no significant heterogeneity between the included studies (I2 = 33%, P = 0.22) (Figure 7).




Figure 7 | The forest plot of studies evaluating the prognostic value of CD133 in determining the TTD of patients with high-grade gliomas.





The Protein Expression of CD133 and TTL of Glioblastoma Patients

The current meta-analysis has indicated that elevated protein expression of CD133 is significantly associated with improved TTL in glioblastoma patients (HR = 0.47, 95% CI: 0.33 – 0.68, P < 0.0001). Besides, we have found no significant heterogeneity between the included studies (I2 = 0%, P = 0.66) (Figure 8).




Figure 8 | The forest plot of studies evaluating the prognostic value of CD133 in determining the TTL of glioblastoma patients.





The Protein Expression of CD133 and TTL of Patients With High-Grade Gliomas

Our results have shown that increased protein expression of CD133 is significantly associated with favorable TTL in patients with high-grade gliomas (HR = 0.57, 95% CI: 0.34 – 0.94, P = 0.03). Besides, we have found no significant heterogeneity between the included studies (I2 = 45%, P = 0.16) (Figure 9).




Figure 9 | The forest plot of studies evaluating the prognostic value of CD133 in determining the TTL of patients with high-grade gliomas.





The Evaluation of Potential Bias in the Included Studies

We assessed the quality of included studies based on the Hayden et al. statements. Three studies have shown bias in the confounding measurement and account; however, collectively, there has been no considerable bias that can affect the obtained results (Table 2).


Table 2 | The quality assessment of included studies based on the Hayden et al. checklists.





Evaluating Potential Publication Bias

Based on our results, there has been no significant publication bias in our obtained results regarding the prognostic value of CD133 overexpression in patients with high-grade gliomas, the prognostic value of CD133 overexpression in patients with high-grade gliomas with 2% cut-off, the prognostic value of CD133 overexpression in patients with high-grade gliomas with 10% cut-off, and the TTD of patients with high-grade gliomas (Figures 1S–4S). However, our results have demonstrated significant publication bias in the studies evaluating the TTL of patients with high-grade gliomas (Figure 5S).




Discussion

Although multiple clinical studies have investigated the prognostic value of CD133 in predictive tumor relapse and recurrence patterns in patients with high-grade gliomas, the published results are inconclusive. Therefore, it is necessary to clarify its prognostic value in predicting tumor relapse and recurrence patterns in patients with high-grade gliomas.

As a transmembrane glycoprotein, CD133 has been implicated in glioblastoma growth (11). In 2004, Singh et al. reported that only brain tumor cells with CD133-positive phenotype could initiate tumor development in mice brains (29). Liu et al. have indicated that CD133-positive glioblastoma cells overexpress the genes involved in inhibiting apoptosis and promoting stemness, i.e., Nestin, CD90, CD44, MGMT, CXCR4, and Musashi-1 (30). Furthermore, CD133 can confer radioresistance to glioblastoma cells and promote radiation-induced DNA damage repair (12). Besides radioresistance, CD133 upregulation has been associated with chemoresistance. Poon et al. have shown that there has been a strong association between adducin 3, a cytoskeletal factor linked with chemoresistance, with CD133. Indeed, this co-expression has been highly associated with a temozolomide-resistant state in glioblastoma cells (31). Consistent with this, Nakai et al. have reported a remarkable association between CD133 and MDR1 in glioblastoma cells and resected glioblastoma tissues, indicating the critical role of CD133 in maintaining chemoresistance (32). Therefore, CD133 can be considered a critical factor in chemo/radioresistance development in glioblastoma, which can reproduce glioma after initial therapy.

Our results have indicated that increased protein expression of CD133 is significantly associated with the inferior PFS of patients with high-grade gliomas (HR = 1.72, 95% CI: 1.22 – 2.42, P = 0.002). However, the high heterogeneity between studies has urged us to conduct meta-analyses based on the cut-offs of CD133 protein expression (I2 = 65%, P = 0.003) (Figure 2). Our results have demonstrated that with the threshold of 10%, CD133 protein overexpression is significantly associated with the inferior PFS of affected patients (HR = 1.82, 95% CI: 1.10 – 3.01, P = 0.02). Consistent with our observed results, Wang et al. have also indicated that protein/gene overexpression of CD133 is associated with the inferior PFS of patients with low-grade patients (33). Although it has been previously shown that CD133 overexpression is associated with worsened PFS of glioma patients, those results are based on pooling the protein and gene expression of CD133, which can be misleading (33). Besides, pooling data from low-grade gliomas and high-grade gliomas can also lead to misleading results (34). Moreover, without defining the cut-off for considering CD133 expression as overexpressed, the clinical translation of these kinds of studies might be at stake. In contrast, with including recently published studies and analyzing the protein expression of CD133 based on glioma grades and their defined cut-offs, the current updated study indicates that CD133 overexpression with 10% cut-off is associated with the inferior PFS in patients with high-grade gliomas.

For the first time, our meta-analysis has shown that increased protein expression of CD133 is associated with the inferior TTD of patients with glioblastoma and high-grade glioma patients (HR = 3.32, 95% CI: 1.81 – 6.07, P = 0.0001, and HR = 1.64, 95% CI: 1.18 – 2.29, P = 0.003, respectively). Indeed, our results have indicated that upregulated protein expression of CD133 is associated with sooner distant tumor relapse in glioblastoma and high-grade glioma patients. Besides, our results have demonstrated that increased protein expression of CD133 is associated with the improved TTL of glioblastoma patients (HR = 0.47, 95% CI: 0.33 – 0.68, P < 0.0001). Although our study has also indicated that elevated protein expression of CD133 is associated with favorable TTL of patients with high-grade gliomas (HR = 0.57, 95% CI: 0.35 – 0.94, P = 0.03), there has been significant publication bias among the included studies (Figure 5S). Thus, further investigations are required for evaluating the association between increased CD133 protein expression with the TTL of these patients. Collectively, our results have indicated that increased protein expression of CD133 is associated with sooner distant recurrence of glioblastoma and high-grade gliomas on MRI. Also, increased protein expression of CD133 is associated with improved TTL of glioblastomas on MRI. Therefore, the protein expression of CD133 can be a valuable prognostic factor for predicting the recurrence patterns of glioblastoma and high-grade gliomas in affected patients.

The current study has several limitations. First, we only included the studies that were published in English. Its second limitation stems from the nature of cohort studies that, unlike randomized clinical trials, all the confounding variables cannot be addressed. Nevertheless, the current study has several strengths as well. First, for the first time, our study has sorted out the prognostic value of protein expression of CD133, as the functional form of CD133, in predicting the relapse and recurrence pattern of high-grade gliomas based on defined cut-offs. Second, our study has linked a cancer stem cell marker and preclinical findings with clinical and imaging findings, which pave the way for more investigations to correlate the cancer stem markers with imaging findings.



Conclusion

With a 10% cut-off, increased protein expression of CD133 is associated with the inferior PFS of patients with high-grade gliomas. Besides, the increased protein expression of CD133 is associated with sooner distant tumor recurrence and improved TTL of glioblastomas. Also, we have found that elevated protein expression of CD133 is associated with a shorter time of distant tumor recurrence in affected patients with high-grade gliomas. Overall, the protein overexpression of CD133 can be a valuable prognostic biomarker for predicting the relapse and recurrence pattern of high-grade gliomas.
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The tumor microenvironment (TME) contributes to the initiation and progression of many neoplasms. However, the impact of low-grade glioma (LGG) purity on carcinogenesis remains to be elucidated. We selected 509 LGG patients with available genomic and clinical information from the TCGA database. The percentage of tumor infiltrating immune cells and the tumor purity of LGG were evaluated using the ESTIMATE and CIBERSORT algorithms. Stromal-related genes were screened through Cox regression, and protein-protein interaction analyses and survival-related genes were selected in 487 LGG patients from GEO database. Hub genes involved in LGG purity were then identified and functionally annotated using bioinformatics analyses. Prognostic implications were validated in 100 patients from an Asian real-world cohort. Elevated tumor purity burden, immune scores, and stromal scores were significantly associated with poor outcomes and increased grade in LGG patients from the TCGA cohort. In addition, CD3E was selected with the most significant prognostic value (Hazard Ratio=1.552, P<0.001). Differentially expressed genes screened according to CD3E expression were mainly involved in stromal related activities. Additionally, significantly increased CD3E expression was found in 100 LGG samples from the validation cohort compared with adjacent normal brain tissues. High CD3E expression could serve as an independent prognostic indicator for survival of LGG patients and promotes malignant cellular biological behaviors of LGG. In conclusion, tumor purity has a considerable impact on the clinical, genomic, and biological status of LGG. CD3E, the gene for novel membrane immune biomarker deeply affecting tumor purity, may help to evaluate the prognosis and develop individual immunotherapy strategies for LGG patients. Evaluating the ratio of differential tumor purity and CD3E expression levels may provide novel insights into the complex structure of the LGG microenvironment and targeted drug development.




Keywords: tumor microenvironment, tumor purity, CD3E, low-grade glioma, prognosis, immune infiltrations



Background

The treatment and prognosis of glioma are relatively limited because the understanding of immune gene regulation and carcinogenesis is incomplete (1, 2). In the United States, the annual incidence of pediatric low-grade glioma (LGG) is 1.3-2.1 cases per 100,000 people, while adult LGG is more common with an estimated 9.1-12.5 cases per 100,000 people (3, 4). Glioblastoma multiforme (Grade IV) is the second most common primary intracranial tumor, and the most common malignant tumor of the central nervous system. GBM accounts for 15.4% of all primary brain tumors and 45.6% of primary malignant brain tumors. Grade I gliomas are essentially benign and respectable (5). A large number of clinical studies have found that the survival rate of LGG patients is low, and many patients have a sharp decline in survival time from tumor deterioration in the later stage (6). The high recurrence and malignancy rates of LGG are detrimental to patients (7, 8). Investigating approaches to maintain the quality of life of LGG patients while prolonging their overall survival (OS) has become a common focus for clinicians and researchers (9–12).

The rapid development of modern bioinformatics and phenotyping has provided great convenience to our research (13–15). Recent work has suggested that the tumor microenvironment (TME) can facilitate the development of tumors (16, 17). The interactions between cancer cells, stromal cells, and recruited immune cells promote the invasion and metastasis of a variety of cancers, as well as cell proliferation, anti-apoptosis signals, and evasion of immune surveillance. This significantly impacts the treatment and prognosis of cancer patients (18, 19). The TME is mainly composed of resident stromal cells and recruited immune cells (20), which affect tumor blood vessel growth and tumor proliferation, respectively. Additionally, tumor-infiltrating immune cells (TICs) in the TME can be used to determine patient prognosis (21), and the related immune genes have an impact on cancer patient survival (22, 23). This correlation has led to improvements in immune-based treatment methods to create immune checkpoint inhibitors and identify prognostic biomarkers for tumor patients (24–26). These studies suggest that the various immune responses of the LGG TME may change the purity of the tumor, thereby affecting the invasive and metastatic abilities of LGG. There is a reported strong connection between LGG and the TME. The higher the stromal and immune scores of LGG display, the lower the purity and higher the aggressiveness of the tumor show. Low glioma purity shows a strong immunophenotype and suggests a poor prognosis (27). Thus, clinicians and basic science researchers are required to identify tumor purities that accurately reflect the LGG heterogeneity and complex role of the microenvironment, which may also help to discover novel biomarkers of LGG.

We selected 509 LGG patients from The Cancer Genome Atlas (TCGA) dataset and calculated the percentage of TICs and tumor purity of each LGG tumor through ESTIMATE and CIBERSORT calculation methods. We also calculated the ratio of immune and matrix components and selected the inter-sample screening in the Gene Expression Omnibus (GEO). LGG genes associated with prognosis were identified and the predictive biomarker CD3E was found. The T cell antigen receptor epsilon subunit (CD3E) gene is located on chromosome 11q23.3, composed of nine exons, and is associated with autosomal recessive hereditary early-onset immunodeficiency 18 phenotype, which is a severe combined immunodeficiency variant (27). Moreover, CD3E is overexpressed in certain solid tumors and is associated with immunity (28, 29). Among the differentially expressed genes (DEGs) produced by comparing immunological and matrix components in LGG samples, we determined that CD3E is a potential indicator of TME status changes in LGG. This gene may affect the tumor microenvironment of LGG by regulating T cells, which may be completely different from the tumor microenvironment of other organs outside the skull. The higher the expression of CD3E is, the worse the prognosis of LGG patients is.



Methods


Data Collection

This study included 509 patients from TCGA (30) database and 487 patients from GEO (30, 31) databases (three datasets, GSE107850 on GPL14951, GSE26576 on GPL6801 and GPL570, GSE20395 on GPL9183, were selected as the second testing cohort for further analysis) two independent testing cohorts. To further improve the clinical value of the study, a total of 100 LGG patients, who underwent surgery in Affiliated Hospital of YouJiang Medical University for Nationalities (AHYMUN, Baise, China) from June 2014 to July 2019, were enrolled in this study. Clinical data of LGG patients that may affect the OS and disease-free survival (DFS) were collected, including age, gender, epilepsy history, capsular invasion Karnofsky score and tumor envelope infiltration.

LGG patients with available RNA sequencing data from the Cancer Genome Atlas (TCGA) database (https://tcga-data.nci.nih.gov/tcga/) were consecutively recruited for the analyses from UCSC Xena (http://xena.ucsc.edu/). UCSC Xena is an online exploration tool for public and private, multi-omic and clinical/phenotype data, and provided level 3 data from TCGA databases. The gene expression profile was measured experimentally using the Illumina HiSeq 2000 RNA Sequencing platform by the University of North Carolina TCGA genome characterization center.



Tumor Purity Calculation

R software (32) (version 4.0.0) was used to estimate the proportion of TME immune cells and stromal cells in each LGG sample. We use the ssGSEA algorithm to calculate ImmuneScore, StromalScore and ESTIMATEScore (33, 34). The CIBERSORT algorithm is used to calculate the proportion of immune cells in LGG (35).



Totally 1,068 LGG Patients Included From Online Public and Real-World Cohorts

This study included 509 patients from TCGA database and 487 patients from GEO database (GSE107850, GSE60898, GSE26576) as two independent testing cohorts. To further improve the clinical value of the study, a total of 100 LGG patients, who underwent surgery in Affiliated Hospital of YouJiang Medical University for Nationalities (AHYMUN) from June 2014 to July 2019, were enrolled in this study. Clinical data of LGG patients that may affect the OS and disease-free survival (DFS) were collected, including age, gender, epilepsy history, capsular invasion Karnofsky score and tumor envelope infiltration. Tissue samples were collected during surgery and available from AHYMUN tissue bank. IHC staining of CD3E was performed using a mouse monoclonal anti-CD3E antibody (1:800, ab16669, Abcam, USA) in 100 LGG samples. Positive or negative staining of CD3E protein in a FFPE slide was independently evaluated as previously described (36).



Screening for Differential Expressed Genes

Using “LIMMA” (37) in R software, standardize the data and perform differential expression analysis. Put the relevant code into R, and analyze the DEGs in LGG samples and normal brain tissue samples through the limma software package. P value < 0.05 and Log2FC > 1 was set as the threshold for identifying Clinical-related DEGs.



Screening for Immune and Stromal Related DEGs

According to the median of the Immune score and the Stromal score, we grouped high and low samples, so as to screen out the TME related genes that highly involved in heterogeneity of tumor immune environment. The 509 LGG samples in the TCGA database were marked as high or low. Use package limma to conduct differential analysis of gene expression, and generate Stromal related DEGs by comparing high and low score samples. Stromal related DEGs (high/low score group) and false discovery rate < 0.05 with a fold change greater than 1 after log2 conversion were considered significant. We calculated the TIC value in all LGG data by the CIBERSORT method, and the samples with P < 0.05 can be further analyzed.



Functional Enrichment Analysis

The protein-protein interaction (PPI) network is constructed from the STRING (38) database. All gene interaction networks were drawn by Cytoscape (version 3.8.0.) (39). We performed gene ontology (GO) enrichment analysis of DEGs through R software, and determined the biological processes (BPs), cell components (CCs) and molecular functions (MFs) of each gene (40). We also performed Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis to show enrichment for related genes (41). We use GSEA software (vision 4.0.3) to analyze the entire transcriptome of all tumor samples (42), and only genomes with p<0.05 are considered important.



Immunohistochemistry

Immunohistochemistry streptavidin peroxidase method was used to detect the expression of CD3E in tumor, immune and stromal cells from LGG and adjacent normal tissues (43). Immunostaining of CD3E was performed using a rabbit monoclonal anti-CD3E antibody (1:1000, ab237721, Abcam). Positive or negative staining of a certain protein in one FFPE slide was independently assessed by two experienced clinicians, and determined as follows. The LGG samples were scored according to the degree of cell staining intensity and density. Intensity score: 0, cytoplasmic yellow particles; 1, light brown particles; 2, obvious brown particles; 3, a large number of dark brown particles. Density score (according to the percentage of positive cells): 0, 0%, 1, <10%, 2.11%-50%, 3, 51-80%, 4, 80%. The final IHC score is calculated by multiplying the two scores.



Single-Cell Datasets Processing and Collection

Tumor Immune Single-cell Hub (TISCH, http://tisch.comp-genomics.org/home/) is used to screen for scRNA-seq datasets with detailed cell-type annotation at the single-cell level focusing on tumor microenvironment across different cancers. GSE131928 10X (n = 9, number of cells = 13,553), GSE131928 Smartseq2 (n = 28, number of cells = 7,930), GSE135437 (n = 19, number of cells = 12,559), GSE139448 (n = 3, number of cells = 12,152), GSE141982 (n = 2. Number of cells = 526) and GSE148842 (n = 7, number of cells = 111,397) were enrolled with correlation analysis between CD3E expression and abundance of immune cells infiltrations.



Cells and Plasmids

Two human glioma cell lines (N9, N33) were cultured in Dulbecco’s modified Eagle medium: nutrient mixture F-12 (DMEM: F12, 01-172-1ACS, Biological Industries) and 10% fetal bovine serum (FBS), 04-001-1A, Bioindustry). CD3E siRNA duplexes were transfected using Lipofectamine 3000 reagent (Invitrogen, USA) according to the manufacturer’s protocol. Cells were used for further analyses after transfection for 48 h. The sequences of siRNA duplexes are listed below: siRNA1#: 5’-UUCUUCAUUACCAUCUUGCCC-3’, siRNA2#: 5’-UAAUACCACCCAUUUCUUCAU-3’.



Western Blot

After the specified treatment, the cells were harvested and lysed in RIPA buffer and quantified by the bicinchoninic acid assay kit (Pierce, USA). The total protein was separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) under denaturing conditions and transferred to a nitrocellulose filter (NC) membrane. The membrane was incubated with blocking buffer for 2 hours at room temperature and then with the primary antibody anti-CD3E (1:1000, ab237721, Abcam) overnight at 4°C. Then, the protein was visualized using ECL plus western blotting detection reagents (Biosciences) and detected with an enhanced chemiluminescence kit.



Cell Counting Kit‐8 Assay

100 microliters of N9 and N33 cell suspension (5 × 104) were added to each well of a 96-well plate, with triple wells in each group. The culture plate was placed in the incubator for pre-culture for 24 hours until the cells stick to the culture dish. Then, we add different concentrations of culture medium to the wells for 24 hours, and add normal and high-sugar medium to the culture plate. After 24 hours, 10 μl CCK-8 solution (#CK04; Dojindo, Japan) was added to each well, and then incubate for 2 hours.



Transwell Assay

Cell invasion ability was assessed using the Transwell chamber (BD Biosciences). A total of 2 × 105 cells were plated on top of a polycarbonate Transwell filter with 200 mL serum-free medium. The lower compartment is filled with 500 mL of complete medium (1640 + 10% fetal bovine serum). After 24 hours, cells in the upper chamber were removed with cotton swabs, and cells on the underside were fixed with 4% paraformaldehyde for 10 minutes at room temperature. After been washed and air drying, stained cells in four randomly selected fields were photographed and counted under a light microscope (Olympus, Tokyo, Japan).



Statistical Analysis

In this study, R (Version 3.3.2) and RStudio (Version 1.2) were utilized to perform most data analyses, including Cox regression analyses (44), Kaplan-Meier plots (45), risk plots, PPI network and functional annotations. All tests were two-sided and p-value less than 0.05 were taken as significant. The scatter plot was used to represent the differential expression of CD3E in normal and LGG tissues. The primary endpoint, the overall survival of patients who survived specific period of time, which was determined based on the length of time from the date of surgery to the date of death or the date of the last follow-up. Disease-free survival as a secondary endpoint refers to the length of time from the start of curative treatment for which no disease can be found to the date of progression to the date of starting second-line treatment or starting treatment.




Results

As shown in Figure 1, this work was conducted in three stages. To estimate the proportion of TICs and tumor purity in LGG samples, transcriptome RNA-seq data from 516 patients were downloaded from TCGA, after which ESTIMATE and CIBERSORT algorithms were performed. DEGs shared by ImmuneScore and StromalScore were used to construct a PPI network. Significant hub genes in the PPI network were evaluated using univariate Cox regression cross-analysis. Additionally, we selected a qualified dataset from the GEO database and conducted a differential analysis to obtain clinical-related DEGs. Then, any associations between the DEGs and LGG patient survival rates were evaluated and screened. Next, CD3E was identified and validated as the most relevant gene after combining the two datasets of DEGs. Further studies focused on the impact of CD3E on survival, GSEA, and correlation with TICs. Functional annotations of neighboring genes and clinical validation of CD3E were performed. Finally, we entered the research conclusions in our own AHYMUN center for clinical cohort study.




Figure 1 | Flowchart of this study. TCGA, the Cancer Genome Atlas; GEO, Gene Expression Omnibus; LGG, low-grade glioma.




TME-Related Scores Are Related to Survival of LGG Patients

To confirm whether the proportion of cells in the TME and tumor purity can affect the survival time of LGG patients, we calculated ImmuneScore, StromalScore, and ESTIMATEScore and generated a Kaplan-Meier survival curve. The Score was positively associated to the higher the proportion of the corresponding component in the TME. The sum of ImmuneScore and StromalScore is ESTIMATEScore, which also reflects tumor purity. Figure 2 shows how the TME scores are related to overall survival. ImmuneScore (P = 0.003), StromalScore (P < 0.001), and ESTIMATEScore (P = 0.006) values were positively correlated with OS. These results indicate that the prognosis of LGG patients can be inferred based on the estimated matrix score and help to develop a personalized treatment plan.




Figure 2 | Correlation of scores with the survival of patients with LGG. (A) Kaplan-Meier survival analysis for LGG patients grouped into high or low score in ImmuneScore determined by the comparison with the median, P = 0.003. (B) Kaplan–Meier survival curve for StromalScore, p < 0.001. (C) Survival analysis with Kaplan–Meier method for LGG patients grouped by ESTIMATEScore, P = 0.006.





TME-Related Scores Are Related to the Clinical Features of LGG Patients

We combined the corresponding clinical information of TCGA LGG patients with the above calculated scores to determine whether the LGG TME and tumor purity are related to the patient’s clinical characteristics. ImmuneScore positively correlated with high grade LGG (Figures 3A–C, P < 0.001), StromalScore also positively correlated with high grade LGG (Figures 3D–F, P < 0.001), and ESTIMATEScore accompanied with high grade LGG (Figures 3G–I, P < 0.001). These results indicate that tumor purity and the ESTIMATE scores in the TME are related to the deterioration of LGG. The higher the ESTIMATE scores in the TME, the lower the purity of the tumor and the worse the prognosis of LGG patients.




Figure 3 | Correlation of ImmuneScore and StromalScore with clinicopathological staging characteristics. (A, D, G) Distribution of ImmuneScore, StromalScore, and ESTIMATEScore in age. P = 0.6, 0.067, and 0.32. (B, E, H) Distribution of three kinds of scores in gender. P = 0.31, 0.28, 0.28. (C, F, I) Distribution of scores in grade. P < 0.001.





Enrichment Analyses of Stromal Related DEGs

To determine the exact changes in the genetic profiles of immune and matrix components in the TME, we used the two packages “limma” (46) and “pheatmap” (47, 48) for analysis, we set the filter conditions to “fdrFilter = 0.05, logFCfilter = 1.5”, by reading the expression input file, deleting the normal sample, reading the score file, according to the score The median value groups the samples, performs difference analysis, and outputs the differences of all genes, and then screens out genes that affect survival. We compared high- and low-scoring samples based on the median value (Figure 4). We obtained 518 DEGs from StromalScore, which contained 461 upregulated genes and 57 downregulated genes (Figure 4A). We also obtained 297 DEGs through ImmuneScore, with 201 upregulated genes and 96 downregulated genes (Figure 4B). Through a Venn diagram, we determined that 199 upregulated genes with high scores and 19 downregulated genes with low scores were contained in both ImmuneScore and StromalScore (Figures 5A, B). These 223 stromal related DEGs may play a decisive role in the LGG TME. Through GO enrichment and KEGG analyses, we found that the biological functions of these genes are mainly related to immunity (Figures 5C, D).




Figure 4 | Heatmaps, Venn plots for DEGs. (A) Heatmap for DEGs generated by comparison of the high score group vs. the low score group in ImmuneScore. Row name of heatmap is the gene name, and column name is the ID of samples which not shown in plot. Differentially expressed genes were determined by Wilcoxon rank sum test with q = 0.05 and fold-change > 1 after log2 transformation as the significance threshold. (B) Heatmap for DEGs in StromalScore, similar with (A).






Figure 5 | Up-regulated and down-regulated and enrichment analysis of GO and KEGG. (A, B) Venn plots showing common up-regulated and down-regulated DEGs shared by ImmuneScore and StromalScore. (C, D) GO and KEGG enrichment analysis for DEGs.





Identification of Key Stromal Related Genes

To further study the underlying mechanisms of the abovementioned genes and determine which were most crucial, we generated a PPI network diagram through String. The interactions between the genes are shown in Figure 6A. We selected the top 30 genes ranked by the number of nodes and plotted them as a bar graph (Figure 6B). We performed univariate Cox regression analysis on stromal related DEGs and LGG patient survival to determine which genes are most high risk for LGG patients and which are low risk (Figure 6C). Finally, we combined the main nodes in the PPI diagram and the top 75 genes ranked by P value to analyze them, and obtained 30 intersecting genes. (Figure 6D). These genes are significantly related to the prognosis of LGG.




Figure 6 | Protein–protein interaction network and univariate COX. (A) Interaction network constructed with String. (B) The top 30 genes ordered by the number of nodes. (C) Univariate COX regression analysis with DEGs was done, listing the top significant factors with P < 0.001. (D) Venn plot showing the common factors shared by nodes in PPI and top significant factors in univariate COX. (E) Venn plot showing the common factors shared by nodes in Stromal related DEGs and Clinical-related DEGs. (F) Interaction network constructed with 7 genes. (G) GO and KEGG pathway analyses on 7 genes.





Filtering Clinical-Related DEGs to Identify a Target Gene

We used the R language package “limma” (46) to screen the genes that affect survival in three GEO sets (GSE107850, GSE60898, GSE26576). We screened 114 clinical-related DEGs (P < 0.001) that were significantly related to survival from a group of 13,299 genes and compared them with the previous stromal related DEGs to obtain seven genes: CD3E, TLR2, CCR5, CXCL9, CXCL10, FCGR2A, and ITGAL (Figure 6E). We mapped the PPI network for these seven genes (Figure 6F). 78.89% of terms were in co-expression (lavender line), 7.65% of terms were shared protein domains (yellow line), 7.11% of terms were in co-localization (deep blue line), and 7.11% of terms were predicted (khaki line). We also performed GO and KEGG pathway analyses on these seven genes, finding that the genes were related to immune diseases and the inflammatory response (Figure 6G).

Next, in order to reduce system bias and select multiple cohorts with large samples to increase the rigor of the research, we also screened the clinically relevant genes in the GEO database. We selected a suitable data set from the GEO database for clinical analysis (GSE107850, GSE60898, GSE26576), comparing it with the immune-related genes, based on the hazard ratio (HR) value of each gene and the survival-related P value, we targeted CD3E for further study.

We divided the dataset into high and low expression groups according to the median CD3E expression value and screened using “log fold change = 0.5, and P < 0.05”. A total of 114 related differential genes were obtained. The 15 genes with the most significant up-regulation and the 11 genes with the most significant down-regulation were selected for further analysis (Table S1), which were visualized with a volcano map (Figure 7A) and heat map (Figure 7B).




Figure 7 | Correlation Analyses of Clinical-Related DEGs (A) The volcano map of Clinical-Related DEGs. (B) The heat map of Clinical-Related DEGs. (C) PPI of Clinical-Related DEGs. co-expression (lavender line), co-localization (deep blue line). (D) The enrichments of biological processes of DEGs. (E) The enrichments of cellular components of DEGs. (F) The enrichments of molecular functions of DEGs. (G) The enrichments in KEGG pathway of DEGs. (H) The 20 most significantly up-regulated genes and the 20 most significantly down-regulated genes with CD3E. Red color was for positive correlation, and green color represented a negative correlation. The deeper the color indicated the greater the relevance.





Correlation Analyses of Clinical-Related DEGs and Functional Enrichment Analysis of CD3E in LGG

As illustrated in Figure 7C, gene-gene interactions between clinical-related DEGs were analyzed. 95.20% of terms were in co-expression (lavender line) and 4.80% terms were in co-localization (deep blue line). We then conducted a biological function enrichment analysis of clinical-related DEGs. The results showed that enrichments of biological processes included positive regulation of voltage-gated potassium channel activity, positive regulation of potassium ion transmembrane transporter activity, and regulation of pri-miRNA transcription by RNA polymerase II (pol II) (Figure 7D); enrichments of cellular components included ion glutamatergic synapse, apical plasma membrane, and apical part of cell (Figure 7E); enrichments of molecular functions included oxidoreductase activity, calmodulin binding, and copper ion binding (Figure 7F). Enrichments in KEGG pathway analysis were glioma, tyrosine metabolism, and citrate cycle (Figure 7G).

We correlated the 20 most significantly up-regulated genes and the 20 most significantly down-regulated genes with CD3E. As shown in Figure 7H, red represents a positive correlation and green represents a negative correlation. The deeper of the color indicated the greater the relevance. CD3E was positively correlated with LILRB4, UPK1A, and REM1, and negatively correlated with RIT2, OGDHL, and KCNC2 (Figure 7H).

Besides, as shown in Figures S1A, B, we identified 866 up-regulated genes and 256 down-regulated genes based on top 25% high (G1) and low (G2) CD3E expression in total 256 LGG patients from TCGA using Limma R package with |LogFC| > 2, P < 0.05. GO and KEGG enrichment could effectively suggest gene functions and associated high-level genome functional information in Figures S1C, F. In addition of this role of signal transduction in T-cell activation and proliferation, CD3E plays an essential role in correct T-cell development, neutrophil activation involved in immune responses, cell adhesion molecules and extracellular matrix organization, thus reshaping suppressive TME and promoting malignant behaviors of LGG.



CD3E Expression Is Negatively Related to LGG Patient Survival

CD3E is an epsilon subunit of the T cell antigen receptor. According to the CD3E expression median value, all LGG samples were divided into CD3E high and low expression groups. Analysis of the TCGA data (P = 0.000637; Figure 8A) and GEO data (P < 0.001; Figure 8B) suggested that the survival rate of LGG patients with high CD3E expression was lower than those with low CD3E expression. Interestingly, after a literature review and pan-cancer statistical tests (16, 49), we found that CD3E may have an opposite prognostic effect in gliomas than in most other tumors (Figure 8C). Moreover, it is only in the two head tumors of uveal melanoma and LGG that the higher the expression is, the worse the prognosis is (Figure S2). Finally, we studied the difference in CD3E expression between Grade II and Grade III patients in the TCGA cohort. We found that patients with higher grades had higher expression levels of CD3E and worse prognosis in the clinic (Figure 8D).




Figure 8 | Relationship between CD3E expression and survival of LGG patients (A) Relationship between CD3E expression and survival of LGG patients in the TCGA database (P = 0.000637). (B) Relationship between CD3E expression and survival of LGG patients in the GSE database (P < 0.001). (C) CD3E might have completely opposite prognostic effect of CD3E in gliomas than that of most other tumors. (D) The relationship between CD3E expression and survival of LGG patients.



At the same time, we conducted a subgroup analysis of different clinical characteristics on clinical data to eliminate clinical bias. We found that the effect of CD3E is still the same in LGG patients with different clinical characteristics (Figure S3). Then, we explored differential CD3E expression based on the histological subtypes of LGG. Significantly elevated CD3E expression was found in astrocytoma samples (n = 194) compared with oligoastrocytoma samples (n = 130, P = 6.43 × 10-4) or oligodendroglioma samples (n = 130, P = 6.4187 × 10-4) (Figure S4).



Correlation of CD3E With the Proportion of TICs

We used the CIBERSORT algorithm to analyze the proportion of TICs for 22 immune cells in LGG to further study the correlation between CD3E and the immune microenvironment of LGG. (Figures 9A, B). Considering that CD3E expression is negatively correlated with the survival rate of LGG patients, we performed GSEA analysis on the high expression group. We found that the genes in the CD3E high expression group mainly participated in stromal related activities, such as the B cell receptor signaling pathway, chemokine signaling pathway, and T cell receiver signaling pathway (Figure 9C). Furthermore, CD3E was positively related to glioma and immune cell response. These results suggest that CD3E may be a potential indicator of TME status for LGG.




Figure 9 | TIC profile in tumor samples and correlation analysis. (A) Barplot showing the proportion of 22 kinds of TICs in LGG tumor samples. Column names of plot were sample ID. (B) Heatmap showing the correlation between 22 kinds of TICs and numeric in each tiny box indicating the p value of correlation between two kinds of cells. The shade of each tiny color box represented corresponding correlation value between two cells, and Pearson coefficient was used for significance test. (C) GSEA for samples with high CD3E expression.



We found that the expression of CD3E is related to 10 groups of TICs in LGG (Figure 10). Seven kinds of TICs were positively correlated with CD3E expression, including M0 macrophages, M1 macrophages, resting mast cells, resting NK cells, CD4+ memory activated T cells, CD8+ T cells, and regulatory T cells. Three kinds of TICs were negatively correlated with CD3E expression, including eosinophils, monocytes, and activated NK cells. Then, we calculated the relationship between the abundance of tumor infiltrating lymphocytes and the expression, copy number, methylation, or mutation of CD3E in LGG (Figure S5). These results suggest that CD3E is related to the immune activity of the TME, thereby affecting the tumor purity of LGG.




Figure 10 | Correlation of TICs proportion with CD3E expression. (A) Violin plot showed the ratio differentiation of 22 kinds of immune cells between LGG tumor samples with low or high CD3E expression relative to the median of CD3E expression level, and Wilcoxon rank sum was used for the significance test. (B) Venn plot displayed ten kinds of TICs correlated with CD3E expression codetermined by difference and correlation tests displayed in violin and scatter plots, respectively. (C) Scatter plot showed the correlation of 14 kinds of TICs proportion with the CD3E expression (P < 0.05). The red line in each plot was fitted linear model indicating the proportion tropism of the immune cell along with CD3E expression, and Pearson coefficient was used for the correlation test.



Next, we aimed to investigate predictive role of CD3E expression in predicting responses to immune checkpoint inhibitors of LGG using Tumor Immune Dysfunction and Exclusion (TIDE) algorithm. Interestingly, we found that TIDE score was significantly higher in CD3Ehigh group compared with CD3Elow group in 255 LGG patients (P = 0.001), suggesting poor prognosis of LGG patients with high CD3E expression and the poor tolerance of immune checkpoint inhibitor therapy (Figure S6).



Single Cell Analysis of CD3E in Brain Tumors

To further explore the mechanism by which CD3E promotes tumor immune evasion in brain tissue and LGG, we performed complex bioinformatics work including functional enrichment and GSEA analyses. The results suggested that CD3E is more likely to participate in T cell-regulated immune deficiency as one of its important roles in the formation of the TCR. Next, we enrolled six glioma single-cell sequencing datasets from GEO analysis (GSE131928 10X, GSE131928 Smartseq2, GSE135437, GSE139448, GSE141982, and GSE148842), which suggested significantly elevated CD3E expression in CD8+ T cells, especially the exhaustive T cells. Therefore, we hypothesize that CD3E possibly contributes to an immune evasion mechanism in brain tumors by leading to T cell dysfunction (Figure 11).




Figure 11 | Single cell analysis of CD3E in LGG. Six single cell sequencing data sets from geo analysis were used to analyze the expression of cd3e in CD8 + T cells. (A) We quantitatively calculated the positioning and binding of CD3E on various immune cells across the dataset using a heatmap. (B–F) Five single-cell RNA-seq datasets were enrolled to determine the location of CD3E in different cell.





Clinicopathological Features Related to CD3E Expression

To verify CD3E expression in LGG, we performed immunohistochemistry (IHC) (Figures 12A, B). The scatter plot of the IHC scores revealed that CD3E expression increased in LGG tissues in the AHYMUN cohort (P < 0.01). In Table 1, we show that higher CD3E expression correlates with patient age (P = 0.027), grade (P < 0.001), microvascular invasion (P = 0.009), history of epilepsy (P < 0.001), and Karnofsky score (P = 0.002). We believe this indicates that the higher the expression of CD3E in patients, the worse the prognosis.




Figure 12 | The relationship between CD3E gene and LGG prognosis was further verified. (A) IHC on collected LGG tissue. (B) The scatter plot of the IHC scores (P < 0.01). (C, D) Forest plots were used to visualize the univariate Cox regression analysis of OS and DFS in the AHYMUM cohorts. (E, F) Survival curves showed that LGG patients with elevated CD3E expression levels in the AHYMUN cohort showed poorer OS (P = 0.023) and poorer DFS (P < 0.001).




Table 1 | Clinicopathological characteristics in relation to CD3E expression level in AHYMUM cohort.





Cox Regression Analysis

We used univariate Cox regression analysis to demonstrate the relationship between CD3E and AHYMUN patients and found that CD3E is not significantly related to age and gender (Figure 12C). In the multivariate model, we also found that patients in the high expression group had worse OS (HR = 3.22; P = 0.001). Moreover, in the AHNTU cohort, the microvascular invasion (HR = 1.52; P = 0.024), the presence of capsular infiltration (HR = 1.63; P = 0.016), and the Karnofsky scores (ref < 80) (HR = 1.46; P = 0.023) were associated with low OS (Table 2).


Table 2 | Multivariate Cox regression analysis of DFS and OS in AHYMUM cohorts.



We found that the patient’s gender and epilepsy history were not related to DFS (Figure 12D). We found through Cox analysis that the high expression of the CD3E gene caused a significant decrease in OS (HR = 4.33; P < 0.001) (Table S1). Grade, capsular infiltration, microvascular invasion, and Karnofsky scores were related to OS (P < 0.05). As seen in Figures 12E, F, the higher the CD3E expression level, the lower the OS and DFS of LGG patients.



Down-Regulation of CD3E Inhibits Cell Proliferation and Invasion Abilities in N9 and N33 Cells

To explore biological malignancy of CD3E in LGG, we used siRNA methods to restrain the expression of CD3E. Western blot showed that CD3E protein expression was markedly decreased after siRNA-CD3E transfection, compared with the negative control group (Figures 13A, B). CCK8 assay showed that the decreased CD3E expression significantly inhibited cell proliferation in N9 and N33 cells (Figures 13C–E). Still, we found that when expression of CD3E was inhibited, the invasion ability of N9 and N33 cell lines was significantly reduced compared with normal genitive control group (Figure 13E). Taken together, down-regulated CD3E expression significantly restrained LGG cells proliferation and invasion capacities, thus may reducing the malignant biological behaviors and aggressive progression of LGG.




Figure 13 | Down-regulation of CD3E inhibits cell proliferation and invasion abilities in LGG cells. (A, B) Western blot showed that CD3E protein expression was markedly decreased after siRNA-CD3E transfection. (C, D) CCK8 assay showed that the decreased CD3E expression significantly inhibited cell proliferation in N9 and N33 cells. (E) Transwell assay showed that when expression of CD3E was inhibited, the invasion ability of N9 and N33 cell lines was significantly reduced.






Discussion

In this study, we first screened the immune genes related to the TME in LGG patients from the TCGA database. Next, we screened genes related to the prognosis of LGG patients from GEO. After combining the above genes, we determined CD3E to be the main target gene. Then, we conducted a series of bioinformatics analyses and verified the research results at our own center. We found that CD3E may be an indicator gene of the TME status of LGG patients and, by affecting the TME of LGG, can thereby change the tumor purity and affect the prognosis of patients.

The combination of the cancer cell genotype, its gene expression pattern, and the influence of the TME determines the tumor’s adaptability, evolution, and resistance to treatment (50). In recent years, studies using TCGA and GSE have mapped the genetic picture and overall expression status of numerous tumors, identified driver mutations, and defined tumor subtypes based on specific transcription profiles (51, 52).

LGG is a common brain tumor, and the prognosis of patients with WHO grade II and III is normally poor (53). However, surgery, radiation therapy, or chemotherapy (usually using temozolomide) often cannot improve the prognosis and survival of patients (54, 55). The reasons for the lack of progress include the growth of invasive tumors in basic organs, which limits the utility of local therapies. Additionally, the protection of tumor cells by the blood-brain barrier limits the drug concentration, while the blood-tumor barrier protects tumor cells (56). When pursuing immune-based glioblastoma treatment methods, the unique immune environment of the central nervous system needs to be considered (57–59). Therefore, we need to study novel LGG immunotherapy candidates. Here, we began with the transcriptional analysis of LGG data in TCGA and found that the decreased expression of CD3E is closely related to poor prognosis of patients. Therefore, CD3E is a potential prognostic indicator and treatment target in LGG patients.

Yoshihara et al. developed an algorithm for evaluating tumor purity (60), using gene expression data to evaluate the presence of antigen cells and the penetration of immune cells in tumor samples. The evaluation algorithm proved to be a robust tumor fine prediction algorithm. Previous studies have shown that low tumor purity is associated with poor prognosis in colon cancer, gastric cancer and glioma (27, 61). However, there are few studies on specific genes that affect tumor purity and thus affect LGG. Our research shows that the purity of tumors affected by CD3E plays an important role in predicting the prognosis and genomic status of LGG. The higher the expression of CD3E, the lower the purity of LGG tumors, which is associated with enhanced immune escape and poor prognosis, suggesting that patients with low-purity LGG may benefit more from immunotherapy. In order to better understand TME and make better clinical decisions, further research on tumor purity is needed.

CD3E encodes the polypeptide CD3-ϵ, which together with the CD3-γ, -δ and -ZETA and T-cell receptor α/β and γ/δ T cell receptor heterodimer -CD3 complex. The complex plays an important role in coupling antigen recognition to several intracellular signal transduction pathways, so defects in CD3E can lead to immunodeficiency (62). CD3E role as a biological component that is functionally important for T cell receptor signaling for proper immunity. This is why the molecule appeared to be increased and as they proposed that would relate to a poorer prognosis. In fact, the more T cells in the tissue would mean that T cell immunity occurs there to act against tumor cells as ones would expect. However, there are many T cell subsets most of which have CD3E as the TCR/CD3 complex component, yet they perform different function ranging from protection (e.g., CD4 and CD8 T cells against viruses and tumors), autoimmune (self-reactive T cells), to those that suppress other T cells (e.g., regulatory T cells). CD3E is a part of the TCR-CD3 complex on the surface of T lymphocytes, and its basic immune function plays a vital role in the adaptive immune response. When antigen-presenting cells activate T cell receptors, TCR-mediated signals are transmitted across the cell membrane through the CD3 chain CD3D, CD3E, CD3G, and CD3Z, thereby activating downstream signaling pathways. In addition to the role of signal transduction in T cell activation, CD3E also plays a vital role in correct T cell development. The TCR-CD3 complex assembly is initiated by forming two heterodimers CD3D/CD3E and CD3G/CD3E. It also participates in the internalization of the TCR-CD3 complex and the down-regulation of the cell surface through the endocytosis sequence present in the cytoplasmic region of CD3E (49, 63). CD3E also participates in proper T cell development. TCR-CD3 complex assembly is initiated by the formation of two heterodimers: CD3D/CD3E and CD3G/CD3E. Additionally, CD3E participates in the internalization of TCR-CD3 complexes and cell surface down-regulation by endocytic sequences present in the cytoplasmic region of CD3E (49, 63, 64). The relationship between the abundance of tumor infiltrating lymphocytes and the expression, copy number, methylation, or mutation of CD3E in LGG is shown in Figure S1.

In LGG patients, the higher the expression of CD3E signified the worse the patient’s survival. It may be attributed to immune cells with high CD3E expression promoting anti-tumor immunity, except regulatory T cells. Similarly, CD3E acts as a T cell receptor. Its high expression in many cancers indicates better clinical results (longer survival), with the lone exception of LGG (65). This may be related to the cause of LGG and the immune environment of the brain, or it may be due to the interconnection between isocitrate dehydrogenase and the TME (66–68). In CD3E knockdown experiments, we found down-regulated CD3E expression significantly restrained LGG cells proliferation and invasion capacities, thereby further reducing the malignant biological behaviors and aggressive progression of LGG, which may be closely related to the functional involvement of CD3E in TME of LGG. Studies have shown that combining CD3E antibodies with antibodies that bind to mutant epidermal growth factor receptor variant III can effectively treat mice with gliomas (69). Therefore, CD3E may play a dual role in tumors, either promoting survival or inducing apoptosis. In our Western blot and CCK8 experiments, we found that the higher the expression of CD3E represented the higher the invasion of tumor cells. This is one of the reasons why the higher the expression of CD3E, the worse the survival of LGG patients.

In addition, in the TME of glioma, the proliferation of malignant cells is enhanced, the pool of undifferentiated glioma cells increases, and macrophage expression exceeds microglial expression (65–68). Still, it is an interesting question that CD3E may have a completely opposite prognostic effect in gliomas than that in most other tumors. In this study, CD3E was selected because it had the most significant prognostic value (HR=1.552, P<0.001) of LGG. DEGs screened according to CD3E expression were mainly involved in stromal related activities. Additionally, significantly increased CD3E expression was found in 100 LGG samples from a validation cohort compared with adjacent normal brain tissues. High CD3E expression could serve as an independent prognostic indicator for OS and DFS of LGG. CD3E normally plays an important role in the formation of the TCR and participates in multiple signaling pathways in T cell-regulated immune deficiency. After a literature review and pan-cancer statistical tests, we found that CD3E may have a completely opposite prognostic effect in gliomas than in most other tumors (Figure 8C), except for Uveal Melanoma (Figure S2) and LGG. In our research, we found that CD3E is highly expressed in T cells. Through bioinformatics and immunohistochemistry studies, we found that CD3E is also highly expressed in LGG. Therefore, we studied the expression of CD3E in pan-cancer cell lines (Figure S7), and we found that the expression of CD3E in all tumors is not the highest in gliomas. However, in the above studies, we found that the higher the expression of CD3E, the worse the prognosis of LGG, which is completely opposite to tumors such as liver cancer and breast cancer. We considered that CD3E plays an active role in most TMEs and passed It binds to T cell surface receptors in the form of a complex to regulate T cell-mediated anti-tumor immune evasion. The immune system is usually limited to the brain. The activation of various immune cells in LGG makes TME different from other solid tumors. Therefore, we hypothesized that CD3E, as one of the main regulatory elements of the LGG immune microenvironment, may play an important role in LGG immune evasion and the shaping of the immunosuppressive microenvironment. In the previous bioinformatics analysis, we found through single cell analysis of brain tumors that the expression of CD3E is particularly prominent in CD8+ T cells. Therefore, we hypothesized that CD3E may promote the immune evasion mechanism of brain tumors by causing T cell dysfunction in the immune cell population. In subsequent experiments, we found that the higher the expression of CD3E in tumor cells, the stronger the invasion ability of LGG. We know that the cells and molecules in TME are in a process of dynamic changes at any time. Stromal cells and immune cells jointly promote the proliferation, apoptosis, metastasis and immune escape of cancer cells (70); while tumor invasion and infiltration are often time-sensitive, influencing TME all the time. Therefore, we made an audacious hypothesis that the reason why CD3E can be used as an independent molecular marker to test the prognosis of LGG patients is because it affects both immune cells and tumor cells. It can be said that in LGG, CD3E is the key gene for tumor cells and TME to influence each other, and it is the bridge between the two. Further studies would focus on the underlying mechanism of CD3E in immune microenvironment of LGG.

Our GSEA results also suggested that high CD3E expression enriched stromal related signaling pathways, such as B/T cell receptor signaling pathways and chemokine signaling pathways. These results indicate that CD3E may be involved in the transition of the TME from immune-based to metabolic-based. An increasing number of studies show that CD3E is related to tumor treatment (71–73). Our research also found that the balance between tumor pathways, sugar metabolism, and lactic acid formation can affect the immune status of LGG. Therefore, we suspect that in the development of LGG, the up-regulation of CD3E promotes the decline of tumor purity. Simultaneously, the transition of the TME from immune-based to metabolic-based further promotes the deterioration of LGG.

We also found that positive regulation of voltage-gated potassium channel activity is related to LGG. MicroRNAs (miRNAs) can reportedly promote the development of invasive nonfunctional pituitary adenomas (74, 75). Current knowledge suggests that voltage-gated potassium channels play a fundamental role in the generation and transmission of action potential (76), but their role in tumors has not been deeply studied. Whether genes can affect the tumor immune microenvironment through action potential is an area of further research. We found that positive regulation of potassium ion transmembrane transporter activity is related to LGG as well, so we can confirm that potassium ions play an important role in LGG. Previous studies have found that DNA methylation promotes the invasion and development of osteosarcoma through potassium ion transmembrane transporter activity (77). Perhaps DNA methylation is associated with ion channels and the immune microenvironment, and CD3E is a bridge between the three. There are many studies on the regulation of miRNA transcription by RNA pol II and glioma. Some studies have found that overexpression of EGR-1 may participate in the recruitment of RNA pol II to the GDNF promoter in a non-binding manner, and thus is involved in the regulation of GDNF transcription in glioma cells. This regulation depends on histone hyperacetylation of the GDNF promoter (78). Whether CD3E is related to this will be the focus of future investigations. Some studies have found that the ion glutamatergic synapse is associated with medulloblastoma in children (78, 79), while miR-375 also affects the occurrence and development of gastric cancer (80). Therefore, we speculate that CD3E and miRNAs may affect the invasion of glioma through the ion glutamate synapse. Some scientists have found that rotenone sensitive NADH ubiquinone oxidoreductase is a key regulatory step in controlling oxidative phosphorylation during the growth period in rat glioma cells (81). Based on the abovementioned bioinformatics analyses of CD3E-related core genes in LGG, we found that CD3E may be a core gene that can affect the immune microenvironment and tumor purity of LGG in combination with miRNAs, cell respiration, ion channels, and DNA methylation. The role of CD3E in brain tumors is completely different from that of extracranial tumors. This may be because CD3E, as a core gene, regulates the tumor immune microenvironment in a completely different manner than that of extracranial tumors. However, malignant behavior of CD3E in progression of glioma cell was not elucidated in this study. In follow-up research, we could devote ourselves to exploring the biological malignant function of CD3E and its regulatory mechanism on the tumor immune microenvironment in in vitro cell lines, in vivo animals, and large-scale multicenter LGG patients.

Overall, we used the ESTIMATE algorithm to determine the TME-related genes in LGG by analyzing LGG samples in TCGA datasets. Through the analysis of LGG samples in GEO, we identified prognostic-related genes in LGG. In our current study, there are still many shortcomings. The first is that the LGG samples we collected are still single-center, the sample size is also small, and they are all Asian patients. We will further expand the samples in the next research. Additionally, we will conduct research on LGG patients in Europe, Africa and other places. The second is that this experiment lacks research on the expression of CD3E in different cell populations in tumor samples. In the next work, we will focus on this direction. The abovementioned studies confirmed that CD3E is not only a potential prognostic factor for LGG patients, but also a driving factor for the TME to transform from an immune state to a metabolic state. In the next study, we intend to study the expression of CD3E in different cell populations in LGG to clarify the cell types that express CD3E, as well as how the expression of CD3E in different cell populations affects TME.



Conclusion

In conclusion, tumor purity has a considerable impact on clinical, genomic and biological status of LGG. CD3E, novel membrane immune biomarker deeply affecting tumor purity, may help to evaluate the prognosis and develop individual immunotherapy strategies for LGG patients. Evaluating the ratio of different tumor purity and CD3E expression may provide novel insights into the complex structure of the LGG microenvironment and targeted drug development.
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Purpose

A chromosomal 1p/19q codeletion was included as a required diagnostic component of oligodendrogliomas in the 2016 World Health Organization (WHO) classification of central nervous system tumors. We sought to evaluate disparities in reported testing for 1p/19q codeletion among oligodendroglioma and oligoastrocytoma patients before and after the guidelines.



Methods

The National Cancer Database (NCDB) was queried for patients with histologically-confirmed WHO grade II/III oligodendroglioma or oligoastrocytoma from 2011-2017. Adjusted odds of having a reported 1p/19q codeletion test for patient- and hospital-level factors were calculated before (2011-2015) and after (2017) the guidelines. The adjusted likelihood of receiving adjuvant treatment (chemotherapy and/or radiotherapy) based on reported testing was also evaluated.



Results

Overall, 6,404 patients were identified. The reported 1p/19q codeletion testing rate increased from 45.8% in 2011 to 59.8% in 2017. From 2011-2015, lack of insurance (OR 0.77; 95% CI 0.62-0.97;p=0.025), lower zip code-level educational attainment (OR 0.62; 95% CI 0.49-0.78;p<0.001), and Northeast (OR 0.68; 95% CI 0.57-0.82;p<0.001) or Southern (OR 0.62; 95% CI 0.49-0.79;p<0.001) facility geographic region were negatively associated with reported testing. In 2017, Black race (OR 0.49; 95% CI 0.26-0.91;p=0.024) and Northeast (OR 0.50; 95% CI 0.30-0.84;p=0.009) or Southern (OR 0.42; 95% CI 0.22-0.78;p=0.007) region were negatively associated with reported testing. Patients with a reported test were more likely to receive adjuvant treatment (OR 1.73; 95% CI 1.46-2.04;p<0.001).



Conclusion

Despite the 2016 WHO guidelines, disparities in reported 1p/19q codeletion testing by geographic region persisted while new disparities in race/ethnicity were identified, which may influence oligodendroglioma and oligoastrocytoma patient management.





Keywords: 1p/19q codeletion, molecular testing, oligodendroglioma, oligoastrocytoma, disparities, adjuvant treatment



Introduction

Chromosomal 1p/19q codeletion status plays an important role in tumor diagnosis for patients with a histological diagnosis of oligodendroglioma or oligoastrocytoma. As the characteristic molecular signature of oligodendrogliomas, 1p/19q codeletion has been associated with improved overall and progression-free survival (1, 2). Randomized clinical trials have identified this mutation as a marker of enhanced response to chemoradiotherapy in anaplastic oligodendrogliomas (3, 4). Additionally, an isocitrate dehydrogenase (IDH) mutation has been previously shown to occur in nearly all gliomas harboring a 1p/19q codeletion (5, 6). As a result of these associations, the 2016 WHO classification of CNS tumors included the presence of an IDH mutation and 1p/19q codeletion as required criteria for diagnosing an oligodendroglioma in WHO grade II and grade III diffuse gliomas (7).

A number of studies have described inequitable access to neuro-oncological care among glioma patients. Factors such as race, socioeconomic status, and geography have been previously shown to influence receipt of treatment, access to high-volume facilities, and overall survival (OS) (8–11). Despite the increasing emphasis on molecular diagnostics, it is unknown whether similar disparities exist in testing for 1p/19q codeletion. Analyzing whether past disparities have been maintained despite the 2016 WHO guidelines may also better inform targets for quality improvement initiatives. Therefore, we sought to evaluate the trends, disparities, and potential impact of a reported 1p/19q codeletion test among oligodendroglioma and oligoastrocytoma patients before and after implementation of the 2016 WHO guidelines.



Methods and Materials


Data Source and Patient Selection

The National Cancer Database (NCDB) was queried for this study. The NCDB, a joint program between the Commission on Cancer (CoC) of the American College of Surgeons and American Cancer Society, is a clinical oncology outcomes database used to evaluate trends in cancer care, establish benchmarks for participating hospitals, and serve as a basis for quality improvement (12). The registry captures approximately 70% of all newly diagnosed cancer cases in the United States from over 1,500 CoC-accredited facilities (13). Given that patient data in the registry is deidentified, this study was exempt from Institutional Review Board (IRB) approval.

Patients were identified using International Classification of Diseases for Oncology, third revision (ICD-O-3) codes indicating a histological diagnosis of Grade II or Grade III oligodendroglioma (9450, 9451) or mixed oligoastrocytoma (9382) in the CNS (ICD-O-3 topography codes: C70.1-C72.9). Identified patients were also adults (age ≥18 years) who had positive histologic diagnostic confirmation (based on microscopic tissue examination). Patients diagnosed from 2011-2017 were initially included for an analysis of trends in reported 1p/19q codeletion testing rates. Then, the cohort was stratified into groups diagnosed from 2011-2015 or 2017 in order to evaluate disparities before and after implementation of the 2016 WHO classification of CNS tumors. A diagnosis in 2011 was chosen as the early cutoff since the NCDB Participant User File (PUF) notes that reporting of 1p/19q codeletion is likely underrepresented in 2010, the variable’s first year of reporting (14). Cases with missing values for patient demographics, except for facility setting and geographic region, were excluded. Unknown facility setting and geographic region were not excluded in order to attenuate potential selection bias given that the NCDB suppresses these variables for patients aged <40 (14).



Primary Outcome

Reported 1p/19q codeletion tests were identified using the CS Site Specific Factor 5 (Chromosome 1p: Loss of Heterozygosity) and CS Site Specific Factor 6 (Chromosome 19q: Loss of Heterozygosity) variables. Patients who were reported as testing positive or negative for loss of heterozygosity for both variables were identified as having a reported 1p/19q codeletion test. Those documented as “test not done (test not ordered or not performed)” or “not documented in patient record” for at least one of the variables were identified as having an unreported 1p/19q codeletion test. The remaining patients, indicated as “test ordered, results not in chart”, were excluded since it was unclear whether a 1p/19q codeletion test was ultimately performed.



Patient Characteristics

Patient characteristics included patient demographics, tumor properties, and cancer-directed therapies administered during the initial course of treatment, as defined in the NCDB PUF and detailed in Supplementary Table 1 (14). Tumor location was classified as supratentorial, infratentorial, or not otherwise specified (NOS) or other CNS according to the ICD-O-3 topography code for the primary site. Tumor size was dichotomized as <5cm or ≥5cm in accordance with the previous literature (15, 16). Extent of resection (EOR) was categorized as biopsy only, subtotal resection (STR), or gross total resection (GTR) according to the American College of Surgeons CoC Facility Oncology Registry Data System manual (17).



Statistical Analysis

The unadjusted annual percentage of patients with a reported test for codeletion from 2011-2017 was calculated and plotted. The Cochran-Armitage test was performed to evaluate the presence of statistically significant temporal trends. The cohort was subsequently divided into two groups to be independently analyzed: patients diagnosed from 2011-2015 and patients diagnosed in 2017. For both groups, patient characteristics were summarized using frequencies with proportions for categorical variables or medians with interquartile ranges (IQRs) for continuous variables. Comparisons were made between those with reported and unreported 1p/19q codeletion tests using Pearson’s chi-squared test for categorical variables or the two-sample t-test for continuous variables. In order to elucidate predictors of a reported 1p/19q test, unadjusted and adjusted odds ratios were calculated.

After merging the two patient groups, the adjusted odds of a reported 1p/19q codeletion test in 2017 versus 2011-2015 was calculated for all patients and for each patient subgroup. Finally, the unadjusted and adjusted odds of receiving adjuvant treatment based on reported testing for 1p/19q codeletion were evaluated. An interaction analysis between EOR and reported testing revealed a statistically significant interaction term for both receipt of chemotherapy (p=0.038) and receipt of radiotherapy (p=0.017). Therefore, for this analysis, adjuvant treatment was dichotomized as receipt of any adjuvant treatment (chemotherapy and/or radiotherapy) or no adjuvant treatment (neither chemotherapy nor radiotherapy). Given that the significant interactions occurred specifically with a GTR, the EOR variable was also dichotomized as a GTR or other resection.

Unadjusted and adjusted odds ratios were calculated using univariate and multivariable logistic regression, respectively. For all regression analyses, univariate logistic regression was initially performed, then variables with p<0.10 were included in the subsequent multivariable logistic regression model. Collinearity between covariates in the multivariable models was assessed using the variance inflation factor. Analyses were performed using R version 3.6.1 (18). P-values were two-sided and values <0.05 were considered statistically significant.




Results


Trends in Testing

A total 6,404 patients were included in the analysis following exclusions. From 2011 to 2017, the percentage of patients in the NCDB with a reported test for 1p/19q codeletion increased from 45.8% to 59.8% (p<0.001). The Cochran-Armitage test also identified a statistically significant increasing trend for most patient subgroups. However, Hispanic White (p=0.922), Black (p=0.218), Medicaid/Other (p=0.154), and uninsured (p=0.462) patients did not experience a significant increase in reported codeletion testing over the study period (Figure 1).




Figure 1 | Percentage of patients with a reported 1p/19q codeletion test for (A) all patients and stratified by (B) race/ethnicity, (C) insurance status, (D) percentage of adults without a high school degree in patient’s zip code, and (E) median household income in patient’s zip code.





Disparities Before 2016 WHO Guidelines

A total of 4,931 patients diagnosed from 2011-2015 were identified; of which, 47.6% (n=2,349) had a reported 1p/19q codeletion test while 52.4% (n=2,582) did not. The median age was 44 years (IQR: 34-55) with 56.0% (n=2,763) being male. Non-Hispanic White, Hispanic White, Black, and other race/ethnicity patients had reported codeletion tests in 48.5%, 44.9%, 40.7%, and 44.7% of cases, respectively (p=0.034). Privately insured, Medicare, Medicaid/Other, and uninsured patients had reported testing rates of 49.4%, 43.0%, 47.3%, and 40.4%, respectively (p<0.001). Patients residing in a zip code in the top, second, third, and bottom quartiles of educational attainment had reported testing rates of 51.9%, 50.6%, 45.5%, and 39.95, respectively (p<0.001). Based on geographic region, a codeletion test was reported in 41.9%, 52.4%, 37.5%, and 55.3% of patients at Northeastern, Midwestern, Southern, and Western facilities, respectively (p<0.001). Significant differences in the rates of reported codeletion tests were also identified based on EOR (p<0.001) and receipt of adjuvant treatment (p<0.001) (Table 1).


Table 1 | Characteristics of patients with and without a reported 1p/19q codeletion test diagnosed from 2011-2015. Frequencies and proportions are row-based.



On univariate analysis, Black (OR 0.73; 95% CI 0.57-0.93; p=0.011) and Medicare (OR 0.77; 95% CI 0.65-0.92; p=0.004) patients were significantly less likely to have a reported 1p/19q codeletion test; however, this significance was not retained after inclusion in the multivariable model. On multivariable analysis, factors including uninsured status (OR 0.77; CI 0.62-0.97; p=0.025), educational attainment in the third (OR 0.76; 95% CI 0.63-0.93; p=0.006) or bottom (OR 0.62; 95% CI 0.49-0.78; p<0.001) quartile, and hospital location in the Northeast (OR 0.68; 95% CI 0.57-0.82; p<0.001) and South (OR 0.62; 95% CI 0.49-0.79; p<0.001) compared to the Midwest were negatively associated with a reported 1p/19q codeletion test. Tumors with oligoastrocytoma histology were also less likely to have a reported codeletion test (OR 0.83; 95% CI 0.73-0.93; p=0.002) (Table 2).


Table 2 | Univariate and multivariable logistic regression evaluating factors associated with reporting of a 1p/19q codeletion test for patients diagnosed from 2011-2015.





Disparities After 2016 WHO Guidelines

A total of 719 glioma patients diagnosed in 2017 were identified; of which, 59.8% (n=430) had a reported 1p/19q codeletion test while 40.2% (n=289) did not. The median age was 45 years (IQR: 35-56) with 53.7% (n=386) being male. Non-Hispanic White, Hispanic White, Black, and other race/ethnicity patients had reported codeletion tests in 61.6%, 50.6%, 42.6%, and 72.5% of cases, respectively (p=0.008). Based on geographic region, a codeletion test was reported in 53.7%, 70.5%, 47.8%, and 68.9% of patients at Northeastern, Midwestern, Southern, and Western facilities, respectively (p=0.001). Patients with WHO grade III tumors (64.6%) were also more likely to have a reported codeletion test compared to WHO grade II tumors (56.5%) (p=0.030) (Table 3).


Table 3 | Characteristics of patients with and without a reported 1p/19q codeletion test diagnosed in 2017. Frequencies and proportions are row-based.



On multivariable analysis, Black race (OR 0.49; 95% CI 0.26-0.91; p=0.024) and reporting from hospitals in the Northeast (OR 0.50; 95% CI 0.30-0.84; p=0.009) and South (OR 0.42; 95% CI 0.22-0.78; p=0.007) compared to the Midwest were negatively associated with a reported 1p/19q codeletion test. Patients with WHO grade III tumors (OR 1.37; 95% CI 1.01-1.89; p=0.049) were significantly more likely to have a reported test (Table 4).


Table 4 | Univariate and multivariable logistic regression evaluating factors associated with reporting of a 1p/19q codeletion test for patients diagnosed in 2017.





Disparities in 2017 Versus 2011-2015

Overall, patients were significantly more likely to have a reported 1p/19q codeletion test in 2017 versus 2011-2015 (OR 1.57; 95% CI 1.33-1.86; p<0.001). This trend was mirrored for most patient subgroups. However, Hispanic White patients (OR 1.28; 95% CI 0.77-2.11; p=0.341), Black patients (OR 1.04; 95% CI 0.54-1.94; p=0.915), rural residents (OR 1.20; 95% CI 0.33-4.46; p=0.783), and patients in the bottom quartile of household income (OR 1.31; 95% CI 0.85-2.03; p=0.228) were not statistically more likely to have a reported test in 2017 versus 2011-2015 (Table 5).


Table 5 | Adjusted odds of a reported test for patients diagnosed in 2017 versus 2011-2015.





1p/19q Codeletion Testing and Adjuvant Treatment

On univariate analysis, reported testing was associated with an increased likelihood of receiving adjuvant treatment (OR 1.35; 95% CI 1.20-1.51; p<0.001). An interaction analysis identified GTR as a significant confounding variable. After adjusting for GTR and other relevant confounders, a reported 1p/19q codeletion test was found to be independently associated with increased odds of receiving adjuvant treatment (OR 1.73; 95% CI 1.46-2.04; p<0.001). The interaction between a reported codeletion test and GTR was found to be significantly associated with decreased odds of receiving adjuvant treatment (OR 0.63; 95% CI 0.49-0.82; p<0.001) (Table 6).


Table 6 | Univariate and multivariable logistic regression evaluating factors associated with receipt of adjuvant treatment.






Discussion

In an analysis of a national oncology registry, we evaluated disparities in reported testing for 1p/19q codeletion in patients with a histological diagnosis of either oligodendroglioma or oligoastrocytoma given the marker’s inclusion as a mandatory component of diagnosis in the 2016 WHO classification of CNS tumor guidelines. A 14.0% increase in reported testing was identified from 2011 to 2017. However, the rise was not equitable among all patient subgroups. While disparities among uninsured patients and those in zip codes with lower educational attainment dissipated from 2011-2015 to 2017, geographic regional disparities were maintained. Black patients were also found to have an insignificant change in testing rates from 2011-2015 to 2017. Subsequently, they were also found to have disproportionately lower odds of testing following the new WHO guidelines. The likelihood of receiving adjuvant treatment was also found to be independently associated with reported codeletion testing status.

Although the precise mechanisms behind these disparities could not be ascertained in our analysis, these are likely multifactorial in nature. Laboratory capabilities such as fluorescence in situ hybridization, most commonly used to detect codeletion, may not be available onsite at hospitals with smaller case volumes (19). Inequities in access to high-volume facilities among Black, Hispanic, and lower socioeconomic status patients undergoing brain tumor craniotomy have been extensively documented (8, 10, 20). Heterogeneous geographic disparities in care and a lower likelihood of travelling large distances to high-volume hospitals, previous observations among these patient populations, may compound financial and/or logistical barriers to centralized neuro-oncological care (21–23). Socioeconomic status is often intertwined with race/ethnicity and has also been shown to influence outcomes and access to treatments for glioma patients (9, 11, 24). In our analysis, the Northeast and South were highlighted as geographic regions in the United States that should garner additional focus for addressing disparities in testing. Additionally, the insignificant improvement in testing rates among Black patients was especially concerning given the increased likelihood of testing for most other demographic subgroups. Future studies are needed to more specifically identify how these disparities arise in order to develop targeted initiatives that promote more equitable access to care.

There remains conflicting evidence with regard to the impact of race/ethnicity on OS among oligodendroglioma and oligoastrocytoma patients. Analyses from the Central Brain Tumor Registry of the United States (CBRTUS) and Surveillance, Epidemiology, and End Results (SEER) registry have previously noted a lower incidence of primary oligodendroglial tumors among Black patients, but similar or higher OS, compared to White patients (25, 26). In contrast, Shin et al. evaluated anaplastic oligodendroglioma patients in the NCDB and found that Black patients had significantly lower OS compared to non-Black patients, even after only selecting patients who received chemoradiotherapy (27). However, molecular profile was not evaluated in any of these studies. While it has been suggested that patient race may predispose gliomas to molecular profiles that are associated with discrepancies in survival, the causes of the molecular heterogeneity of gliomas remain poorly understood (28, 29). More likely, the aforementioned inequities in access to care, such as for molecular testing, play a substantial role in influencing differences in patient management and survival.

Studies on the epidemiology of oligodendroglioma diagnoses and testing for O-6-Methylguanine-DNA Methyltransferase (MGMT) promoter methylation in glioblastoma (GBM) patients may provide further insights into disparities in molecular testing rates. An analysis of the CBTRUS identified that the incidence of oligodendroglioma significantly declined from 2000-2013 for White and Asian/Pacific Islander patients, but not Black patients (26). The increasing emphasis on using 1p/19q codeletion status for diagnosis during this time period, including recommendations for testing in tumors with an oligodendroglial component from the National Comprehensive Cancer Network, suggest that this epidemiological variation may be due to differences in utilization of molecular diagnostics between races (30). In addition, Lamba et al. performed an analysis of the NCDB from 2010-2016 and found that GBM patients of lower socioeconomic status, including insurance and median household income, were disproportionately less likely to be tested for MGMT methylation status. However, patient race/ethnicity was not identified as a significant predictor. MGMT-tested patients were also more likely to receive chemotherapy compared to untested patients, which is comparable to our findings on adjuvant treatment for oligodendroglioma/oligoastrocytoma patients (31). As a potential consequence of inequitable molecular testing, racial, socioeconomic, and geographic disparities may exacerbate pre-existing barriers to clinical trial enrollment since molecular profile has become an increasingly emphasized criterion for screening patients with primary CNS tumors (32–34).

A primary concern regarding disparities in testing rates is the potential for inferior patient outcomes, especially for heterogeneously managed tumors like oligodendrogliomas and oligoastrocytomas. Our analysis indicated that having a reported 1p/19q codeletion test was independently associated with receiving adjuvant treatment. In the literature, differences in patient survival based on adjuvant management of these tumors have been previously noted. Two randomized clinical trials published in 2013 demonstrated an enhanced response to radiotherapy with the addition of adjuvant procarbazine, lomustine, and vincristine (PCV) in anaplastic oligodendroglioma patients with a 1p/19q codeletion compared to those without the mutation (3, 4). Additionally, while we await the results from the ongoing CODEL trial comparing temozolomide with radiotherapy and PCV with radiotherapy for codeleted WHO grade III oligodendrogliomas, results from the initial study design demonstrated superior progression-free survival for patients receiving temozolomide with radiotherapy as compared to temozolomide alone (35). In our study cohort, it is likely that patients without a reported test are comprised of both 1p/19q intact and codeleted patients. Given the impact of reported testing rates on adjuvant management and the influence of molecular profile on tumor treatment response, disparities in molecular testing may influence outcomes for oligodendroglioma and oligoastrocytoma patients.

There are some limitations to this study. The retrospective study design may subject the cohort to selection bias. Variables included in the analysis were limited to those available in the database. Notably, IDH status is not collected in NCDB (14). Although 1p/19q codeletions predominately co-occur with IDH mutations, the most complete evaluation of the 2016 WHO guidelines would include both markers. The analytical technique and timing of codeletion testing was also lacking, limiting our interpretation on optimal integration of testing into clinical practice. Furthermore, the extent of missing data on facility setting and region, since these variables are suppressed for patients aged <40, should be considered when evaluating the results. The potential for miscoding of ICD-O-3 codes should also be acknowledged. Given that the NCDB only captures patients from CoC-accredited hospitals, the study cohort was not population-based. In addition, our analysis is contextualized as evaluating the reported testing rates for codeletion in the NCDB, rather than the actual testing rate. The NCDB PUF acknowledges the likelihood that case coverage of site-specific factors, including 1p/19q codeletion, may be limited in the database (14). This may be due to factors including data availability at the time of abstraction. However, other site-specific factors, like WHO grade, are extensively coded throughout the study period.



Conclusion

Routine molecular profiling of histological oligodendrogliomas and oligoastrocytomas serves as an opportunity to more accurately classify these tumors, better inform prognosis, and optimize patient management. Despite the 2016 WHO guidelines, disparities in facility geographic region persisted and new disparities in race/ethnicity were identified for reported 1p/19q codeletion testing. Since the likelihood of receiving adjuvant treatment was found to be associated with reported testing, these disparities may further influence patient outcomes. These findings highlight the need for more targeted research efforts to identify mechanisms behind these disparities as well as initiatives to promote more equitable access to testing.
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Objective

To investigate whether enhanced recovery after surgery (ERAS) can promote rehabilitation of patients after neurosurgical craniotomy.



Methods

The clinical data of 100 patients with brain tumor undergoing craniotomy in the Department of Neurosurgery, Xiangya Hospital, Central South University, from January 2018 to August 2020 were collected, including 50 patients in the ERAS group and 50 patients in the control group. t-Test, Wilcoxon’s rank sum test, and chi-square analysis were used to compare the clinical characteristics, prognosis, and hospitalization time between the two groups.



Results

There was no significant difference in gender, age, and other general clinical data between the two groups (p > 0.05). The days of antiemetic drugs applied in the ERAS group were less than those in the control group (1.00 vs. 2.00 days, p = 0.003), and the proportion of patients requiring analgesics was lower than that of the control group (30% vs. 52%, OR = 0.41, 95% CI 0.18–0.93, p = 0.031). The time of urinary catheter removal and that of patients starting ambulation in the ERAS group were shorter than those in the control group (16.00 vs. 24.00 h, and 1.00 vs. 2.00 days, p < 0.001, respectively); and the hospital length of stay (LOS) in the ERAS group was shorter than that in the control group (Total LOS, 13.00 vs. 15.50 days; Postoperative LOS, 7.00 vs. 10.00 days, p < 0.001). By analyzing the prognosis of patients in the ERAS group and control group, we found that there was no significant difference in postoperative complications and Karnofsky Performance Status (KPS) score 1 month after operation between the two groups.



Conclusion

The application of ERAS in craniotomy can accelerate the postoperative recovery of patients without increasing the perioperative risk, which is worthy of wide application. However, whether the ERAS measures can reduce the postoperative complications and improve the prognosis of patients still needs more large-scale case validation and multicenter collaborative study.
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1 Introduction

The concept of enhanced recovery after surgery (ERAS) was first proposed by Professor Kehlet of Denmark (1), which refers to the adoption of a series of perioperative optimization measures supported by evidence-based medical evidence to accelerate patients’ rehabilitation and reduce postoperative complications. Surgeons had achieved remarkable results in shortening hospital stay and reducing hospital expenses by applying the ERAS protocols (2). ERAS has been popularized and applied in many surgical fields, including general surgery and orthopedics. In recent years, the European ERAS society has continuously issued ERAS operation guidelines for many disciplines (3–5). Previously, it was believed that neurosurgical craniotomy required a number of invasive monitoring methods, and most postoperative patients needed to enter intensive care unit and recovered slowly (6). Therefore, there are few reports on the application of ERAS in neurosurgery. However, with the development of microsurgical technique, the continuous progress of multimodal imaging, neuro-navigation, brain function monitoring and other technologies, and the deepening of multidisciplinary cooperation, the postoperative recovery time of patients undergoing craniotomy has been greatly shortened (7). Hagan et al. proposed 17 accelerated rehabilitation measures for craniotomy in 2016, including preoperative counseling, minimally invasive craniotomies, and postoperative artificial nutrition (8). Wang et al. reported a prospective randomized controlled study on the application of accelerated rehabilitation measures in craniotomy in 2018. They believe that ERAS can shorten the hospital length of stay (LOS) and does not increase the perioperative risk (9). However, the ERAS system for craniotomy that can be popularized and applied on a large scale is still limited. This study retrospectively analyzed the clinical data of 100 patients with brain tumors who underwent craniotomy in the Department of Neurosurgery of Xiangya Hospital from January 2018 to August 2020, explored the promoting effect of the ERAS measures on postoperative rehabilitation, and provided evidence for the establishment of the ERAS system for patients with brain tumors accepting craniotomy.



2 Materials and Methods


2.1 Patient Recruitment

This study collected the clinical data of 100 patients with brain tumor hospitalized in the Department of Neurosurgery of Xiangya Hospital from January 2018 to August 2020, including 50 patients accepting accelerated rehabilitation treatment (ERAS group) and 50 patients accepting routine surgical treatment (Control group). The inclusion criteria were as follows: 1) 18–65 years old; 2) preoperative diagnosis was brain tumor; 3) there was no obvious neurological and cognitive impairment before operation; and 4) there were no serious concomitant diseases that may affect the prognosis (such as heart failure and chronic renal insufficiency).

The general clinical data collected included patient name, hospitalization number, gender, age, body mass index (BMI), concomitant disease, smoking and drinking history, and preoperative albumin value; the tumor pathology, tumor location, tumor size, blood loss during surgery, and intraoperative blood transfusion; and hospital LOS, hospitalization expenses, postoperative complications, and Karnofsky Performance Status (KPS) score.



2.2 Enhanced Recovery After Surgery Protocol and Clinical Data Collection

The accelerated rehabilitation measures taken by the ERAS group include the following: 1) preoperative evaluation of vomiting risk and application of antiemetics to prevent postoperative vomiting was performed; 2) 200 ml of carbohydrates was taken orally 2 h before operation, and oral feeding was resumed as early as possible after operation; 3) preoperative thrombosis risk assessment and postoperative thrombosis prevention were performed; 4) scalp nerve block and local infiltration anesthesia with ropivacaine were used to reduce postoperative pain; 5) indwelling wound drainage tube during operation was avoided; 6) the urinary catheter was removed as soon as possible after operation; and 7) early ambulation training was performed with the help of nurses after operation. The perioperative management of patients in the control group was mainly based on the personal experience of surgeons and anesthesiologists in our institution.

The data collected included preoperative postoperative nausea and vomiting (PONV) score, preoperative PONV prophylaxis, and the days of postoperative use of antiemetic drugs; postoperative feeding time, proton pump inhibitor application time, and intravenous infusion volume; preoperative thrombosis risk assessment (Caprini score), postoperative thrombosis prophylaxis measures, and whether venous thrombosis occurred; postoperative pain assessment applying Visual Analogue Scale (VAS) score and whether analgesics were used; whether the wound drainage tube was retained during the operation; urinary catheter removal time after surgery; and ambulation time after surgery.



2.3 Compliance With Ethical Standards

The study was approved by the Ethics Committee of Xiangya Hospital (Ethics approval No. 2018111102). All participants signed written informed consent.



2.4 Statistical Analysis

The measurement data conforming to the normal distribution are represented by “mean ± SD,” and the measurement data not conforming to the normal distribution are represented by “median (interquartile spacing).” Student’s t-test was used for the comparison between the two groups of measurement data conforming to normal distribution, and Wilcoxon’s rank sum test was used for the comparison between that not conforming to normal distribution. Categorical data were described by rate, and chi-square test was used for inter-group comparison. p < 0.05 was considered statistically significant. SPSS 25.0 (IBM Corp.) was used for data statistics and analysis.




3 Results


3.1 Characteristics of Clinical Data

Fifty patients were included in the ERAS group and control group. The average ages of the two groups were 48.12 ± 11.89 and 48.10 ± 15.26 years, respectively (p = 0.994). There were 29 female cases (58%) in the ERAS group and 27 female cases (54%) in the control group (p = 0.687). There was no significant difference in BMI, concomitant diseases (including cardiovascular system, respiratory system, digestive system, diabetes, and multiple complications), smoking history, drinking history, and preoperative serum albumin level between the two groups (Table 1).


Table 1 | Clinical characteristics of 100 patients who underwent craniotomy.



Patients in both groups accepted craniotomy. There was no significant difference in tumor characteristics between the two groups (Table 2). The tumor pathological diagnosis was mainly meningioma and glioma. There were 13 cases (26%) diagnosed as glioma in the ERAS group and 18 cases (36%) in the control group (p = 0.280). For meningioma, the data were 16 cases (32%) and 15 cases (30%), respectively (p = 0.829). The tumors were mainly supratentorial. There were 45 supratentorial cases (90%) in the ERAS group and 46 supratentorial cases (92%) in the control group (p = 0.727). The maximum tumor diameter of the two groups was 3.65 (2.63) and 3.00 (2.00) cm (p = 0.453). The median blood loss in both groups was 200.00 ml (p = 0.261), and the number of blood transfusion patients was four cases (8%) and five cases (10%), respectively (p = 0.727).


Table 2 | Summary of tumor and operation related details.





3.2 Measures and Effects of Enhanced Recovery After Surgery Protocols


3.2.1 Preoperative Antiemetic Drugs Were Used to Prevent Postoperative Vomiting

PONV score was used to evaluate the risk of postoperative vomiting in the ERAS group and control group before operation. There was no significant difference in PONV score between the two groups (Table 3). The proportion of patients accepting PONV prophylaxis in the ERAS group was significantly higher than that in the control group (58% vs. 0%, p < 0.001), and the days of using antiemetics after operation were significantly less than those in the control group (1.00 vs. 2.00 days, p = 0.003).


Table 3 | The first part of ERAS measures and effects.





3.2.2 200 ml of Carbohydrates Was Taken Orally 2 h Before Operation, and Oral Feeding Was Resumed Early After Operation

All patients in the ERAS group took 200 ml of carbohydrates orally 2 h before operation and started oral feeding as soon as possible after operation. The patients in the control group followed routine fasting for 8 h before operation. The postoperative water intake time, liquid food intake time, and solid food intake time in the ERAS group were 6.00 (2.00), 12.00 (0), and 24.00 (0) h, respectively; and the corresponding time in the control group was 6.00 (1.00), 14.00 (2.00), and 25.00 (2.00) h, respectively, with p-values all less than 0.05. The application time of proton pump inhibitors in the two groups was 1.00 (1.00) and 2.00 (1.00) days (p < 0.001). On the first day, the second day, and the third day after operation, the intravenous infusion volume in the ERAS group was 2,300.00 (400.00), 800.00 (250.00), and 375.00 (162.50) ml, respectively; and the corresponding infusion volume in the control group was 2,400.00 (300.00), 1,200.00 (200.00), and 600.00 (125.00) ml, respectively, with p-values of 0.147, <0.001, and <0.001, respectively (Table 3).



3.2.3 Preoperative Thrombosis Risk Assessment and Postoperative Thrombosis Prophylaxis

The risk of thrombosis was assessed by Caprini score before operation in both the ERAS group and control group, and there was no significant difference between the two groups. In the ERAS group, 19 patients (38%), 19 patients (38%), 10 patients (20%), and two patients (4%) were assessed as low, middle, high, and extremely high risk of venous thrombosis, respectively, while in the control group, 22 patients (44%), 19 patients (38%), seven patients (14%), and two patients (4%) were assessed, respectively, with p-values greater than 0.05 (Table 4). All patients in both groups were treated with lower limbs active/passive activities to prevent thrombosis (n = 50, 100%). The patients in the ERAS group concurrently received mechanical prevention (intermittent pneumatic compression) (n = 50, 100%), and patients in the control group did not receive mechanical prevention (p < 0.001). The patients with postoperative deep venous thrombosis in the two groups were one case (2%) and two cases (4%) (p = 0.558).


Table 4 | The second part of ERAS measures and effects.





3.2.4 Intraoperative Scalp Nerve Block and Local Infiltration Anesthesia Were Applied to Reduce Postoperative Pain

The intravenous anesthetics and inhaled anesthetics were the same in the two groups. Patients in the ERAS group were treated with scalp nerve block and local infiltration anesthesia with ropivacaine at surgical incision to reduce postoperative pain (n = 50, 100%), and patients in the control group did not accept this handling (Table 4). The number of patients with postoperative mild pain (VAS 0–3), moderate pain (VAS 4–6), and severe pain (VAS 7–10) in the ERAS group was 38 (76%), 9 (18%), and 3 (6%); and the corresponding number of patients in the control group was 24 (48%), 19 (38%), and 7 (14%). p-Values were 0.004, 0.026, and 0.182, respectively. The proportion of patients receiving postoperative analgesic drugs in the ERAS group was significantly lower than that in the control group (30% vs. 52%, OR = 0.41, 95% CI 0.18–0.93, p = 0.031).



3.2.5 Other Enhanced Recovery After Surgery Protocols

Other ERAS protocols include avoiding indwelling wound drainage tube during operation, removing urinary catheter as soon as possible, and early ambulation training with the help of nurses after operation (Table 5). In this study, there was only one patient (2%) accepting wound drainage tube in both the ERAS group and control group. The median time of urinary catheter removal after surgery in the ERAS group was 16.00 (12.00) h, and the time was 24.00 (2.25) h in the control group (p < 0.001). The median time of patients in the ERAS group starting to ambulate after surgery was 1.00 (1.00) day, and the time was 2.00 (1.25) days in the control group (p < 0.001).


Table 5 | The third part of ERAS measures and effects.






3.3 Hospital Length of Stay and Expenses

The total hospital LOS and postoperative LOS in the ERAS group were 13.00 (3.00) and 7.00 (1.00) days, respectively; and the corresponding time in the control group was 15.50 (3.00) and 10.00 (3.00) days (p < 0.001). The hospitalization expenses of the ERAS group and control group were 58,146.35 (7,688.28) and 64,815.91 (12,257.06) yuan, respectively (p < 0.001) (Table 6).


Table 6 | Analysis of median hospital LOS, cost of hospitalization, and prognosis of patients.





3.4 Postoperative Complications and Patient Prognosis

The postoperative complications include intracranial complications and systemic complications. The complications caused by intracranial factors in the ERAS group included one case of intracranial infection (2%), two cases of neurological dysfunction (4%), and one case of epilepsy (2%). The corresponding complications in the control group were two cases of intracranial infection (4%), two cases of neurological dysfunction (4%), and one case of epilepsy (2%). The p-values were all greater than 0.05 (Table 6). The systemic complications in the ERAS group included two cases of pulmonary infection (4%) and one case of lower extremity deep venous thrombosis (2%), and the corresponding complications in the control group were two cases of pulmonary infection (4%) and two cases of lower extremity deep venous thrombosis (4%). The p-values were both greater than 0.05. The 1-month follow-up data after surgery showed that the number of patients with KPS score ≥80 in the ERAS group was 46 (92%), the number of patients with a score of 50–70 was 4 (8%), and the corresponding number of patients in the control group was 45 (90%) and five cases (10%) (p = 0.727).




4 Discussion

The implementation of ERAS in multiple surgeries has been proved to shorten hospitalization time, reduce hospitalization expenses, and accelerate rehabilitation of patients, but it is rarely used in neurosurgery. We summarized the ERAS protocols and outcome measures applied in elective craniotomy in the past studies (Table 7). Wang et al. reported a prospective randomized controlled study on the application of the ERAS measures in craniotomy in 2018, and they proposed a multidisciplinary management process from preoperative evaluation, intraoperative management to postoperative rehabilitation measures. The conclusion shows that the application of the ERAS measures in patients undergoing elective craniotomy can accelerate the rehabilitation of patients with safety and effectiveness (9). The concept of ERAS emphasizes to minimize the patient’s stress response and restore patient’s normal physiological functions as soon as possible. Therefore, this study put forward seven important ERAS measures based on this concept, which aim to reduce postoperative stress reactions such as pain and vomiting and to restore normal physiological functions such as oral eating and ambulation as soon as possible, so as to accelerate rehabilitation of patients.


Table 7 | Summarization of the ERAS protocols and outcome measures applied in elective craniotomy in the past studies.



PONV are common adverse reactions, which will delay the recovery of patients (11). For patients undergoing craniotomy, postoperative vomiting may increase intracranial pressure and cause serious complications such as brain edema and intracerebral hemorrhage. Therefore, we evaluated the risk of PONV by Apfel adult PONV risk score (12), and we applied preventive measures for patients with a score ≥2. The preventive drug is the combination of dexamethasone and serotonin receptor antagonist (8, 9). In this study, 29 patients in the ERAS group were treated with preventive measures (58%) before operation, and the median antiemetic drug application time after operation was 1.00 day. There were no patients receiving preventive measures in the control group according to the traditional processing method, and the median antiemetic drug application time after operation was 2.00 days, which was significantly longer than that in the ERAS group (p = 0.003).

Previous studies have shown that compared with long-term fasting before surgery, oral carbohydrate 2 h before surgery can reduce patients’ insulin resistance; improve patients’ subjective feelings of thirst, hunger, and fatigue after operation; and do not increase the occurrence of postoperative vomiting (8, 13). In this study, all patients in the ERAS group took 200 ml of carbohydrates orally 2 h before surgery, and there was no aspiration or vomiting during operation. Except for patients with consciousness disorder after operation, craniotomy generally does not affect the digestive tract function of patients. Therefore, we encourage patients to resume oral feeding early after operation and to reduce the amount of intravenous infusion and the use of proton pump inhibitors. Our results show that this measure can quickly restore the postoperative gastrointestinal function and accelerate the perioperative rehabilitation.

The prevention of deep venous thrombosis in the perioperative period of craniotomy is mainly based on mechanical prevention, but drug prevention can also be considered when the risk of bleeding is low (14). The mechanical prevention is applied as the ERAS measure previously, including intermittent pneumatic compression and graduated compression stockings (8, 9). All patients in this study received lower limb active/passive activities to prevent thrombosis, but only patients in the ERAS group received mechanical prevention concurrently (intermittent pneumatic compression). In the study conducted by Wang, there was no patient suffering from deep venous thrombosis in the ERAS group, while there were two patients suffering from deep venous thrombosis in the control group (3%). Although the p-value was greater than 0.05, the authors believed that mechanical prevention could effectively reduce the incidence of perioperative deep venous thrombosis (9). In our study, the numbers of patient developing postoperative deep venous thrombosis in the ERAS group and control group were one (2%) and two (4%), respectively; and the p-value was also greater than 0.05. However, we believe that it may be due to the small sample size and because perioperative mechanical prevention can effectively reduce the formation of deep venous thrombosis.

Pain management of craniotomy is an important part of the ERAS process. Reducing postoperative pain can accelerate rehabilitation and improve comfort and satisfaction of patients. Scalp nerve block and incision infiltration anesthesia can effectively reduce postoperative pain and the use of analgesic drugs (8, 15), which are implemented by anesthesiologists and surgeons, respectively. Qu et al. showed that scalp infiltration anesthesia with ropivacaine in the ERAS group could effectively reduce the degree and time of postoperative pain (16). In our study, all patients in the ERAS group were treated with scalp nerve block and infiltration anesthesia before scalp incision. The results showed that the degree of pain was significantly lower and the application of analgesic drugs was less in the ERAS group than in the control group.

Prolonged indwelling of urinary catheter after operation may lead to urinary tract infection and may restrict patient’s mobilization (17). Therefore, we emphasize early removal of urinary catheter after operation to restore normal physiological function as soon as possible. In this study, the urinary catheter was removed about 16 h after operation in the ERAS group, and there were no patients developing urinary tract infection. It has been reported that early postoperative ambulation can improve patients’ cardiopulmonary function and reduce the incidence of postoperative venous thrombosis (18, 19). In this study, patients in the ERAS group began to ambulate on the first day after operation, which we believe can accelerate the process of postoperative rehabilitation.

By comparing and analyzing the prognosis of patients in the ERAS group and control group, we found that there was no significant difference in surgical complications and KPS score at 1 month after surgery between the two groups. We believe that it may be related to the small sample size, and ERAS measures can reduce postoperative complications and improve prognosis of patients, which is consistent with the conclusion of Wang’s research (9). In addition, the results showed that the total hospital LOS, postoperative LOS, and hospitalization expenses of the ERAS group were significantly lower than those of the control group, suggesting the effectiveness and economic benefits of the ERAS measures.



5 Conclusion

Here, we provide our experience in the application of ERAS in craniotomy. We believe that the application of the ERAS measures in craniotomy can accelerate the postoperative rehabilitation of patients without additional perioperative risk, which is worthy of widespread promotion and application. However, whether the ERAS measures can reduce postoperative complications and improve patients’ prognosis requires more large-scale case validation and multicenter collaborative research.
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Purpose

The safety and effectiveness of laser interstitial thermal therapy (LITT) relies critically on the ability to continuously monitor the ablation based on real-time temperature mapping using magnetic resonance thermometry (MRT). This technique uses gradient recalled echo (GRE) sequences that are especially sensitive to susceptibility effects from air and blood. LITT for brain tumors is often preceded by a biopsy and is anecdotally associated with artifact during ablation. Thus, we reviewed our experience and describe the qualitative signal dropout that can interfere with ablation.



Methods

We retrospectively reviewed all LITT cases performed in our intraoperative MRI suite for tumors between 2017 and 2020. We identified a total of 17 LITT cases. Cases were reviewed for age, sex, pathology, presence of artifact, operative technique, and presence of blood/air on post-operative scans.



Results

We identified six cases that were preceded by biopsy, all six had artifact present during ablation, and all six were noted to have air/blood on their post-operative MRI or CT scans. In two of those cases, the artifactual signal dropout qualitatively interfered with thermal damage thresholds at the borders of the tumor. There was no artifact in the 11 non-biopsy cases and no obvious blood or air was noted on the post-ablation scans.



Conclusion

Additional consideration should be given to pre-LITT biopsies. The presence of air/blood caused an artifactual signal dropout effect in cases with biopsy that was severe enough to interfere with ablation in a significant number of those cases. Additional studies are needed to identify modifying strategies.
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Introduction

Laser interstitial thermal therapy (LITT) is a minimally invasive therapeutic option for treatment of brain tumors. The safety and effectiveness of LITT rely critically on the ability to continuously monitor the ablation in real time based on accurate temperature mapping of the region of interest. Currently, this is achieved by measuring phase change using a magnetic resonance imaging technique called MR thermometry (MRT) (1, 2), which uses a gradient recalled echo (GRE) sequence to leverage six temperature-sensitive MR parameters, namely, the proton resonance frequency (PRF), the diffusion coefficient (D), T1 and T2 relaxation times, magnetization transfer, and proton density. The temperature measurement is then used to estimate tissue damage using a thermal damage threshold (TDT) model that utilizes temperature and time in a non-linear manner to quantify the damage by relating it to an equivalent heating time at 43°C (Figure 1A) (3). This allows the operator to determine when the tumor has been sufficiently ablated without injuring the surrounding normal brain.




Figure 1 | (A) Panel displaying a typical inline view on a contrast-enhanced T1-weighted MRI that is perpendicular to the laser catheter. Yellow TDT lines indicate the areas where tumor (pink) has reached 43°C as measured by MRT. (B) Patient 1. Intraoperative ablation showing central zones of signal “dropout” (gray voxels) on MRT and interference with TDT lines at the tumor (pink) borders. (C) (left) Unenhanced T1-weighted MRI, (middle) Contrast-enhanced T1-weighted MRI, and (right) T2-weighted MR image showing mixed hyper- and hypo-intensities in biopsy cavity. (D) Patient 2. Intraoperative panels showing three sequential inline cuts along the laser catheter with zones of signal dropout and interference with MRT at the tumor (pink) borders. (E) Post-operative coronal CT showing air and blood within the ablated tumor.



LITT for brain tumors is often preceded by a biopsy for histologic and molecular characterization. We have anecdotally found biopsies to be associated with artifact during ablation and thus sought to review the incidence in our series and describe the qualitative signal dropout that can interfere with TDT assessment during LITT ablation.



Methods

We retrospectively reviewed all LITT cases performed in our intraoperative MRI suite between 2017 and 2020 (IRB number: 2002P001238) using the NeuroBlate system (Plymouth, MN, USA). We identified a total of 17 LITT cases. We identified six patients in which LITT was preceded by biopsy. Two out of six of those cases were noted to have clinically significant ablation artifact as determined by the neurosurgeon performing the procedure. Clinically significant artifact was defined as ablations where grayed-out voxels were present from the onset of ablation on MRT extended outside of the volumetric limits of the contrast-enhancing portion of the tumor. Post-ablation scans were read by a neuroradiologist. None of the 11 cases without biopsy had ablation artifact and all but one (complicated by IVH) had no obvious blood or air noted on the post-ablation scans (Table 1). All ablations were performed in an IMRIS 3T Siemen’s Verio scanner (Erlangen, Germany).


Table 1 | Patients who underwent LITT for brain tumor ablation, with or without preceding biopsy.





Case Examples

Patient 1: A right-handed male in his 30s had a 3-year history of a recurrent glioblastoma multiforme (GBM) initially treated with standard radiation and temozolomide. He had several recurrences including one at 36 months after his initial diagnosis in the right frontal region and elected to undergo biopsy for tumor restaging and LITT. He underwent three biopsies approximately 5 mm into the lesion for frozen section, followed by three more biopsies for permanent pathology using a standard suction aspiration technique; there was no sense that bleeding had occurred. Immediately following biopsy, he underwent laser ablation during which there appeared grayed-out voxels within the resection cavity and difficulty measuring TDT around the margins of the tumor (Figure 1B). Post-ablation T1w and T2w MRI scans were noted to have blood and air within the ablated tumor (Figure 1C).

Patient 2: A right-handed female in her 60s presented with a large T1w contrast-enhancing bifrontal lesion with extension through the corpus callosum. She initially underwent four biopsies using a standard suction aspiration. To perform molecular analysis, the biopsy catheter was withdrawn 8 mm and 2 more cores were taken. There was no bleeding noted. A laser catheter was carefully exchanged into the deepest part of the tumor. After initial ablation, the catheter was withdrawn 5 mm for additional ablation to cover more of the tumor volume. This occurred two more times and, in each instance, there were significant signal dropouts that interfered with MRT and TDT (Figure 1D). A post-ablation MRI showed blood and air in the cavity, which was demonstrated as stable on a CT on post-operative day 1 (Figure 1E). Histopathology resulted as GBM.



Results

All patients who underwent biopsy prior to LITT (Patients 1–6) were found to have some degree of artifact during ablation (Table 1). Patients 1 and 2 were specifically described as having clinically significant artifact, as defined in the Methods section, and thus were discussed as specific case examples. Interestingly, ablation artifacts were observed regardless of the number of biopsies drawn, including for Patient 6, who underwent one single biopsy. For 50% of the cohort (Patients 3–5), four biopsies were obtained. The remaining subjects, Patients 1 and 2, underwent three and six biopsies, respectively. There also does not appear to be correlation with presence of artifact and pathology of lesion. Of the patients in the biopsy cohort, 66% were treated for GBM. The remaining patients were found to have metastatic lesions. However, since this is a low-powered study with a small cohort of patients, trends correlating ablation artifacts with number of biopsies obtained and tumor pathology likely cannot be inferred from this dataset alone.

Importantly, all biopsy patients were found to have either blood or air on their post-ablation scan, whether by MRI or CT. Of the remaining patients who did not undergo biopsy, all but one had no evidence of blood or air on post-ablation imaging. The singular case of LITT without preceding biopsy that did show post-ablative blood on follow up imaging had intraventricular hemorrhage as a confounding factor.



Discussion

Munier et al. found that when there was artifact present on MRT, the TDT overestimated the cross-sectional ablation area of the tumor (4). They postulated that the aberrations stemmed from local tissue trauma. Indeed, in our series, we observed this artifact to occur during all LITT cases that were preceded by a biopsy and associated with the presence of blood and air on post-ablation scans in all six cases. Similar to iron within heme molecules, the oxygen content of air is paramagnetic and can cause dephasing in T2*-sensitive MR sequences, resulting in magnitude loss, phase shifts, as well as geometric distortion during MRT (5). Not only does this artifact cause a quantitative overestimation, but we demonstrate two examples of how it can cause qualitative interference particularly at the tumor margins during ablation (Figures 1B, D). The signal dropout artifact that occurs during ablation could be detrimental to the patient when artifact extends outside of the tumor (Figure 1D). The operator is faced with a dilemma of waiting until a damage estimate line suddenly appears outside the grayed-out voxels or cut the ablation short not knowing where within the voxels the damage has occurred up to.

There is increasing evidence suggesting the clinical benefit of the addition of LITT to biopsy in patients with primary brain tumors (6, 7) which makes finding strategies to avoid this artifact increasingly important. In our anecdotal experience, we find that a slow speed of catheter exchange helps to prevent significant air leaks, and that repositioning the catheter by a few millimeters between ablations may also provide enough of a readjustment of the local environment to restore MRT. Another potential mitigating strategy, particularly for a small lesion in a functional area, may be to add a few milliliters of saline or thrombin (8, 9) to tamponade and restore the local architecture. There are currently no studies to the authors’ knowledge that have described using either during LITT.

Although there is currently no understanding of how the artifact affected the software’s ability to calculate the ablation zone, there are studies in the literature that have quantified discrepancies between TDT and postoperative MRI contrast-enhancing area.

There are also several newer MRT techniques that may provide a potential solution including spectroscopic imaging and measuring water–fat proton chemical shifts since they do not depend on relative phase shifts (10).

The location of the planned ablation will influence the challenge introduced by the signal dropout. Both patients in whom there was significant loss of MRT data were in non-eloquent brain areas. In cases where lesions may be close to eloquent structures like the corticospinal tracts, the clinician may consider surgical planning with tractography. Future studies should address functional outcomes and factors that influence the degree of artifact such as the size of the lesion, number of biopsies, and novel MRT strategies.



Conclusion

Pre-LITT biopsies should be limited to patients in whom the tissue diagnosis will impact treatment decisions. Although the presence of air/blood in the cavity does not preclude LITT, it caused a qualitatively significant signal dropout effect that interfered with MRT at the tumor’s margins.
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Objective

This study was conducted in order to investigate the association between radiomics features and frontal glioma-associated epilepsy (GAE) and propose a reliable radiomics-based model to predict frontal GAE.



Methods

This retrospective study consecutively enrolled 166 adult patients with frontal glioma (111 in the training cohort and 55 in the testing cohort). A total 1,130 features were extracted from T2 fluid-attenuated inversion recovery images, including first-order statistics, 3D shape, texture, and wavelet features. Regions of interest, including the entire tumor and peritumoral edema, were drawn manually. Pearson correlation coefficient, 10-fold cross-validation, area under curve (AUC) analysis, and support vector machine were adopted to select the most relevant features to build a clinical model, a radiomics model, and a clinical–radiomics model for GAE. The receiver operating characteristic curve (ROC) and AUC were used to evaluate the classification performance of the models in each cohort, and DeLong’s test was used to compare the performance of the models. A two-sided t-test and Fisher’s exact test were used to compare the clinical variables. Statistical analysis was performed using SPSS software (version 22.0; IBM, Armonk, New York), and p <0.05 was set as the threshold for significance.



Results

The classification accuracy of seven scout models, except the wavelet first-order model (0.793) and the wavelet texture model (0.784), was <0.75 in cross-validation. The clinical–radiomics model, including 17 magnetic resonance imaging-based features selected among the 1,130 radiomics features and two clinical features (patient age and tumor grade), achieved better discriminative performance for GAE prediction in both the training [AUC = 0.886, 95% confidence interval (CI) = 0.819–0.940] and testing cohorts (AUC = 0.836, 95% CI = 0.707–0.937) than the radiomics model (p = 0.008) with 82.0% and 78.2% accuracy, respectively.



Conclusion

Radiomics analysis can non-invasively predict GAE, thus allowing adequate treatment of frontal glioma. The clinical–radiomics model may enable a more precise prediction of frontal GAE. Furthermore, age and pathology grade are important risk factors for GAE.
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Introduction

Glioma-associated epilepsy (GAE) is a common diagnosis of glioma patients, which may be attributed to several factors, including tumor location, peritumoral edema, genetic background, and alterations in the microenvironment (1–3). Currently, there is no broadly acknowledged method for GAE interpretation. The frontal lobe is the most common glioma location associated with epilepsy (4), and frontal glioma is the most common cause for frontal lobe epilepsy (FLE) with lesions (5). FLE impairs the recognition and comprehension of patients, and particularly for frontal GAE, if patients do not receive treatment, there is a risk for status epilepticus (5, 6). Early prediction, increased awareness, and proper treatment of GAEs are vital to protect neurocognitive function and improve the quality of life of the patients (7, 8). With respect to the location of epileptic discharges, the propagation mode, and the experience of the patients, FLE differs from epileptic discharges in extra frontal regions (5); therefore, we independently analyzed frontal GAE in this study.

Radiomics is an emerging method to obtain predictive or prognostic information from medical images by several quantitative image features (9, 10). Although such features are not directly apparent to clinical practitioners, these can potentially produce reliable diagnostic and prognostic models in conjunction with other information sources. Radiomics has been proven helpful for clinical diagnosis, treatment choice, and prognosis assessment based on tomographic imaging (computed tomography, CT; magnetic resonance imaging, MRI; and positron emission tomography, PET) (11–14).

MRI is an essential preoperative examination for patients with glioma, and radiomics based on MRI is one of the focus areas for glioma research. The MRI sequences selected for glioma in previous radiomics research were mostly based on conventional MRI sequencing, such as T2-weighted imaging (T2WI), T2 fluid-attenuated inversion recovery (T2 FLAIR) imaging, apparent diffusion coefficient maps, and contrast-enhanced T1-weighted sequences (15–20). Given its high spatial resolution and the fact that it does not require materials, T2 FLAIR MRI sequences are considered to provide more tumor information than T2WI in glioma research (21). Radiomics analysis in T2WI has been previously applied to GAE (22–24) and has proven effective to predict the occurrence and type of GAE. However, these studies focused on low-grade glioma (LGG) and neglected the influence of brain tumor location on the seizure propagation mode. Therefore, we used the radiomics features extracted from T2 FLAIR imaging to investigate the association between radiomics features and WHO II–IV grade frontal lobe gliomas concurrent with epilepsy.



Material and Methods


Patients and Magnetic Resonance Imaging

This retrospective study was approved by the Ethics Committee of Scientific Research and Clinical Experiments of the First Affiliated Hospital of Zhengzhou University, which waived the requirement for written consent. We enrolled 166 consecutive patients with frontal glioma who underwent MRI scanning before surgery at our hospital from August 2016 through August 2019. Inclusion criteria were a) a single tumor and peritumoral edema defined in the frontal lobes by neurosurgery and imaging findings, b) pathologically confirmed single frontal gliomas (WHO II–IV) according to the 2016 WHO criteria, and c) available presurgical T2 FLAIR imaging data. Exclusion criteria were a) satellite tumors of the frontal glioma located beyond the frontal lobe and WHO grade I glioma, b) patients who underwent puncture biopsy and started antitumoral therapy before the MRI scan, and c) frontal glioma patients with other recent lesions that could cause epilepsy, such as cerebral hemorrhage, stroke, and other brain tumors. The preoperative diagnosis of GAE was based on clinical signs, electroencephalography (EEG), and imaging findings (25). According to clinical preoperative diagnosis, the enrolled cases included 89 patients with epilepsy and 77 patients without. The dataset was randomly split into a training cohort (n = 111, epilepsy/no epilepsy = 61/50) and a test cohort (n = 55, epilepsy/no epilepsy = 28/27). The sex and age of the patients, the tumor grade, and tumor location (left/right/both) were recorded. The whole workflow is illustrated in Figure 1.




Figure 1 | Radiomics workflow.



MR images scanned with 3.0 T MRI scanners (Magnetom Trio TIM/Prisma, Verio or Skyra, Siemens Healthcare; Discovery 750, GE Medical Systems) were retrieved from the Picture Archive and Communication System of the hospital. MRI T2 FLAIR images had a 256 × 256-pixel matrix and a 240 × 240-mm field of view, inversion time = 2,400–2,500 ms, echo time = 81–135 ms, and repetition time = 8,000–8,500 ms, with section thickness = 5 mm and intersection gap = 1 mm.



Tumor Masking and Image Preprocessing

One volume of interest (VOI) including the entire tumor and peritumoral edema was manually drawn slice-by-slice on T2 FLAIR images using the ITK-SNAP (version 3.6.0; www.itksnap.org) software by a Ph.D. candidate in imaging for medicine (AG, 5 years of experience in neuro-oncology). Next, the segmentation results were reviewed and modified if necessary by a neuroradiologist with 20 years of experience in neuroradiology (JB) using the same software. All images were normalized to a [0, 1] range before feature extraction.



Radiomics Feature Extraction

Feature extraction was performed with the PyRadiomics (version 3.0) (26) package in Python (3.7.6). For each case, 3D shape features (n = 14) were extracted from the VOI before first-order statistics features (n = 18); texture features (n = 75) were extracted from each of the following image types: 1) original T2 FLAIR images, 2) each of the three Laplacian-of-Gaussian (LoG) filtered images (sigma = 1.0, 3.0, 5.0), and 3) each of the eight sub-bands of 3D wavelet-transformed image sub-bands using the Haar wavelet. The texture features extracted in this study included features based on a gray-level co-occurrence matrix (GLCM), gray-level run length matrix (GLRLM), gray-level size zone matrix (GLSZM), neighboring gray tone difference matrix (NGTDM), and gray-level dependence matrix (GLDM). A total of 1,130 features were extracted for each case.



Feature Selection and Model Building

To remove the imbalance from the training dataset, upsampling by repeating random cases was applied to balance the GAE and non-GAE group samples.

A total of 1,130 radiomics features were extracted for each case; however, dealing directly with such an extensive feature number limits the robustness and effectiveness of the model. Thus, to reduce the dimensions of the features and select the appropriate ones for radiomics model building, we used a heuristic approach. First, all features were divided into subgroups according to their category, such as first-order, shape, and texture, and a scout model with those features was built for each subgroup using the training dataset. The scout models were evaluated with a 10-fold cross-validation; the optimal model in each subgroup was selected by its performance on cross-validation with the training cohort. When the area under the receiver operating characteristic curve (AUC) of the optimal scout model on cross-validation was >0.7, all features in the model were used for the final model building. Otherwise, no subgroup features were further used.

To build the scout model, all features were normalized to the [0, 1] range. Thereafter, Pearson correlation coefficient (PCC) values between all feature pairs were calculated, and if the PCC value between two features was >0.99, one of them was removed. To determine the best number of features to be retained in the model, three feature selectors were compared: recursive feature elimination (RFE), which repeatedly builds the model and eliminates the least important feature; relief, which calculates a feature score for every feature and ranks them accordingly; and the Kruskal–Wallis test (KW), which eliminates the most likely feature from the same distribution in both GAE and non-GAE samples. For the classifier, we compared the performance of linear support vector machine (SVM), logistic regression (LR), and random forest (RF) for their good interpretability and demonstrated good performance in diagnosis based on medical imaging.

To find the best model, we tested different combinations of feature selectors and classifiers. Therefore, nine models (three features selectors and three classifiers) were built for a scout model, and the one with the best cross-validation AUC was used. Multimodel building and comparison were implemented semiautomatically with an open-source software, FeAtureExplorer (FAE, version 0.3.3) (27), which uses scikit-learn (version 0.23.2) as backend for machine learning.

As mentioned above, the features retained in qualified scout models were used to build a radiomics model. We also established a clinical model using only clinical variables (sex, age, tumor grade) and a clinical–radiomics model using both selected radiomics features and clinical variables to distinguish GAE from non-GAE. The process for building the above models was similar to those used in scout model building, but without PCC dimension reduction, due to the relatively small number of input features.



Performance Evaluation of the Models

The receiver operating characteristic curve (ROC) and AUC were used to evaluate the classification performance of the models in each cohort. DeLong’s test was used to observe AUC differences in the models. The accuracy, sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) were also calculated at the cutoff value that maximizes the Youden index value in the training cohort. Calibration curves and decision curve analysis (DCA) (28) served to assess the clinical usefulness of radiomics signatures.



Statistical Analysis

Age is reported as mean and range, and their difference between the GAE and non-GAE groups was assessed by a two-sided t-test. Sex and glioma position and grade were reported as frequency and proportions, and differences between the GAE and non-GAE groups were assessed by Fisher’s exact test. Statistical analysis was performed using SPSS software (version 22.0; IBM, Armonk, New York), and p <0.05 was used as the threshold for significance.




Results


Demographic and Clinical Data

The main clinical and pathological characteristics of all 166 patients are listed in Table 1. There were significant differences between the GAE and non-GAE groups with respect to age, sex, and glioma grade (p < 0.05). Thus, younger, male, and LGG patients had a higher risk of GAE. Age distribution and glioma subtypes in the full cohort of patients are listed in Appendix 1.


Table 1 | Clinical characteristic of patients in the training and testing cohorts.



In the GAE group (89/166), 18 patients (18/89) had preoperative EEG [ambulatory EEG (n = 10), video EEG (n = 6), conventional EEG (n = 1), and intracranial EEG (n = 1)], and two of them (2/18) showed interictal epileptiform abnormalities (IEAs) in the EEG recording; the others (16/18) had a normal EEG recording. All patients in the non-GAE group had no EEG recordings.



Performance of the Models

To find valuable features to build the radiomics model, we divided all radiomics features into seven categories and built a scout model for each. Using the features retained in scout models, we built a final radiomics model. Additionally, a clinical model using clinical variables and a clinical–radiomics model using both radiomics features and clinical variables were built. All models and features are listed in Appendix 2.

The performance of all models is listed in Table 2. The ROC curves and the predicted probability of clinical, radiomics, and clinical–radiomics models are shown in Figure 2. The classification accuracy of the scout models was <0.75 in cross-validation, except the wavelet first-order and wavelet texture models. Among all models, the clinical–radiomics model including 17 radiomics features and two clinical features achieved a performance with a classification accuracy = 0.82 and AUC = 0.886 [95% confidence interval (CI), 0.819–0.940] in the training cohort and a classification accuracy = 0.782 and AUC = 0.836 (95% CI, 0.707–0.937) in the testing cohort. The clinical–radiomics model achieved the best performance on the testing cohort (Table 3). DeLong’s test showed a p-value <0.05 (p = 0.008) between the radiomics and clinical–radiomics models (Table 4). The calibration curve and DCA for the clinical–radiomics model are shown in Figures 3A, B, and its calibration performance, as evaluated with the Brier score, is reported in the legend. Figure 4 shows a comparison between two representative patient cases with similar image and clinical representation; the clinical–radiomics model effectively distinguished between individuals with GAE and without GAE among glioma patients; the DCA curve revealed that for a high-risk threshold between 0.1 and 0.7, the clinical–radiomics model can be more beneficial than the clinical and radiomics models.


Table 2 | The performance of all models in predicting GAE in the training and testing cohorts.






Figure 2 | ROC curves of the training and testing cohorts (left column) and the waterfall plot of the distribution of prediction probability on the testing cohort (right column). (A, B) Clinical model. (C, D) Radiomics model. (E, F) Clinical–radiomics model.




Table 3 | Selected features and the coefficients of features in the clinical–radiomics model.




Table 4 | Comparison of the performance of the models.






Figure 3 | (A) Calibration curve of the clinical–radiomics model. (B) DCA curves of the clinical, radiomics, and clinical–radiomics model.






Figure 4 | T2 FLAIR images of four patients with or without GAE experience. The blue shadow in the images was manually delineated as the region of VOI. All the clinical characteristics and predicted probabilities of the combined model are presented at the center of the table.






Discussion

Despite the higher incidence of epilepsy in LGG than in high-grade glioma (HGG) (29, 30), HGG is more common, and epilepsy in HGG patients always suggests tumor progression (31). Therefore, a non-invasive way to predict the occurrence of epilepsy in both LGG and HGG patients is needed to improve care, treatment, and timely surgery. Radiomics, which can transform medical images into useful data, has been widely used to classify glioma grade- or subtype-associated mutations and predict tumor proliferation, patient prognosis, etc. (15–20, 22).

In this study, T2 FLAIR-based radiomics was used to automatically extract 1,130 quantitative features, and the optimal model was selected from 10 models for predicting the occurrence of GAE in glioma patients. The best model, which combined clinical and radiomics features, could distinguish GAE patients from glioma patients with satisfying accuracy. Among all scout models, those based on wavelet transform features exhibited better performance than those based on other features, consistent with the higher weight of wavelet features in the combined models. This suggests the effectiveness of scout models to find useful features. The importance of wavelet features in our models was also consistent with previous research on epilepsy and epilepsy-type prediction in LGG (22, 24). Furthermore, in our study, the features from LoG filtered images were also included and were contributing features in the final models. LoG features are closely related to glioma heterogeneity, tumor microenvironment (10), and personalized tumor information (32) and are widely used in cancer radiomics (11–13).

In the best model, the age of the patients and tumor grade negatively correlated with GAE, which is also consistent with former reports (22, 24). Age is known to be related to a decrease in gamma-aminobutyric acid levels (33), and the metabolism of glioma may increase neuronal activity (7, 34), which implies that older glioma patients are more likely to experience GAE. However, although older patients are more likely to have HGG, LGG is more frequent in younger patients (35, 36). As reported by Englot et al. (1), HGGs have a predilection for white matter, which may preclude epileptogenic development. Furthermore, some old patients with malignant tumors may not survive long enough to develop epilepsy or may have other severe symptoms requiring a visit to a doctor before epilepsy develops. Therefore, younger patients have a higher risk of GAE than older patients. Additionally, LGG has a higher IDH mutation rate than HGG (37). Not only is IDH a vital gene for glioma genotyping (37), but IDH mutation type is also associated with GAE (7). Thus, the influence of the age of the patients and tumor grade in GAE is very complex. SVM coefficients of age and tumor grade were not very large; however, the clinical–radiomics model, which used these two variables, still achieved a higher AUC in the test cohort than the radiomics model. Thus, age and tumor grade are necessary features to improve the predictive efficiency of the model.

Tumor location and tumor cell impact on the peritumoral cortex are important factors for epilepsy occurrence, propagation mode, and subtype (1–4, 38), which are used in the research of epilepsy with lesion as critical categorized data (39). It is hard to accurately describe the glioma location in subregions, as there are many FLE-originating subregions, including motor areas and the cingulate gyrus, frontopolar, orbitofrontal, and dorsolateral cortex (40). Furthermore, most gliomas are ill-defined and irregular in shape and involve >1 brain subregion. Liu et al. (22) used the distance from the anterior commissure to the tumor centroid for a quantitative description of the tumor subregional location (22) and demonstrated that the Chebyshev distance significantly contributed to epilepsy prediction. Although no information on subregional tumor location was used in our research, all tumors were located in the frontal lobe and the VOIs included the peritumoral cortex, and our clinical–radiomics model for frontal GAE prediction achieved a slightly better result than that of Liu et al. (22).

The present study has some limitations. First, the diagnosis of GAE was based on clinical presentation rather than EEG analysis. Most GAE patients have an average EEG performance without seizures, and a short preoperative waiting period increases the difficulty of capturing an effective EEG. Second, IDH genotype was not included among the clinical features. In the future, machine learning methods for preoperative glioma IDH genotype prediction may improve the precision of GAE prediction. Third, a multicenter, large-scale prospective clinical trial is required to address the limitation of the small samples originating from a single institution in the present study.

In conclusion, radiomics analysis can non-invasively predict epilepsy to ensure proper treatment of frontal glioma patients. Our results suggest that the clinical–radiomics model may allow for a more precise GAE prediction in frontal glioma. Furthermore, age and pathology grade are important risk factors for GAE.
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Objective

Parasellar meningiomas (PMs) represent a cohort of skull base tumors that are localized in the parasellar region. PMs tend to compress, encase, or even invade the cerebral arteries and their perforating branches. The surgical resection of PMs without damaging neurovascular structures is challenging. This study aimed to analyze functional outcomes in a series of patients who underwent surgery with individualized cerebral artery protection strategies based on preoperative imaging.



Methods

A retrospective review was performed on a single surgeon’s experience of the microsurgical removal of PMs in 163 patients between January 2012 and March 2020. Individualized approaches with a bidirectional dissection strategy were used. Cerebral artery invasion classification, neurological outcomes, MRC Scale for muscle strength, and Karnofsky performance scale were used to assess tumor vascular invasion, functional outcome, and patient quality-of-life outcomes, respectively.



Results

Total resection (Simpson grade I or II) was achieved in 114 patients (69.9%) in our study. A total of 44.7% of patients had improved vision at consecutive follow-ups, 51.1% were stable, and 3.8% deteriorated. Improvements in cranial nerves III, IV, and VI were observed in 41.1%, 36.2%, and 44.8% of patients, respectively. The mean follow-up time was (38.8 ± 27.9) months, and the KPS at the last follow-up was 89.6 ± 8.5. Recurrence was observed in eight patients (13.8%) with cavernous sinus meningiomas, and the recurrence rates in anterior clinoid meningiomas and medial sphenoid wing meningiomas were 3.8% and 2.8%, respectively.



Conclusions

Preoperative imaging is important in the selection of surgical approaches. Maximum tumor resection and cerebral artery protection can be achieved concurrently by utilizing the bidirectional dissection technique. Individualized cerebral artery protection strategies provide great utility in improving a patient’s quality of life.
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Introduction

Parasellar meningiomas (PMs) are a heterogeneous group of tumors that originate in the parasellar region. They frequently compress, encase, or even invade adjacent neurovascular structures of the anterior and middle skull base, thus making their surgical management challenging for skull base surgeons. However, a clear definition of PMs as a distinct entity is lacking because their multiple definitions and classification. Stirling (1) first described PMs in 1896. Ugrumov (2) divided PMs into three subgroups according to their site of origin: anterior clinoid meningiomas(ACMs), medial sphenoid wing meningiomas (MSWMs), and cavernous sinus meningiomas (CSMs). Recent advances in skull base microsurgery and microanatomy have renewed the understanding of PMs and have contributed to the development of detailed definitions and classifications. Graillon and Mariniello (3, 4) enlarged the definition of PMs and classified them into more subtypes. Individualized surgical strategies were developed and applied to the treatment of PMs on the basis of classifications, to facilitate gross total resection and neurofunction preservation.

In the last 20 years, the widespread use the operating microscope for skull base neurosurgery has allowed neurosurgeons to remove tumors aggressively. However, owing to their localization, PMs often compress, encase, or even invade cranial nerves, skull base bones, cerebral dura mater, cerebral arteries, and their perforating branches, thus resulting in unsatisfactory total tumor resection. The past few years have witnessed the development of stereotactic radiotherapy and molecular targeted therapy for meningiomas, which tempered the enthusiasm for aggressive total resection and influenced surgical strategies to be more conservative. To protect neurovascular structures during operation, the purpose of PM microsurgery is maximal surgical resection followed by adjuvant therapy. The dissection of the cerebral arteries and their perforating branches that are encased or invaded by PMs is the key surgical technique for achieving maximal tumor resection.

The identification of PMs subtypes before surgery is of great significance in individualized cerebral artery protection strategies. With the advances in preoperative neuroimaging, we were able to extend the classification of Ugrumov and classified PMs into ACMs, CMSs, and MSWMs before surgery. These subtypes originate from adjacent regions are difficult to distinguish from each other when they extensively invade surrounding structures. In the current study, we present a method for distinguishing three PMs based on preoperative imaging and through which we can apply the individualized surgical approach to patient. Concurrently, a bidirectional dissection technique was performed to achieving maximum tumor resection while preserving cerebral arteries and their perforating branches.



Methods


Patient Population

We retrospectively analyzed neuroimaging, intraoperative video, and follow-up data from a consecutive series of 163 patients with PMs. The patients included in this study underwent microsurgery between January 2012 and March 2020 in the Department of Neurosurgery, XiangYa Hospital Central South University. The surgery was performed by the senior author Qing Liu. All patients underwent MRI, computed tomography angiography (CTA), KPS, muscle strength grading, and neurological examination before and after surgery. PMs were confirmed again by pathological examination, and the dural origin was observed during the operation. Meningiomas originating from the petroclival region, middle skull base, sellar region, and suprasellar region with secondary involvement of the parasellar region were excluded.



Imaging and Tumor Classification

All patients underwent routine MRI before surgery, which include T1- and T2-weighted MRI with and without Gd. By using preoperative imaging, we can easily classify PMs into three subtypes (Figure 1) according to their growth directions and involved structures. On the basis of imaging classification, an individualized surgical approach and bidirectional dissection technique would be performed. In addition, the degree of resection can be estimated before surgery. For example, the total resection of CSMs with extensive intracavernous extension entails a high risk of cranial nerve injury. Instead of aggressive total resection, we removed the tumor with the goal of maximal resection while preserving the neurofunction. The residual tumor would be required for stereotactic radiotherapy three months after surgery.




Figure 1 | Extension directions of three typical PCMs. (A) ACMs extended to the direction in which the anterior clinoid projected. (B) MSWMs grow perpendicular to the sphenoid ridge. (C) CSMs extended perpendicular to the lateral wall of the cavernous sinus. Cyan dash line: the base of the tumor. Red arrow: tumor extension directions.



We classified these cases as ACMs, CSMs, and MSWMs on the basis of radiological features of preoperative imaging. Consistent with our experience and other reports (5), ACMs originate from the dura covered in the inferior, superior and lateral aspects of the anterior clinoid (6). Coronal MRI images showed that the epicenter of ACMs was located on and around the anterior clinoid and formed a “v” shape. ACMs often extended to the direction which anterior clinoid projected to (Figure 1A). By contrast, MSWMs tended to grow perpendicular to the sphenoid ridge and compress the temporal lobe (Figure 1B). The other important features of ACMs that we can conclude from CTA or high-resolution computed tomography (HRCT) were the anterior clinoid hyperostosis and optic canal involvement. By contrast, MSWMs and CSMs rarely extended to those structures. CSMs represent a kind of meningiomas that originate from arachnoid granulations localized to the intermembrane space of the lateral wall of the cavernous sinus (7), and CSMs that originate from the outside of the cavernous sinus and those that secondarily invaded into it were excluded. We observed that the CSMs tended to extend within the cavernous sinus in the early stage because of the dense lateral wall (as reflected in the coronal images) and that the CSMs extended perpendicular to the lateral wall of the cavernous sinus (Figure 1C). CN III dysfunction in the early stages, along with the radiological features of CSMs, allow surgeon to diagnosed CSMs accurately. Furthermore, large ACMs and MSWMs may secondarily extend to the cavernous sinus via different routes. We observed 20 ACMs invading the cavernous sinus through the oculomotor triangle or infiltrating the roof or lateral wall directly. In contrast to ACMs and CSMs, MSWMs seldom invaded the cavernous sinus instead of compressing its lateral wall.

CTA was performed to estimate the relationship between the cerebral arteries and tumors. On the basis of preoperative imaging and intraoperative observation, we divided the cases into three groups: Group A involves tumor-compressed arteries or perforating branches but with the intervening arachnoid plane was intact. Group B involves tumor-displaced or tumor-encased arteries or their perforating branches but with the intervening arachnoid plane was intact; Group C involves tumor-invaded, tumor-encased, or tumor-displaced arteries or their perforating branches, as well as tumors that invaded the adventitia and caused the absence of the intervening arachnoid plane. HRCT was used to evaluate hyperostosis or bone erosion.



Surgical Approach

The classic pterional approach (frontotemporal approach) has been widely applied to PM surgery for several decades. Our individualized surgical strategies were based on this approach and its modified form. A total of 105 of 163 craniotomies (64.4%) were performed via the pterional approach, and the remaining 58 craniotomies were performed using the pretemporal transcavernous approach. A brief overview of our tailored surgical approach based on preoperative imaging is provided below.

When surgery was performed using the pterional subdural approach, the incision was initiated above the palpated zygoma, extending superiorly and then curving anteriorly from the superior temporal line to the limit of the contralateral hairline. Subsequently, a standard frontotemporal craniotomy was performed. The drilling of outer and middle portions of the sphenoid wing was followed tby craniotomy. After the meningoorbital band was transected, drilling was continued to remove the anterior clinoid or optic canal if the tumor invaded those structures. A pterional intradural approach was required to open the dura mater after the extradural steps were completed. The dura was opened in a semicircular incision centered on the Sylvian fissure and extended inferior to the floor of the anterior and middle skull base. The arachnoid membrane over the sphenoid wing was opened to allow the drainage of cerebrospinal fluid (CSF) and the elevation of the temporal lobe. The dissection plane was established using the operation microscope, and the tumor was removed by bipolar coagulation and suction in small parts.

The pretemporal transcavernous approach required the same incision and craniotomy as the pterional subdural approach, but it did not necessitate entry into the subdural space in most cases. The surgery began by dissecting the meningo-orbital band with a microdissector, which can be used to peel off the outer layer of the lateral wall of the cavernous sinus. An incision parallel to the oculomotor or trochlear nerve was made in the inner layer of the lateral wall to provide entry into the cavernous sinus. The tumor within the cavernous sinus was removed by suction. A residual tumor encasing the ICA or its branches was also removed using bidirectional dissection technology. When a tumor that extended to the medial part of the cavernous sinus or petroclival region was encountered, we combined the pterional intradural approach and dissection of the Sylvian fissure. The dura mater of the superior wall of the cavernous sinus was opened, and we were able to access the residual tumor localized to the inner space of the ICA via the Dolenc triangle. By following the superior wall and proceeding posteriorly along the tentorial incisura, the tumor extending to the upper part of the petroclival region was removed.



Bidirectional Dissection

In patients with ACMs and large MSWMs, bidirectional dissection began with extradural anterior clinoidectomy (Figure 2A), and the ICA and optic nerve (ON) that localizes to the medial of the anterior clinoid were determined (Figure 2B). Forward dissection was performed to expose the proximal ICA. Dissection proceeded from the distal dura ring of the ICA to its bifurcations (Figure 2C). Reverse dissection was initiated from the debulking tumor extending to the surface of the Sylvian fissure, and the dissection plane between the tumor and neurovascular structures was identified. The distal MCA branches can be located after splitting the Sylvian fissure. Tumor dissection was started from the MCA toward the ICA by using a microdissector, a microscissor, and a suction in small pieces (Figure 2D). When the tumor invaded the adventitia or was too hard to suction, sharp dissection using a no. 11 blade scalpel was used to remove the tumor covering the arteries. Reverse dissection may be hindered by meningioma calcification or perforating branches, and forward dissection can be applied again to remove the residual tumor (Figure 2E). Following the course of the ICA trunk, the MCA, ACA, and anterior choroidal artery (ACHA) can be easily dissected from the residual tumor easily (Figures 2F, G). Special care must be taken to identify the perforating branches of the ICA and MCA embedded in the tumor (Figures 2H, I).




Figure 2 | Bidirectional dissection technique applied in ACM. (A) Extradural anterior clinoidectomy. (B) The proximal ICA can be localized in the medial of the anterior clinoid. (C) Forward dissection was started from the identification of the proximal ICA and along the course of the ICA. (D) Reverse dissection was initiated after split the Sylvian fissure. (E–H) Forward dissection would be applied again after debulking and resection most of the tumor. (I) Total resection and artery protection can be achieved by bidirectional dissection.



For patients with CSMs, forward dissection started with the identification of the meningo-orbital band, followed by the peeling of the outer layer of the lateral wall and the incising of the inner layer of the cavernous sinus (Figure 3A). Opening the space between the trochlear nerve and the ophthalmic division can expose the posterior bend and horizontal segment of the intracavernous ICA. The abducent nerve coursing through the lateral surface of the ICA should be protected (Figure 3B). The posterior bend is a landmark of reverse dissection from which the meningohypophyseal trunk is obtained. The trunk is the most important perforating branch of the intracavernous ICA and should be preserved using the bidirectional dissection technique. The dissection proceeded from the posterior bend forward to the horizontal segment of the ICA via suction and microdissection. However, limited by the ICA and trochlear nerve, forward dissection cannot be applied to the resection of the tumor in the inner part of the ICA. Reverse dissection was initiated by opening the Dolenc triangle of the superior wall of the cavernous sinus on the basis of the intradural approach, by localizing the proximal dura ring of the ICA, and by dissecting the tumor from the anterior ascending segment to the anterior bend of the ICA.




Figure 3 | Bidirectional dissection technique applied in CSM. (A) Dissection by peeling off the outer layer of the lateral wall and incising the inner layer of the cavernous sinus. (B) The cranial nerve coursing through the outer layer of the lateral wall.






Results


Patient Population

From January 2012 to March 2020, 163 PMs (63 ACMs, 58 CSMs, and 42 MSWMs) were surgically removed by the senior authors. Among the patients, 113 were female (69%), and 50 were male (31%). The median age was 52.5 years. The most common presenting symptoms were headache (53.2%), visual impairment (42.8%), visual field defect (26.6%), diplopia (17.2%), hemiparesis (6.8%), seizures (5.0%), oculomotor paralysis (14.3%), abducent paralysis (18.1%), and trochlear nerve palsy (12.5%). The mean follow-up time in our study was 38.8 months.



Imaging and Intraoperative Findings

PM classification was based on preoperative radiological characteristics and intraoperative inspection. A total of 63 tumors with a meningioma epicenter of the anterior clinoid growing toward the direction where the anterior clinoid extends were classified into ACMs (Figure 1A). A total of 42 tumors with meningioma originating from the dura of the inner medial sphenoid wing and growing perpendicular to the long axis of the sphenoid wing to compress the medial temporal lobe were grouped into MSWMs (Figure 1B). The remaining 58 tumors, which originated within the cavernous sinus or the lateral wall and grew perpendicular to the long axis of the cavernous sinus, were grouped into CSMs (Figure 1C).

The prominent imaging and intraoperative findings showed the involvement of the tumor with the ICA, MCA, ACA, ACHA, and posterior communicating artery (PcomA). According to our preoperative or intraoperative observation, ICA and its branches were encased or invaded in most patients with PMs, whereas ACHA and PcomA were only involved in large PMs (Table 1).


Table 1 | The relationship between the tumor and cerebral arteries in different PMs.



The important structures of the parasellar region have also been found to be involved in tumors. ON impressment or encasement and optic canal involvement were found in most ACMs, whereas CSMs and MSWMs seldom invaded them. Cavernous sinus involvement was found in almost all CSMs and in some ACMs that invaded into the cavernous sinus via the oculomotor triangle or invaded the wall of the cavernous sinus directly. MSWMs can hardly invade the cavernous sinus, and they tend to compress the lateral wall of this area. The superior orbital fissure was mainly invaded by MSMWs.



Surgical Results

Tailored approaches were applied according to the preoperative imaging classification. The pterional intradural approach was the most frequently performed approach for 63 ACMs and 42 MSWMs. The pretemporal transcavernous approach was performed in 58 patients with CSMs.

Total resection (Simpson grade I or II) was achieved in 50 patients with ACMs (79.3%), 38 patients with MSWMs (90.5%), and 26 patients with CSMs (44.8%). Subtotal resection (Simpson grade III) and partial resection (Simpson grade IV) were achieved in 13 patients with ACMs (20.7%), 4 patients with MSWMs (9.5%), and 32 patients with CSMs (55.2%) (Table 2). The tumor invaded into the cavernous sinus or the adventitia of the artery, and tumor calcification and tumor adherence to the epineurium were the three main reasons for subtotal or partial resection.


Table 2 | Bar graph showing the extent of resection in three types PCMs.



Histopathology confirmed that 5 patients (3.1%) had WHO grade II meningiomas, whereas 158 patients (96.9%) had WHO grade I meningiomas. Even though total resection was achieved, the 5 patients with WHO grade II meningioma required radiotherapy after three months.

Postoperative computed tomography scan were performed on all patients after recovery from anesthesia to evaluate the extent of tumor resection and postoperative complications. Postoperative cerebral hemorrhage and severe encephaledema were found in 10(7.7%) and 13(8.0%) patients, respectively, owing to our vascular protection strategy. Patients were required to undergo contrast enhanced MRI to confirm the extent of resection again 72h after the surgery. We suggested that patients with residual tumors initiated stereotactic radiotherapy after three months.



Neurofunctional Outcome

Postoperative neurofunction outcomes were defined as improved, unchanged, or deteriorated (Table 3). Preoperative and postoperative neurofunction was evaluated by ophthalmologic examination or the MRC scale for muscle strength grading at the first follow-up after 3 months.


Table 3 | The number of patients with CN function and myodynamia change at the latest follow-up.



The visual acuity improvement rates in patients with three types of meningiomas were 41.3%, 46.5%, and 47.6% for ACMs, CSMs, and MSWMs, respectively. However, the vision acuity of most patients remained unchanged at follow-up several months postoperatively.

CN III deterioration was the most common type of CN deterioration in all patients. Four patients with ACMs and two patients with CSMs suffered from transient CN III deterioration, and most of them recovered to unchanged status after a few months. CN IV and CN VI deteriorations were mainly found in five postoperative patients with CSMs (Table 3).



Tumor Recurrence

Overall, 155 patients (95%) underwent long-term follow-up. The actual follow-up time ranges from 11.9–65.7 months. Follow-up was performed with contrast-enhanced MRI. Tumor recurrence or progression was observed in eight patients with CSMs, two patients with ACMs, and one patient with MSWMs. A total of 32 patients with residual tumor within the cavernous sinus or residual tumor that invaded the artery remained stable. The mean KPS performed in patients at follow-up was 89.6 compared with 81.1 preoperatively.




Discussion

In this study, we improved the classification of Ugrumov (2) and grouped PMs into three subtypes on the basis of preoperative imaging. The classification allowed us to perform individualized surgical approaches and artery protection strategies to achieve maximum tumor resection and minimized mobility. According to Giordano (8), intraoperative MRI allows surgeons to better evaluate the resectability of PCMs. However, in our experiences, we were able to evaluate the resectability of different PCMs before surgery instead of refering to the time-consuming intraoperative MRI.


Individualized Surgical Strategies

Surgical approaches for removing PMs have been published in many reports. The traditional approach for PM surgery was the pterional approach which was first described by Dandy (9) in 1942. Dolenc (10) applied the pterional approach to the surgical treatment of cavernous hemangioma of the cavernous sinus. In the last 20 years, pterional approach has been widely applied to the surgical treatment of PMs (5, 11–15), and the pterional approach and extended pterional approach have been centered around the Sylvian fissure with exposure of the temporal and frontal lobes. After removing the bone flap, there are two main routes to the parasellar region. The intradural approach is the most widely used method. After dural opening and CSF drainage, the temporal lobe can be easily elevated to expose the tumor. Another approach is the extradural approach, in which a dural incision is not required. Instead, by removing the sphenoid wing and dissecting the meningo-orbital band, surgeons can easily enter the intermembrane space of the lateral wall of the cavernous sinus to remove the tumor. In this series, we present our experience by combining intradural and extradural approaches to the parasellar region via pterional or extended pterional craniotomy.

For ACMs and MSWMs, we drilled the bone constituting the sphenoid wing and transected the meningoorbital band. Thereafter, we elevated the dura from the extradural area and conjugated the arterial supply from the ophthalmic artery, the anterior branch of the middle meningeal artery and the meningo-orbital artery (13, 16). These techniques have the following advantages: (1) Bone removal and elevation of the dura allow us to identify the ON and ICA from the extradural area. (2) The interruption of the arterial supply from the extradural area alleviates bleeding in the intradural procedures. (3) Bone removal enlarges the operation room and reduces temporal lobe retraction. To alleviate the tension of the brain, we chose to open the dura mater for CSF drainage before tumor resection. A large tumor would be pushed to the surgeon after splitting the Sylvian fissure with the help of the high CSF pressure of the basal arachnoid cisterns. Tumor debulking was initiated from the outside to the inside. By using the bidirectional dissection technique, we can remove the residual tumor that encases the ICA or MCA in small pieces. Anterior clinoidectomy was performed in patients with anterior clinoid hyperostosis or erosion to minimize intraoperative complications. We prefer extradural clinoidectomy because the dura mater acts as a protective screen during dissection or drilling. In addition to this advantage, extradural clinoidectomy allows a section of the falciform ligament to decompress the ON and protect it from the compression of the sharp falciform ligament. Owing to these procedures, visual function deterioration was observed in 2.9% of patients with ACMs and MSMWs.

For CSMs, the bone of the sphenoid wing was drilled to the base of the middle cranial fossa to enlarge the dissection space. Dissection into the cavernous sinus was initiated from the meningo-orbital band, which is located at the apex of the superior orbital fissure (Figure 3A). By performing a sharp dissection, a plane between the temporal tip and cavernous sinus lateral wall was established. The outer layer of the lateral wall was peeled away from the anterior aspect of the cavernous sinus (Figure 3B). The tumor invading the intermembrane space of the lateral wall can be removed by suction and sharp dissection. An incision parasellar to the CN IV was made in the enlarged space caused by tumor compression superior or inferior to the CN IV to provide entry the cavernous sinus. These maneuvers took advantage of the natural space between the CNs caused by tumor compression and enabled the surgeon to enter the cavernous sinus via the shortest routes. Sharp dissection along the cleavage planes within the cavernous sinus minimized injury to the CNs and arteries caused by traction or suction. When the tumor invaded the inner part of the cavernous sinus, we performed the intradural approach and entered the cavernous sinus via an incision in its roof. This procedure enabled the total resection of CSMs. When the tumor invaded the adventitia or epineurium of the cavernous sinus, we left the residual tumor in this area and then performed postoperative stereotactic radiotherapy. The recurrence and progression rate of CSMs was 13.7% compared with 7.5%-20% reported in other studies (11–13). A few patients exhibited temporary postoperative cranial dysfunction, and most of them recovered to preoperative levels after several months.



Bidirectional Dissection

The encasement of the ICA and its branches has been reported in 20%-55% (13, 14). Vessel invasion is dealt with aggressively, and unintended vessel perforation occurs in 20.8% of patients (6). Sacrificing the middle cerebral artery branches invaded by ACMs resulted in 100% mortality (17). PMs that encase or invade the major cerebral arteries and their perforating branches remain challenging for total surgical resection. However, residual tumor along the arteries is a risk factor for tumor progression. Maximal tumor resection while preserving the arteries is the desired surgical goal. To achieve this goal, we performed a bidirectional dissection technique based on a tailored surgical approach (Figure 4).




Figure 4 | Contrast-enhanced MRI and CTA images of ACM (A–C) preoperative; H, I postoperative) and steps of bidirectional dissection technique (D–G). Intradural localization of the ICA (D) and dissection along the course of ICA and its branches (E, F) to achieve total resection while preserved the ICA and its branches (G).



On the basis of the individualized preoperative classification and approach, we performed this technique in different directions, and one patient suffered from artery perforation. The postoperative hemiparesis rate was 3.1% in patients with PMs. This technique facilitates tumor debulking and differentiation of the feeding artery or perforators. Sharp dissection combined with mild traction is the core technique for bidirectional dissection. Compared with suction and blunt dissection, sharp dissection along the arachnoid plane prevents traction force from injuring CNs and perforating arteries. Once the tumor invaded the adventitia or epineurium, the arachnoid membrane was absent. This led to arteriotomies being indicated on preoperative imaging even though the tumor was small. We chose to leave the tumor tuft along the arteries and their perforating branches.

The bidirectional dissection technique can be applied to the dissection of the ICA, MCA, ACA, ACHA, and PcomA (Figure 3). However, it can also be applied to the dissection of perforating branches. Special attention was given to perforating branches that support CNs (Figure 5). The arterial supply of the chiasm and ON is mainly from the superior hypophyseal arteries, which are often damaged by intraoperative operations, thus resulting in subsequent ON ischemia and visual deficits (18). In the current study, we dissected this branch by finding the entrance point from the posteromedial aspect of the ICA and dissecting it from proximal to distal (Figure 5A). The meningohypophyseal trunk and inferolateral trunk are the most important branches of the cavernous ICA and can be located in the posterior and horizontal ICA segments, respectively (Figure 5B). The sacrifice of these arteries may cause the dysfunction of CN III, IV, and VI because of the interruption of their blood supply (19). By following their course and using the bidirectional dissection technique, these CNs can be protected while achieving maximal tumor resection. The lenticulostriate arteries are the most important perforating branches of the MCA and may cause hemiparesis, coma or death when damaged (20). The majority of these perforating branches coursed medially and parallel to the M1 supply of the basal ganglia and portions of the internal capsule. Special attention is needed to protect this branch during dissection along the MCA trunk. The dissection of the lenticulostriate arteries was initiated from the MCA trunk followed by tumor decompression to identify the distal end of the lenticulostriate arteries encased in tumors (Figure 5C). By using these bidirectional dissection procedures, maximal tumor resection and neurofunctional protection can be achieved.




Figure 5 | The cranial artery, perforating branches, and the cranial nerve are involved in the PCMs. The ACA, ICA, MCA, and their perforating branches were involved in ACMs (A) while MCA and its perforating branches were the most involved in MSWMs (C). The inferolateral trunk and the meningohypophyseal trunk of the ICA were encased by CSMs (B).





Neurofunctional Outcomes at Long-Term Follow-Up

During the past two decades, our surgical goal was to achieve maximal tumor resection while protecting the neurofunction of patients and improving their postoperative quality of life. The individualized surgical techniques mentioned above were used to minimize mobility and morbidity. In our series, the KPS of patients with PMs at the last follow-up was elevated to 89.6 compared with 81.1 preoperatively.

The ON was often involved in PMs and postoperative visual improvement was present in 10%-66.7% of patients according to the previous reports (6, 14, 17). The visual acuity improvement and unchangeability in our series were up to 90.3%. We attributed the good outcome not only to the bidirectional dissection technique but also to the extradural clinoidectomy, the section of the falciform, and the preservation of the perforating branches that supply the ON and optic chiasm. In our experience, the compression of the nerve directly or its feeding artery was the reason for the deterioration of visual acuity preoperatively. Even in blind patients, efforts should be made to dissect the ON and its feeding arteries from the tumor instead of sacrificing it to achieve maximal tumor resection. Three patients with blind-eye recovery had a sense of light after several months. Another important procedure that may contribute to the improvement of patients is the dissection of the superior hypophyseal arteries, which is the main blood supply of the ON.

CN III, IV, and VI are often encased or invaded by CSMs and large ACMs. Injury to these CNs or injury to their blood supply were the two main reasons for postoperative CN dysfunction. According to previous reports, postoperative CN III, IV, and VI dysfunction from 12.9% to 29% (11–13, 21). The deterioration of nerve function was observed in 9.2% of our patients, and 66.7% recovered to unchanged after follow-up. We attributed these results to the following individualized surgical techniques: (1) A pretemporal transcavernous approach allows the surgeon to identify the plane between the tumor and neurovascular structures within the cavernous sinus. (2) Sharp dissection minimizes the traction to CNs. (3) A bidirectional dissection technique was used to preserve the blood supply of these CNs. The total resection rate of CSMs was 44.8%, which was lower than that of ACMs and MSWMs. The reason was to prevent intraoperative injury to the ICA and CNs when the tumor invaded the adventitia or epineurium. If we remove the residual tumor in the above cases, injury to the ICA or CNs was unavoidable. Owing to the slow growth of the residual tumor (22), we left the residual tumor and performed stereotactic radiotherapy three months after the surgery. The recurrence rate of CSMs was 3.4% during the follow-up.



Limitations

Most of the results of this study were based on retrospective data. This retrospective aspect may introduce selection bias and misclassification. Prospective studies and multi-organizational research with larger sample sizes are still needed before the surgical techniques and results of this study can be adopted.




Conclusion

PMs are one of the most challenging skull base meningiomas. We modified the classification of Ugrumov (2) and classified PMs into three subtypes on the basis of preoperative imaging, according to which we can perform individualized surgical strategies for patients, including tailored surgical approaches and bidirectional dissection techniques. This technique contributes to the total resection of meningiomas while preserving the cerebral arteries and CNs.
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Supplementary Video 1 | Forward dissection was performed to expose the proximal ICA. Dissection proceeded from the distal dura ring of the ICA to its bifurcations Reverse dissection was initiated from the debulking tumor extending to the surface of the Sylvian fissure. The distal MCA branches can be located after splitting the Sylvian fissure. When the tumor invaded the adventitia or was too hard to suction, sharp dissection using a no. 11 blade scalpel was used to remove the tumor covering the arteries. Following the course of the ICA trunk, the MCA, ACA, and anterior choroidal artery (ACHA) can be easily dissected from the residual tumor easily.
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Objective

The exact role of the extent of resection or residual tumor volume on overall survival in glioblastoma patients is still controversial. Our aim was to create a statistical model showing the association between resection extent/residual tumor volume and overall survival and to provide a nomogram that can assess the survival benefit of individual patients and serve as a reference for non-randomized studies.



Methods

In this retrospective multicenter cohort study, we used the non-parametric Cox regression and the parametric log-logistic accelerated failure time model in patients with glioblastoma. On 303 patients (training set), we developed a model to evaluate the effect of the extent of resection/residual tumor volume on overall survival and created a score to estimate individual overall survival. The stability of the model was validated by 20-fold cross-validation and predictive accuracy by an external cohort of 253 patients (validation set).



Results

We found a continuous relationship between extent of resection or residual tumor volume and overall survival. Our final accelerated failure time model (pseudo R2 = 0.423; C-index = 0.749) included residual tumor volume, age, O6-methylguanine-DNA-methyltransferase methylation, therapy modality, resectability, and ventricular wall infiltration as independent predictors of overall survival. Based on these factors, we developed a nomogram for assessing the survival of individual patients that showed a median absolute predictive error of 2.78 (mean: 1.83) months, an improvement of about 40% compared with the most promising established models.



Conclusions

A continuous relationship between residual tumor volume and overall survival supports the concept of maximum safe resection. Due to the low absolute predictive error and the consideration of uneven distributions of covariates, this model is suitable for clinical decision making and helps to evaluate the results of non-randomized studies.





Keywords: glioblastoma, extent of resection, residual tumor volume, prognostic survival model, accelerated failure time, nomogram, reference



Introduction

Glioblastoma (GBM) is a prognostically unfavorable primary brain tumor with an incidence rate of 3.2 per 100,000 population, representing 14.5% of all primary brain tumors (1). The standard of care remains tumor resection followed by radiation therapy with concomitant and adjuvant temozolomide (TMZ) (2).

Several prognostic factors have been described that significantly influence and predict survival, e.g., methylation of the promoter region of the O6-methylguanine-DNA-methyltransferase (MGMT) gene, extent of resection (EOR), treatment regimen, age, and assessment scores as Karnofsky performance status (KPS) (3–7). However, neurosurgeons and neuro-oncologists can only influence the EOR (8, 9) and the treatment regimen (2) to a limited extent. Although the EOR is one of the key elements of treatment in GBM, its exact role is still controversial due to the lack of prospective randomized clinical trials and contradictory retrospective studies and interpretations (3–5, 10–12). Different thresholds for a clinically significant effect were proposed, ranging from about 70% to complete resection of the contrast-enhancing tumor (3, 5, 10–12). More importantly, based on these results, it was concluded that resection might only be indicated if the respective thresholds can be achieved. In contrast, Marko et al. proposed a continuous relationship of EOR and survival times, showing that any degree of tumor resection is beneficial, and concluded that a maximum safe resection is generally indicated (4). Marko et al. were the first group to present data based on a parametric model of survival analysis, the accelerated failure time (AFT) model, instead of the commonly used semiparametric proportional hazard models. They suggested that their model had better explanatory capacity for survival prediction than other published models based on recursive partitioning analysis or resection thresholds (3, 5, 10–12).

In this study, we wanted to i) validate the concept of a continuous relationship of EOR and survival suggested by the parametric AFT model; ii) extend the introduced AFT model by considering molecular prognostic biomarkers [methylation of MGMT and mutations of isocitrate dehydrogenase (IDH)] and radiological/surgical predictors for survival prediction; iii) compare the explanatory power of the AFT model with different Cox proportional hazard models; iv) provide a reliable nomogram for predicting survival; and v) evaluate the model for clinical applicability in an independent cohort.



Methods


Study Design

This is a retrospective multicenter cohort study addressing the relationship of EOR and overall survival (OS) in adult patients with newly diagnosed IDH wild-type GBM. The models were developed on the basis of a patient cohort of one of the three involved centers, which served as a training set (n = 303). The other patients were combined as a cohort to externally validate the final statistical models (validation set, n = 253). The clinical endpoint OS was evaluated by univariate and multivariable Cox regression analyses and AFT model. The different models were cross-validated and compared by their coefficients of determination (pseudo R2) and concordance indices (C-indices). Based on the β-coefficients from the AFT model, a score was derived from convincing predictors by means of a nomogram, and a score-related prediction model for OS was developed.



Data Collection and Study Population

We included all adult patients (age ≥ 18 years) with newly diagnosed GBM treated at one of the study centers from January 2006 to December 2014. The institutional ethics committees of three universities approved the study. The following variables were obtained for each patient: gender, age at diagnosis, molecular markers (mutations of IDH and methylation of MGMT), KPS, tumor location, preoperative tumor volume, residual tumor volume (RTV), white matter infiltration related to ventricles (contrast-enhanced tumor infiltration of ventricle wall: yes or no), eloquent brain regions (dominant side of Wernicke’s and Broca’s speech area and inferior parietal lobule “Geschwind’s” region; both sides of the primary motor, sensory, and visual cortices), postoperative deficits on the day of discharge (median d6), treatment modality, use of steroids, time of surgery, time of tumor progression according to Response Assessment in Neuro-Oncology (RANO), death, and last visit. MGMT was determined locally in the different centers without central assessment. MRI within 72 h after surgery assessed RTV by comparing T1-weighted images with and without contrast enhancement. We used Brainlab (BrainLAB AG, Feldkirchen, Germany) for volumetric analyses. Patients with an IDH mutation, incomplete data sets (e.g., missing postoperative MRI and missing molecular markers), or participation in therapy arms of clinical trials were excluded.



Statistical Analyses

Only patients with complete data sets were included in the analyses; patients with incomplete data sets were excluded. First, we performed univariate Cox regressions to identify potential variables that have an impact on OS. Variables were analyzed using the full spectrum of continuous variables but were also categorized (age, KPS, EOR, and RTV) by classification and regression tree (CART) analyses or by common thresholds according to literature: age (≤50 vs. >50 to ≤70 vs. >70 years); KPS (≥90 vs. <90); EOR (100%, 98%, 95%, and 80%), and RTV (0, ≤1, 1–10, and >10 cm3). We introduced a new variable called “resectability”. We stratified patients into “good” or “bad” resectable with respect to tumor locations that were significantly associated with worse survival in univariate Cox regressions. Tumors were defined as bad resectable if the tumor was in a diencephalic location, a thalamic location, the basal ganglia, or brain stem or if the tumor was multicenter; otherwise, it is was defined as good resectable. Multicollinearity between the identified risk factors was excluded.

Variables that showed hazard ratios (HRs) with p-values ≤0.1 were used to perform multistep Cox regressions with bidirectional elimination. The proportional hazard assumption was confirmed by analyzing Schoenfeld residuals and Rho statistics. Models were internally validated by 20-fold cross-validation. The goodness of fit was assessed by estimating the Cox–Snell pseudo R2, which corresponds to the level of variation that is explained by the regression model. Furthermore, the C-index was determined, which is a generalization of the area under the receiver operating characteristic curve that measures the model’s discrimination power (see document, Supplementary File 1, which explains the whole development of the statistical models, Model design “1.1–1.3,” pp. 1–7).

The most promising EOR model was determined by several multivariable Cox regressions considering different absolute and relative RTV thresholds (see document, Supplementary File 1, Appendix—Comparison of different EOR models “4.1–4.9,” pp. 22–29).

Log-logistic AFT models were performed based on selected factors from Cox models. The assumption of a log-logistic distribution was tested and confirmed. The AFT model was also internally validated by 20-fold cross-validation. Residuals were calculated for the comparison of the predicted and observed OS (see document, Supplementary File 1, Model design 1.4, pp. 8–11). The final AFT model with categorical variables was used to create a score from a nomogram based on the β-coefficients, which was again validated by log-logistic regression (see document, Supplementary File 1, Scoring for survival “2,” pp. 12–14). Finally, AFT models of a) categorical predictors and b) the derived score were validated by an external patient cohort by comparing the mean and median absolute predictive error (APE), the Cox–Snell pseudo R2, and C-index of models and external validations (see document, Supplementary File 1, Model validation on external data “3,” pp. 15–18). JMP 12.2 (SAS Institute Inc., Cary, NC; https://www.jmp.com/en_us/home.html) and some functions from R (13) and R package rms (14) were used for the statistical analyses.




Results


Patients and Overall Survival

Out of 392 IDH wild-type GBM patients who were treated in our hospitals between 2006 and 2014, 303 patients had complete data sets and were available as a training set for multivariable regressions. Eighty-nine patients were excluded because of missing MRI data (n = 48), inclusion in study arms of prospective studies (n = 36), and missing MGMT status (n = 13). At the time of analysis, 254 patients had died (84%), 26 were still alive (8.5%), and 23 were lost to follow-up (7.5%). Patient characteristics are presented in Supplementary File 2. The median OS was 15.0 months (95% CI 13–16), and the median time to progression was 8.4 months (95% CI 7.4–9.2). Estimations of OS rates are shown in Figure 1 as Kaplan–Meier, Cox regression, and log-logistic regression survival curves; and the table in Supplementary File 3 illustrates the OS Kaplan–Meier estimates. There is a trend in regression curves towards underestimating longer survival compared with Kaplan–Meier, especially in Cox regression.




Figure 1 | Overall survival curves. Overall survival shown in Kaplan–Meier estimates and derived from Cox regression and log-logistic regression.





Relationship Between Residual Tumor Volume and Overall Survival

The parametric AFT model allows the prediction and visualization of the relationship of clinically relevant parameters in addition to point estimates for individual survival times. Figure 2 illustrates the continuous almost linear relationship between EOR and the median predicted OS. Table 1 shows the parameters of the logistic regression model. The coefficient of RTV (−0.0127) can be used to calculate the estimated OS as a function of residual tumor size. For example, an RTV of 10 cm3 leads to a shortening in survival time by a factor of 0.88 [exp (−0.0127 × 10)].




Figure 2 | Relationship between residual tumor volume (RTV) and overall survival (OS). Relationship between predicted OS and RTV or extent of resection (EOR) as single predictors in a log-logistic regression model. Both curves show a continuous, nearly linear relationship and run in parallel with a better prognosis for relative RTV (EOR), suggesting that preoperative tumor size also may have an effect on OS.




Table 1 | Log-logistic regression model.





Model Development and Validation

Univariate Cox regressions suggested age, RTV, EOR, methylation of MGMT, KPS, therapy modality, resectability, and white matter infiltration relating to ventricles to be significant predictors of OS. Eloquence, the use of preoperative steroids, and recurrent surgery were, i.a., not significant factors for OS. Multivariable Cox and log-logistic regressions confirmed continuous variables age and RTV and methylation of MGMT, postoperative therapy modality, resectability, and white matter infiltration relating to ventricles as possible predictors of OS. In contrast, KPS was excluded because it had no independent effect on OS. Age and RTV were grouped into three categories. For the complete model development, see document, Supplementary File 1, which explains the whole development of the statistical models.

The final AFT model was tested against the null model (χ2 = 166.09; <0.0001, Table 2).


Table 2 | Final survival model of the prognostic score.



The model demonstrated a pseudo R2 of 0.423, which is the amount of variation of OS that is explained by our regression model, thereby explaining its goodness of fit. The C-index, which is the proportion of all pairs of cases where the case with empirically shorter survival times also has a higher predicted risk (hazard) and thus can be interpreted as a measure of the predictive power of the model, was 0.749, indicating a good model. The internal validation by 20-fold cross-validation shows after correction for optimism a pseudo R2 of 0.428 and a C-index of 0.755, which is very close to the final model demonstrating the stability of the estimates. The median deviation of 0.95 months (mean 0.30 months) is low; i.e., the model applies to the observed data. However, individual deviations can be quite high, and there is a trend towards underestimating longer survival. For external validity assessment, a novel external data set of 253 patients was available, of which 191(76%) had died at the time of analysis and 62 (24%) were still alive or lost to follow-up. Snell’s pseudo R2 of this model was 0.271 and C-index 0.686, resulting in a median APE of 2.63 months (mean: 1.81 months).

The parametric AFT model allows the prediction and visualization of the relationship of clinically relevant parameters in addition to point estimates for individual survival times. Figure 2 illustrates the continuous almost linear relationship between EOR and the median predicted OS.



The Nomogram Established

A nomogram to estimate individual survival probabilities was built using the final AFT model (Figure 3). Median survival and survival rates at 12, 24, and 60 months are obtained from drawing a perpendicular line from the “Total points” axis to the outcome axes. Up to 34 points are possibly given with the best score of 34 and the worst score of 0 points. Alternatively, the score can also be calculated by summing up the score value for each variable (see Table 3, showing the scores of each category of predictors for OS) and reading out the survival probabilities in Figure 4. For clinical examples, see Supplementary File 4.




Figure 3 | Nomogram for predicting overall survival (OS). Final nomogram predicting individual median survival times and 12, 24, and 60 months of survival probability based on six predictors of OS, which add up in a summary score from 0 (worst) to 34 (best) total points; for examples, see table, Supplementary File 4, with four clinical cases of nomogram-predicted survival versus actual survival.




Table 3 | Scoring for survival.






Figure 4 | Prognostic diagrams for overall survival (OS). Prognostic diagrams for the median OS (full line, right y-axis) and 12, 24, and 60 months (dashed lines, left y-axis) survival probability based on the total prognostic scores of the nomogram.






Discussion

We evaluated the effects of EOR on survival using non-parametric and parametric survival models, demonstrated the advantages and limitations of the AFT model, and provided an improved nomogram-based prediction model. We also found a continuous relationship between EOR and survival, as suggested by Marko et al. (4). By additionally considering molecular markers (IDH and MGMT), resectability, and the extent of white matter infiltration, we were able to improve the AFT model (pseudo R2 = 0.31 to pseudo R2 = 0.42) and to reduce the APE by about 1.8 months from a median of 4.42 months to a median of 2.63 months compared with the model of Marko et al. (4). We developed a clinically applicable nomogram to predict survival times (C-index = 0.69) with an APE of a median of 2.78 months or a mean of 1.8 months. The developed models show an improvement of about 40% compared with the most promising currently established model (4). Finally, we present that despite the further improvement of the model to estimate individual survival times, the model is still not sufficient to reliably predict individual survival times but is suitable to facilitate clinical decision making and to predict the mean/median survival in smaller groups of patients, e.g., for phase 1/2 trials.


Predictors of Overall Survival in Glioblastoma

To estimate the actual impact of the different predictors of survival, all covariates that affect survival must be identified and integrated into the multivariable regression. Among numerous clinical, radiological, and molecular factors (Supplementary File 2), only seven factors demonstrated a significant effect on OS in univariate regressions and were reduced to six factors in our final multivariable models (Tables 1, 2). Our data confirm that younger age at diagnosis, higher EOR or lower RTV, methylated MGMT, and postoperative combined radiochemotherapy or radiotherapy compared with chemotherapy are favorable predictors of survival as previously suggested (4, 7, 15). In contrast to Gittleman et al., KPS and gender had no independent impact on OS in our patient cohort in accordance with the observations of Marko et al. and Gorlia et al. (4, 7, 15). In univariate regression, KPS was also a significant predictor of OS. The multivariate regression showed that KPS was not an independent predictor of survival when the other variables in our model were included. Because it is a multidimensional process, we cannot explain the reason for this precisely but can only speculate. Because most of the other identified variables (age, therapy, extent of resection, MGMT status) are generally also taken into account in other studies, we might speculate that the variable “resectability” newly introduced in our model is responsible. If the differences observed in KPS are explained to a large extent by "resectability", i.e., tumor location, the independent effect of KPS on OS might no longer be large enough to exert a statically significant independent influence on OS. In addition, tumor infiltration beyond the white matter into the ventricular wall had an unfavorable independent effect on OS. This was also observed by Wangaryattawanich et al., who also found deep white matter invasion and ependymal extension as significant predictors of OS (16). In addition, we have introduced a new factor called “resectability” of contrast-enhancing tumor. Tumors stratified as poorly resectable have been shown to be an independent unfavorable predictor of OS in our cohort. Tumor expansion in classic eloquent regions was not a significant predictor of OS, as observed by others (3, 17) because safe tumor removal can now be ensured in these regions through the introduction of electrophysiology and awake surgery.



Tumor Volume and Survival

We confirmed the continuous inverse relationship between RTV and OS (4), which means that any degree of resection has a benefit of survival. This is in contrast to most studies published in the last two decades that identified different thresholds for a beneficial role of EOR directing different clinical recommendations (3, 5, 10–12). The observed differences in these studies are likely due to the different underlying statistical models. Non-parametric models (e.g., Cox regression) that are commonly used forfeit information by defining dichotomous or categorical thresholds and calculating the median survival by considering the population medians of covariates with semi-quantitative hazards. Interestingly, Lacroix et al. and Grabowski et al. already showed continuous relationships between median OS and increasing thresholds (85%–100%) of EOR (10) or decreasing thresholds of RTVs (25–1 cm3) (17). Instead, Marko et al. used parametric log-logistic regression modeling, which uses the full information of metric data, enabling individual point estimations of survival and providing visualization of the probabilistic relationship of RTV and survival, a concept that was also applied in this study.

The concept of a continuous relationship between RTV and survival rather than postulated thresholds is also supported by the observation that postoperative RTV, determined as gadolinium enhancement within 24–72 h after surgery in all studies, reflects not the true tumor volume. Increasing evidence suggests that tumor volume in GBM is not restricted to gadolinium enhancement (18–20). Suchorska et al. showed that the biological tumor volume (BTV) determined by O-(2-[18F]fluoroethyl)-l-tyrosine PET (18FET-PET) can be much larger than the volume of gadolinium enhancement and is associated with survival times. They showed that despite complete resection of contrast enhancement, up to 9.5-cm3 BTV could still be detected (19). This has also been supported by studies using 5-aminolevulinic acid (5-ALA) for glioma surgery demonstrating tumor infiltration beyond the gadolinium enhancement in MRI (18). Roessler et al. postulated that 5-ALA is more sensitive for RTV than 18FET-PET, meaning that GBM extends even beyond BTV in 18FET-PET (20). These data suggest that the postulated thresholds based on resection of partial tumor volume are unlikely clinically relevant. Surgeries in patients who were classified as complete resection (5), gross total resection (GTR) of >98% (10), GTR of >78% (3), GTR of >70% (12, 18), etc., have likely more RTV than expected, but patients did, however, benefit from tumor resections. Clinically, these considerations speak against refusing surgery due to the impossibility of obtaining a specific EOR and support the concept of maximum safe resection. This means that surgery is also indicated even in cases of expansive diseases, where only partial tumor resection is safely achievable.

We improved the predictive accuracy of our final regression model and our simplified score model by about 40% compared with the currently established model (4). Although the mean/median APE is small (2.78/1.8 months), individual predictions are still not recommended, as individual deviations can be very high (see document, Supplementary File 1, which explains the whole development of the statistical models, Model design, 1.4, p. 11). In contrast, the low APE in our model could be helpful in estimating the effect of therapies in unrandomized studies by considering the combined effect of covariates for each patient and thus compensating for the uneven distribution of risk factors in the different trial groups. This is of particular importance since unrandomized and unstratified retrospective or small prospective phase 1/2 studies do not serve to demonstrate the efficacy of new therapies; patients’ covariate risk factors are often unbalanced, distorting the interpretation of survival times.



Limitations and Strengths of the Study

The main limitation of this study is the retrospective nature; e.g., clinical data as KPS or neurological deficits were collected through medical records and not according to a defined protocol, and MGMT was determined locally without central assessment. The recently identified biomarker CDKN2A, which has been shown to be associated with OS in GBM (21), was not available for analysis. Patients were neither randomized nor stratified by the other predictors of OS to assess the effects of EOR or RTV on OS. However, a prospective study dealing with this question, i.e., randomizing the EOR, would not be ethically acceptable. We consider the unequal distributions of the other covariates through multivariable analysis. After the development of our model, we have internally demonstrated the stability of our model (C-index 0.75) by cross-validation and validated the predictive power and adaptability by an external independent patient cohort. For model and nomogram development, our patient cohorts covered the entire spectrum of clinical GBM cases without limitations of general performance status (i.e., KPS), age, RTV, or postoperative therapy compared with the developed nomograms from specific patient cohorts of prospective clinical trials (7, 15). Another limitation might be the heterogeneity of the patients and data as assessed by the different study centers. At the same time, however, this represents a strength of the study, as it shows the generalizability of the model. However, all patients included in the model come from three German specialized academic centers, which may limit the transfer of the model to other patient cohorts, e.g., from non-academic centers or from other countries.




Conclusions

We found a continuous relationship between RTV and OS that supports the concept of maximum safe resection. By considering molecular and radiological markers, we improved the predictive accuracy of previous models by about 40% compared with the most promising established model and developed a clinical applicable score. The developed nomogram helps to estimate the expected survival and the benefit of a more radical surgery. This can be of help to the treating physicians in advising the patients and relatives in the decision for surgery. Nevertheless, individual predictions should only be made with caution on the basis of this model due to the possible high individual deviations. Yet our statistical model could be a very useful tool to estimate the survival effect of retrospective or small prospective phase I/II studies since the median/mean APE is low.
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Primary melanocytic tumors of the CNS are extremely rare conditions, encompassing different disease processes including meningeal melanoma and meningeal melanocytosis. Its incidence range between 3-5%, with approximately 0.005 cases per 100,000 people. Tumor biological behavior is commonly aggressive, with poor prognosis and very low survivability, and a high recurrence rate, even after disease remission with multimodal treatments. Specific genetic alterations involving gene transcription, alternative splicing, RNA translation, and cell proliferation are usually seen, affecting genes like BRAF, TERT, GNAQ, SF3B1, and EIF1AX. Here we present an interesting case of a 59-year-old male presenting with neurologic symptoms and a further confirmed diagnosis of primary meningeal melanoma. Multiple therapy lines were used, including radiosurgery, immunotherapy, and chemotherapy. The patient developed two relapses and an evolving genetic makeup that confirmed the disease’s clonal origin. We also provide a review of the literature on the genetic basis of primary melanocytic tumors of the CNS.
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Introduction

Melanocytic tumors that originate in the meninges are rare. These tumors might present as focal (melanomas) or diffuse conditions (melanocytosis). Staging might vary from low grade to high grade malignant stages. These tumors are frequently diagnosed in patients >40 years old and in females. The most common places where it develops include the cervical and thoracic spine and the posterior fossa (1–4). When its location is the leptomeninges, clinical symptoms and signs are non-specific (5), the gold standard for diagnosis is the evidence of tumor cells present in cerebrospinal fluid, with a sensitivity of CSF cytology of 50% in the first puncture and 98% in repeated punctures (5, 6). Magnetic resonance imaging (MRI) has a sensitivity and specificity of 77%, and a typical leptomeningeal contrast enhancement might be the most frequent finding (5).

Primary meningeal melanocytic neoplasms (PMMs) share genetic and molecular characteristics with uveal melanomas (UMs) (1, 3), which have been found to recur frequently and to have an aggressive behavior with leptomeningeal spread (2). PMMs share mutations with UM. Some of the genes affected include GNAQ/GNA22 or GNA11 (7, 8) (paralogue genes), and to a lesser degree, SF3B1 and EIF1AX (2, 3), while BRAF mutations and TERT promoter mutations are rare (9).

Common mutations have been reported in primary meningeal melanomas with NRAS, SFEB1, and EIF1AX and coexisting with GNAQ or GNA11 (3). Also, the loss of chromosome 3 and BAP1 mutations have been detected in some melanocytic meningeal tumors (2, 3). Therefore, these molecular differences have implications in targeted therapy (3). Meningeal melanomas have specific methylation that allows them to be discriminated from other tumors of the central nervous system. However, there is still no information to establish an adequate primary meningeal tumor profile (2). Understanding the genomic alterations of meningeal melanomas can help improve the diagnosis and treatment.

Among therapies for PMMs, focal radiotherapy, intrathecal and systemic chemotherapy have been proposed, with just a partial benefit. A study assessing radiotherapy’s effectiveness combined with checkpoint inhibition using ipilimumab for leptomeningeal melanoma metastases (LMM) showed that complete responses could be achieved (5). LMM and PMMs usually have a poor prognosis with a median overall survival of 2-4 months. Nevertheless, the use of multimodal interventions (surgery, radiotherapy/radiosurgery, targeted therapy, and immunotherapy) has shown a global benefit in managing this type of tumor (10). Here, we present the case of a patient with a PMM considering its clonal evolution throughout various surgical interventions, radiosurgery, the use of adjuvant ipilimumab, the combination of ipilimumab/nivolumab and temozolomide. We also discuss the current evidence on the genomics of PMMs and their treatment and contrast it with the findings taken from our patient. These data provide an insight into new and alternative ways to treat PMMs.



Case Presentation

In 2016, a 59-year-old male presented with acute severe headaches, nausea, vomiting, gait instability, and functional limitation. An MRI brain scan showed a bulky solid mass in an extra-axial location, firmly adhered to the right transverse sinus. The solid portion (measuring 38x22x19 mm) coexisted with an intraparenchymal hematoma. The mass effect of the complex partially collapsed the fourth ventricle causing ascending transtentorial herniation. Additionally, cerebellar tonsil herniation through the foramen magnum was noted (Figure 1). The tumor was completely resected, and histology was consistent with a meningeal melanocytic tumor of high-grade malignancy. Histologically, the tumor was moderately pigmented with a lobular architecture associated with prominent vascularization and interconnecting vascular lakes showing melanoma features. A high nuclear-cytoplasmic ratio and prominent nucleoli were observed as well as multinucleation. There were five mitoses per 10 HPF. Areas of hemorrhage and apoptosis were identified, but there was no necrosis. The tumor cells expressed S100, HMB45, and Melan A (Figure 2). Ki-67 proliferative index was 15%, and nuclear BAP1 immunohistochemistry expression was utterly negative in melanocytes, with positive staining of endothelial cells (images not available). The clinical, mucosal, and ophthalmological examination did not reveal other melanoma localizations.




Figure 1 | Brain MRI scan at diagnosis in 2016. Extra-axial bulky solid mass with a hypercellular solid component in the right paravermian location depicted by the arrow in (A) (axial T1WI), (B) (GRE), and C (T2WI). Note the hypointense components in T2WI (C) and blooming effect in GRE (B) highly suspicious for melanic or pigmented components. Also, note the coexistent intraparenchymal hematoma [* in (A–D)]. Mass was firmly attached to dural surface compressing right transverse dural sinus (doble arrowhead in D, postcontrast T1WI). In the post-operative scan [(E), T1 WI postcontrast], no macroscopic evidence of residual disease in the surgical cavity was noted [white star in (E)].






Figure 2 | Basal pathology of meningeal hyperpigmented lesion from the posterior fossa compatible with a primary melanoma of the meninges. Green arrows in H/E image show large nucleoli in cells with a high nucleus-cytoplasm ratio.



Figure 3 shows the comparative genomic hybridization array (aCGH) analysis of the four samples obtained from surgical resections, including monosomy of chromosome 3 and X, a total gain of chromosome 20, a high-level gain of chromosome 8q, and segmental losses on chromosomes 1p and 6q. The primary melanocytic tumor harbored a somatic mutation in GNAQ (c.626A>T), alteration present in 0.07% of AACR GENIE cases (https://portal.gdc.cancer.gov/), of uveal melanoma, ocular melanoma, cutaneous melanoma, and central nervous system melanoma. Besides, a commutation was found in the eukaryotic translation initiation factor 1A (EIF1A), a gene that encodes a protein that acts as an essential eukaryotic translation initiation factor. The G15D mutation (c.44G> A) is found in up to more than 30% of UMs and in primary melanomas of the meninges, where it usually co-occurs with other mutations in SF3B1, as in the present case (R625H mutation, c.1874G> A) (Supplementary Data includes a detailed description of the methods performed for the NGS assessment on the Ion Torrent™ Oncomine™ Comprehensive Assay Plus). As previously reported, the primary tumor’s genomic analysis did not reveal mutations in BAP1, BRAF, NRAS, HRAS, KIT, and TERT. Neither microsatellite instability was evidenced, and Tumor Mutation Burden (TMB) was estimated at 3 Mut/Mb.




Figure 3 | Summary of genomic profiles of four different samples from the case. Samples correspond to the meningeal melanoma at diagnosis and its three further recurrences with their chromosomal alterations. The recurrence of CNAs across the samples in segmented data (y-axis) is plotted for each probe (4) evenly aligned along the x-axis in chromosomal order. The percentage of samples harboring gains, amplifications, losses, and deletions for each locus is depicted according to the following scheme: dark red (gains with a log2 ratio > = 0.15) and green (loss with a log2 ratio < = −0.15) and are plotted along with bright red (amplifications with a log2 ratio ≥ 0.4) and bright green (deletions with log2 ratio ≤−0.4).



Postoperatively, patient underwent radiosurgery (gamma knife 16 Gy) on the cerebellar cavity, without complications, followed by four cycles of intravenous ipilimumab 10 mg/kg administered every three weeks for four doses, and then every 12 weeks until one year of treatment. After four cycles of ipilimumab, he developed moderate ipilimumab-induced hepatitis successfully treated with high dose PO corticosteroids (prednisone 1 mg/kg/day for ten days) subsequent tapering.

After 23 months, the patient presented with recurrent symptoms. Follow-up imaging showed vasogenic edema involving the right cerebellar hemisphere and the vermis, with a small marginal nodule visible on MRI and PET/CT (SUVmax 3.2) (Figure 4). In March 2018, he was taken to an optimal secondary surgery that confirmed recurrent melanoma with an expression of Melan A, HMB45, S100, SOX10, and MITF. Ki-67 was quantified at 30%. The second sample’s genetic analysis revealed five new alterations in the TERT promoter (C228T), SDE, PDRX2, CHIT1, and TNIP genes. As a complication, he had a CSF cyst plus bacterial meningitis that delayed the execution of new radiosurgery with gamma knife (16 Gy). Then, he was started on nivolumab, achieving a progression-free survival (PFS) of 7.2 months. He developed meningeal progression with new nodules and meningeal thickening attached to the torcula causing partial compression of the right transverse sinus (Figures 5A, B). A cfDNA analysis was carried out by NGS in the cerebrospinal fluid, finding only the TERT promoter’s mutation. In parallel, he started with ipilimumab (1 mg/kg) plus Nivolumab (3 mg/kg) every three weeks following data from the CheckMate 511 phase IIIb/IV trial. Initially, no limiting toxicity was found; however, he had a recurrence of grade 3 hepatitis just after the fourth cycle when steroids were administered again. Subsequently, he received 15 cycles of Nivolumab 480 mg every 28 days until February 2020. An irregular nodular enhancement focus was then found in the right paravermian cerebellar postsurgical cavity, related to local tumor relapse with perilesional vasogenic edema (Figure 5C). He was taken to a third neurosurgical intervention without complications but with greater neurological involvement concerning slight ataxia and dysmetria.




Figure 4 | Imaging follow-up 23 months after diagnosis. Brain MRI scan showed a solid nodule below the torcular Herophili at the midline [arrow in (A), T2WI, and (B), postcontrast T1WI]. Note the low signal in the nodule in A (T2WI) and the avid contrast enhancement in B (postcontrast T1WI) in a similar pattern as in the pre-operative scan. In the medial margin of the surgical cavity [* in (C)] contrast enhancement may be noted matching the hypermetabolic focus seen on PET-CT [* in (D)] consistent with local recurrence.






Figure 5 | Brain MRI scan after secondary resection. A similar low signal nodule in the surgical cavity is depicted [arrow in (A), T2WI]. According to new onset of cephalalgia, the torcula’s extrinsic compression was demonstrated [double arrowhead in (B), venous-phase angio-MRI]. In (C) (postcontrast T1WI), meningeal and surgical cavity enhancement is also noted (star).



After finding persistence of the GNAQ and TERT alterations in tumor tissue, he began treatment with temozolomide on the 5/28 schedule, maintaining the response to date. At that time, he completed 58 months of survival. Figure 6 describes the timeline from diagnosis to the present, including the different genomic findings. Decision of initial and subsequent therapies were made based on progression development. No targeted therapies were used.




Figure 6 | Graphic evolution of the clinical case and of the tumor genomics evaluated by NGS in tumor tissue and CSF.





Discussion

In this case, a patient with non-specific neurological symptoms is presented. Due to their persistence, an MRI is performed where a heterogeneous lesion of extra-axial location and adhere to the transverse sinus with cerebellar involvement is evident; surgical intervention was done early, showing a malignant melanoma macroscopically. Immunohistochemical findings showed the expression of Melan-A, HMB, S100, and MITF and negativity for AE1/AE3. At diagnosis, the presence of BRAF, NRAS, HRAS and KIT mutations was ruled out, and during disease evolution, several alterations were found in GNAQ, EIF1AX, SF3B1, SDE2, PRDX2, CHIT1, TNIP, and TERT. Treatment included radiosurgery and checkpoint inhibition with ipilimumab and nivolumab with an adequate response.

The development of extracutaneous primary melanomas results from malignant transformation of neural crest cells that might have scattered throughout mucous membranes, eyes, and the leptomeninges during cell migration in embryogenesis (4, 11). PMM is a rare type of tumor. Its presentation is associated with focal/spread meningeal lesions or metastases. Evidence regarding the biology and clinical features of this condition is scarce; however, specific analyses have shown that these types of tumors present with a particular genetic makeup that allows for an adequate and comprehensive therapeutic approach. The first case of PMM was described by Virchow in 1859, with very few cases reported later. PMMs are usually seen in adults, with a higher prevalence among those over the fourth decade of life. Pediatric patients are extremely rare, accounting for approximately 0.1% of all pediatric central nervous system tumors (4).

These tumors have an uncertain biological behavior; most of them are aggressive, although they depend on their genetic background (12). These tumors’ behavior is not well defined either; however, prognostic markers such as BAP1 mutations and chromosome loss have been proposed (2, 9). Copy number variations such as 6p gain, 6q loss, chromosome 8 gain, 1p loss, and 1q gain have been reported in some meningeal melanocytic tumors. This becomes important given that they have predictive value, as the gain of chromosome 8 and loss of 1p is associated with a worse prognosis (9).

A cerebrospinal fluid sample, in some cases, may be the first and only sample necessary to make the diagnosis of meningeal melanoma, as different diagnostic biomarkers like Melan A, HMB-45, and MITF can be found in this fluid (13). Mutations in GNAQ and GNA11 are commonly found in adults with PMM, while children usually present with NRASQ61K (4).

This NRAS mutation is most probably developed during embryogenesis, throughout the post-zygotic stage of neural crest cells, before migration to the skin and leptomeninges, which could condition NRAS mosaicism (4). In a case series, Küsters-Vandevelde et al. showed NRAS mutations in a patient with a melanocytic CNS tumor and congenital melanocytic nevus, with an SF3B1 mutation only in the CNS tumor but not in the melanocytic nevus. On the other hand, some cases of melanocytomas with meningeal seeding plus SF3B1 mutations and associated GNAQ were reported (3). A point mutation in EIF1AX was also reported in five primary meningeal melanomas (3). Consistently, EIF1AX mutations were mutually exclusive with SF3B1 mutations but coexisted with GNAQ or GNA11 alterations suggesting that they occur in the late phase of tumorigenesis (3, 14). SF3B1 gene mutations in PMMs occur mainly at codons 625 or 634. They are regularly associated with a disomy for chromosome 3, accompanied by GNAQ or GNA11 mutations and overexpression, and to a lesser extent with NRAS mutations (3). The GNAQ, GNA11, and NRAS mutations are believed to play a critical role in the initiation of PMMs tumorigenesis, while the SF3B1 conversion seems to be a later event (3). Curiously, in our case, the baseline coexistence of the GNAQQ209L, EIF1AXG15D, and SF3B1R625H mutations was found, a profile that had not been previously described in PMMs, or their uveal counterparts. Figure 7 integrates GNAQ-related signaling pathways in PMMs. Griewank et al. analyzed a large set of CNS melanocytic tumors using techniques like mutation analysis, copy number alterations and DNA methylation profiling. They included PMMs, UMs, CNS cutaneous melanoma metastases and blue nevus-like melanomas. They found that EIF1AX, SF3B1, and BAP1 mutations in UM are associated with favorable, intermediate, and poor prognosis, respectively. They also showed that EIF1AX, SF3B1, and BAP1 mutations in PMMs don’t seem to match accordingly with an expected histologic pattern, this might explain why in our patient, there were no BAP1 mutations but a negative expression in IHC. The researchers also demonstrated that PMMs harboring chromosome 3 loss and BAP1 alterations (mutations or IHC loss), should be considered as high risk, with a high malignant potential. This is in fact the situation of our patient. Also, when there are no alterations in EIF1AX, SF3B1, and BAP1, or there are only mutations in EIF1AX with wild-type versions of SF3B1 and BAP1, the prognosis is favorable (15).




Figure 7 | Dysregulated pathways in PMMs (in black circles, other mutated genes are highlighted with their protein representation, and colocalization parallel to the main signaling pathways). Recurrent mutations in GNAQ, PLCβ4, and CYSLTR2 are mutually exclusive and trigger Gαq signaling and related pathways (Akt/mTOR, Wnt/β-catenin, Yes-associated protein (YAP), and MAPK pathways). In brief, GNAQ mediates signals between the G protein-coupled receptor (GPCR) and downstream effectors. Receptor activation by ligand binding causes the activation of GNAQ by catalyzing the release of GDP and binding of GTP. In its active form, GTP-bound GNAQ causes the release of the beta and gamma subunits of the heterotrimeric G-protein. GTP-GNAQ and beta and gamma subunits transfer the receptor-mediated signal to downstream effectors through secondary messengers, which participate in diverse signaling pathways to evoke different effectors. The known effectors for GNAQ include PLC beta, p63-RhoGEF, Trio, and Duet. GNAQ has been shown to activate the MAP kinase pathway, possibly via DAG-mediated activation of protein kinase C isoforms. GNAQ has an intrinsic GTPase domain at the C terminus, which causes the hydrolysis of GTP to GDP, and the G-alpha-GDP re-associates with G-beta and G-gamma subunits. Somatic mutations in GNAQ have been described in uveal and meningeal melanocytic neoplasias. In uveal melanoma, 97% of the hotspot mutations cause the amino acid substitution Q209L (data similar to rare cases originating in the meninges); the other 3% of mutations generate amino acid change R183Q. The Glutamine 209 of GNAQ is similar to residue 61 of RAS protein. The Q209 and R183 mutations cause a complete or partial loss of intrinsic GTPase activity, thereby locking the protein in a constitutively active form. Q209 and R183 mutations occur in a mutually exclusive pattern in human neoplasia. Mutations in GNAQ are also mutually exclusive from the hotspot mutations in GNA11, which belongs to the same family and shares 90% sequence homology. GNAQ mutations are not concurrent with other common oncogenic mutations in BRAF, NRAS, or KIT found in common melanomas. CYSLTR2, Cysteinyl leukotriene receptor 2; PIP3, Phosphatidylinositol, 3,4,5)-trisphosphate; PIP2, Phosphatidylinositol 4,5-bisphosphate; GNAQ, G protein subunit alpha q; ARF6, ADP-ribosylation factor 6; GNQ11, G protein subunit alpha 11; GEP100, ADP-Ribosylation Factor - Guanine nucleotide-Exchange Protein; PI3K, Phosphatidylinositol 3-kinase; PTEN, phosphatase and tensin homolog; AKT, AKT serine/threonine kinase; mTOR, mechanistic target of rapamycin kinase; CHIT1, Chitinase 1; TNIP, TNFAIP3 interacting protein; TRIO, Triple functional domain protein; Rho, Rho factor; Rock, Rho kinase; FAK, PTK2 protein; MOB1, MOB kinase 1A; YAP, Yes-associated protein 1; AMOT, Angiomotin; TERT, Telomerase reverse transcriptase; RAF, RAF kinase; MEK, Mitogen-activated protein kinase; ERK, extracellular signal-regulated kinase; STAT3, Signal transducer and activator of transcription 3; SF3B1, Splicing factor 3B subunit 1; EIF1AX, Eukaryotic translation initiation factor 1A.



Additionally, in our case, a mutation of the somatic telomerase reverse transcriptase gene (TERT) was identified. This mutation has been evidenced in approximately 80% of cases of patients with sporadic and familial melanoma (12, 16); although this mutation is rare in PMMs, it is very pervasive, and it is believed to increase gene expression, generating a positive selection of malignant cells. Besides, a joint expression has been shown with BRAF and NRAS, which activate melanoma oncogenesis, and TERT activation is believed to enhance melanocyte immortalization (12, 16, 17). TERT promoter mutations are found more frequently in sun-exposed sites and show mutations that could be consistent with UV-induced cytidine-to-thymidine transitions (6), it has been suggested that these mutations might occur early in the development of cutaneous melanoma. As the primary melanoma occurred on sun-exposed skin, it is somewhat surprising that a UV-induced TERT promoter was not detected in the primary lesion. However, as C228T mutations are also frequently found in UV-protected internal malignancies, it is possible that the melanoma acquired its TERT promoter mutation after metastasizing (6, 18). Alternatively, the C228T mutant cells could have been present as a small subset of the primary lesion, which was not detected by initial gene sequencing, but then became the dominant cell type by the time the melanoma was progressive.

Leptomeningeal melanoma remains a devastating complication, and its control is a tremendous unmet clinical need since progression results in rapid neurological decline and death. The diagnosis can be difficult and is often made on radiological findings without confirmation of CSF cytology. Arasaratnam et al. recently reported the outcomes of fourteen patients with extracranial melanomas and meningeal involvement (10). Almost all had BRAF mutations (79%). The median time from diagnosis of metastatic melanoma to confirmed leptomeninges’ involvement was 5.7 months, and all but one patient received local therapy, systemic therapy, or both. The median overall survival (OS) from diagnosis of meningeal disease was 5.2 months, and 12-month OS was 21%. Additionally, immunotherapy was administered to 64% of patients (two ipilimumab, five anti-PD1 antibodies, and one both) with a median OS for those who received ipilimumab of 3.0 months. The patients that received anti-PD-1 antibodies appeared to live longer than those that did not (median OS 7.1 months vs. 2.9 months) (10). Central nervous system involvement in patients with UMs is extremely rare and only five cases has been described in the literature to date (19). Patients with UM leptomeningeal disease typically have a median OS of ~10 weeks and derive benefit from intrathecal interleukin-2 (IT IL-2), whole brain radiation and ipilimumab (20).

Given the biological similarity between UMs and PMMs, the therapeutic results on the former might be extrapolated. Previously, Heppt et al. identified and analyzed seven expanded access programs (EAPs) (n=162), 4 phase II trials (n=171), and 1 phase Ib trial of immunotherapeutic interventions in UM patients (21). Ipilimumab monotherapy was assessed at 3 mg/kg in 5 trials (n=186) with a 0 to 5% response rate. Besides, two reports investigated ipilimumab at 10 mg/kg (n=45) with radiological responses observed in 0 to 6.5%. The median progression-free survival (PFS) was below 3 months in both groups, and the median OS was 5.2-9.8 months. Similarly, two studies investigated pembrolizumab or nivolumab with overall response rates (ORRs) of 30% and 6%, respectively. Data on combined ipilimumab and PD-1 inhibition were available from one EAP, but no response was observed with a median PFS of 2.9 months (21). Even though UMs and PMMs share a wide array of driver mutations, treatment outcomes might vary, this is mainly due to the physiological immune privilege of the eye (22).

The systematic characterization of the immune profile of UMs made it possible to find that tumors with the greatest potential for response to immunotherapy were those that showed a higher level of CD3+, CD8+, FoxP3- T cells, and CD68+ macrophages. Also, the analysis of RNAseq expression profiles by NanoString revealed significant differences in a set of immune markers between responders, including a group of genes relevant to the interferon-γ signature, particularly, the suppressor of cytokine signaling-1 (identified as a marker potentially contributing to the response to immunotherapy (23). Paradoxically, recurrence-free survival (RFS) in patients with UMs seems to be related to higher PD-L1 expression and fewer tumor-infiltrating lymphocytes (TILs). However, the cellular response to PD-1 inhibitors and disease control in UMs does appear to be dependent on IFN-γ levels (24). This information has not been extrapolated to PMMs, but it could be used in the future as a factor to stratify the population of patients who are candidates for combination immunotherapy. In our case, the patient had adequate control of the disease after the use of adjuvant ipilimumab (10 mg/kg), and with ipilimumab/nivolumab after recurrence. Other recent reports have demonstrated the value of immunotherapy in patients with primary leptomeningeal melanomatosis and melanomas (25).

Notably, other strategies were developed, considering that the typical mutations in GNAQ/GNA11 in UMs and PMMs lead to constitutive activation of the MAPK and PI3K/AKT pathways (26). Thus, logical approaches considered downstream targeted therapies against effector proteins, such as MEK and AKT. Some clinical trials were developed based on this rationale of inhibition of downstream Gαq (Supplementary Table 1). In this context, selumetinib (an oral selective MEK1/2 inhibitor) was tested against chemotherapy (temozolomide or dacarbazine) in a phase 2 trial, and in combination with dacarbazine in the phase 3, multicenter, and randomized SUMIT trial. Unfortunately, both studies showed limited clinical activity (ORR 14% and 3%, respectively) in advanced UM patients (27, 28). Subsequently, the MEK inhibition trametinib was tested alone or in combination with the AKT inhibitor GSK2141795 in a phase 2 trial, including patients with advanced UM (29). The combination did not improve the clinical outcomes since patients in the trametinib arm (n = 18) achieved an ORR of 5.5% compared to 4.8% in the combined arm (n = 21). The median PFS was 3.6 months in both groups. Based on the concept that UMs (and probably PMMs) normally synthesize and secrete vascular endothelial growth factor (VEGF), an additional targeted therapy tested was the oral multi-kinase inhibitor sunitinib (30). Scheulen et al. developed a phase 2 trial recruiting 118 chemonaive patients with metastatic UM. Unfortunately, only two cases had a partial response (1.7%), 78 had a stable disease (66.1%), and the median PFS was 5.5 months (31).



Conclusions

In conclusion, although PMM is a rare entity and its presentation is aggressive in most cases, understanding gene expression, signaling pathways, and determining cancer genomics enables better performance in targeted treatments; however, more studies are still required better to understand the pathogenesis and early treatment of this pathology. Furthermore, the comprehensive and integrated approach with neurosurgery, radiotherapy, pathology, clinical oncology, and the early initiation of medications is fundamental to improve survival, prognosis and decrease disease recurrences (32).
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Pediatric central nervous system (CNS) tumors are the most common solid tumors diagnosed in children and are the leading cause of pediatric cancer-related death. Those who do survive are faced with the long-term adverse effects of the current standard of care treatments of chemotherapy, radiation, and surgery. There is a pressing need for novel therapeutic strategies to treat pediatric CNS tumors more effectively while reducing toxicity – one of these novel modalities is chimeric antigen receptor (CAR) T-cell therapy. Currently approved for use in several hematological malignancies, there are promising pre-clinical and early clinical data that suggest CAR-T cells could transform the treatment of pediatric CNS tumors. There are, however, several challenges that must be overcome to develop safe and effective CAR T-cell therapies for CNS tumors. Herein, we detail these challenges, focusing on those unique to pediatric patients including antigen selection, tumor immunogenicity and toxicity. We also discuss our perspective on future avenues for CAR T-cell therapies and potential combinatorial treatment approaches.
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Introduction

Pediatric central nervous system (CNS) tumors are the most common solid tumors diagnosed in children (1). Despite advances in the molecular characterization of these tumors and the fine-tuning of multimodal therapies, numerous patients experience high rates of tumor recurrence and mortality (2, 3). In fact, CNS tumors are the leading cause of pediatric cancer-related death, recently surpassing leukemia (1, 4). Those who survive face lifelong challenges associated with the standard of care (SoC) treatment, which usually consists of surgery, chemotherapy and/or local or craniospinal irradiation. Chemotherapy leaves patients with off-target organ damage and often neurocognitive deficits (5), and radiation causes debilitating damage to the developing brain (6). Given this persistent mortality and morbidity, there is an urgent need for novel therapies that effectively eradicate CNS tumors in children, providing durable remissions while minimizing treatment-related toxicity.

Recent developments in cancer immunotherapy have unveiled targeted treatment strategies that can prevent tumor recurrence and negate long-term neurotoxic sequalae caused by cytotoxic therapies. Immune checkpoint inhibition with antibodies targeting programmed cell death protein 1 (PD-1) and CTLA4 demonstrates superior efficacy in comparison to the SoC in several cancers (7, 8). In many children with relapsed and treatment-refractory leukemia, treatment with Chimeric Antigen Receptor (CAR) T-cells has led to durable remission (9, 10). CAR T-cells are generated by engineering patient T-cells to express the hybrid CAR protein, which contains an extracellular antibody-like domain that recognizes a cancer-specific antigen and intracellular signalling components that trigger an immune response (11). Each new generation of CAR T-cell has comprised more sophisticated co-stimulatory signalling domains, including CD28 and 4-1BB, and other genetic modifications, such as transgenes for cytokine secretion, to optimize anti-tumor activity (12). Currently, CAR T-cells are approved for use in hematological malignancies including relapsed/refractory non-Hodgkin lymphoma, multiple myeloma, and pediatric relapsed acute lymphoblastic leukemia (13). Solid tumors have emerged as the next frontier for CAR T-cell therapies.

Pre-clinical and early clinical trial data have suggested that CAR T-cells could play an important role in the treatment of pediatric CNS tumors, including medulloblastomas (MB), atypical rhabdoid teratoid tumors (ATRT), high grade gliomas (HGG) and ependymomas (14–16). Many obstacles remain, however, to the successful development of CAR T-cell therapies in pediatric CNS tumors. The paucity of targetable antigens and the unfavourable immunological characteristics of these tumors present unique challenges, and children have unique and poorly understood vulnerabilities to treatment-related toxicities. Herein, we review the major challenges associated with developing CAR T-cell therapies specifically for pediatric CNS tumors and present our perspective on possible avenues for the future development of more effective CAR T-cell and combinatorial immunotherapies.



Challenges


Antigen Selection

Whereas adult CNS tumors display an abundance of neoantigens that arise from high mutational burden, there is a marked paucity of neoantigens on pediatric CNS tumors (17, 18). Children are exposed to fewer environmental factors that contribute to DNA damage and the resultant lack of neoantigens presents a unique challenge for pediatric immunotherapy target selection. Target antigens should have tumor-specific (little to no expression in normal cells) or tumor-associated (overexpressed in tumor tissue) expression to spare the developing brain from off-tumor toxicity (19). One promising strategy to overcome the paucity of true neoantigens is to target oncofetal antigens, a class of cell surface markers normally expressed exclusively during prenatal tissue development that can become re-expressed during neoplastic transformation (20). For example, CAR T-cells have been developed to target tumor-specific exons of the oncofetal antigen cerebroglycan GPC2 (21, 22). Alternatively, they can be made to target tumor-specific antigen epitopes. CAR T-cells targeting the epidermal growth factor receptor (EGFR) 806 epitope that is uniquely expressed on the surface of tumor cells can effectively eradicate glioblastoma (GBM) cells while sparing EGFR-expressing human fetal astrocytes (23).

In addition to a reduced neoantigen abundance, there is extensive intratumoral phenotypic heterogeneity among pediatric CNS tumor cells (24). Brain tumor initiating cells (BTICs) are an infrequent subpopulation of tumuor cells CAR T-cell that share properties with normal stem cells, including the capacity for limitless self-renewal and proliferation. BTICs are resistant to chemotherapy (25) and radiation (26) and seed pediatric CNS tumor recurrence and leptomeningeal metastasis (27, 28). The identification of a target that selectively marks BTICs may provide an effective means to eradicate therapy refractory tumor cells, thus delaying or preventing recurrence. Unfortunately, existing BTIC markers amenable to immunotherapy in adult gliomas, such as prominin 1 (PROM1; CD133), are also expressed by human neural stem and progenitor cells (29).

Selection of tumor cells with reduced target antigen expression throughout the course of treatment will also induce temporal heterogeneity. This antigen escape is an impediment to effective CAR T-cell treatment (24, 30). Multivalent CARs are a potential way to improve targeting of tumors with heterogenous antigen expression. Bielamowicz et al. demonstrated improved anti-tumor efficacy in GBM models using trivalent CAR T-cells targeting ephrin A receptor 2, human epidermal growth factor receptor 2 (HER2) and interleukin-13 receptor alpha-2 (IL13Rα2) (30). With the same trivalent design, a significant survival benefit was observed in patient-derived xenograft (PDX) models of MB and ependymoma. Notably, modest expression of HER2 and IL13Rα2 on patient samples in this study suggests additional, more highly expressed targets are needed (15).

Currently, there are a limited number of CAR T-cell clinical trials for children with CNS tumors, all at phase I. Targets include HER2, B7 homolog 3 (B7H3), EGFR806, the disialoganglioside GD2 and IL13Rα2 (Table 1).


Table 1 | Current clinical trials investigating CAR T-cells for pediatric CNS tumors.





Delivery

In comparison to hematological malignancies, solid tumors and especially CNS tumors situated behind the blood brain barrier (BBB) present unique physical challenges that hinder effective delivery of CAR T-cells. While peripherally infused CAR T-cells have been found to modestly cross the BBB (31–33), numerous pre-clinical studies evaluating the comparative efficacy of intravenous (IV), intratumoral (IT) and intraventricular (ICV) delivery of CAR T-cells targeting CNS tumors have produced compelling evidence favoring locoregional administration via surgically-inserted catheter (IT or ICV). Locoregional delivery is associated with more effective tumor infiltration, improved anti-tumor efficacy, and reduced systemic toxicity (16, 34–36). For example, Theruvath et al. tested B7H3 CAR T-cells against ATRT patient-derived xenografts in mice and showed dramatically more rapid tumor homing and expansion with locoregional delivery, in comparison to the far higher doses of CAR T-cells delivered via IV. Additionally, significantly higher levels of systemic inflammatory cytokines were detected upon IV delivery (16). Notably, ICV delivery may be superior to IT in cases of leptomeningeal spread, as CAR T-cells are able to more freely traffic throughout the CNS (34). In current pediatric clinical trials, locoregional delivery is the preferred method (Table 1).



Homing and Persistence

Other important challenges impeding the development of effective CAR T-cells for pediatric CNS tumors include CAR T-cell homing and persistence. To improve homing to tumor sites, CAR T-cells expressing chemokine receptors have been developed (37, 38). Once CAR T-cells reach target sites, they must be capable of exerting an antitumoral response prior to exhaustion. Should exhaustion occur prior to tumor clearance, CAR T-cell efficacy drops dramatically. A recent study found that co-expression of AP1 transcription factor, c-Jun, in CAR T-cells led to an increased capacity for expansion, and diminished terminal differentiation. These exhaustion-resistant CAR T-cells also exhibit a dramatic increase in antitumoral efficacy (39).

Additional strategies to improve CAR T-cell persistence and reduce exhaustion include optimizing T-cell activation and co-stimulation signalling and interfering with molecules that impair T-cell activation (40). For example, CAR T-cells engineered to express pro-inflammatory cytokines such as IL-12 and IL-18 and those with constitutively active IL-15 and IL-7 have increased anti-tumor efficacy and improved persistence in solid tumors (41–44). Particularly in immunologically “cold” pediatric CNS tumors, additional inflammatory cytokine secretion by CAR T-cells could also augment local immune cell activation. This benefit must be balanced with local and systemic toxicity associated with increased cytokine production (40). Finally, issues of CAR-T cell persistence can be addressed by optimizing the timing of their delivery. For example, the use of small, frequent (usually weekly) dosing regimens may help maximize the therapeutic window while minimizing infusion-associated toxicity (37). It is unclear, however, whether frequent CAR T-cell dosing translates to improved anti-tumor efficacy in comparison to infrequent or one-time dosing.



Toxicity

Cytokine release syndrome (CRS), a systemic inflammatory response following excess cytokine production by endogenous immune cells and/or CAR T-cells, and the toxic encephalopathy known as immune effector cell-associated neurotoxicity syndrome (ICANS) that often follows, are major systemic side effects of CAR T-cell therapies targeting hematological malignancies (45). Relatively little is known regarding these toxicities in the context of CAR T-cells for CNS tumors, especially in pediatrics. Nevertheless, the locoregional delivery strategies currently employed with many CNS-targeting CAR T-cell therapies reduce much of the concern for systemic toxicity, which is known to be a dose-dependent (46) manifestation of the systemic administration and peripheral activation of CAR T-cells (16, 45). This is in keeping with the CRS reported by Goff et al. after IV infusion of only the highest dose of EGFRvIII-targeting CAR T-cells in a GBM patient (47), and that most trials with CAR T-cells targeting CNS tumors have shown few adverse events (48). There is, however, reasonable concern for excess cytokine production leading to local CNS toxicity following locoregional delivery. Promisingly, 3 pediatric patients recently treated with locally-infused CAR T-cells targeting HER2 experienced no dose limiting toxicity while still showing local CNS immune activation (49). Interestingly, CRS and ICANS were not predicted by pre-clinical studies of CD19-targeting CAR T-cells (45) – perhaps similarly unexpected toxicities will emerge through the development of CAR T-cells for CNS tumors.

Given that CAR T-cell dosing, antigen affinity and other design factors remain largely empiric, off-target and particularly on-target/off-tumor toxicity are major concerns. Illustrating this concern, Richman et al. showed that high-affinity CAR T-cells targeting GD2 caused fatal encephalitis after acting on normal brain tissues expressing GD2 in a neuroblastoma mouse model (50). It has also been observed that ICV-administered CAR T-cells migrate effectively into the periphery (16), suggesting that even with locoregional delivery strategies, off-tumor toxicity within the periphery must be considered.

In creating CAR T-cells for the pediatric population, attention must be drawn to the fact that the childhood brain and other tissues are still developing and also have different antigen expression in comparison to adults. This is particularly relevant with CAR T-cells targeting known or potential stem cell antigens. For example, CD133 is expressed on neural stem cells (51) and hematopoietic stem cells (52). Hence, while treatment with CD133-targeting CAR T-cells may be tolerated in adults with GBM, this target may not be appropriate in pediatric patients. Preclinical development of novel targets must ensure proper examination of appropriate control tissues, such as human neural stem cells and fetal tissue arrays, to get insights into potential toxicities. Building inducible control into CAR T-cells provides clinicians with the ability to rapidly regulate CAR T-cell activity during treatment and in case of anticipated or unanticipated toxicities. These include suicide genes such as inducible Caspase 9 and herpes simplex virus tyrosine kinase, and cell surface elimination markers that allow for antibody-mediated control (53).



Tumor Immune Microenvironment

Tumors comprise a distinct network of tumor cells, immune cells, stromal cells, and extracellular matrix proteins, a spectrum collectively termed the tumor immune microenvironment (TIME). Immunologically “hot” tumors comprise high numbers of tumor-infiltrating lymphocytes (TILs) and increased PD-1 ligand expression, whereas immunologically “cold” tumors have low numbers of TILs and reduced PD-1 expression. Pediatric CNS tumors are immunologically cold due to their low mutational burden and a lack of neoantigen expression (54, 55). Cold tumors respond poorly to immune checkpoint inhibition (56) and are associated with poor clinical outcomes (18, 57). Colder tumors are also less responsive to adoptive T-cell and CAR T-cell therapies (58, 59). In such cases, administered CAR T-cells must be capable of activation and infiltration, where endogenous T-cells are unable to do the same. To overcome the cold TIMEs of pediatric CNS tumors, novel CAR T-cell engineering approaches can be applied to optimize their function in these environments. Potential tools include cytokine switch receptors, which transform an inhibitory signal into a growth-inducing signal, and optimization of CAR T-cell metabolism in the hypoxic and reactive oxygen species-filled microenvironment (40).

In addition to being immunologically cold, there is substantial heterogeneity in the TIME between and among pediatric CNS tumor types. To develop effective immunotherapies, this heterogeneity must be understood and exploited. Grabovska et al. analyzed genome-wide DNA methylation data from >6,000 pediatric CNS tumors – interestingly, the immune infiltrate subgroups that they identified exist independent of molecular subgroup and are predictive of outcomes in multiple pediatric tumor types. They also showed that specific molecular drivers like H3.3G34 mutations in HGG are associated with characteristic immune infiltrates independent of tumor subtype (18). In MB, several studies have shown that Sonic Hedgehog tumors have an increased proportion of T-cells in comparison to other subgroups, rendering them promising candidates for immunotherapy (18, 60). Notably, pediatric midline gliomas are exceptionally immunologically cold and have very low inflammatory cytokine expression (61). In comparison to normal brain tissue, Diffuse Intrinsic Pontine Glioma (DIPG) tumors do not display increased macrophage or T-cell infiltration, or PD1L expression (62).

Looking forward, a deeper understanding of the heterogenous and cold TIMEs of pediatric CNS tumors will allow for the development of novel treatment approaches that help overcome these unfavorable environments. In addition to novel CAR T-cell design, combining CAR T-cells with other immunotherapies or small molecules may allow for the induction of a potent inflammatory response and improve outcomes.




Combinatorial Therapies

Agents, including small-molecule drugs and other immunotherapies, that can prime CAR T-cells to overcome immunosuppressive effects of tumor cells or those that can convert a cold TIME into a hot TIME may act in combination with CAR T-cell therapies to elicit a more powerful antitumoral response in the pediatric CNS (63). Inhibition of the PD-1/PD-1 ligand immune checkpoint axis, which tumor cells exploit to avoid detection from host immune cells, is a strategy that may enhance the activity of CAR T-cells through increased target engagement (63). The development of small molecules capable of targeting PD-1 have been hindered, however, in part due to the hydrophobic PD-1/PDL-1 interface. The use of cytotoxic/cytolytic agents like cisplatin chemotherapy (64, 65), or oncolytic viruses such as HSV-1 G207 (66), can also enhance the effectiveness of immunotherapy by releasing tumor-associated antigens and cytosolic DNA that promote the conversion of a typically cold pediatric TIME into a hot TIME. The latter presents a potential treatment window of opportunity in pediatric CNS brain tumor patients that are treated with chemoradiotherapy. Researchers have exploited a metabolic vulnerability of immunosuppressive regulatory T-cells (T-reg) to overcome their immunosuppressive nature. Small molecule inhibitors of Indoleamine-pyrrole 2,3-dioxygenase (IDO1) reduce T-reg activity in the TIME and increase immunotherapy efficacy (67).

The capacity for small molecules to be administered systemically, penetrate the BBB, and modulate intracellular targets provides combinatorial immunotherapeutic opportunities for small-molecule agents that monoclonal antibodies and other larger molecules cannot fulfill. Cytotoxic and cytolytic agents also have the potential to greatly enhance the efficacy of CAR T-cell therapies. These combinatorial treatment approaches may be the key to overcoming the challenges presented by solid pediatric CNS tumors.



Discussion

CAR T-cell therapies for hematological malignancies represent major breakthroughs in cancer research and adapting CAR T-cells to target solid tumors represents the next frontier. Here we have reviewed the unique physical and biological challenges associated with developing CAR T-cells for pediatric CNS tumors, and highlighted promising avenues of current and future research (Figure 1). The paucity of targetable antigens, intratumoral heterogeneity, and the co-expression of many potential antigens in normal and developing tissues are all fundamental challenges. Potential solutions include using appropriate preclinical controls, exploring BTIC-specific antigens and novel CAR T-cell engineering strategies such as multivalent CARs. In terms of CAR T-cell administration, IT and ICV methods improve delivery and reduce systemic toxicity. There are also many unknowns regarding the local and systemic toxicity of CAR T-cell therapies for pediatric brain tumors and therefore, a cautious approach guided by an awareness of the potential unique susceptibilities of the pediatric brain is called for. It is unclear how treatment of CNS tumors with CAR T-cells may impact brain development. Other novel approaches are also necessary to improve the homing and persistence of administered cells. Finally, the cold and heterogeneous TIMEs of some pediatric CNS tumors necessitate the development and application of novel combinatorial therapies to support CAR T-cells in generating an immune response sufficient to eradicate tumor cells. With creative use of existing and novel therapies and continued innovation in CAR T-cell design, there is potential for a new era of improved outcomes and reduced toxicity for children with CNS tumors.




Figure 1 | Challenges and potential solutions for development of effective CAR T-cell therapies for pediatric CNS tumors. Infographic depicting the challenges (red) associated with immunotherapies for malignant pediatric CNS tumors, and the proposed solutions (green) that might mitigate them. TIME, tumor immune microenvironment; BTIC, brain tumor initiating cell; NSC, neural stem cell; IT, intrathecal; ICV, intraventricular. Figured created with BioRender.com.
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Objective

A single-institution cohort of 92 consecutive pediatric patients harboring tumors involving the fourth ventricle, surgically treated via the telovelar or transvermian approach, was retrospectively reviewed in order to analyze the impact of surgical route on surgery-related outcomes and cumulative survival.



Methods

Clinical, radiological, surgical, and pathology details were retrospectively analyzed. We selected n = 6 surgery-related clinical and radiological outcomes: transient and permanent neurological deficits, duration of assisted ventilation, postoperative new onset medical events, postoperative cerebellar mutism, and extent of resection. We built univariate and multivariate logistic models to analyze the significance of relationships between the surgical routes and the outcomes. Cumulative survival (CS) was estimated by the cohort approach.



Results

There were 53 girls and 39 boys (mean age, 83 months). Telovelar approach was performed in 51 cases and transvermian approach in 41 cases. Early postoperative MRI studies showed complete removal in 57 cases (62%) and measurable residual tumor in 35 cases (38%). The average tumor residual volume was 1,316 cm3 (range, 0.016–4.231 cm3; median value, 0.9875 cm3). Residual disease was more often detected on immediate postop MRI after telovelar approach, but the difference was not significant. Cerebellar mutism was observed in 10 cases (11%). No significant difference in the onset of cerebellar mutism was detected between telovelar and transvermian approach. The choice of surgical approach did not significantly modify any other postoperative outcome and 1-/3-year CS of high-grade surgically treated tumors.



Conclusions

With the limitation of a single-center, single-surgeon retrospective series, our findings offer significant data to reconsider the real impact of the choice of the surgical route to the fourth ventricle on the incidence of cerebellar mutism and surgery-related morbidity. This seems to be in line with some recent reports in the literature. Surgical approach to the fourth ventricle should be individualized according to the location of the tumor, degree of vermian infiltration, and lateral and upward extension. Telovelar and transvermian approaches should not be considered alternative but complementary. Pediatric neurosurgeons should fully master both approaches and choose the one that they consider the best for the patient based on a thorough and careful evaluation of pre-operative imaging.
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Introduction

The surgical strategy to access the fourth ventricle has evolved over time in order to minimize the surgical invasiveness and maximize the degree of surgical resection (1–5). Along this line, the telovelar approach (6–11) was introduced to avoid the anatomical damage of the classic transvermian route (3, 4, 8) and the potential consequences in terms of postoperative cerebellar mutism (12, 13).

The aim of our study was to analyze the impact of the choice of the surgical route to the fourth ventricle on the incidence of cerebellar mutism (CM) and surgery-related morbidity in children.



Materials and Methods


Patient Population: Criteria of Inclusion/Exclusion

From January 2007 to June 2018, 215 patients below 18 years of age were operated for neoplasms of the posterior fossa at the Department of Pediatric Neurosurgery of Santobono-Pausilipon Children’s Hospital of Naples. The patient was considered eligible for this study if 1) there is primary diagnosis without previous surgeries, 2) the tumor was located into the fourth ventricle, 3) it invaded the fourth ventricle from adjacent anatomical structure, or 4) its removal required surgical approach to the fourth ventricle.

Exclusion criteria were the following: 1) relapsed or progressing cases first treated before January 2007, 2) cerebellar hemispheric tumors, 3) brainstem tumors without predominant (>50%) exophytic component into the fourth ventricle, 4) tumors of the cerebellopontine angle without fourth ventricular involvement, 5) pineal tumor, and 6) purely aqueductal tumors.

The retrospective analysis of our study covers a period from January 2007 to June 2018. The Senior author started using the telovelar approach from 2001. The tumors of the fourth ventricle treated from 2001 to 2006 were excluded from our analysis in order to avoid the bias of the possible conversion from the telovelar to the transvermian approach.

The selected cases were classified in the following six main groups: (A) intraventricular, (B) mesencephalo-aqueductal tumors, (C) cerebellar/vermian tumors, (D) cerebellopontine angle tumors extending to the fourth ventricle, (E) brainstem tumors with exophytic fourth ventricular component, and (F) large tumors with extensive posterior fossa involvement, including the fourth ventricle (Figure 1).




Figure 1 | Anatomical classification of posterior fossa tumors requiring surgical access to the fourth ventricle. (A) Mainly/purely intraventricular, without evident brainstem infiltration or extensive vermian infiltration. (B) Midbrain/intra-aqueductal tumor with significant bulging in the upper part of the fourth ventricle. (C) Cerebellar/vermian tumor with extensive parenchymal/vermian infiltration and secondary bulging into the fourth ventricle. (D) Cerebellopontine angle tumors extending into the fourth ventricle through the Luschka foramen/foramina. (E) Brainstem tumors with dorsally exophytic fourth ventricular component. (F) Giant tumors with extensive posterior fossa involvement, including a significant fourth ventricle component..





Clinical and Neuroimaging Data

Medical records, neuroimaging studies, and operative and pathological reports were retrospectively analyzed.

Clinical and neurological status before surgery and new transient (<1 year after surgery) or permanent (>1 year after surgery) postoperative neurological deficits and cerebrospinal fluid (CSF)-related complications were identified. Postoperative infections, new onset medical conditions, days of mechanical ventilation, and intensive care unit length of stay were also analyzed.

Before 2016, we identified CM in cases of muteness with delayed onset and limited duration, following posterior fossa surgery, usually presenting with other neurological sings/symptoms: emotional lability, hypotonia, ataxia, long tract sings, and cranial nerve palsy. Since 2016, the Iceland Delphi Group diagnostic criteria (14) for CM have been adopted in our Institution.

All patients with postoperative CM underwent early postoperative neuropsychological assessment (<72 h) exploring: attention, memory, executive functions, processing speed, and cognitive efficiency (although in absence of a standardized institutional protocol) and also full preoperative and late postoperative (1, 3, and 12 months) complete neuropsychological assessment.

All patients were studied using brain CT scan and/or brain and spinal cord contrast-enhanced MRI scan on a 1.5-T machine. MRI sequences used for anatomical classification were T1w without and with injection, T2w turbo spin-echo, T2w fast spin-echo, DRIVE, and balanced fast-field echo (B-FFE). These sequences allowed to classify uni- or bilateral involvement of the foramina of Luschka, caudal extension through the foramen of Magendie, vermian and brainstem infiltration, and cerebellar tonsillar herniation below the foramen magnum.

All patients received postoperative MRI within 24 h to assess the following: extent of resection (EOR%), residual tumor volume (cm3) and location, and postoperative complications. Flow void sign through the endoscopic third ventriculostomy (ETV) was sought on T2-w sagittal cuts.

Tumor preoperative volume (cm3) and tumor residual volume (cm3) were calculated for each patient independently by two authors (NO and VO) using 3D volumetric sequences in Horos TM 3.3.5 (GNU General Public License, version 3.0) on the basis of axial sections on 3D T1-w FFE contrast-enhanced images. In case of computational disagreement, an arbitrary difference of 5% of the largest calculation was set as the limit for revision by a third author (CR). Preoperative tumor volumes were split into three homogeneous groups using two tertiles.



Surgery

Every attempt was done not to open the posterior fossa in the presence of untreated hydrocephalus. Endoscopic third ventriculostomy (ETV), external ventricular drain (EVD), or ventriculoperitoneal (VP) shunt were performed, if necessary, at presentation by the neurosurgeon on call at the time of admission in agreement with senior author indications, depending on clinicoradiological features (age, metastases, clinical conditions, anatomy of third ventricle floor, and available surgical theater).

All patients were operated in the prone position through a median suboccipital craniotomy. The senior author decided the surgical approach on preoperative neuroimaging without randomization.

Intraoperative macroscopic evidence of vermian and/or brainstem infiltration and extension of cervical laminectomy/laminotomy, dural opening, and closing of posterior fossa dural defect were noted. Anesthesia records provided information on clinical parameters during surgery.

Surgical microscope was used in all cases, and all procedures were recorded (Zeiss® OPMI®/NC4 microscope; Zeiss® OPMI®/Pentero® 800 microscope).

Since 2009, intraoperative neuronavigation system was routinely used (Medtronic® StealthStation Treon Plus® Surgical Navigation System; Medtronic® StealthStation S7® and S8® Surgical Navigation System). The CUSA® Excel® ultrasonic aspiration system was used in all cases, changing the irrigation, aspiration, amplitude, and tissue select modes in relation to the specific situation. Self-retaining flexible retractors are adopted in all procedures.

Neurophysiological intraoperative monitoring (IOM) was used in case of dorsal exophytic brainstem tumor, brainstem infiltration, fourth ventricle tumor with cerebellopontine angle (CPA) involvement, and tumor extending through the foramen magnum.



Follow-Up and Adjuvant Therapy

All follow-up MRI studies were retrospectively reviewed to assess the presence and timing of recurrence or regrowth of residual tumor. The timing of follow-up MRI was adapted according to pathological results and intercurrent modifications of neurological status. We considered as the most recent follow-up the date of the last MRI study and consequent neurosurgical/oncological examination.

Patients enrolled in this study were all evaluated by a multidisciplinary team and treated according to national guidelines. Treatment protocols of the Italian Society of Pediatric Oncology were followed for adjuvant treatment in case of medulloblastoma, ependymoma, and AT-RT. Standard treatment options for childhood low-grade gliomas included follow-up and surgery in case of residual tumor or recurrence; radiotherapy was rarely indicated and only in case of failure of surgery to achieve complete resection or if surgery was considered too dangerous for neurological function.



Statistical Analysis

Six post-surgical outcomes were analyzed: transient and permanent neurological deficits (respectively: <1 and >1 year after surgery), duration of assisted ventilation (two groups with 48 h cut-off), postoperative new onset medical events (yes–no), postoperative CM (yes–no), and extent of resection (three groups: no residual disease, residual volume <1.5 or > 1.5 cm3).

We built univariate and multivariate logistic models for every outcome. We calculated odds ratios (OR) and 95% confidence interval (95% CI), and we analyzed the significance of relationships between the outcomes and the covariate variables (p < 0.05 was considered significant). In logistic regression, the maximum likelihood estimation suffered from small-sample bias, so in our analysis, we choose to use the penalized maximum likelihood estimation proposed by Firth: always in multivariate analysis and in the univariate analysis when one of the number of events resulted equal to zero. The postoperative tumor residual volume is an ordinal outcome, so the ordered logistic model was applied to estimate its relationship with the set of covariates (both in univariate and multivariate analysis).

Cumulative survival (CS) was estimated by the cohort approach. One- and 3-year cumulative survival was analyzed in relation to histological grading (WHO 1–2 vs. WHO 3–4), histological subtype (medulloblastoma, pilocytic astrocytoma, and ependymomas), and surgical approach (telovelar approach–transvermian approach for high-grade tumors) and was calculated using the Kaplan–Meier method. The confidence intervals (95% CI) of the survivor functions were obtained using Greenwood’s formula. The survival distributions were compared using the log-rank test (p < 0.05 was considered significant). For the surgical approach, the power of predicting factors (surgical approach and postoperative residual tumor volume) was evaluated in a Cox proportional hazard model.

The analyses were performed using a commercially available software (Stata 15/MP2).




Results


Clinical Presentation, Radiology, and Pathology

Ninety-two patients met the inclusion criteria. There were 53 girls (58%) and 39 boys (42%). The mean age at the time of diagnosis was 83 months (range, 1 month–17.3 years). Thirty-four tumors were low grade (WHO grade 1–2), and 58 tumors were high grade (WHO 3–4). Details of clinical and radiological presentation and tumor anatomical features are shown in Table 1.


Table 1 | Preoperative clinical, radiological, and pathological assessment.



Brain MRI was performed in 89 patients (3 not performed due to emergency surgery). In six patients, tumor volume was not computable due to lack of the specific postop MRI volumetric sequences. In the remaining 86 patients, median tumor volume was 25.21 cm3 (range, 0.529–137.696 cm3). Tumor volumes were classified into three homogeneous groups: <15, 15–26, and >26 cm3, using the two tertiles.

The main differences in the choice of the approach were dictated by the anatomical pattern of the tumor: telovelar was chosen exclusively for tumors of the aqueduct bulging in the fourth ventricle and intraventricular extension of CPA tumors and almost exclusively for dorsally exophytic brainstem tumors. For pure intraventricular tumors or for tumors expanding into the cisterna magna or in the cervical canal, the telovelar approach was predominantly chosen. The only group where the choice of transvermian was predominant was the group with extensive vermian infiltration. Telovelar approach was also preferred when the tumor was <15 cm3 (Table 1). Telovelar approach was more frequently chosen for all ependymoma subtype and for AT-RT (Table 1).



Surgery

Telovelar approach was performed in 51 cases and transvermian approach in 41 cases. Details of operative features are listed in Table 2. Twenty-eight children (30%) were re-operated for progressing and/or relapsing disease. Multiple surgical procedures were performed in nine patients (range, 2–4 procedures for each patient).


Table 2 | Surgery and postoperative clinical/radiological assessment.



Early postoperative MRI studies showed complete removal in 57 cases (62%) and measurable residual tumor in 35 cases (38%). The volume of residual disease could be measured in 33 cases (missing MRI sequences in two cases). The average tumor residual volume was 1.316 cm3 (range, 0.016–4.231 cm3; median value, 0.9875 cm3). Large residuals (>1.5 cm3) were equally distributed between telovelar (6) and transvermian approaches (4), whereas smaller residuals (<1.5 cm3) where more frequently left using the telovelar (15 cases) than the transvermian approach (8 cases), but these differences were not significant. Details of extension of resection (EOR%), volumetric quantification of residual disease (cm3), and specific locations of residual disease are listed in Table 2.



Surgery-Related Complications

Postoperative radiological adverse events were identified on 18 postoperative MRI (20%) (Table 2), and only 2 of these events required surgical treatment: within 48 h in one case (cerebellar swelling, treated with EVD) and beyond 48 h in another one case (epidural hematoma from Mayfield pin).

Postoperative CSF-related complications are described in Table 2. Pseudomeningocele was resolved by lumbar puncture in almost all cases (mean number, n = 2; range, 1–4) except in two patients who required lumbar spinal drainage.



Management of Hydrocephalus

Hydrocephalus at onset required CSF-diversion procedures in 65 cases (93%). Early radiological signs of ETV failure were detected in 10 cases (26%). Among treated cases, 14 children (22%) developed postoperative hydrocephalus.

Seven cases of mild preoperative hydrocephalus were referred directly to surgery within 24 h and developed early postoperative hydrocephalus in two cases. Seven patients without preoperative hydrocephalus required CSF-diversion procedures.

Overall, in the long term, 23 children of our population required permanent VP shunt (25%). Patients treated preoperatively by ETV required permanent VP shunt in 19% of the cases, whereas patients treated with pre- or intraoperative EVD required permanent VP shunt in 8% of the cases. Other differences in hydrocephalus treatment and outcome between the two groups are shown in Table 2.



Postoperative Course

According to the aforementioned diagnostic criteria, cerebellar mutism was identified in 10 children (11%) (Table 2). In all cases, the onset of speech loss appeared within 4 days after surgery. The duration of mute phase lasted up to 15 days in eight cases (80%) and up to 30 days in two cases (20%); nine patients (90%) exhibited dysarthria after remission of mutism, with long-term persistence of motor speech deficits in six cases (60%).

When considering the approach chosen, no significant difference in the onset of CM was detected between telovelar and transvermian approach (Table 3).


Table 3 | Surgical approach and postoperative outcomes.



Postoperative new-onset transient neurological deficits were assessed in 48 cases (53% of 91 cases analyzed; multiple deficits in 69%) and are listed in Table 2. No differences were found between the two approaches (Table 3).

Postoperative permanent neurological deficits (persistent >1 year of follow-up) were assessed in 25 patients (31% of 81 patients: 11 patients died before 1 year of follow-up; multiple permanent deficits in 56%) (see Table 2). This incidence was not modified by the choice of the approach (Table 3).

Postoperative new onset medical events and duration of mechanical ventilation following the first surgery are shown in Table 2, and both were not influenced by the surgical approach (Table 3).

Average intensive care unit length of stay, consequent to the first surgery, was 3 days (range, 1–26 days), and no differences were found between the two approaches (Table 3).

Residual disease was more often detected on immediate postop MRI after telovelar approach, but the difference was not significant (Table 3).

Overall, in univariate and multivariate analyses, neither telovelar nor transvermian approach modified significantly any postoperative outcome analyzed.



Follow-Up and Adjuvant Therapy

Mean clinical–radiological follow-up was 55.5 months (range, 0–136 months). In detail, during radiological surveillance after first radical surgery (n = 57 cases of no residual disease), 43 cases (75%) remained stable without relapse, and 14 cases relapsed (25%). Among the cases with residual disease (n = 35), 18 cases (51%) did not progress, 14 cases (40%) progressed, and 3 cases (9%) progressed and, then, after surgical resection, relapsed. Twenty-one cases (23%) suffered from tumoral dissemination or metastasis.

According to the last clinical examination and radiological evaluation, we categorized our patients in three main groups: ANED (alive with no evidence of disease), n = 45 cases (49%); AWED (alive with evidence of disease), n = 24 cases (26%); and DOD (died of disease), n = 23 cases (25%).

Two patients died due to chemotherapy complications. One patient, suffering from tumor predisposition syndrome, died due to leukemia.

No intraoperative death was documented. Eleven children died before 1 year from the diagnosis; of these, 1 perioperatory death was assessed (a child admitted in coma and bilateral mydriasis), 1 patient died of postoperative respiratory complications, and 9 deaths were related to the aggressive tumor behavior.

One- and 3-year CS were analyzed in relation to histological grading (WHO 1–2 vs. WHO 3–4), showing, as expected, a better 1- and 3-year CS for low-grade group (log-rank test, p = 0.0001) (see Figure 2A).




Figure 2 | Kaplan–Meier survival estimates. CS, cumulative survival; CI, confidence interval; y, year. (A) Kaplan–Meier survival estimates (histological grading): 1- and 3-year CS are analyzed in relation to histological grading (WHO 1–2 vs. WHO 3–4), showing a better 1- and 3-year CS for low-grade group (log-rank test, p = 0.0001). Low-grade tumors: 1-year CS, 97.6% (95% CI: 83.9%–99.7%); 3-year CS, 97.6% (95% CI: 83.9%–99.7%). High-grade tumors: 1-year CS, 82% (95% CI: 68.2%–90.2%); 3-year CS: 62% (95% CI: 46.4%–74.2%). (B) Kaplan-Meier survival estimates (histology): 1- and 3-year CS are analyzed in relation to histology (log-rank test, p = 0.03). Pilocytic astrocytoma: 1- and 3-year CS, 100%. Non-anaplastic ependymomas: 1-y CS, 85.7% (95% CI: 33.4%–97.9%); 3-year CS, 85.7% (95% CI, 33.4%–97.9%). Medulloblastomas: 1-year CS, 91.9% (95% CI, 76.9%–97.3%); 3-year CS, 73.6% (95% CI: 55.1%–85.4%). Anaplastic ependymomas: 1-year CS, 100%; 3-year CS, 66.7% (95% CI: 19.5%–90.4%). (C) Kaplan–Meier survival estimates (surgical approach for high-grade tumors): Considering the choice of surgical approach for high-grade tumors (WHO 3–4), we found better 1- and 3-years CS of transvermian approach when compared to telovelar approach with statistical significance (log-rank test, p = 0.048). Telovelar approach: 1-year CS, 76.9% (95% CI: 55.7%–88,9%); 3-year CS, 48.8% (95% CI, 28.5%–66.4%). Transvermian approach: 1-year CS, 87.5% (95% CI: 66.1%–95.8%); 3-year CS, 78% (95% CI, 54.8%–90.3%). The power of predicting factors (surgical approach for high-grade tumors and residual tumor volume) is evaluated in a Cox proportional hazard model (Table 4).



One- and 3-year CS for medulloblastoma, pilocytic astrocytoma, ependymomas, and anaplastic ependymomas are reported in Figure 2B (log-rank test, p = 0.03).

Considering the choice of surgical approach for high-grade tumors (58 cases), we found a better 1- and 3-year CS of tumors operated through a transvermian approach when compared with tumors operated through the telovelar with statistical significance (log-rank test, p = 0.0481) (Figure 2C). The power of predicting factors (surgical approach and postoperative residual tumor volume), evaluated in a Cox proportional hazard model, show that higher scores on postoperative residual tumor volume are associated with poorer prognosis (HR, 2.53). This is statistically significant (p = 0.003) (Table 4).


Table 4 | Cox regression (High-grade tumors).






Discussion

The goals of fourth ventricular tumors surgery are to 1) obtain the largest possible safe tumor resection, 2) restore CSF circulation releasing the fourth ventricle outlets, 3) decompress the brainstem, and 4) obtain tissue sample for pathological and molecular analysis (4). Historically, the oldest and the most intuitive route to the fourth ventricle was to remove part of a cerebellar hemisphere (1). Dandy stated that the inferior cerebellar vermis could be incised at its center and split on the cerebellar suboccipital surface without any significant functional consequence, taking care to avoid excessive surgical manipulation and damage to the dentate nuclei (3).

Since Dandy’s original report (3), the transvermian route has been the most used approach to access the fourth ventricle (13). Dailey (12) and other authors (15–24) considered the vermian incision by default as the main responsible for cerebellar mutism, although clear evidence of this is still lacking. Moreover, the reported more limited control of the laterality offered by this approach motivated some authors (5–11) to explore the natural corridor of the cerebellomedullary fissure (CMF) opening of the tela choroidea and the inferior medullary velum, to avoid any incision of cerebellar parenchyma. Matsushima described three main ways to dissect the CMF, approaching it on its medial or lateral side, or both (5–11).

The medial variant of the CMF opening is the so-called “telovelar approach” and was developed for intra-CMF and/or intraventricular lesions extending also into the cerebellomedullary cistern (CMC), approached via the midline suboccipital route (5, 6, 8, 9, 11). In cadaveric specimens, the telovelar approach allows a better operative control of the lateral aspects of the fourth ventricle (25, 26), and C1 laminectomy nullifies the advantage of the transvermian approach in terms of operative working angle when accessing the rostral fourth ventricle (26). These findings are coherent with our surgical experience.

The choice of surgical route (telovelar vs. transvermian) may depend on thorough evaluation of preoperative imaging, intraoperative features, and surgeon’s preference/experience. The trend of recent literature considers the telovelar approach protective towards cerebellar mutism attributed to the vermian incision and splitting (20–24), leading us to investigate this topic in our cohort.

Postoperative CM [reported incidence, 8–32% (14, 27, 28)] is characterized by delayed onset mutism (24–48 h after surgery), reduced speech, limited duration and spontaneous recovery, usually associated with other deficits of cognitive, affective, and motor functions (13, 14, 29, 30).

Immediately after the transient mute phase, almost all children experience dysarthria (30, 31), as we have also seen in our patients (90% of 10 CM cases, in our cohort), with long-term persistence of motor speech deficits in 60% of our cases, according to other reports (30).

There are two main types of motor speech deficits: 1) a pure dysarthria with normal cognitive functions and 2) an apraxic language disorder with more complex neuropsychological correlates (30).

The severity of associated neuropsychological deficits after surgery was found to be a negative prognostic factor for long-term motor speech deficits, in terms of clinical/neuropsychological impact (30). Full recovery is often incomplete in cases of apraxic dysarthria (30, 31).

However, there is no substantial consensus regarding other prognostic factors, such as the age of onset, for long-term sequelae of CM (30).

Many surgical series, focused exclusively on the telovelar approach, show the beneficial result of this approach in preventing or reducing CM (15–24, 32). When the telovelar approach is compared with the transvermian approach (33, 34), it seems to be protective for postoperative CM and neurological morbidity, although statistical significance was only reported by Ferguson et al. (33) in a mixed adult/child series. The work of Ebrahim et al. (34) does not include adequate statistical analysis.

However, when considering larger series in everyday clinical practice, the reported advantages of telovelar approach are less evident.

Cobourn et al. (35) reported that in pediatric medulloblastomas, vermian incision seems to be a risk factor for CM.

In a retrospective multicenter analysis of 263 pediatric patients harboring posterior fossa tumors, Renne et al. (36) reported no statistical correlation between the surgical approach and postoperative CM.

Recently, Toescu et al. (37) retrospectively analyzed 167 fourth ventricle tumors in a case series of only pediatric patients, showing no significant difference in the rate of CM between telovelar or transvermian approach and no statistically significant relationships between cerebellar mutism syndrome and surgical approach.

Among the few purely pediatric fourth ventricular tumor case series published in the literature (Table 5), a retrospective head-to-head comparison between telovelar and transvermian approach was carried out only in one case (Toescu et al. (37). In Cobourn et al. (35), the frequency of telovelar approach was not reported. In all other studies, the impact of the surgical approach on CM has been retrospectively analyzed only in children treated via the telovelar route, showing a wide variability in incidence of mutism (0–30%) (Table 5).


Table 5 | Surgery of fourth ventricle tumors: published pediatric case series.



When the telovelar approach fails to reduce the incidence of CM, other explanations are proposed (30, 38).

In our series, the two approaches were not randomized and were not considered as alternative but complementary, with specific indications for each approach only based on careful and thorough evaluation of preoperative imaging.

Transvermian approach was chosen for midline fourth ventricular tumors associated with extensive lower vermian infiltration and/or rostral extension up to the fastigium and upper vermis infiltration. The telovelar approach was chosen for tumors filling only the fourth ventricle and/or bulging in the cisterna magna through an enlarged Magendie, with little or no vermian infiltration, lateral extension, and CPA extension (Table 1). Using these criteria, the overall incidence of CM remained in the lower range (n = 10 cases; 11%) of those reported in the literature (27, 28, 36–38) regardless of the approach used (Table 5).

According to our data, the development of CM after posterior fossa surgery in children appears to be a more complex phenomenon, requiring a combination of 1) surgery-unrelated factors (e.g., location of the tumor, medulloblastoma histology, brainstem infiltration) and 2) surgery-related factors (e.g., surgical manipulation near the dentate nuclei or the superior/middle cerebellar peduncles causing injury to the dento-rubro-thalamo-cortical pathways, inadequate use of self-retaining retractors and ultrasonic aspiration) (28, 35, 36, 38, 39). The risk factors identified in most papers (28) are mainly surgery unrelated: midline location (vermis and/or fourth ventricle), brainstem infiltration/compression, medulloblastoma histology with higher risk for 3–4 molecular subgroups (40), and tumor size (41, 42).

The choice of surgical approach did not significantly modify any considered postoperative outcome (Table 3), in contrast with that of Ferguson et al. (33) and according to the recent findings of Toescu et al. (37).

Our data show transient neurological deficits in 53% of children and permanent neurological morbidity in 31% of cases (Table 2) with prevalence of motor/cerebellar deficits and cranial nerve impairment. In a mixed adult/child retrospective series of 55 surgically treated fourth ventricular tumors, Ferguson et al. (33) describe neurological complications in 76% of cases. Toescu et al. (37) report postoperative morbidity in 70.7% of 167 children with fourth ventricular tumors. Despite the differences in data collection and classification, our findings are similar to those presented in previous series.

Radiological adverse events (20% of cases in our cohort, see Table 2) required neurosurgical treatment only in two cases (see Results). The low incidence of postoperative neurosurgical complications requiring reoperation is in line with Toescu et al. (37).

It could be hypothesized that telovelar approach could offer less good visibility or less comfortable working angles in the area of the fastigium and fourth ventricle roof, but in fact, the measurable postoperative residual tumor was left adherent to the brainstem or in the fastigium area indifferently from the approach used.

The senior surgeon operating and/or closely supervising all the surgeries trained in the 1990s in the transvermian era but started to use progressively the telovelar in the early 2000s after the publication of Mussi (7), so he could be considered skilled enough also in the telovelar approach at the early time of recruitment of this study, canceling the possible bias of different learning curve.

The finding that high-grade tumors operated on through the transvermian approach have a better CS than those operated on through the telovelar approach should only be considered as a confirmation that, in our series, the choice of the surgical approach was highly dependent on anatomical presentation and the typology of tumor and the telovelar being mainly chosen in two aggressive histologies (AT-RT, anaplastic ependymoma). Moreover, the significant impact of the choice of surgical approach (Figure 2C) should be reconsidered when the factor of postoperative residual tumor volume is taken into account (Table 4).

Therefore, in this unicentric, single-surgeon retrospective series, when surgical approach was chosen only on the basis of a rational and thorough examination of preoperative images, cerebellar mutism remained approximately 11% whatever the approach used. In our hands, none of the two surgical approaches proved to be superior to the other in terms of quality of resection and postoperative complications. For these reasons and due to the inconsistency of the current literature relative to this subject, we will continue to choose the approach on the basis of the preoperative MRI anatomical features and intraoperative characteristics until further evidence will become available. Telovelar approach will be preferred whenever anatomically suitable for its higher anatomical respect of cerebellar parenchyma, but transvermian approach will continue to be part of our surgical armamentarium in cases where extensive vermian infiltration or unusual dorsal extension will lead us to consider the latter approach safer for the patient.



Conclusion

In our experience, the choice of the surgical approach (telovelar vs. transvermian) to fourth ventricular tumors in children did not significantly modify any considered postoperative outcome, including the incidence of postoperative CM.

Our findings offer significant data to reconsider the real impact of the choice of surgical route to the fourth ventricle on the incidence of CM and surgery-related morbidity. Surgical approach to the fourth ventricle, like all surgical approaches, should be individualized according to the location of the tumor, degree of vermian infiltration, and lateral and upward extension. Surgeons should fully master both approaches and choose the one that they consider the best for the patient according preoperative imaging evaluation.
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Intracranial metastatic disease (IMD) is a prevalent complication of cancer that significantly limits patient survival and quality of life. Over the past half-century, our understanding of the epidemiology and pathogenesis of IMD has improved and enabled the development of surveillance and treatment algorithms based on prognostic factors and tumor biomolecular characteristics. In addition to advances in surgical resection and radiation therapy, the treatment of IMD has evolved to include monoclonal antibodies and small molecule antagonists of tumor-promoting proteins or endogenous immune checkpoint inhibitors. Moreover, improvements in the sensitivity and specificity of imaging as well as the development of new serological assays to detect brain metastases promise to revolutionize IMD diagnosis. In this review, we will explore current treatment principles in patients with IMD, including the emerging role of targeted and immunotherapy in select primary cancers, and discuss potential areas for further investigation.
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1 Introduction

The development of intracranial metastatic disease (IMD) is a frequent and serious complication of cancer, affecting nearly 30% of cancer patients (1). The incidence of IMD is expected to increase as our population ages and as advancements in primary cancer therapy result in longer disease survival (1). IMD has been observed to disproportionately affect patients with certain primary cancers, including lung cancer (19.6%), melanoma (6.4%), renal cell carcinoma (4.2%), breast cancer (3.1%), and colorectal cancer (1.4%), reflecting possible organotropy in IMD or successes with local disease control (2). Indeed, among patients with brain metastases (BrM), lung cancer, breast cancer, and melanoma account for nearly 60%, 11%, and 6% of all primary cancers in some studies (2).

The impact of IMD on morbidity and mortality of patients with cancer is significant. The median time to diagnosis of IMD has been reported to be 5.2 months following primary cancer diagnosis, suggesting that a large proportion of patients may already have BrM at the time their primary cancer is diagnosed (2). Given the high prevalence of IMD and the short median survival of 3.7 months following IMD diagnosis, there is interest in developing screening strategies and tools to identify patients with IMD (2). Magnetic resonance imaging (MRI) remains the most commonly used modality for the diagnosis of BrM and leptomeningeal disease (3). Historically, MRI evaluation has been prompted by the development of neurological symptoms, including headache, seizure, and altered mental status, in patients with cancer. Several algorithms have since been created to identify asymptomatic, high-risk patients who would benefit from MRI screening at the time of their primary cancer diagnosis (3). Imaging and serum biomarkers of IMD to allow for earlier and more cost-effective diagnosis of IMD are under investigation, however, their role in IMD surveillance remains to be fully elucidated (4, 5).

At present, the most common local treatments for IMD are surgical resection, whole brain radiation therapy (WBRT), and stereotactic radiosurgery (SRS). The Graded Prognostic Assessment (GPA) is often used to estimate survival for patients with BrM and is based on prognostic factors including Karnofsky performance score (KPS), age, presence of extracranial metastases, number of BrM, and tumor subtype, depending on the primary tumor histology (6). In some treatment algorithms, patients with greater IMD burden or poorer performance status are directed toward WBRT, while younger patients with fewer intracranial metastases may be directed toward treatment with surgical resection or SRS (7). Advances in surgical technique and delivery of radiation have resulted in improved survival estimates for patients with IMD from less than six months over fifteen years ago to 8-16 months today (6, 8–11).

Recent data have supported a role for systemic targeted therapies and immunotherapies in the treatment of select patients with IMD, including but not limited to those with non-small cell lung cancer (NSCLC), breast cancer, and malignant melanoma (12, 13). There remains, however, a clear clinical need for further investigation to develop more effective screening and treatment for IMD. In this review, we outline and describe recent and current efforts to improve outcomes in patients with IMD of the brain through novel therapeutics, improved surveillance, and prevention.



2 Emerging Treatments for IMD

Traditionally, prognosis for patients with IMD has been extremely poor. However, modern treatments have significantly improved survival and quality of life (QoL) in these patients. The main goals of IMD therapy include lengthening survival, diminishing or controlling IMD burden, minimizing adverse events associated with IMD development and treatment, as well as improving cognition and QoL.


2.1 Surgical Resection and Minimally Invasive Surgery

Surgery has been a long-standing modality in the treatment of BrM. In contrast to other forms of IMD management, surgical resection can offer immediate relief of mass effect and neurological symptoms caused by compression and edema, while providing tissue for diagnostic purposes (14, 15). Risks associated with neurosurgery include iatrogenic neurological injury, hemorrhage, infection, and seizure (16, 17). Recent literature has also confirmed a long-standing concern that surgery holds a risk of leptomeningeal disease recurrence, likely related to unintentional local cell seeding during the process of surgical resection (18). However, with modern techniques, surgical resection is typically safe and recovery from surgery often short, making surgery an appealing option, particularly for patients with a large brain lesion, limited number of BrM, and well controlled systemic disease (19). In the 1990s, two landmark randomized controlled trials (RCTs) demonstrated that surgical resection compared with needle biopsy or no surgery prior to WBRT decreased local recurrence, improved median survival, and resulted in more rapid and sustained functional independence (20, 21). In contrast, a similar study by Mintz et al., which included many patients with progressive extracranial disease and lower performance status, found no survival benefit with the addition of surgical resection to WBRT (22). A recent systematic review and meta-analysis found that the literature supports surgical resection followed by postoperative WBRT in patients with good performance status (KPS ≥ 70), controlled systemic disease, and a single brain lesion (23).

While surgical resection of a single BrM in patients with well controlled systemic disease is well-established in clinical practice, the role of surgery in the treatment of patients with limited BrM (2-4 lesions) or deep BrM remains a topic of debate (22, 24). In current clinical practice, these patients are more often treated with SRS. A few retrospective studies have reported equivalence of outcomes between groups treated with surgery and SRS for limited BrM (25–27). SRS is less effective for larger lesions and is associated with delayed treatment effect, differences that have become more significant as improvements in systemic therapies have led to prolonged overall survival (OS) and highlighted the importance of achieving adequate IMD control to maintain QoL (24, 28). These factors, as well as the significant benefits observed with surgical resection in the management of single brain lesions, have prompted investigation into the role of surgery in patients with limited BrM or deep, large lesions (29–31).

Advances in surgical technique and intraoperative technologies may expand indications for surgical resection. Improvements in microsurgery, for example, through improved microscopic and endoscopic visualization, the use of “keyhole” techniques, and evolution away from the use of fixed retractors during surgery, have greatly reduced surgical morbidity and mortality, with recent studies reporting a complication rate between 2-9% (32–36). Further, the development of minimally invasive parafascicular surgery (MIPS), based on the use of a minimal-access tubular retractor advanced into the brain using stereotactic guidance, has allowed surgeons access to deep-seated lesions, while minimizing the iatrogenic injury that has been historically the cost of reaching these areas (37). Even in the setting of high-risk brain lesions, minimal complications were reported by Gassie et al. with the use of MIPS in 15 patients with deep-seated brain tumors: only one patient had decreased postoperative KPS and no patients developed local complications, such as stroke, infection, hemorrhage, or seizure (38). These results imply that surgical management of deep-seated, high-risk brain lesions may be feasible, however, clinical efficacy in comparison with other treatment approaches remains to be studied.



2.2 Radiation Therapy

WBRT has been a mainstay for the treatment of IMD since the middle of the 20th century (39–41). Gains in patient survival with improvements in systemic therapies, however, have brought mounting concerns regarding the late toxicities of WBRT, particularly on neurocognitive function (42). Several modifications to the delivery of WBRT have since been investigated, for example, techniques that spare exposure to the hippocampus, or concurrent delivery of a neuroprotective agent (43–46). In current practice, WBRT remains the preferred treatment option for patients with multiple BrM, widely disseminated metastatic disease, or short life expectancy, and is used as prophylactic therapy for patients with small cell lung cancer (SCLC) in the absence of IMD (47).


2.2.1 The Evolution of SRS in the Treatment of IMD

A major improvement in the treatment of BrM has been SRS, which allows for focal delivery of high doses of radiation. For patients with limited (1–4) BrM, SRS has been shown to be an effective treatment to achieve local control of lesions within the cerebrum, cerebellum, and brainstem (48, 49). A secondary analysis of an RCT designed to investigate the addition of WBRT to SRS or surgical resection showed similar rates of local control following surgical resection and WBRT, compared with WBRT followed by cavity radiation with SRS (50). At present, we do not have RCT data that directly compare surgical resection and SRS in the setting of a single or limited BrM. Multiple studies, however, have investigated 1) the utility of adding SRS to WBRT; and 2) treatment with SRS as an alternative to WBRT.

Two seminal RCTs by Andrews et al. and Kodziolka et al. investigated the benefit of SRS boost following WBRT for patients with limited or multiple BrM. Both trials found that SRS improved OS (6.5 vs. 4.9 months, p=0.39; and 11.0 vs. 7.5 months, p=0.03) as well as local control (51, 52). Given the neurotoxicity associated with WBRT, Aoyama et al. then asked if SRS was sufficient as a treatment for patients with limited BrM. One hundred thirty-two patients were randomized to SRS alone (n=65) or WBRT and SRS (n=67). Although higher rates of local tumor control were observed at 1 year in the group treated with WBRT and SRS compared with standalone SRS treatment (88.7% vs 72.5%, p=0.002), the addition of WBRT did not confer a statistically significant benefit on survival (median 7.5 vs. 8.0 months, p=0.42) (53). A subsequent RCT by Chang et al. to evaluate neurocognitive decline in patients with limited BrM treated with SRS or WBRT plus SRS was halted prematurely when an interim analysis showed that patients randomized to receive WBRT plus SRS were at a significantly increased risk for neurocognitive decline at four months (54). Notably, their findings again showed a dissociation between achievement of local control and OS: both 1-year freedom from recurrence and risk of death were higher with combined WBRT and SRS (hazard ratio (HR) 2.47, p=0.0036; 27% vs. 73%, p=0.0003). The finding in this study that treatment with SRS alone conferred a greater survival benefit than bimodality treatment has received criticism as an artifact of higher burden of extracranial and intracranial disease in the WBRT plus SRS arm (55). Overall, these studies highlight the fact that many of these patients succumb to progression of their systemic disease.

A study by the European Organization for Research and Treatment of Cancer (EORTC) similarly found that WBRT improved local control at 2 years compared with observation only after SRS (31% vs. 19%, p=0.040). In line with the findings by Aoyama and colleagues, however, no OS difference was observed between the SRS alone and WBRT plus SRS arms (SRS only: 10.7 months, WBRT plus SRS: 10.9 months, p=0.89). Further, improved tumor control with the addition of WBRT did not lengthen the median duration of functional independence (SRS only: 10.0 months, WBRT plus SRS: 9.5 months, p=0.71) (56). In fact, QoL was better in the SRS-only arm (57). In a separative analysis of this trial, Kim et al. found that, compared with upfront WBRT, SRS alone was more cost-effective in patients with one to three IMD lesions (58). Meta-analyses by Tsao et al. and Sahgal et al. concluded that, while WBRT improved local and distant brain control compared with SRS alone (HR 2.61, p<0.0001, and HR 2.15, p<0.00001, respectively), treatment with SRS alone is associated with longer survival in patients age ≤ 50 years (13.6 vs. 8.2 months), and that there is no difference in survival with the addition of WBRT to SRS in patients age > 50 years, compared to SRS alone (10.1 vs. 8.6 months, respectively) (59, 60). A subsequent trial in which patients with limited melanoma BrM treated with SRS were randomized to adjuvant WBRT showed no clinical benefit with the addition of WBRT to local therapy on distant intracranial control, survival, or preservation of performance status (61). Consequently, in a statement released by the American Society for Radiation Oncology as part of its Choosing Wisely campaign, addition of WBRT to SRS is no longer recommended for patients with limited number of BrM (62). Conversely, WBRT remains standard of care in patients with multiple (≥ 4 BrM). More recent data have supported a possible role for SRS in the treatment of patients with multiple (≤ 10) BrM. A prospective observational study of nearly 1200 Japanese patients found similar rates of OS in patients treated with SRS for two to four lesions compared with SRS for five to ten lesions (HR 0.79, p=0.78) (63).



2.2.2 Late Adverse Effects Following SRS

Although SRS is generally well-tolerated, patients can experience adverse effects, most notably radiation necrosis, which negatively affects QoL and morbidity. Radiation necrosis develops in 5-25% of patients following SRS treatment and constitutes a late adverse treatment effect that can occur months to years after SRS has been completed (64–70). Patients affected by radiation necrosis can present with a variety of symptoms ranging from asymptomatic to symptoms of increased intracranial pressure, including headaches, seizures, or cognitive/neurological decline (71). Diagnosis of radiation necrosis is challenging, as radiation necrosis and recurrent tumor lesions present with similar features on conventional imaging. Ultimately, biopsies of suspicious lesions are required to establish a definite diagnosis. While glial cell and vascular injury have been postulated as potential underlying etiologies for radiation necrosis, damage following SRS is directly related to radiation dose per fraction administered (72–74). Additional risk factors include prior radiation (in particular SRS) to the same site, larger lesion size, or receipt of targeted or immunotherapy (64, 75–77). In one study, SRS to the same lesion was associated with an increased risk of radiation necrosis at 1 year when compared with prior WBRT, concurrent WBRT, or no prior radiation (20%, 4%, 8%, and 3%, respectively) (77). Blonigen et al. also demonstrated that the risk of radiation necrosis was higher when the volume of brain parenchyma receiving more than 10 Gy or 12 Gy exceeded 10.5 cm3 or 7.9 cm3, respectively (64). In another study of 480 patients secondary to NSCLC, melanoma, or renal cell carcinoma, the risk of radiation necrosis following SRS treatment was 2.5 times higher in patients who received prior immunotherapy, further illustrating the multi-faceted nature of radiation necrosis (78). Management of radiation necrosis can be conservative in the absence of symptoms, or can involve corticosteroids, bevacizumab, surgical resection, or laser interstitial therapy for symptom control (79–82). Radiation necrosis is a challenging complication of SRS treatment and should be considered as a potential complication following SRS.



2.2.3 Approaches to Limit Cognitive Impacts of WBRT

Given the neurotoxicity associated with WBRT, several strategies to limit the cognitive impacts of WBRT have been investigated. Our advancing understanding of the mechanisms underlying radiation-induced injury has led to the development of pharmacological agents that modulate the brain’s sensitivity to radiation-induced effects. One such agent is memantine, a drug that is used in the treatment of Alzheimer’s dementia and that helps prevent vascular injury. The efficacy of memantine in preventing radiation-induced cognitive dysfunction was investigated in a RCT (RTOG 0614) of 508 patients treated with WBRT and either memantine (20 mg/day) or placebo, both initiated within three days of WBRT for 24 weeks. There were no differences in OS and progression-free survival (PFS) between the two arms, and memantine did not cause additional toxicity. Although no statistically significant differences in terms of the Hopkins Verbal Learning Test–Revised Delayed Recall (HVLT-R DL) were observed at 24 weeks (memantine median decline: 0, placebo median decline: -2, p=0.059), participants treated with memantine showed delayed time to cognitive decline (HR 0.78, 95% CI 0.62-0.99, p=0.01) and superior executive function at 8 (p=0.008) and 16 weeks (p=0.0041), as well as superior processing speed (p=0.0137) and delayed recognition (p=0.0149) at 24 weeks (43). Following these results, the National Cancer Comprehensive Network (NCCN) incorporated the use of memantine along with WBRT into their consensus guidelines. Despite this, routine use of memantine for patients receiving WBRT has not yet been established; future health policy strategies should develop ways in which memantine can be more quickly adopted into routine therapy (83). Other agents, such as the donepezil, renin-angiotensin system blockers, or Ginkgo biloba, have also been investigated (84–87).

The decline in memory function observed following WBRT may be a consequence of radiation-induced injury to the hippocampus, a region which is involved in neurocognitive functions, including memory, learning, and spatial information processing (88). Given the low frequency of BrM in the hippocampus, this region could represent a dose-limiting structure (89). Early data to support this hypothesis stems from a single-arm, multi-institutional phase II study (RTOG 0933) that showed superior cognitive preservation (as measured by the HVLT-R DR) with the use of hippocampal avoidance WBRT (HA-WBRT) compared with historical data from WBRT-treated controls (mean relative decline from baseline to 4 months 7% vs. 30%, p<0.001) (45).

Given the success observed with memantine, a more recent phase III trial investigating the addition of memantine to HA-WBRT showed significantly lower risk of cognitive failure after HA-WBRT plus memantine compared with HA-WBRT alone (HR 0.74, 95% CI 0.58-0.95) (90). Treatment efficacy in terms of intracranial PFS (iPFS) and OS did not differ between the two arms, suggesting that HA-WBRT plus memantine should be considered as standard of care for patients scheduled to receive WBRT with no BrM in the hippocampal region. As patients experience longer survival, neurological sequalae from radiation treatment will become increasingly important. Anatomical avoidance and pharmacotherapy are promising ways for clinicians to preserve cognitive function in patients receiving WBRT.



2.2.4 Radiation Therapy in the Setting of SCLC

WBRT does remain the standard of care for patients with SCLC in the form of prophylactic cranial irradiation (PCI). As many as 40-60% of patients with SCLC will develop IMD during the course of their disease, with rates of IMD 1.3-2 times higher than in patients with NSCLC (91). Notably, this standard is being challenged by mounting evidence from retrospective studies and meta-analyses on the lack of survival benefit in the extensive stage setting and additional neurotoxicity of PCI in patients with SCLC (92–94). As patients with SCLC have been historically excluded from trials for SRS, data comparing SRS and WRBT alone, or SRS and WBRT + boost, in this patient population is uniformly retrospective. A propensity score-matched observational study by Rusthoven et al. found that, as for other malignancies, the addition of WBRT to SRS improved intracranial control (time to central nervous system (CNS) progression HR 0.28, p<0.001), but not survival (median OS 5.2 months for WBRT vs. 6.5 months for SRS, p=0.79), in patients with SCLC (95). Similarly, a phase III trial found equivalent OS and intracranial control with WBRT with hippocampal sparing (HA-WBRT) compared to conventional WBRT, with prolonged preservation of neurocognitive function in the HA-WBRT arm (96). These findings suggest a trend away from conventional WBRT as PCI for patients with SCLC toward treatments aligned to achieve IMD control while maintaining QoL and cognition.




2.3 Pharmacological Therapies for IMD

Although surgery and radiation therapy remain the cornerstone of treatment for patients with IMD, recent data support a role for targeted systemic therapies and immunotherapy with immune check point inhibitors in certain patient subgroups.


2.3.1 Targeted Therapies

Advances in genetic and genomic analyses have enabled the discovery of genetic alterations that promote tumor growth and proliferation. In a subset of patients with breast cancer, for example, amplification of the human epidermal growth factor receptor 2 (HER2/neu) has been shown to drive cancer propagation (97–99). The development of small molecule or antibody-based agents to target these molecular drivers of cancer and their associated signalling pathways has revolutionized the treatment of patients with HER2-positive breast cancer, epidermal growth factor receptor (EGFR)-mutant or anaplastic lymphoma kinase (ALK)-rearranged NSCLC, and BRAF-mutant melanoma (Table 1).


Table 1 | Summary of studies investigating targeted therapies for IMD secondary to breast cancer, NSCLC, and melanoma.






2.3.1.1 Targeted Therapies in Breast Cancer

As IMD is a frequent complication in patients with breast cancer, a large body of literature is available that describes current efforts to identify and evaluate targeted therapy in HER2-positive breast cancer, hormone receptor (HR)-positive breast cancer, and triple negative breast cancer (TNBC).


2.3.1.1.1 HER2-Positive Breast Cancer

The addition of trastuzumab, a monoclonal antibody against the HER2 receptor, has been shown to prolong OS and PFS in patients with HER2-positive breast cancer (100). While trastuzumab therapy has been demonstrated to improve systemic disease control, population-based studies identified an increased incidence of IMD in patients treated with trastuzumab, likely resulting from the prolongation in survival and limited penetration of drug across the blood-brain barrier (BBB), rendering the brain a “sanctuary site” for cancer cells (150–152). Notably, HER2-positive breast cancer patients treated with palliative chemotherapy and trastuzumab were more likely to develop BrM than patients who received palliative chemotherapy alone (37.8% vs. 25.0%, p=0.028); conversely, median time to death (TTD) measured from the development of IMD was significantly longer for patients treated with palliative chemotherapy and trastuzumab, compared to those treated with palliative chemotherapy alone (14.9 vs. 4.0 months, p=0.0005), suggesting that trastuzumab might exert some biological effect, even if partial, on IMD (101). Supporting this hypothesis, studies have similarly found that trastuzumab prolongs median OS in HER2-positive breast cancer patients with IMD (102–104).

Lapatinib, an inhibitor of HER2 and EGFR, was subsequently developed to treat HER2-positive breast cancer that had progressed on all previous lines of therapy. From the perspective of IMD, lapatinib was theorized to have better BBB penetrance than trastuzumab, given its smaller molecular weight. Initial phase II trial results in HER2-positive breast cancer patients with progressive IMD despite WBRT or SRS demonstrated modest antitumor activity with either lapatinib alone (CNS objective response rate (ORR): 2.6-6%) or in combination with capecitabine (CNS ORR: 20%) (105, 106). Subsequent work has suggested that the combination of lapatinib and capecitabine increases median OS from the time of IMD development in HER2-positive breast cancer patients previously treated with anthracycline, trastuzumab, and a taxane, compared with patients receiving anthracycline, trastuzumab, and a taxane only (27.9 vs. 16.7 months, p=0.01) (107). The combination of lapatinib and capecitabine also demonstrated high antitumor activity (CNS ORR: 65.9%) in HER2-positive breast cancer patients with previously untreated IMD in the LANDSCAPE trial, though the impact of treatment on OS was not explicitly determined and concerns regarding treatment toxicity and delays in accessing radiotherapy were raised (108).

Following the development of lapatinib, additional small molecule candidates have been engineered. Neratinib, an irreversible inhibitor of HER1, HER2, and HER4, has been demonstrated to have good antitumor activity in combination with capecitabine in lapatinib-naive or lapatinib-treated patients with IMD secondary to HER2-positive breast cancer (CNS ORR: 49% and 33%, respectively). Among these two patient cohorts, median PFS was 5.5 and 3.1 months, respectively, and median OS was 13.3 and 15.1 months, respectively, though no direct comparisons between groups were reported (109). When compared head-to-head with lapatinib and capecitabine (L+C) in a recent RCT, neratinib and capecitabine (N+C) showed a substantial though not statistically significant effect on OS (13.9 vs. 2.4 months, HR 0.90, p=0.635) and PFS (5.6 vs. 4.3 months, HR 0.66, p=0.074) in HER2-positive breast cancer patients with IMD who have previously failed at least two anti-HER2 therapies (110). The lack of statistical significance may have been due to small sample sizes. Of 621 patients enrolled, 101 (16.3%) had known CNS metastases at baseline (N+C: n = 51; L+C: n = 50); 81 had received prior CNS-directed radiotherapy or surgery. In the CNS subgroup, mean PFS through 24 months was 7.8 months with N+C versus 5.5 months with L+C (HR 0.66, 95% CI 0.41–1.05), and mean OS through 48 months was 16.4 vs. 15.4 months (HR 0.90, 95% CI 0.59–1.38). At 12 months, cumulative incidence of interventions for CNS disease was 25.5% for the N+C group vs. 36.0% for the L+C group, and cumulative incidence of progressive CNS disease was 26.2% versus 41.6%, respectively. In patients with target CNS lesions at baseline (n = 32), confirmed intracranial ORR (iORR) were 26.3% and 15.4%, respectively.

A third HER2 inhibitor, tucatinib, demonstrated excellent antitumor activity in combination with trastuzumab and capecitabine in HER2-positive breast cancer patients with IMD, compared to trastuzumab and capecitabine alone (iORR 47.3% vs. 20%, p=0.03), and prolonged median OS (18.1 vs. 12.0 months, HR 0.58, p=0.005) and median PFS (9.9 vs. 4.2 months, HR 0.32, p<0.0001) (111).

Multiple small studies have shown signal for intracranial activity in patients with metastatic HER2-positive breast cancer with the antibody-drug conjugate trastuzumab emtansine (T-DM1) (112, 113); secondary analysis has further shown T-DM1 to improve OS in patients with trastuzumab-resistant advanced metastatic breast cancer and asymptomatic BrM previously treated with radiotherapy, compared with lapatinib plus capecitabine (114). An exploratory final analysis of the ongoing KAMILLA trial, an international, single-arm, open-label, phase IIIb study evaluating the safety and efficacy of T-DM1 in patients with previously treated, HER2-positive advanced breast cancer, showed a high CNS-specific ORR, including a CNS-specific ORR of ~50% in a subgroup of 67 patients who had not received prior radiation therapy for BrM (115).

Similar to T-DM1, trastuzumab deruxtecan (T-DXd) is an antibody-drug conjugate that has been shown to demonstrate potential therapeutic benefits for HER2-positive breast cancer patients with BrM in early analyses of multiple phase II/III trials, although these analyses have only been reported in abstracts. For example, a preliminary analysis of an ongoing phase II trial, TUXEDO-1, demonstrated an initial iORR of 83.3% in participants enrolled in the first stage of the study (116), while a subgroup analysis of DESTINY-Breast01, another currently active phase II study, found an ORR of 58.3% and median PFS of 18.1 months (95% CI 6.7-18.1) in 24 patients treated with T-DXd (117). Encouraging results were recently presented by Hurvitz and colleagues in a subgroup analysis of DESTINY-Breast03 (NCT03529110), an ongoing phase III trial, comparing T-DXd and T-DM1 in HER2-positive breast cancer patients previously treated with trastuzumab and taxane-based chemotherapy, and we eagerly await publication of their abstract/full-text article.

While the availability of multiple treatment regimens consisting of single and combination agents has broadened the treatment of HER2-positive breast cancer with BrM, most studies in this area have historically excluded IMD patients. In addition to the identification and validation of new agents, current efforts are aimed at understanding the therapeutic efficacy and toxicities of these targeted therapies, and future studies should focus on the possibility of combining these agents with brain-directed radiation therapies to treat BrM.



2.3.1.1.2 Hormone Receptor-Positive Breast Cancer

HR-positive, HER2-negative breast cancers represent a subtype of breast cancers that do not respond to HER2 inhibitors, such as trastuzumab. Historically, treatment of HR-positive breast cancer has been limited to hormonal therapies, including aromatase inhibitors, selective estrogen receptor modulators, and estrogen receptor downregulators. Recent efforts in drug development have identified three cyclin-dependent kinase 4/6 (CDK4/6) inhibitors to enhance the management of HR-positive breast cancer. However, the landmark trials investigating CDK 4/6 inhibitors, such MONARCH 1-3, MONALEESA-2, and PALOMA-1, have excluded patients with BrM (153, 154). Among HR-positive, HER2-negative breast cancer patients with BrM, abemaciclib demonstrated an iORR of 5.2% and median OS of 12.5 months (95% CI 9.3-16.4) in one phase II trial (118). In the same trial, the combination of abemaciclib and trastuzumab did not demonstrate objective intracranial responses in patients with HR-positive, HER2-positive breast cancer. Patients who received abemaciclub and trastuzumab had a median OS of 10.1 months (95% 4.2-14.3) and median iPFS of 2.7 months (95% CI 1.4-4.0) (118). A second CDK4/6 inhibitor, palbociclib, demonstrated an intracranial benefit rate of 53.3% and median OS of 6.4 months (90% CI 2.8-6.8) in a small prospective trial of patients with BrM secondary to breast cancer, melanoma, NSCLC, and esophageal cancer (119). Specific outcomes of the 3/15 patients with HR-positive, HER2-negative breast cancer were not reported, limiting our ability to draw conclusions on the effectiveness of palbociclib in patients with HR-positive, HER2-negative breast cancer. Several clinical trials have been launched to investigate the role of CDK4/6 inhibitors in patients with HR-positive breast cancer patients with BrM (NCT04791384, NCT04923542, and NCT04227327).



2.3.1.1.3 Triple-Negative Breast Cancer

Approximately 50% of patients with TNBC are diagnosed with BrM (155). In this patient population, the survival prognosis following BrM diagnosis remains guarded given the lack of molecular targets compared with HER2-positive and HR-positive breast cancer. Poly(ADP-ribose) polymerase (PARP) inhibitors have been investigated in TNBC patients with BrM. The combination of the PARP inhibitor iniparib and the anti-cancer agent irinotecan demonstrated an iORR of 12.0% and median OS of 7.83 months (95% CI 5.10-10.2) (120). A second PARP inhibitor talazoparib was evaluated in the phase III EMBRACA trial and did not significantly prolong OS in a subgroup of TNBC patients with a history of BrM (HR 0.671, 95% CI 0.366-1.229) (121). Given treatment challenges with targeted therapies, there is a trend toward immunotherapies in TNBC, which will be discussed in the appropriate section of this review.




2.3.1.2 Targeted Therapies in NSCLC

IMD is a frequent complication of NSCLC. Here, we discuss current targeted therapy efforts for three common genetic alterations associated with NSCLC: ALK, EGFR, and Kirsten rat sarcoma virus (KRAS).


2.3.1.2.1 ALK Rearrangements in NSCLC

BrM have been reported to occur in 15-35% of patients with ALK-positive NSCLC, and up to 60% of these patients develop IMD after first-line therapy (156). In the PROFILE 104 trial, the first-generation ALK inhibitor crizotinib improved median PFS in patients with ALK-positive NSCLC with IMD when administered as a single agent compared with platinum-based chemotherapy (9.0 vs. 4.0 months, HR 0.40, p<0.001), however, likely due to low CNS penetration of crizotinib, approximately half of patients suffered CNS progression (122). First line treatment for ALK-positive NSCLC has therefore shifted to next generation ALK TKIs that offer longer PFS and have greater activity within the CNS. In the ASCEND-2 trial, 100/140 enrolled ALK-positive NSCLC patients with IMD and previously treated with crizotinib and another regimen, received ceritinib (123). Of these patients, 33% achieved an ORR with a median PFS of 5.4 months. The median OS for this subset of patients with IMD was not reported (123). Similarly, alectinib was found to demonstrate adequate anti-tumor activity in 52% of crizotinib-resistant, ALK-positive NSCLC patients with IMD in an early single-arm phase II trial (124).

These findings were supported by the ALEX trial, which demonstrated IMD progression in 12% of untreated ALK-positive NSCLC patients with IMD receiving alectinib compared with 45% of patients receiving crozitinb (HR 0.51, p<0.001) (125). In ALK-positive NSCLC patients with measurable IMD and no previous ALK inhibitor treatment, patients randomized to treatment with brigatinib demonstrated an iORR of 78% compared with an iORR of 29% in patients randomized to receive crizotinib (OR 10.42) (126). Collectively, these results suggest that second generation ALK inhibitors effectively reduce IMD progression and death in patients with IMD secondary to ALK-positive NSCLC, compared with crizotinib.

The recent CROWN RCT investigated the third generation ALK inhibitor lorlatinib in ALK-positive NSCLC patients with measurable IMD and no prior systemic therapies. Adequate intracranial anti-tumor activity was reported in 82% of patients receiving lorlatinib compared with 23% of patients receiving crizotinib (OR 16.83) (127). The 12-month iPFS rate among patients treated with lorlatinib was 96%, compared with 60% in patients treated with crizotinib (HR 0.07, 95% CI 0.03-0.l17) (127). Ensartinib, another ALK-inhibitor, has also been demonstrated to have high therapeutic efficacy among patients with ALK-positive NSCLC and BrM in the eXalt3 trial (129). Among patients with baseline BrM, those treated with ensartinib had higher median PFS compared to those treated with crizotinib (11.8 vs. 7.5 months, HR 0.55, 95% 0.30-1.01, p=0.05). A similar trend in median PFS was observed among patients without baseline BrM receiving ersartinib versus crizotinib (NR vs. 16.6 months, HR 0.46, 95% CI 0.27-0.77, p=0.003). Of note, the incidence of BrM was lower in patients receiving ersantinib compared with those receiving crozitinib at 12-months follow-up (cause-specific HR 0.32, 95% 0.16-0.63, p=0.001) (129). These findings suggest that ALK inhibitors may be effective as monotherapies in patients with ALK-positive NSCLC patients and IMD.

Notably, these trials were all designed with intent to allow for study of drug effect on IMD. First, the trials described above allowed entry of patients that had untreated asymptomatic BrM. Second, all trials required that patient undergo MRI of the brain at accrual, regardless of IMD status, then mandated routine surveillance MRI while patients remained on trial. This approach allowed investigators to measure “prevention” of BrM. Finally, all three trials were compared the study drug to crizotinib, a systemically effective agent with poor CNS activity. This design could serve as a model for future trials designed to include the study of intracranial disease.



2.3.1.2.2 EGFR Mutations in NSCLC

Activating mutations in EGFR are present in 14-47% of NSCLC cases, and 2-63% of patients with EGFR-mutant NSCLC develop IMD during the course of their disease, accounting for a significant proportion of NSCLC-IMD cases, especially in East Asian populations (157). The first generation EGFR inhibitors, erlotinib and gefitinib, demonstrated increased efficacy compared with systemic chemotherapy in patients with EGFR-mutant NSCLC (157). Among patients with IMD secondary to EGFR-mutant NSCLC and previous chemotherapy or WBRT, treatment with gefitinib resulted in a partial response in about 10% of patients, and the overall disease control rate and median PFS were found to be 27% and 3 months, respectively (135). Similar results were obtained in subsequent single-arm clinical trials (136–138). Non-comparative trials with EGFR-mutant NSCLC patients with IMD receiving erlotinib or gefitinib as first-line therapy report an iORR of 73.9%, median OS of 18.8 months, and PFS of 7.1 months (139). These results have since been reproduced with no statistically significant differences in OS found between erlotinib and gefitinib (140). The second-generation agent, afatinib, has shown similarly low activity in the CNS.

Of more clinical relevance is the third-generation agent, osimertinib, given its high efficacy in treatment-resistant, EGFR-mutant NSCLC and high CNS activity (158). In EGFR-mutant NSCLC patients with IMD and known or likely resistance to first- and second-generation EGFR inhibitors, osimertinib was found to be more effective than pemetrexed-based chemotherapy regimens (median PFS 8.5 vs. 4.2 months, HR 0.32, 95% CI 0.21-0.49) (141). The benefits of osimertinib were more pronounced in untreated patients with EGFR-mutant NSCLC and IMD when compared with the first-generation EGFR inhibitors erlotinib and gefitinib (median PFS 15.2 vs. 9.6 months, HR 0.47, p<0.001) (142). Given its effectiveness in delaying intracranial progression and death, osimeritinib has become the first-line treatment for patients with EGFR-mutant NSCLC (159).

In addition to osimeritinib, several third-generation agents have been investigated. In two phase I/II trials, lazertinib demonstrated an iORR of 44-85.7% in patients with BrM secondary to EGFR-mutant NSCLC (130, 131). Furmonertinib (formerly, alflutinib) exhibited good treatment efficacy in a phase I/II trial involving 17 EGFR-mutant NSCLC patients with BrM (iORR: 58.8%; median PFS: 9.9 months) (132). These findings were replicated in a phase IIb trial involving 105 EGFR-mutant NSCLC patients with BrM: In 29 patients with one or more measurable BrM, treatment with alflutinib achieved an iORR of 66%, while among the 87 patients in the complete analysis dataset, iORR was 34% and median PFS was 11.6 months (95% CI 8.3-13.8). Across both cohorts, the intracranial disease control rate ranged from 98-100% (133). Several clinical trials have also reported encouraging unpublished results, including a phase 2 expansion of the APOLLO trial (NCT02981108) on the efficacy of almonertinib in metastatic EGFR-mutant NSCLC. Further trials (NCT04808752, NCT04870190) are currently active to clarify the therapeutic efficacy of almonertinib. Third-generation mutant EGFR inhibitors, such as rezivertinib and abivertinib (formerly, avitinib), have been investigated in patients with NSCLC. However, outcomes in subpopulations of patients with BrM have yet to be reported in published formats.

In addition to third-generation EGFR inhibitors, amivantamab, a bispecific antibody directed against EGFR and mesenchymal-epithelial transition (MET) receptor, has been investigated for the treatment of exon 20 insertion-EGFR-mutant NSCLC. Initial phase I trial data from CHRYSALIS was encouraging: an ORR of 39% was achieved in patients with a history of IMD (134). A new clinical trial, MARIPOSA (NCT04487080), has recently been launched to compare the therapeutic efficacy of the combination of amivantamab and lazertinib with the efficacy of osimertinib in patients with untreated EGFR-mutant NSCLC.




2.3.1.3 Emerging Targeted Therapies in NSCLC

Mutations in the proto-oncogene KRAS have been reported in 25-30% of patients with NSCLC and, therefore, represent the most prevalent genomic driver of malignancy in the disease (160). As of December 2021, a single small molecule inhibitor of KRAS, sotorasib, has been developed and approved for the treatment of patients with KRASG12C-positive NSCLC who have previously failed standard therapies; however, its clinical efficacy in the context of IMD remains to be determined (143). Selpercatinib and pralsetinib, inhibitors of the RET pathway, have shown promising systemic and CNS activity in RET fusion-positive disease (144, 145). Repotrectinib and lorlatinib have also been shown to have efficacy and CNS activity in patients with ROS1-positive NSCLC (128, 146). Tepotinib and capmatinib have demonstrated efficacy with good CNS activity in patients in NSCLC with MET exon 14 skipping mutations (161, 162). Finally, larotrectinib exhibited complete or partial intracranial responses in 2/3 patients with BrM secondary to TRK fusion-positive cancers (163). Similar intracranial efficacy was demonstrated with entrectinib in patients with BrM secondary to TRK fusion-positive cancers (iORR 50-62.5%) (164). The therapeutic efficacy of larotrectinib and entrectinib in TRK fusion-positive NSCLC specifically remains unclear, however, since these trials did not stratify patient outcomes by primary cancer type (163, 164).



2.3.1.4 Targeted Therapies in Melanoma

Studies have suggested that half of patients with metastatic melanoma will develop IMD, with a median OS of 4.7 months (165). Of note, genetic alterations in BRAF, including the activating mutations BRAFV600E and BRAFV600K, have been identified in 47% of patients with melanoma and in 24% of melanoma patients with IMD, making BRAF mutations a likely target in the treatment of IMD secondary to melanoma (166). In the landmark BREAK-MB trial, dabrafenib, a small molecule inhibitor of BRAFV600E, demonstrated adequate anti-tumor activity in 39.2% of BRAFV600E-positive melanoma patients with treatment-naïve IMD and 30.8% of BRAFV600E-positive melanoma patients with progressive IMD (147). Median OS was 33.1 weeks and 31.4 weeks in BRAFV600E-positive melanoma patients with treatment-naïve IMD and progressive IMD, respectively, and median PFS was 16.1 and 16.6 weeks in the same treatment groups. Intracranial response rates, median OS, and median PFS were lower for patients with BRAFV600K-positive melanoma with progressive IMD than with treatment-naïve IMD, though no explicit comparisons were made between cohorts (147). A second BRAFV600 inhibitor, vemurafenib, demonstrated adequate anti-tumor activity in 18% of patients with BRAFV600-positive melanoma with either untreated or progressive IMD (149). Median OS was 8.9 months in patients with untreated IMD and 9.6 months in patients with previously treated IMD, however, no comparisons were made with dabrafenib (149).

In the COMBI-MB trial, the combination of dabrafenib and the mitogen-activated protein kinase kinase (MEK) inhibitor trametinib demonstrated adequate intracranial tumor control in 58% of BRAFV600E-positive melanoma patients with treatment-naïve, asymptomatic IMD, 56% of BRAFV600E-positive melanoma patients with progressive, asymptomatic IMD, 44% of BRAFV600D/K/R-positive melanoma patients with asymptomatic IMD, and 59% of BRAFV600E/D/K/R-positive melanoma with symptomatic IMD (148). Median OS was 10.8 and 24.3 months in BRAFV600E-positive melanoma patients with treatment-naïve IMD and progressive IMD, respectively. Median PFS was 5.6 and 7.2 months in the same cohorts (148). Several additional single or combination agents, including vemurafenib and the MEK inhibitor cobimetinib or the BRAF inhibitor encorafenib and MEK inhibitor binimetinib, have been described to be effective in treating IMD secondary to BRAF-mutant melanoma. While these discussions have been thus far limited to case series and conference abstracts, early data suggest that multidrug targeted drug regimens for IMD secondary to BRAF-mutant melanoma may be future treatments for patients with BRAF-mutant melanoma and IMD.




2.3.2 Immunotherapies

Immune-checkpoint inhibitors (ICIs) include large monoclonal antibody-based therapies and small molecule inhibitors that upregulate the immune system and its antitumor activity (167, 168). Initial trials with ICIs have supported their use in patients with IMD secondary to NSCLC and melanoma. Additional trials are now underway to study their efficacy in patients with IMD secondary to other primary cancers, including breast cancer. For example, an early phase II trial studying ipilimumab, an anti-cytotoxic T-lymphocyte-associated antigen 4 (CLTA-4) antibody that promotes T lymphocyte destruction of cancer cells, demonstrated that 16% of melanoma patients with asymptomatic IMD receiving ipilimumab and 5% of melanoma patients with symptomatic IMD receiving corticosteroids and ipilimumab achieved an intracranial objective response (169). In the same study, median OS was 7 months in melanoma patients with asymptomatic IMD receiving ipilimumab and 4 months in melanoma patients with symptomatic IMD receiving corticosteroids and ipilimumab.

In addition to CLTA-4, programmed cell death protein (PD-1), which acts as a negative immune inhibitor, has emerged as a potential anti-cancer target. In an early phase II trial studying the anti-PD-1 antibody pembrolizumab, 22% of melanoma patients with IMD and 33% of NSCLC patients with IMD treated with pembrolizumab monotherapy demonstrated an intracranial objective response (170). A slightly lower iORR was found with the administration of the anti-PD-1 antibody nivolumab in patients with NSCLC and IMD (17%) (171). Both studies support the hypothesis that anti-PD-1 antibodies are active in patients with IMD and present future therapy options. The combination of ipilimumab and nivolumab was investigated in Checkmate 204, which demonstrated an iORR in 53.5% of melanoma patients with asymptomatic IMD and 16.7% of melanoma patients with symptomatic IMD. In the same study, median PFS was reported to be 39.3 months and 1.2 months, respectively (172, 173). Finally, the RELATIVITY-047 trial recently reported prolonged PFS in patients with untreated or unresectable melanoma treated with a combination of nivolumab and lymphocyte-activation gene 3 (LAG-3) inhibitor relatlimab compared to those treated with nivolumab alone (HR 0.75, 95% CI 0.62-0.92, p=0.006) (174). A subgroup analysis of patients with BrM and associated intracranial outcomes is necessary to clarify the role of this promising drug combination in the setting of IMD secondary to melanoma.

Monoclonal antibodies against programmed cell death-ligand 1 (PD-L1) have also been investigated. In patients with IMD secondary to TNBC studied in the Impassion130 RCT, the combination of atezolizumab and nab-paclitaxel did not significantly improve median PFS (HR 0.86, 95% CI 0.50-1.49) or median OS (HR 1.34, 95% CI 0.72-2.48) compared with placebo and nab-paclitaxel (175, 176). Additional prospective trials, including NCT03483012 and NCT04303988, may further clarify the role of PD-L1 inhibitors in patients with IMD and TNBC.

Further investigations are necessary to clarify the role of immunotherapy for IMD in patients receiving concurrent targeted therapies (Table 2).


Table 2 | Summary of studies investigating immunotherapies for IMD.





2.3.3 Immunotherapy in Combination With Radiation Therapy

Results from studies investigating the combined administration of radiation and immunotherapies suggest a biological synergy between the two modalities (182, 183). Yet, evidence on the treatment of IMD with radiation and ICI is conflicting and limited to retrospective analyses. Knisley et al., for example, reported a median OS of 21.3 months in 27 patients with melanoma and BrM who received ipilimumab in combination with radiosurgery, compared with 4.9 months in 50 patients treated with radiosurgery alone (p=0.03) (178). These findings have been corroborated in another single-institution case series (median OS 18.3 vs. 5.3 months, HR 0.43, p=0.005) (179). On the other hand, investigators from New York University found no improvement in median OS when SRS was administered together with ipilimumab (n=25) compared with SRS as a stand-alone therapy (n=33) in patients with patients with melanoma and BrM (180). Several case reports also describe the combined administration of WBRT and immunotherapies, but evidence from larger cohort studies or RCTs is lacking (184, 185).

There is emerging evidence supporting the use of SRS and nivolumab: Minniti and colleagues reported that nivolumab was more effective in preventing intracranial disease progression and prolonging OS than ipilimumab when either agent was combined with SRS (median PFS 10 vs. 6 months, p=0.02; median OS 22.0 vs. 14.7 months, p=0.015) (181). In a study of patients with renal cell carcinoma and IMD, the PFS benefits of nivolumab were enhanced by prior SRS or WBRT (median iPFS 2.7 vs. 4.8 months, HR 0.49, p=0.0277) (177). Caution needs to be exercised around the current level of evidence, however. One 2013 RCT for example that compared WBRT plus SRS alone versus WBRT plus SRS in combination with temozolomide or erlotinib for NSCLC patients with limited number of metastases showed higher rates of grade 3 to 5 toxicities in the combination arms (11%, 41%, and 49%, respectively, p<0.001) (186). Moreover, BrM may harbour a distinct set of genetic alterations compared with the primary lesion, and thus responses to targeted therapies may be limited (187). Given the success of immunotherapies in the treatment of IMD and the already-established utility of radiation therapy, these combined approaches are promising avenues for the future. Further research is required before these approaches can be reliably translated into clinical practice (Table 2).





3 Emerging Considerations for Secondary Prevention

Given its impact on survival and QoL, there is clinical interest in early identification of IMD in patients with high-risk primary cancer types. Understanding the pathobiology of IMD may enable the development of new clinical tools to detect early IMD and initiate appropriate treatments in patients with lower systemic metastatic disease burden.


3.1 Screening for IMD

Experience from screening efforts for breast, prostate, and lung cancer have shown that early cancer detection and treatment results in improved disease control and prolonged survival (188–190). To date, IMD diagnosis has depended on imaging, either for staging or screening purposes, or to assess patients who manifest neurological symptoms concerning for brain metastases (7). Default intracranial imaging for all cancer patients would be structurally and financially infeasible; further, given the finding in observational studies that nearly 4% of asymptomatic individuals harbor an intracranial “incidentaloma”, this approach would likely lead to overdiagnosis and unintentional overtreatment (191, 192). Instead, many current efforts have focused on screening of patients who are at high risk for the development of IMD (193). A recent review of studies reporting on the incidence of IMD in patients with metastatic and non-metastatic breast cancer found a significantly higher incidence of IMD in patients with metastatic HER2-positive (22-36%) and TNBC (15-37%) compared with other forms of metastatic breast cancer (approximately 10%) and non-metastatic breast cancer (annual incidence of IMD as first site of recurrence ≤3% for all identified studies) (193). Findings from this review indicate that patients with metastatic HER2-positive and TNBC are at a sufficiently high risk for development of IMD to warrant routine screening. The American Society of Clinical Oncology (ASCO) and the NCCN currently do not recommend routine screening for IMD in women with metastatic breast cancer; conversely, the 2021 European Association of Neuro-Oncology (EANO)/European Society for Medical Oncology (ESMO) guidelines indicate that screening at diagnosis is “potentially justified” in patients with metastatic HER2+ and TNBC [EANO: IV, n/a; ESMO: IV, B] (194). To clarify the risks and benefits of routine screening in these patients, multiple studies are currently randomizing patients with HER2-positive or TNBC, both subgroups with a well-defined higher risk of IMD, to either receive regularly scheduled MRI brain imaging or standard of care alone (NCT03881605; NCT04030507; NCT03617341) (193, 195). It remains to be determined if these efforts will result in improved outcomes for patients.

Overall, the reliance on imaging, and particularly MRI, has been a profound limitation to efforts for IMD screening, early detection, and treatment. There has been significant interest in development tools for IMD screening that circumvent intracranial imaging, for example, liquid biopsy (196). The concept of liquid biopsy rests on the assumption that different elements of tumor material, such as tumor-specific DNA, RNA, proteins, and exosomes, and circulating tumor cells, can be identified in blood or cerebrospinal fluid (CSF) as a surrogate for cancer burden. To date, these efforts have been limited by the need to isolate and enrich cancer markers in blood to enable sequencing for genomic approaches, which results in technical error and false biological signals, leading to high false-negative results. There are also valid concerns that spillage of intracranial tumor into the systemic circulation may be limited, which could mandate study of CSF rather than blood (a much more invasive process which requires lumbar puncture) to assess intracranial disease (197).



3.2 Understanding the Biology of Brain Metastases

There has been significant interest in delineating the biological processes that underlie metastatic progression in cancer and, in particular, mediate the development of IMD (198). Multiple studies have shown that BrM are derived from cancer subclones that are distinct from dominant populations in the systemic cancer cell pool (199, 200). This finding raises the possibility that primary tumor profiling could identify patients who harbor subclones that are organotypic for the brain and are thus at risk of IMD (201). Further, this finding promises the likelihood of novel pathways, both cell-intrinsic and environmental, that are critical for IMD development and that could be targets for IMD prevention (187, 202, 203).




4 Conclusion

Diagnosis of IMD places a significant burden on patient survival and QoL. Over the past several decades, technical innovations and an advancing understanding of tumor biology have enabled physicians to optimize treatment outcomes for these patients. While WBRT initially formed the mainstay of localized treatment for IMD, surgical resection and SRS have become established treatment approaches for patients with limited intracranial disease burden and are increasingly considered for a wider patient spectrum. Several molecular drivers have also been identified as targets for systemic therapy. While most of these agents historically had limited application for treatment of IMD, mounting evidence suggests that some targeted therapy drugs may retain activity in the brain, especially in patients with IMD due to single driver-mediated breast cancer, NSCLC, and melanoma. Early investigations into the efficacy of immunotherapies and their combination with radiation therapy may further form future avenues of treatment. These advances promise to improve outcomes patients with cancer and IMD.
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Glioblastoma (GBM) is a malignant tumor with a median survival rate of 15-16 months with standard care; however, cases of successful treatment offer hope that an enhanced understanding of the pathology will improve the prognosis. The cell of origin in GBM remains controversial. Recent evidence has implicated stem cells as cells of origin in many cancers. Neural stem/precursor cells (NSCs) are being evaluated as potential initiators of GBM tumorigenesis. The NSCs in the subventricular zone (SVZ) have demonstrated similar molecular profiles and share several distinctive characteristics to proliferative glioblastoma stem cells (GSCs) in GBM. Genomic and proteomic studies comparing the SVZ and GBM support the hypothesis that the tumor cells and SVZ cells are related. Animal models corroborate this connection, demonstrating migratory patterns from the SVZ to the tumor. Along with laboratory and animal research, clinical studies have demonstrated improved progression-free survival in patients with GBM after radiation to the ipsilateral SVZ. Additionally, key genetic mutations in GBM for the most part carry regulatory roles in the SVZ as well. An exciting avenue towards SVZ modeling and determining its role in gliomagenesis in the human context is human brain organoids. Here we comprehensively discuss and review the role of the SVZ in GBM genesis, maintenance, and modeling.
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Introduction

Glioblastoma (GBM) is the most common and most aggressive malignant glial tumor found in adults (1, 2). While prognosis varies with factors such as age and specific mutations (2–4), GBM remains an incurable tumor with a median survival of 9 months without treatment and 15-16 months with treatment (5–7). However, a small percentage of patients achieve long-term survival (>2.5yrs) (8, 9). Cases of longer-term survival and response to treatment provide hope that increasing knowledge of the disease pathology can lead to treatments with improved survival. Conventional treatment for GBM includes surgical resection followed by concurrent radiotherapy and temozolomide (TMZ) and subsequently, 6-12 cycles of TMZ (6, 10, 11). Aggressive tumor cell migration and growth preclude complete surgical resection, resulting in a near 100% relapse rate (12–15). Incomplete resection, post-operative recovery time, and neurologic deficits may delay subsequent treatment, thus, leading to GBM progression early within weeks of surgery or delayed within 2 years for a majority of patients (16, 17).

Cancer stem-like cells have been suggested as the origin of many cancers (18). Neural stem/precursor cells (NSCs), in particular, have been linked to cancer (19). Molecular evidence establishes a strong link between stem cells and cancer stem cells (20). Animal studies have corroborated this link, supporting a hypothesis of tumor origination from neural precursor cells (19, 21–23). Furthermore, a clinical report of neural precursor transplantation leading to the formation of donor cell-derived tumors demonstrates a possible stem cell origin of cancer in humans (24). Altogether, these findings provide strong support for NSCs as one of the cells of origin for cancer. Specifically, NSCs in the subventricular zone are implicated (25).

The subventricular zone (SVZ) is a 3-5mm layer between the lateral ventricle, corpus callosum, and striatum (26–28) that harbors the largest population of NSCs in the brain (3, 4, 29–32). The SVZ in humans is characterized by an astrocytic ribbon that is separated from a layer of ependymal cells by a hypocellular layer (33). The SVZ in animals differs in cellular composition and structure from the SVZ in humans (33–35).

Disease modeling towards identifying specific therapies for numerous cancers has been described (36). While numerous models have been developed for GBM research, faithfully recapitulating the microenvironment, structure, and molecular characteristics (36), GBM modeling has remained a challenge. Each model is unique and complex with benefits and drawbacks. Models range from in vitro cellular tumor systems to animal models (36). The recent advent of 3D models has increased the ability to effectively model the brain and associated tumors in the human context (37). These models more effectively simulate and maintain tumor structure compared to 2D models. However, challenges remain to model GBM, those include a lack of regionalized organoids and the underdevelopment of an immunological/inflammatory response, as well as the presence of only primitive vascular systems (37). It follows that utilizing a combination of models may be most apt for developing novel and effective therapeutic interventions.

Recent research has shed new light on the role of the SVZ in GBM (38, 39). This review addresses current hypotheses in SVZ involvement in gliomagenesis, maintenance, and modeling standards, as well as the capacity of current models to incorporate these hypotheses.



Glioblastoma Cell of Origin

Cancer cells expressing stem cell surface markers reside in brain tumors, comprising between < 1% of cancer cells in low-grade tumors and over 25% of cancer cells in high-grade tumors (40, 41). A connection between glioblastoma initiating cells (GICs) and NSCs has been identified, but the specific lineages downstream of GICs remain understudied (42). The GBM stem cell and the astrocyte dedifferentiation theory are the two prevailing hypotheses for the origin of GBM (43, 44).

Both of these theories serve to explain the presence of cancer stem cells within the tumor (45, 46). The astrocyte dedifferentiation theory relies on the multi-step process of tumorigenesis leading a mature astrocyte to dedifferentiate to become a malignant stem-like cell. This model is supported by recent experiments demonstrating the formation of tumors that are histologically similar to GBM after activation of oncogenes and suppression of tumor suppressor genes in astrocytes (47). These experiments show that genetic manipulation of astrocytes can lead to tumorigenesis. To induce GBM formation, both tumor suppressors and oncogenes must be manipulated in astrocytes, whereas progenitor cells only require oncogene activation (44, 47). This manipulation in astrocytes results in their acquisition of stem cell-like characteristics, offering one possible explanation for the similarities between GICs and stem cells (48, 49).

The glioblastoma stem cell theory proposes that GICs are derived from NSCs. NSCs are self-renewing, multipotent cells in the brain responsible for differentiating into neurons, astrocytes, and oligodendrocytes (50–52). These cells are most active during development; however, recent evidence has suggested small populations in specific stem-cell niches remain functional in the adult brain (53–57). As such, neurogenesis in the human brain continues throughout life (58, 59). The glioblastoma stem cell theory is based on a longstanding hypothesis that cancers arise from a stem-like cell population, and thus, that tumors contain a subset of multipotent cells with stem cell characteristics. In the case of GBM, partially differentiated glial cells including oligodendrocyte precursor cells (OPCs) and astrocyte precursor cells may contribute to or be responsible for tumorigenesis (38). Lee et al (38) proposed that the most likely pathogenesis involves driver mutations in NSCs that contribute to tumorigenesis after differentiation into the oligodendrocyte cell line. The presence of cells with stem cell-like characteristics has been identified in many cancers (60), including brain tumors (41, 44, 61). Clinical evidence supporting this theory includes the formation of a donor-derived brain tumor after NSCs were injected intracerebrally and intrathecally into an Ataxia Telangiectasia patient (24). This case example demonstrates a stem cell to tumor transition in the human brain. Considering the heterogeneity of GBM, each of these theories may contribute a portion of the total tumor population included in the category of GBM.



Neural Stem Cells and Glioblastoma Stem Cells Are Molecularly Related

Many molecular characteristics are shared between GBM stem cells (GSCs) and NSCs. Genome-Wide CRISPR-Cas9 screens of NSCs and GSCs identified several genetic commonalities (20). SOCS3, a modulatory protein that is responsible for maintaining stemness in NSCs (62), was identified as a top-scoring GBM-specific fitness gene (20). Loss of function of SOCS3 leads to downregulation of multiple GSC fitness genes, upregulation of neuronal progenitor markers, and ultimately GSC differentiation (20). SOX2, another important NSC factor (63), is also a high-scoring fitness gene for both NSCs and GBM (20). Other genes with similar fitness scores in NSCs and GSCs include SQLE, CDK6, and DOT1L (20). Similar fitness scores in these genes provide evidence that developmental growth patterns are reactivated in GBM (20). Some genes with high fitness scores in GBM had low fitness scores in NSCs, including JUN and SOX9 (20). This could suggest that GBM-specific gene activation promotes the maintenance of GSCs (20). Stem cell gene networks, similar to those of non-transformed NSCs, generate and maintain GSCs (20).

Proteomic analysis similarly highlights the relationship between NSCs and GSCs (64–71). Of 108 proteins differentially expressed in GSC, NSC, and other tumor tissues, 22 were overexpressed in GSC and NSC but not tumor tissue. Most of these genes are involved in chromatin, mRNA, and DNA processing (64). Pathways necessary for self-renewal properties are common between NSCs and GSCs (66–72). One of the proteins overexpressed in GSCs and NSCs is vimentin (64, 73). Hepatoma-derived growth factor (HDGF), an angiogenesis-promoting factor, is expressed at normal levels in NSCs but is overexpressed and secreted in GSCs (64), indicating a potential oncogenic alteration of a normal NSC process. Overexpression of HDGF is implicated in various cancers (74–80) including GBM (64). In addition to HDGF, other growth factors associated with development are produced in GSCs including vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), transforming growth factor-alpha (TGFα), and stromal-derived factor 1 (SDF1) (64, 81–84). A study specifically examining chromosome 19 proteins in GSCs found upregulation of multiple molecular patterns related to stemness and development (85). These molecular markers highlight the relationship between NSCs and GSCs, as well as the potential avenues for the transformation of NSCs to GSCs.



Subventricular Zone


Human Subventricular Zone

The SVZ is the largest neural stem cell niche in the adult brain. In humans, the SVZ is divided into four regions comprised of different cell types. The ependymal layer (Layer I) is the cellular layer closest to the ventricle common to all areas of SVZ within the brain. The hypocellular layer (Layer II) borders the ependymal layer and consists of basal processes of ependymal cells, astrocyte processes, and diffuse astrocyte cell bodies. Opposite the hypocellular gap from the ependymal layer is the astrocytic ribbon of cells (Layer III). This is the proliferative region where astrocyte-like cells act as stem cells (33, 86). Layer IV is the transitional zone to the brain parenchyma. Myelinated neuronal processes and neuron bodies are abundant in this area (87) (Figure 1). The cytoarchitecture of the human SVZ is unlike any other studied mammals. Cell types present in this region include astrocytes, NSCs, neurons, ependymal cells, oligodendrocytes, OPCs, and neuroblasts with transitory amplifying progenitors noticeably missing (39). The human subventricular zone is unique in its organization and cellular composition making it difficult to translate research from animals to humans.




Figure 1 | A schematic illustration depicting a coronal view of the subventricular zone (SVZ) neurogenic niche in the adult human brain.





Subventricular Zone in Humans vs. Subventricular Zone in Animals

Structurally, the SVZ in studied animals differs quite significantly from the human SVZ. The SVZ in rodents is not separated into four distinct layers; in fact, no hypocellular zone exists in adult mice (34). The hypocellular zone is only reported in humans and bovines (88), with all other mammalian models having close contact between ependymal cells and NSCs (35). Another unique characteristic of the human SVZ is the astrocytic ribbon containing proliferative cells previously thought to be NSCs (33, 89). No progenitor cells or migration has been observed from this region, calling into question the activity of these “NSCs” (89). However, when cultured in vitro, astrocytes from this region have the capacity to form neurospheres consisting of astrocytes, oligodendrocytes, and neurons (90) potentially indicative of function in the human SVZ. Regardless of function, the astrocytic ribbon is an aspect of the SVZ unique to humans.

Cytoarchitecture also differs. The rodent SVZ includes four cell types based on electron microscopic analysis of ultrastructural characteristics. Unlike in humans, the only cell types are astrocytes, transitory amplifying progenitors (type C cells), neuroblasts, neurons, and ependymal cells (35, 91). NSCs have a radial morphology similar to radial glial cells, their predecessors. NSCs are capable of giving rise to type C cells (29) and ependymal cells (92, 93). Type C cells, located near the blood vessels, are rapidly dividing cells that give rise to OPCs, neuroblasts and astrocytes (94–98). Neuroblasts migrate from the SVZ to the olfactory bulb (OB) where they can undergo neurogenesis (27, 99–101). The rodent SVZ is characterized by a much higher number of neurons than the human SVZ (33, 35, 87). The number of proliferating cells in the human SVZ is also much lower than that seen in rodents (33, 87, 102). While the rodent SVZ has more neuroblasts and increased proliferation, GFAP+, nestin+ radial glia observed in the human third ventricle SVZ are absent from the corresponding third ventricle SVZ in mice (34). Lastly, the rodent SVZ contains chains of migrating neuroblasts, which the human SVZ lacks (103). Migration from the SVZ in adult humans remains controversial (33, 58, 102, 104). In postnatal humans, migration from the SVZ occurs but quickly declines (105). In addition to the rostral migratory stream, a medial migratory stream was identified in humans leading from the SVZ to the prefrontal cortex (58). The medial migratory stream is absent from postnatal mice (58). In rodents, neural progenitor cells differentiate into local interneurons, granule cells, and periglomerular cells after migrating to the OB (106–110). Despite a much lower rate of neurogenesis, the adult human SVZ retains the ability to regenerate neurons (58, 111, 112). Neurogenesis in the SVZ can be regulated by GABAergic, dopaminergic, serotonergic, cholinergic, and nitric oxide-releasing neurons (113–116). Specific circumstances, including depression and Parkinson’s disease, increase neurogenesis from insignificant to noticeable levels (117, 118).

Studies over the past five decades have demonstrated cellular proliferation in the SVZ in multiple species including mice, rats, rabbits, voles, dogs, cows, monkeys, and humans (33, 87, 88, 119–126). Rodent and other model SVZs share characteristics with the human SVZ, yet there are structural and functional differences (127). One major difference is the destination of new neurons from the SVZ. In humans, the rostral migratory stream contains only a small number of migratory neuroblasts that do not form the chains observed in rodents. These neuroblasts express immature neuron and proliferation signals similar to those in rodents but do not migrate to the OB, a major destination for neuroblasts in rodents and monkeys (119). Carbon 14 analysis of cells in the human OB confirms negligible post-developmental neuronal proliferation in this area (128). Rather, the striatum seems a much more likely target for neuroblast migration in humans. Located adjacent to the SVZ, the striatum has cells co-expressing the neuroblast markers DCX and PSA-NCAM, indicating migration to this region (129). Carbon dating of a subpopulation of DARP23-negative interneurons in striatum demonstrates a 2.7% turnover rate, significantly higher than that of the OB (< 1% over 100 years). Furthermore, recently developed striatal neurons and neuroblasts co-express the markers calretinin and neuropeptide Y, supporting an SVZ origin for striatal neurogenesis (129). Other animals demonstrate decreased striatal neurogenesis compared to humans (130–135). Research in mice found Notch-dependent local astrocyte-mediated neurogenesis in the striatum (136). It is unclear the extent to which this occurs in humans (135). These differences highlight the challenges involved with translating animal research to humans in this area.



Additional Elements of the Subventricular Zone

The following elements of the SVZ have been established in non-human mammals, but the extent to which they are present in the human SVZ is unclear. The SVZ stem cell niche is comprised of various cellular and acellular components along with the major cell types. Blood vessels influence differentiation and migration patterns in this niche. Brain-derived neurotropic factor (BDNF) signaling guides neuroblast migration parallel to blood vessels adjacent to the SVZ (92, 137, 138). The SVZ has a leaky blood-brain barrier, permitting neural progenitor cells (NPCs) of the SVZ to respond to signals in the blood more readily (95). SVZ cells are drawn to blood vessels by molecules secreted by endothelial cells (139). Endothelial cells also promote neuroblast proliferation (94, 95, 140) and influence cell migration to and from the niche through SDF1/CXCR4 signaling (139). An extensive basal lamina contacts nearly every cell in the SVZ providing an avenue for molecular signaling to the entire niche (141, 142). These extracellular matrix structures, called fractones, bind growth factors and modulate NSC proliferation in the SVZ (143). Fractones are fractal-like structures consisting of laminins, collagens II and XVIII, nidogen, HSPGs, and perlecan (143). Laminin constructs both NSC and cancer stem cell (CSC) niches (144, 145) and supports stem cell renewal (146). Additionally, laminin interaction with integrin α-6 is important for the maintenance of NSCs and CSCs (147). Non-stem tumor cells produce laminin α-2, which permits GBM stem cell growth (148).

Macro-structure of the SVZ also facilitates signaling and subsequent cellular responses. Viewed from the ventral surface, the SVZ is organized in pinwheel structural units composed of ependymal cells spiraled around astrocytic processes. Cells in the pinwheels are connected by adherens junctions. Adherens junctions allow one daughter cell to remain a stem cell while the other differentiates into a progenitor. The pinwheel structure is important for stem cell proliferation and is characteristic of other stem cell niches in the body (149).

Gliogenesis is prominent in the developing SVZ from embryonic day (E) 90 until after E125. The SVZ serves as the origin of many of the glial cells in the mammalian brain (150–152). Studies examining multiple sclerosis and the rodent OB indicate that gliogenesis in the SVZ continues in adults (153, 154) and evidence indicates that injury in the adult brain leads to increased gliogenesis from the SVZ (155, 156). Galectin-3 (Gal-3), up-regulated in brain injury, inflammation, and cancer, has a suggested role in modulating both neurogenesis and gliogenesis in the adult SVZ (157).




Neural Stem Cells in the Subventricular Zone Implication in the Origin of Glioblastoma


Subventricular Zone Neural Stem Cells Play a Role in Tumorigenesis

Genomic and proteomic analyses of GBM and the SVZ have supported an association between the two. Recent molecular and genetic analysis of human GBM by Lee et al. (38) backs the theory that GBM develops from NSCs in the SVZ. They described direct molecular and genetic evidence from glioblastoma patients’ tissue and mouse models that there were astrocyte-like NSCs in the SVZ that could be the cell of origin. These cells contain the main driver mutations known to form GBM in humans. In their experiment, they performed sequencing of patient-matched tissues types (normal SVZ tissue, tumor tissue, and normal brain cortex or blood) from 28 patients with variable genetic profiles including isocitrate dehydrogenase-1 wild type (IDH-WT). They concluded that low-level driver mutations of GBM were present in the non-tumor SVZ tissue in 56.3% of IDH wild-type patients. Furthermore, single-cell sequencing and laser microdissection analysis of the obtained brain tissue as well as genome editing of their mouse model showed astrocyte-like NSCs carry driver mutations that lead to the development of high-grade gliomas (38). Additionally, extensive analysis of 28 tumors from both adults and children by Neftel et al. (158), indicates the presence of four cellular states that drive GBM malignant cells heterogeneity. These cellular states are associated with cycling cells representing mostly NPC-like and OPC-like states, particularly in pediatric tumors. Earlier reports of lineage tracing methods (159) also revealed significant aberrant growth prior to malignancy in OPCs. These findings suggest OPCs could be the major source of malignancy though initial mutations could occur in NSCs. This highlights the importance of analyzing premalignant stages to identify the cancer cell of origin.

SVZ-related markers, such as GFAP and vimentin, are upregulated in GBM (160). This association supports the hypothesis that tumor cells in GBM are most related to the SVZ cells (160). Specifically, neuroblasts in GBM contain high levels of c-Myc, implicating the population of SVZ cells with high c-Myc expression in oncogenic transformation (160). In fact, overexpression of c-Myc may play a role in tumorigenesis and migration as it is expressed in SVZ cells with migratory potential (160).

Furthermore, restriction of proteases in GBM inhibits tumorigenesis, providing support for the theory of long-distance migration of GBM pathogenesis. Genomic investigation of SVZ-associated GBM supports this analysis, identifying genes commonly altered in SVZ and GBM (161). Differences between SVZ+ (SVZ-associated GBM) and SVZ- (Non-SVZ-associated GBM) GBM have also been observed (161). Notch signaling upregulation in SVZ+ GBM is correlated with Notch upregulation in the SVZ. The differential expression of various Notch signaling molecules is associated with predictable prognostic factors, including overall survival (OS) and progression-free survival (PFS) (162).

Proteome analysis of SVZ+ serum and tissue shows increased acute-phase proteins, lipid carrying proteins, and increased regulatory proteins potentially implicated in increased SVZ+ aggressiveness (163). CD133 expression, which is associated with a shorter time to distant recurrence, is greater in SVZ+ tumors (determined by imaging) than in SVZ- tumors (164). Additionally, the prognosis for GBM is strongly associated with the intracranial location in relation to the SVZ. Tumors contacting the SVZ have worse OS and PFS compared to more distant GBM (165). Furthermore, recurrence of GBM is significantly associated with neurogenic regions (12). The niche factors secreted by the SVZ promote proliferation and migration of GBM progenitor cells, promoting tumor growth and progression (166, 167). In contrast, the hippocampus is often spared from GBM invasion, possibly due to a less compatible extracellular matrix (ECM) (168). Furthermore, NSCs in the hippocampus are less likely involved in tumorigenesis. There are a few factors that differentiate NSCs in the SVZ from hippocampal NSCs in the subgranular zone (SGZ). Like NSCs in the SVZ, hippocampal NSCs have an apical process that contacts blood vessels; however, their basal process contacts neurons and glial cells (169, 170). These stem cells lack CSF contact which is normally a source of factors moderating proliferation for NSCs in the SVZ (25, 171). Abnormal signaling from the CSF is a potential mechanism for malignant transformation (25). Additionally, NSCs in the SGZ only differentiate into local granule neurons. The SGZ niche promotes differentiation without migration, whereas the SVZ promotes proliferation and migration while restricting differentiation (25).

Commonalities of GSCs and NSCs in the SVZ include nestin expression, proliferation capability, high motility, diverse progeny, association with vasculature, and communication with other niche components (25, 172). Much like NSCs (173, 174), GSCs rely on endothelial cells for factors promoting self-renewal, tumorigenicity, and survival (175–177). GSCs are also able to recruit microglia through cytokine production (178–180), which in turn promote tumor growth through angiogenesis and trophic factors (181). Much like in the tumor niche, NSCs and microglia regulate each other in the SVZ (182). Additionally, astrocytes and ECM proteins support the proliferation of both GSCs and NSCs (183–186). These similarities highlight the likeness the tumor niche displays for the SVZ. One notable difference is the lack of CSF within close proximity to cells within the tumor niche, which may contribute to the tumor pathology due to absence of regulation from CSF signaling (25).

Tumorigenesis experimentation in mice supports the theory that GBM-like invasive tumors originate in the SVZ. High-grade tumors are formed from NSCs/NPCs in mouse models after migration. Migration occurs following the leader cell creation of an infiltrative path. Most infiltrations occur along blood vessels, fiber tracts, or over the surface via the subarachnoid space (187). In mice, SVZ cell migration occurs through the rostral migratory stream to many areas including the OB, hippocampus, and striatum. These cells have more migratory potential than other NPC niches, traveling further and to more locations (153). Neuroblasts have been identified in high numbers between the SVZ and the tumor in mice models, indicating SVZ cell migration to the tumor. Upregulation of neural precursors in the ipsilateral SVZ in mice with tumors contributes to this hypothesis (188). Follistatin secretion from NPCs decreases tumor growth and can even inhibit tumor growth in vitro (189). Follistatin expression by NPCs in the SVZ may explain why migration occurs before tumorigenesis. Neural precursor cell migration from the SVZ to the tumor zone is a critical finding in the pathogenesis of GBM tumors. This pathway represents an important target of future therapy and more models are needed to further investigate this relationship.



Common Genes Implicated in Glioblastoma Play a Role in the Subventricular Zone

There are several common mutations associated with human GBM. Primary GBM is classified by de novo mutations without evidence of a prior lesion (160). Primary GBM typically results from epidermal growth factor receptor (EGFR) amplification and loss of PTEN (190), while secondary GBMs result from IDH1 or IDH2 mutations (191, 192). Inactivation of TP53 (23), PTEN (193), and mutations in telomerase reverse transcriptase (TERT) (194, 195) are also commonly thought to contribute to the pathogenesis of GBM. Each of these genes, with the exception of IDH1, is known to be involved in the control of the SVZ NSCs (160). Matarredona and Pastor (25) recently reviewed some of the most common genetic mutations and their involvement in implicating the SVZ in GBM development.

Epidermal Growth Factor (EGF) induces proliferation and inhibits differentiation of NSCs in the SVZ (196–198). Amplification of the EGFR gene has been proposed as a potential mechanism for the development of GBM because of its role in the SVZ (160, 199). Both TP53 and PTEN are tumor suppressor genes. TP53, which modulates cell division, differentiation, and proliferation in the SVZ, is commonly mutated in both primary and secondary GBM (23, 190, 200–202). PTEN is involved in regulating migration, apoptosis, and proliferation for NSCs in the SVZ (203, 204). Knockout of TP53 or PTEN induces proclivity towards oncogenic transformation (193, 205). In adult mammals, telomerase expression is restricted to the OB and the SVZ (206), where it permits the growth and survival of NSCs (207). TERT is frequently upregulated in cancers (208), including more than half of GBMs (194, 209). In a study of human GBM mutations in IDH1 wild-type, the tumor-free SVZ had TERT promoter mutations, suggesting this could be an early mutation in the progression from NSC to GBM (38, 194).

While IDH1 has no known direct influence on the SVZ, IDH1 mutation is correlated with platelet-derived growth factor (PDGF) expression in GBM (210). PDGF promotes the proliferation of NSCs in the SVZ (211). Some other factors and pathways commonly altered in GBM and SVZ include c-Met, FoxO3, the Wnt pathway, and the sonic hedgehog pathway (160, 172, 212–216). These mutations provide strong evidence that SVZ NSCs are the origin of GBM in humans and accentuate pathways that could be targeted with therapeutics.



Clinical Significance of the Subventricular Zone in Glioblastoma

Understanding the role of the SVZ in GBM provides significant clinical value. Proposed therapy for GBM includes administering radiation to the SVZ to prevent tumor reoccurrence. So far, the reported effect of SVZ irradiation on outcomes in GBM patients has been inconsistent. In a meta-analysis of four studies observing the effects of high vs lose dose radiation on prognosis, increased radiation dose to the ipsilateral SVZ significantly increased PFS while failing to significantly improve OS (217). Irradiation dose to the contralateral SVZ did not significantly improve PFS. Contralateral SVZ radiation dose effect on OS was not analyzed as it did not meet the study’s inclusion criteria. Higher cutoffs for “high dose irradiation” in the various studies correlated with increased PFS and OS as compared to lower cutoffs (217). Gupta et al. (218) found increased OS with increased radiation to the ipsilateral SVZ but decreased OS with increased radiation to the contralateral SVZ. Consistent with the results described above, Rizzo et al. (219) showed that increasing bilateral SVZ radiation dose directly correlates with increased PFS and OS. Furthermore, they found that a high radiation dose to the ipsilateral SVZ is associated with increased PFS and that there is no correlation between the dose administered to the contralateral SVZ and OS or PFS (219).

Gross total resection (GTR) may account for some of the variations in the results, as Chen et al. (220) found that high dose irradiation of the SVZ improves PFS only in patients with GTR, not in patients with subtotal resection or biopsy. In patients with GTR, PFS and OS were both improved with high-dose irradiation when compared to low-dose irradiation. This suggests that residual tumors may be responsible for recurrence in irradiated patients without GTR, and therefore, that irradiation may potentially prevent GBM recurrence originating from the SVZ (220). CXCL12 mediated upregulation of mesenchymal traits protects GSCs located in the SVZ from radiation, potentially explaining the increased effectiveness of higher doses of radiation (221). These data point to promising evidence that links radiation of areas of the SVZ to increased measures of survival and highlight the importance of studying GBM in the context of the SVZ. By means of human cerebral organoid SVZ models, we hope to expand on the research that has highlighted this relationship between the SVZ and GBM prognosis (Figure 2).




Figure 2 | The subventricular zone (SVZ) of a mature cortical organoid highly resembles the (SVZ) of an adult human brain. Positive immunofluorescence signatures of the common (SVZ) markers are represented in (A–D). NESTIN (Green) is an intermediate filament protein that is expressed by neural stem cells (NSCs) in the subventricular zone (SVZ) and it is generally recognized as a marker of undifferentiated nervous system cells. CD31 [Red, (A)] also known as Platelet endothelial cell adhesion molecule-1 (PECAM-1), is a glycoprotein highly expressed on endothelial cells and it is generally recognized as blood vessel markers. SOX-2 [Red, (B)] is an HMG-Box transcription factor that is expressed in neural progenitor cells and is considered as a marker of high pluripotency. Beta-Tubulin III [Red, (C)] an essential structural protein of the neural microtubule network that correlates with the earliest phases of neuronal differentiation. GFAP [Red, (D)] is a marker for the glial fibrillary acidic protein expressed by astrocytes and ependymal cells during development. (Source Zinn lab).






Models

There are several different methods of modeling GBM. Robertson et al. (36) organize GBM models into five separate categories: Patient-derived glioblastoma cell lines are cultured directly from patient tumors; engineered GBM-like cell lines are cells genetically manipulated to represent GBM; ex vivo models study animal tissue in relation to GBM; in vivo tumor transplantation models involve human tumor implantation in animal models, and genetically engineered mouse models (GEMMs) involve the introduction of GBM through germline genetic manipulation. Organoid models are 3D patient-derived suspensions discussed separately. Each model has unique benefits and drawbacks in the study of GBM.


Patient-Derived Glioblastoma Cell Lines

In vitro models are often the simplest models. They involve culturing and experimenting on cell lines meant to represent GBM. Investigators have the choice of experimenting on widely used highly passaged ‘classic’ cell lines or patient-derived models such as low passage primary cell lines or tumor tissue slice cultures. The reliability of classically used cell lines, and the tumors they produce, have been called into question because they have assumed a differentiated state that may no longer reflect the GSCs intended to be represented. Tumors resulting from orthotopic transplantation of the classic cell lines that are grown in serum adherent to plates in 2D culture settings, often do not resemble GBM, but rather grow as an encapsulated tumor in the mouse brain, resembling the growth pattern of brain metastasis (65). One of the most popularly studied cell lines, U87MG, is genetically different in many respects and no longer matches the original culture (222, 223). Even without these issues, in vitro cell models using classic cell lines, have limited utility for simple mechanistic studies and likely should be moved away from (36, 222, 224).

Unlike classic cell lines, patient-derived GBM cell models retain the genetic and transcriptional state of the parent tumor, when cultured in similar conditions, long term (41, 61, 65, 225, 226). Cultures are deemed viable for long-term self-renewal after 10 passages which equate to at least 2 months in culture and can be frozen for long-term preservation (227). In one study, eight out of nine patient-derived models that lasted at least 8 passages were still viable after 50 passages (228). However, in practice low passage cultures are always archived. Patient-derived GBM cell models were originally grown as neurospheres in suspension culture, but the suspension is not necessary for survival and expansion. Adherent cultures are viable, permitting easier experimentation with these models (147, 229, 230). Additionally, adherent cultures were effective in deriving new cell lines in >90% of cases when using IDH-WT GBM cell lines (36, 224, 226). While adherent cultures are often easier to manipulate and study, suspension cultures can be developed into organoid models. These models are discussed more in a later section.



Engineered Glioblastoma-Like Cell Lines

GBM can also be engineered in vitro. Introduction of driver mutations stepwise into NSCs or other cells, in vitro, can cause these cells to transform phenotypically into cancer cells. They can then be transplanted and studied in vivo (36). Various methods such as plasmid transfection, lentiviral or retroviral transduction (48), and CRISPR/Cas9 technology (231) are used to induce these mutations and produce a GBM-like phenotype. CRISPR/Cas9 technology enables gene knock-out/in and more precise insertions/deletions compared to previous methods. It also allows for more experimental control through novel genetic screening techniques in vitro and in vivo (232, 233). CRISPR is effective for genetic manipulation of both human and mouse NSCs and could be used in a variety of future experiments towards this (36, 234). Additionally, it has been used to induce tumorigenesis in organoid models by knocking out tumor suppressor genes. The resulting tumor cells are molecularly similar to GBM and can be implanted into mice to grow into tumors (235, 236).



Ex Vivo Animal Models

Ex vivo modeling is a popular neuroscience procedure adapted for GBM study (36, 237). Mice are the most common model due to their short breeding times, relatively low cost, easy genetic manipulation, and mammalian organ systems (36). Both slice culture methods and whole animal models can be studied. Slice culture methods allow an accurate microanatomical analysis of tissue-tumor interaction, which has provided insight into the interaction between GBM and the SVZ (238). However, whole animal models are often necessary as comprehensive disease-relevant models (36). Both tumor cell transplantation and genetically manipulated de novo tumors are viable methods of tumor induction of GBM in vivo.



In Vivo Tumor Transplantation Models

Tumor cells are directly transplanted into the brain or the skin in in vivo tumor transplantation models via orthotopic or subcutaneous injections. Orthotopic grafts are preferred due to spatial and temporal selectivity which allows for the induction of similar tumor physiology in multiple mice (36). Some drawbacks of orthotopic grafts include the technical challenge of implantation, lack of control over engraftment and seeding, and disruption of normal tissue architecture where the injury is caused by the injection procedure. Subcutaneous grafts are easier to introduce but lack the specific brain microenvironment and infiltration characteristic of GBM (239). Patient-derived orthotopic xenografts (PDOX) models involve the implantation of human tumor cells into immunocompromised mice, potentially simulating the tumor microenvironment of human GBM (36). Golebiewska et al. (240) reported the generation of a unique set of organoids and patient-derived xenografts of various glioma subtypes and corresponding longitudinal PDOX from primary and recurrent tumors. The model they presented captured a wide spectrum of the molecular genotypes of GBM that highlights the potential of these models for precision medicine. The mutations described in their models include: IDH1, ATRX, TP53, MDM2/4, amplification of EGFR, PDGFRA, MET, CDK4/6, MDM2/4, and of CDKN2A/B deletion, PTCH, and PTEN. With regards to the corresponding PDOX model, they found that it recapitulates the limited genetic evolution of gliomas in patients following treatment. The model they presented showed a clinically relent response to TMZ and targeted therapies and could be used as starting point to develop more advanced models that may help develop a therapeutically effective GBM precision treatment modality.



Genetically Engineered Mouse Models

GEMMs are created by introducing germline genetic mutations of tumor suppressors and oncogenes. This can occur via mutagen exposure (241), Cre-lox recombination (19), lentivirus administration (242), or CRISPR- technology (36, 243). Selective breeding allows for the maintenance of mice litters with reproducible, mutated genotypes that are more susceptible to developing tumors and are useful for experimentation (36). These models provide insight into initiation events and driver mutations for GBM. A GEMM study revealed NF1 as a driver mutation for malignant astrocytoma (244), contributing to the subsequent discovery of NF1 as a driver mutation in GBM (245). Other work with GEMMs supports the theory that GBM derives from NSCs in the SVZ (242, 246–248). These studies found that NSCs are easier to transform to tumor cells than astrocytes are (242, 246, 248) and that expression of an IDH1 mutation in the adult SVZ can model gliomagenesis (247).



Organoids

Three-dimensional organoid models are some of the most useful models for studying GBM. Lancaster et al. (249) developed the first organoid model in 2013 by creating neuroectoderm tissue from induced pluripotent stem cells (iPSCs) and then suspending this tissue in a rotating bioreactor to enhance growth. These models recapitulate the cellular heterogeneity and structure seen in vivo (249). Organoids can either represent a brain structure or a tumor cytoarchitecture by culturing iPSCs or GSCs respectively (250). Eventually, the model develops to contain differentiated cells of various populations, mirroring the microenvironment of the brain, or tumor, structure. Organoid models allow cells representing a large spectrum of differentiation to coexist within a model (250). Additionally, primary tumors are able to grow to size in organoid models allowing expression of necrotic and hypoxic features of human tumors (250). These features can create a relatively realistic experimental model of a tumor in the human context; however, there are limitations to this model system. Cerebral organoid models take months to culture and can be highly variable, as well as often lack functional vasculature or immune responses (36). Despite these drawbacks, we believe human cerebral organoid technology is an excellent adjunct model system to the current models described above. Other models remain important as adherent cultures are used when a more reductionist model is needed and suspension cultures are used when a more comprehensive heterogenic model is necessary.

Azzarelli et al. (37), identified five different methods developed to create organoid models: (1) adding minced GBM specimen to Matrigel (250), (2) culturing extracted tumor into a matrigel-free serum-free environment on an orbital shaker (251), (3) nucleofecting embryonic stem cell brain organoids (235, 236), (4) adding 2D cultured patient-derived GSCs to embryonic stem cell brain organoids (236, 252), (5) and 3D bioprinting of GBM and endothelial cells with added ECM components (253). Preference for 3D organoid models stems from their ability to potentially recapitulate in vivo response to therapy more accurately than other models such as 2D cultures and PDOXs (235, 250, 252). Additionally, organoids are advantageous because they are able to culture a heterogeneous population of cells in the same environment (37). This allows CSC heterogeneity and development to be studied in the proper environment surrounded by a heterogeneous population of cells (37, 254). Recent techniques have enabled the creation of organoid models within 1-2 weeks (251), dramatically reducing the previous procedural time of multiple months (235, 236, 250, 252). This time reduction is key for therapeutic relevance because patients may begin treatment 1-2 weeks after surgical resection (37).

Some future challenges for 3D models include maintaining tumor complexity, establishing a microenvironment to mimic inflammatory responses, and reducing variability (255). A combination of models that takes advantage of each model’s strengths may be most beneficial (37). In some cases, tumors were unable to develop despite genetic alterations consistent with pathogenesis (255). Regionalized organoids for the area of origin of a particular tumor may be required to solve this problem (255–258). It follows, that if human cerebral organoids do demonstrate a relatively faithful microarchitecture and presence of various differentiated cell types, that organoids may be an ideal model to study the human SVZ and how it relates to gliomagenesis.



Subventricular Zone Organoid Models

Organoid models have a variety of uses at various stages of research. Kim et al (259) reasons that organoid research is useful in four capacities: basic research, biobanking, disease modeling, and precision medicine. Given the clinical and basic science evidence supporting an association between the SVZ and GBM, an organoid model that accurately resembles the SVZ would be extremely valuable for the study of GBM. In the basic research sense, such a model may provide a comprehensive picture of gliomagenesis from driver mutations to tumor formation, unlike any other model. Biobanking is critical to improving standardization of study, allowing for research on tumors from patients with naturally developed tumors. Ideally, this model should reliably mimic both structural and cytoarchitectural components of the human SVZ to allow for analysis of the involvement of various niche components in GBM formation and maintenance. Heterogeneity in organoids permits additional factors such as immunologic response to be incorporated to judge their influence on the tumor within the simulated environment (260). Using an SVZ model, therapeutic strategies can be tailored to and tested on tumors in the early stages of development. Organoid models have the advantage of being created using iPSCs from a patient in just a few weeks to allow for the personalization of the treatment regimens for a tumor with specific mutations (261). The SVZ, in particular, is important to study in this context as this is where the earliest mutations are hypothesized to occur meaning this could be the earliest therapeutic target.

Current regional organoid models for the SVZ have some difficulties for GBM research purposes. The Qian et al. (262) model includes SVZ specific cells but lacks non-neurally differentiated structures important to GBM pathology like vasculature and meninges. Lack of vasculature severely limits the size of the organoid. Hypoxia and the absence of nutrients for cells more than 300-500 μm from the surface result in a necrotic core. Due to size limitations, this model only mirrors the human fetal cerebral cortex up to the second trimester, rendering it ineffective for studying tumor pathology in adults (262). Linkous et al. (252) created a model that includes SVZ zone markers, but for the developing brain only. Additionally, no structural or cytoarchitectural analysis of the region confirms an accurately simulated human SVZ (252). Other cerebral organoid models do not demonstrate the presence of a subventricular zone-like region altogether (235, 236, 250, 251, 253, 263). A model that accurately recapitulates the structure, cytoarchitecture, and molecular patterns of the SVZ is necessary for a more comprehensive understanding of GBM initiation and recurrence (Figure 3).




Figure 3 | Genetically engineered cancer organoids show histopathological similarity to CNS tumors such as Glioblastoma. Panel A shows the characteristic histopathological features of cancerous tissue such as increased nuclear to cytoplasmic ratio.






Final Remarks/Conclusion

The recent evidence is in support of NSCs in the SVZ as the cells of origin of GBM, however, the astrocyte dedifferentiation hypothesis has not been rejected and in fact, gliomagenesis can certainly be a combination of oncogenic differentiation and dedifferentiation events. In addition to the site of origin, the SVZ may be involved in the recurrence of GBM as evidenced by improved PFS with radiation therapy to the ipsilateral SVZ (217). Modeling of this region could provide great insight into the pathology of GBM. Such a model could enable therapeutic testing in vivo, allowing for the creation of an individualized treatment profile specifically targeting the culprit cells for recurrence (264). Organoid modeling is an all-humanoid and 3D system, an intriguing adjunct model system for brain cancers as opposed to xenotransplantation in animal models and 2D cultures (37). In this review we discuss the role of the subventricular zone in glioblastoma genesis, maintenance, and modeling. We also pointed out the potential impact of introducing novel iPSC-based cerebral organoid SVZ models in the study of gliomagenesis. This is an exciting field of research and may lead to a more personalized approach since iPSC-based models can readily be patient-tailored. It is certain that the SVZ in general and particularly its role in cancer is not entirely understood to date; and it will remain of great interest across various fields of study such as neuroscience, neurodegeneration, and cancer research.
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Trial/ Drug Radiation Study design Total Cohorts Median OS Median PFS Findings

Study participants (months) (months)
(n)

Margolin Ipilimumab = Single-arm 72 Asymptomatic IMD ré - iORR: 16%
et al. (169) clinical trial Intracranial DCR: 24%

Symptomatic IMD + 4 - iORR: 5%

corticosteroids Intracranial DCR: 10%
Goldberg Pembrolizumab - Single-arm 52 Melanoma NR - iORR: 22%
etal. (170) clinical trial NSCLC 7.7 = iORR: 33%
Crind etal.  Nivolumab - Single-arm 1588 - 8.6 3.0 Overall ORR: 17%
(171) clinical trial Overall DCR: 39%
Flippot Nivolumab - Single-arm 73 Untreated IMD = 24 iORR: 12%
etal. (177) clinical trial Intracranial DCR: 50%

Intracranial PFS: 2.7 months

Previously treated = 25 Intracranial PFS: 4.8

IMD (SRS/WBRT) months, HR 0.49, p=0.0277
Tawbi et al.  Ipilimumab + = Single-arm 94 . = = iORR: 55%
(172) nivolumab clinical trial Intracranial DCR: 57%
Tawbi et al.  Ipiimumab + - Single-arm 165 Asymptomatic IMD - 39.3 iORR: 53.5%
(173) nivolumab clinical trial Intracranial DCR: 57.4%

Symptomatic IMD - 1.2 iORR: 16.7%

Intracranial DCR: 16.7%

Tawbi et al. ~ Relatlimab + . RCT 714 Relatlimab + = - -
(174) nivolumab nivolumab

Nivolumab = = =
Schmid Atezolizumab + - RCT 451 Atezolizumab + nab- - 49 -
etal. (175)  nab-paclitaxel paclitaxel (HR 0.86, 95%

Cl 0.50-1.49)

Placebo + nab- = 4.4 =

paclitaxel
Schmid Atezolizumab + - RCT 902 Atezolizumab + nab- 14.3 &= =
etal. (176) nab-paclitaxel paclitaxel (HR 1.34, 95%

Cl 0.72-2.48)

Placebo + nab- 16.2 = =

paclitaxel
Knisely Ipilimumab SRS Retrospective 77 SRS + ipilimumab 21.3 - -
etal. (178) cohort study SRS only 4.9 (HR 0.48, - =

p=0.03)
Silk et al. Ipiimumab SRS Retrospective 70 SRS + ipilimumab 18.3 27 -
(179) cohort study SRS only 5.3 (HR 0.43, 33 -
p=0.005)

Mathew Ipilimumab SRS Retrospective 58 SRS + ipilimumab 56% in 6 - -
et al. (180) cohort study months

SRS only 45% in 6 - -

months (p=0.18)

Minniti et al. Nivolumab or SRS Retrospective 80 Nivolumab + SRS 220 10 iORR: 76%
(181) ipilimumab cohort study Ipilimumab + SRS 14.7 (p=0.015) 6 (p=0.02) iORR: 60%

Median overall survival marked with a dash if the data was 1) not reported or 2) reported for the entire population, including patients without IMD.
Cl, confidence interval; DCR, disease control rate; HR, hazard ratio; IMD, intracranial metastatic disease; iORR, intracranial ORR; NR, not yet reached; NSCLC, non-small cell lung cancer;
ORR, objective response rate; OS, overall survival: PFS, progression-free survival; RCT, randomized control trial: SRS, stereotactic radiosurgery; WBRT, whole-brain radiotherapy.
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Authors, year No of patients

Kellogg & Piatt, 1997 (15) 1
Rajesh et al., 2007 (18) 15
Zaheer& Wood, 2010 (19) 20
Qiu et al., 2016 (22) 26
Eissa, 2018 (24) 40
Atallah et al., 2019 (32) 44
Cobourn et al., 2020 (35) 63
Toescu et al., 2020 (37) 167
current series 92

Telovelar approach (%)

100
100
100
100
100
100

33.0
55

Transvermian approach (%)

coooo

o

53.8

45

CMS (%)

0
13.3
30
et
25
136
10.8
28.7
11

GTR (%)

812
933
70
84.6
45
84.1
NR
70.7
62

CMS, cerebellar mutism syndrome; GTR, gross total removal: NR, not reported.

*Frequency of telovelar approach: not reported.
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HR z p>iz/ 95% ClI

Surgery 0.47 -1.39 0.165 0.16-1.37
Residual volume (cm®) 2.53 2.99 0.003 1.38-4.64

HR, hazard ratio; Cl, confidence interval: p, p-value.
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Transient deficit

Yes No
n % n %
Telovelar 26 52 24 48
Transvermian 22 54 19 45
Permanent deficits
Yes No
Telovelar 16 36 28 64
Transvermian 9 24 28 76
Ventilation
>48 h <48 h
Telovelar 8 16 41 84
Transvermian 3 7 39 93
Cerebellar mutism
Yes No
Telovelar 4 8 46 92
Transvermian 6 15 35 85
Medical events
Yes No
Telovelar 14 28 36 72
Transvermian 5 12 37 88
Residual disease
No <1.5cm® >1.5 cm®
n % n % n %
Telovelar 28 57 15 31 6 12
Transvermian 29 7 8 19 4 10

OR

1.07

0.56

0.39

1.97

0.35

OR

0,58

Univariate analysis

95% CI

0.47-2.44

0.21-1.48

0.10-1.59

0.52-7.51

0.11-1.06

Univariate analysis**
95% CI

0.24-1.37

P

0.88

0.25

0.19

0.32

0.06

0.21

Multivariate analysis*

OR 95% CI

1.28 0.39-4.15
0.86 0.21-3.43
126 0.17-9.61
081 0.16-4.12
0.26 0.06-1.23

Multivariate analysis**
OR 95% CI

044 0.12-1.60

0.68

0.83

0.82

0.81

0.09

P

0.22

"Penalized maximum likelihood estimation.
**Ordered logistic model.
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Numbers Dex =10 no Dex =16 p-value
Sex

Male (n) 6 (60%) 12 (75%) ns.

Female (n) 4 (40%) 4 (25%) n.s.
Median age

Years 55 (23-75) 50 (27-68) ns.
MGMT status

Methylated 5 (50%) 7 (44%) ns.

Unmethylated 5 (50%) 9 (56%) n.s.
IDH-1 status

Wildtype 9 (90%) 16 (100%) n.s.

Mutated 1(10%) 0 (0%) ns.
P53

Wildtype 6 (60%) 6 (38%) ns.

Mutated 4 (40%) 10 (62%) ns.
Survival

Progression-free survival in months (range) 9 (5-28) 11 (56-39) n.s.

Overall survival in months (range) 15 (8-32) 18 (7-39) n.s.
Median TTFields application in days 177 (21-260) 92 (59-409) ns.
Median Days from operation to TTFields 163.5 (46.9) 175.5 (64.3) ns.

ns, non significant.
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Risk factors for overall survival

Residual tumor volume (cm®) <10 >10to < 20 cm® >20
: 10 a B
Age (years) <50 >50 to < 70 >70
6 2 0
MGMT Methylated Unmethylated
5 0
Therapy modality Radiochemotherapy Radiotherapy Chemotherapy
6 2 0
Resectability Good Bad
3 0
Infiltration of ventricular wall No Yes
4 0

The “worst” score (with the worst forecast) is thus 0; the best value is 34. The AFT model (f =166.95; p < 0.0001, see document, Supplementary File 1, Scoring for survival “2,” p. 15) of
the score demonstrated a pseudo R? of 0.423 and a C-index of 0.748 and was validated on the independent data set with a pseudo R? of 0.239 and a C-index of 0.678 resulting in a

median APE of 2.78 months (mean: 1.83 months).
MGMT, OF-methylguanine-DNA-methyltransferase.
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Characteristic Final AFT model

Coefficient® SE p

Intercept 41685 0.3978 <0.0001
RTV (cm?) -0.0127 0.0032 <0.0001
Age (years) -0.0183 0.0050 0.0002
MGMT, unmethylated -0.4316 0.0849 <0.0001
Radiotherapy 0.1295 0.1616 0.4229
Radiochemotherapy 0.3884 0.1761 0.0274
Resectability, bad -0.3321 0.1095 0.0024
Infiltration of vent. Wall -0.3478 0.0823 <0.0001
Log(scale) -0.9653 0.0528 <0.0001
Pseudo R 0.404

C-index 0.748

RTV, residual tumor volume; MGMT, O°-methylguanine-DNA-methyltransferase; AFT, accelerated failure time.

S The coefficients in the log-logistic model detect acceleration or deceleration in survival times [acceleration factor (AF)]. The transformation with the exponential function leads to values <1
(delay—disadvantageous) or >1 (acceleration—advantageous). For example, in a patient with a tumor of 80 cm® with exp(~0.0127 x 80) = 0.36, expected survival is shortened to 36% with
biopsy and 94% with subtotal resection, with an RTV of 5 cm® with exp(-0.0127 x 5) = 0.94, compared with complete resection.
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Characteristic Final AFT model

Coefficient’ SE AF P

Intercept 3.2403 0.2046 <0.0001
RTV >10 to <20 cm® -0.4717 0.19056 0.624 0.0133
RTV >20 cm® -0.7840 0.1498 0.457 <0.0001
Age >50 to <70 -0.3057 0.1169 0.734 0.0089
Age >70 -0.4798 0.1624 0619 0.0031
MGMT, unmethylated -0.4131 0.0834 0.662 <0.0001
Radiotherapy 0.1512 0.1570 1170 0.3356
Radiochemotherapy 0.4905 0.1697 1.633 0.0039
Resectability, bad -0.2272 0.1066 0.797 0.0330
Infiltration of vent. wall -0.3274 0.0810 0.721 <0.0001
Log(scale) -0.9845 0.0527 <0.0001
Pseudo R 0.423

C-index 0.749

RTV, residual tumor volume; MGMT, O°-methylguanine-DNA-methyltransferase; AFT, accelerated failure time.

S The coefficients in the log-logistic model detect acceleration or deceleration in survival times [acceleration factor (AF)]. The transformation with the exponential function leads to values <1
(delay— disadvantageous) or >1 (acceleration—advantageous). For example, the factor MGMT with exp(-0.4131) = 0.66 is associated with a survival time for unmethylated versus
methylated shortened by a factor of 0.66.
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Authors Study Key ERAS protocols Outcome measures
design
Yuan Prospective  PONV management, preop fasting and carb loading, scalp incision anesthetic with Median total hospital LOS from admission to

Wang randomized
etal. (9)  controlled

trial
Anirudh Non-
Elayat randomized
etal. (10) controlled
trial

Katherine  Literature
B. Hagan review
etal. (8)

ropivacaine, intravenous antibiotics given before incision, surgical incision suturing,
evaluation and prophylactic antithrombotic therapy, urinary drainage, postop diet,
adherence to ambulation

Family education, complex-carbohydrate drink, flupirtine, scalp blocks, limited opioids,
rigorous fluid and temperature regulation, flupirtine, early mobilization, removal of
catheters, initiation of feeds

Preoperative counseling, preoperative smoking and alcohol consumption, preoperative
enteral nutrition and perioperative oral immunonutrition, preoperative fasting and
carbohydrate loading, anti-thrombotic prophylaxis, antimicrobial prophylaxis and skin
preparation, scalp blocks, anesthetic protocol, non-opioid analgesia, PONV, minimally
invasive craniotomies and endoscopic skull base approaches, avoiding hypothermia,
fluid balance, urinary drainage, postoperative artificial nutrition, early mobilization, audit

discharge, median hospital LOS from end of
procedure to discharge, 30-day all-cause
readmission rate, reoperation rate for any indication
within 30 days, total cost of hospitalization in RMB,
surgical complication, nonsurgical complication,
functional recovery

Length of ICU stay, pain scores in ICU, opioid
requirement, glycemic control, hospital stay duration

NA

ERAS, enhanced recovery after surgery; LOS, length of stay; ICU, ICU, intensive care unit; PONV, postoperative nausea and vomiting.

NA, Not Available.
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Patient Age/Sex Pathology Blood/air on post-operative scan # biopsies Artifact present
1 30s/M Recurrent GBM MRI, yes 3 Yes
2 60s/F Recurrent GBM CT, yes 6 Yes
3 50s/M Recurrent GBM MR, yes 4 Yes
4 40s/M GBM MR, yes 4 Yes
5 60s/M Small Cell Lung Cancer MRI, yes 4 Yes
6 60s/M Recurrent Metastases MR, yes, cystic 1 Yes
7 50s/M Recurrent GBM MRI, no No
8 50s/M Recurrent NSCLC metastasis vs necrosis CT, no No
9 60s,F Breast metastases CT, no No
10 50s/F Recurrent GBM CT, no No
1 20s/M Recurrent Grade Ill astrocytoma MRI, no No
12 70s/F Recurrent GBM MR, yes, complicated by IVH No
13 60s/M Multiple recurrent metastases CT, no No
14 60s/F Recurrent Small cell metastasis CT, no No
15 40s/F Recurrent GBM CT, no No
16 50s/F Recurrent metastases MRI, no No
17 50s/F Breast metastases MRI, no No
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ERAS group Control group p-Value

1. Preoperative antiemetic drugs were used to prevent postoperative vomiting
Preop PONV score

0, no. (%) 4 (8%) 2 (4%) 0.400
1, no. (%) 17 (34%) 21 (42%) 0.410
2, 1o. (%) 29 (58%) 27 (54%) 0.687
Preop PONV prophylaxis, no. (%) 29 (58%) 0 <0.001
Days of using antiemetic drugs after operation
Median (interquartile spacing) 1.00 (1.00) 2.00 (1.00) 0.003
2. 200 ml of carbohydrates was taken orally 2 h before operation, and oral feeding was resumed early after operation
Preop oral carbohydrate, no. (%) 50 (100%) 0 <0.001
Postop diet Median (interquartile spacing)
Postop water intake time (h) 6.00 (2.00) 6.00 (1.00) 0.001
Postop liquid food intake time (h) 12.00 (0) 14.00 (2.00) <0.001
Postop solid food intake time (h) 24.00 (0) 25.00 (2.00) <0.001
Postop application time of proton pump inhibitors (days) 1.00 (1.00) 2.00 (1.00) <0.001

Postop intravenous infusion volume
Median (interquartile spacing)

Intravenous infusion volume on Postop day 1 (ml) 2,300.00 (400.00) 2,400.00 (300.00) 0.147
Intravenous infusion volume on Postop day 2 (ml) 800.00 (250.00) 1,200.00 (200.00) <0.001
Intravenous infusion volume on Postop day 3 (ml) 375.00 (162.50) 600.00 (125.00) <0.001

ERAS, enhanced recovery after surgery; PONV, postoperative nausea and vomiting.
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ERAS group Control group p-Value
3. Preoperative thrombus risk assessment and postoperative thrombus prophylaxis
Thrombus risk assessment
Low risk (Caprini score 0-1), no. (%) 19 (38%) 22 (44%) 0.542
Middle risk (Caprini score 2), no. (%) 19 (38%) 19 (38%) 1.000
High risk (Caprini score 3-4), no. (%) 10 (20%) 7 (14%) 0.424
Extremely high risk (Caprini score > 5), no. (%) 2 (4%) 2 (4%) 1.000
Lower limbs active/passive activity, no. (%) 50 (100%) 50 (100%)
Mechanical prophylaxis (intermittent pneumatic compression), no. (%) 50 (100%) 0 <0.001
Patients developing thrombus postoperatively, no. (%) 1(2%) 2 (4%) 0.558
4. Intraoperative scalp nerve block and local infiltration anesthesia to reduce postoperative pain
Patients receiving intraoperative scalp nerve block and local infiltration anesthesia, no. (%) 50 (100%) 0 <0.001
Postoperative pain assessment
Mild (VAS 0-3), no. (%) 38 (76%) 24 (48%) 0.004
Moderate (VAS 4-6), no. (%) 9 (18%) 19 (38%) 0.026
Severe (VAS 7-10), no. (%) 3 (6%) 7 (14%) 0.182
Patients receiving postoperative analgesic drugs, no. (%) 15 (30%) 26 (52%) 0.031

ERAS, enhanced recovery after surgery: VAS, Visual Analogue Scale.
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5. Avoiding indwelling wound drainage tube during operation
Patient accepting wound drainage tube, no. (%) 1(2%) 1(2%) 1.000
6. Remove the urinary catheter as soon as possible after operation
Median time of urinary catheter removal after surgery () 16.00 (12.00) 24.00 (2.25) <0.001
7. Early ambulation after operation
The median time to ambulate after surgery (days) 1.00 (1.00) 2.00 (1.25) 0.001

ERAS, enhanced recovery after surgery.
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ERAS group Control group p-Value

Hospital LOS median (interquartile spacing)

Total LOS (days) 13.00 (3.00) 15.50 (3.00) <0.001

Postop LOS (days) 7.00 (1.00) 10.00 (3.00) <0.001

Cost of hospitalization (yuan) median (interquartile spacing) 58,146.35 (7,688.28) 64,815.91 (12,257.06) <0.001

Intracranial complications, no. (%)

Intracranial infection 1(2%) 2 (4%) 0.558
Neurological dysfunction 2 (4%) 2 (4%) 1.000
Epilepsy 1 (2%) 1(2%) 1.000

Systemic complications, no. (%)
Pulmonary infection 2 (4%) 2 (4%) 1.000
Deep venous thrombosis 1(2%) 2 (4%) 0.558

1-month follow-up KPS score after surgery 0.727
>80, no. (%) 46 (92%) 45 (90%)

50-70, no. (%) 4 (8%) 5 (10%)

LOS, length of stay: ERAS, enhanced recovery after surgery; KPS, Karnofsky Performance Status.
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Features

Coefficients of SVM

Wavelet HHL GLCM correlation

Wavelet LHL GLCM correlation

Wavelet LHL GLRLM run variance

Wavelet HHL GLDM large dependence low gray-level emphasis

LoG sigma 3.0 mm 3D GLDM dependence non-uniformity normalized
Wavelet HHL GLDM low gray-level emphasis

Wavelet HHL first-order kurtosis

LoG sigma 5.0 mm 3D GLDM dependence non-uniformity normalized
Wavelet HHL first-order 10 percentile

Wavelet HHL first-order root mean squared

Pathological grade

Original GLDM high gray-level emphasis

Original GLSZM size zone non-uniformity normalized

Age

LoG sigma 1.0 mm 3D GLSZM small area emphasis

Original first-order mean

Original first-order 90 percentile

Original first-order total energy

LoG sigma 5.0 mm 3D first-order total energy

2.109668663
1720482221
1.691610793
1.618789140
1.5636185789
1.513109907
1.398738067
1.375653827
1.356330395
-1.347183074
-1.082656461
1.032809669
-0.836530847
-0.580041869
-0.444386255
0.363086015
0.262011650
-0.189844398
-0.089783744

GLCM, gray-level co-occurrence matrix; GLDM, gray-level dependence matrix; GLRLM, gray-level run length matrix; GLSZM, gray-level size zone matrix; HLL, HHL, LHL, HLH,

considering L and H to be a low-pass (i.e. a scaling) and a high-pass (i.

, a wavelet) function; LoG, Laplacian-of-Gaussian.
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Comparison

DeLong’s test* (p-value) in the testing cohort

Delong’s test* (p-value) in all cohorts

Clinical model vs. radiomics model
Clinical model vs. clinical-radiomics model
Radiomics model vs. clinical-radiomics model

0.456
0.648
0.008

0.266
0.014
0.047

p-value <0.05 indicated a statistically significant difference.

*Test for the comparison of the difference of AUC.
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Characteristics All cohort (n = 166) p- Training cohort (n = 111) p- Testing cohort (n = 55)
value value
Non-GAE GAE group Non-GAE GAE group Non-GAE GAE group
group group group
Sample size i 89 - 50 61 - 27 28
Male/female 32/45 60/29 0.001 24/26 43/18 0.020 9/19 1710
Age mean + SD (range) 49+12(15-74) 41 +12(12-= <0.001 48+11(15-78) 41x12(12- 0005 5012 (25-74) 4112 (17—
66) 65) 66)

Glioma position (left/right/ 30/26/21 35/45/9 0.009 21/16/12 25/30/7 0.107 8/10/9 10/16/2
both)
Glioma grade (WHO II/Il/V) 22/16/39 56/19/14 <0.001 16/10/24 38/13/10 0.001 7/6/14 18/6/4

p-
value

0.031
0.014

0.051

0.006

p-values of age are the results of independent-samples t-tests; p-values of gender and tumor grade are the results of Fisher's exact tests.
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Model Cohort AUC (95% CI) Accuracy Sensitivity Specificity PPV NPV
Clinical model Training 0.762 (0.667-0.846) 0.748 0721 0.780 0.800 0.696
Testing 0.799 (0.672-0.917) 0.782 0.750 0.815 0.808 0.759
Radiomics features-combined model Training 0.879 (0.805-0.939) 0.811 0.770 0.86 0.870 0.754
Testing 0.724 (0.575-0.855) 0.673 0.536 0.815 0.750 0.629
Clinical-radiomics model Training 0.886 (0.819-0.940) 0.820 0.803 0.840 0.860 0.778
Testing 0.836 (0.707-0.937) 0.782 0.750 0.815 0.808 0.759

In the process of establishing scout models to select features, only the cross-validation performance was assessed to avoid information leakage. The bold values is optimal value.

AUC, area under the curve; PPV, positive predictive value; NPV, negative predictive value.
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ERAS group Control group p-Value

No. of patients 50 50

Average age (years) 48.12 +11.89 48.10 + 15.26 0.994

Gender 0.687
Male, no. (%) 21 (42%) 23 (46%)

Female, no. (%) 29 (568%) 27 (54%)

Average BMI value 2328 +3.26 22.79 £ 2.89 0.429

Concomitant disease, no. (%)

Cardiovascular system 8 (16%) 6 (12%) 0.564
Respiratory system 1(2%) 2 (4%) 0.558
Digestive system 4 (8%) 4 (8%) 1.000
Diabetes 4 (8%) 3 (6%) 0.695

Multiple 2 (4%) 1(2%) 0.558

(>2 systems)

Smoking history, no. (%) 6 (12%) 4 (8%) 0.505

Drinking history, no. (%) 3 (6%) 1(2%) 0.307

Preoperative albumin value (g) 41.25 +2.92 40.91 £ 3.35 0.583

ERAS, enhanced recovery after surgery: BMI, body mass index.
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ERAS group Control group p-Value

Tumor pathology

Glioma, no. (%) 13 (26%) 18 (36%) 0.280

Meningioma, no. (%) 16 (32%) 15 (30%) 0.829

Others, no. (%) 21 (42%) 17 (34%) 0.410
Lesion location 0.727

Supratentorial, no. (%) 45 (90%) 46 (92%)

Subtentorial, no. (%) 5 (10%) 4(8%)
Maximum tumor diameter (cm) 3.6 (2.63) 3.00 (2.00) 0.453
median (interquartile spacing)
Craniotomy, no. (%) 50 (100%) 50 (100%) 1.000
Median blood loss during surgery in ml median (interquartile spacing) 200.00 (162.50) 200.00 (200.00) 0.261
RBC transfusion during surgery, no. (%) 4 (8%) 5 (10%) 0.727

ERAS, enhanced recovery after surgery; RBC, red blood cell.
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Variable Unreported 1p/19q test N = 289 Reported 1p/19q test N = 430 P-value
Age, median (IQR) 44 (35-55) 45 (36-56) 0.756
Sex 0.778
Male (n=386) 157 (40.7%) 229 (59.3%)
Female (n=333) 132 (39.6%) 201 (60.4%)
Race/Ethnicity 0.008
Non-Hispanic White (n=555) 213 (38.4%) 342 (61.6%)
Hispanic White (n=77) 38 (49.4%) 39 (50.6%)
Black (n=47) 27 (57.4%) 20 (42.6%)
Other (n=40) 11 (27.5%) 29 (72.5%)
Insurance 0.670
Private (n=452) 174 (38.5%) 278 (61.5%)
Medicare (n=93) 39 (41.9%) 54 (58.1%)
Medicaid/Other (n=132) 58 (43.9%) 74 (56.1%)
Uninsured (n=42) 18 (42.9%) 24 (57.1%)
Median household income in zip code 0.294
<$40,227 (n=96) 47 (49.0%) 49 (51.0%)
$40,227-50,353 (n=135) 51 (37.8%) 84 (62.2%)
$50,354-63,332 (n=185) 74 (40.0%) 111 (60.0%)
>$63,333 (n=308) 117 (38.6%) 186 (61.4%)
Adults without high school degree in zip code 0.080
>17.6% (n=134) 66 (49.3%) 68 (50.7%)
10.9%-17.5% (n=176) 64 (36.4%) 112 (63.6%)
6.3%-10.8% (n=202) 83 (41.1%) 119 (568.9%)
<6.3% (n=207) 76 (36.7%) 131 (63.3%)
Charlson-Deyo Comorbidity Score 0.382
0 (n=602) 242 (40.2%) 360 (59.8%)
1 (n=83) 30 (36.1%) 53 (63.9%)
+ (n=34) 17 (50.0%) 17 (60.0%)
Residential Region 0.565
Metropolitan (n=606) 248 (40.9%) 358 (59.1%)
Urban (n=99) 35 (35.4%) 64 (64.6%)
Rural (n=14) 6 (42.9%) 8(57.1%)
Geographic Region 0.001
Northeast (1=162) 75 (46.3%) 87 (53.7%)
Midwest (n=122) 36 (29.5%) 86 (70.5%)
South (n=69) 36 (52.2%) 33 (47.8%)
West (n=106) 33 (31.1%) 73 (68.9%)
Unknown (n=260) 109 (41.9%) 151 (68.1%)
Facility Setting 0.330
Academic (n=245) 91 (37.1%) 154 (62.9%)
Non-academic (n=214) 89 (41.6%) 125 (58.4%)
Unknown (n=260) 109 (41.9%) 151 (58.1%)
Distance travelled (miles), median (IQR) 13.9 (7.2-29.6) 16.8 (7.1-37.0) 0.387
1p/19q status NA
Co-deleted NA 380
Not co-deleted NA 50
Histology 0.627
Oligodendroglioma (n=678) 274 (40.4%) 404 (59.6%)
Oligoastrocytoma (n=41) 15 (36.6%) 26 (63.4%)
WHO grade 0.030
2 (n=428) 186 (43.5%) 242 (56.5%)
3 (1=291) 103 (35.4%) 188 (64.6%)
Tumor location 0.697
Supratentorial (n=636) 254 (39.9%) 382 (60.1%)
Infratentorial (n=0) 0 0
NOS or other CNS (n=83) 35 (42.2%) 48 (57.8%)
Tumor size 0.805
<5 om (n=257) 96 (37.4%) 161 (62.6%)
>5 om (n=263) 101 (38.4%) 162 (61.6%)
Unknown 92 (46.2%) 107 (53.8%)
Extent of resection 0.112
Biopsy only (n=65) 28 (43.1%) 37 (56.9%)
STR (n=329) 144 (43.8%) 185 (56.2%)
GTR (n=320) 115 (35.9%) 205 (64.1%)
Unknown (n=5) 2 (40.0%) 3 (60.0%)
Chemotherapy 0.187
Yes (n=471) 181 (38.4%) 290 (61.6%)
No (n=222) 97 (43.7%) 125 (56.3%)
Unknown (n=26) 11 (42.3%) 15 (57.7%)
Radiotherapy 0.261
Yes (n=449) 173 (38.5%) 276 (61.5%)
No (n=264) 113 (42.8%) 1561 (57.2%)
Unknown (n=6) 3 (60.0%) 3 (60.0%)
Adjuvant treatment 0.522
Chemotherapy alone (n=59) 25 (42.4%) 34 (57.6%)
Radiotherapy alone (n=32) 15 (46.9%) 17 (63.1%)
Chemotherapy-+Radiotherapy (n=412) 156 (37.9%) 256 (62.1%)
Neither (n=186) 80 (43.0%) 106 (57.0%)
Unknown (n=30) 13 (43.3%) 17 (66.7%)

Bold values indiicate statistical significance (p < 0.05).

NA, not applicable.
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Variable Reference Univariate Multivariable
OR (95% CI) P-value OR (95% CI) P-value

Age Continuous 1.00 (0.99-1.01) 0.756 - -
Race/Ethnicity Non-Hispanic White

Hispanic White 0.64 (0.40-1.03) 0.067 0.68 (0.40-1.15) 0.149

Black 0.46 (0.25-0.84) 0.012 0.49 (0.26-0.91) 0.024

Other 1.64 (0.83-3.50) 0.174 1.66 (0.82-3.60) 0.174
Insurance Private

Medicare 0.87 (0.55-1.37) 0.536 . =

Medicaid/Other 0.80 (0.54-1.18) 0.261 = =

Uninsured 0.83 (0.44-1.60) 0.580 - -
Residential region Metropolitan

Urban 1.27 (0.82-1.99) 0.295 = =

Rural 0.92 (0.32-2.84) 0.884 = s
Charlson-Deyo Comorbidity score 0

1 1.19 (0.74-1.93) 0.479 - -

2+ 0.67 (0.33-1.35) 0.260 = =
Adults without high school degree in zip code <6.3%

6.3%-10.8% 0.83 (0.56-1.24) 0.364 0.88 (0.57-1.34) 0.543

10.9%-17.5% 1.02 (0.67-1.54) 0.943 1.27 (0.76-2.12) 0.361

>17.6% 0.60 (0.38-0.93) 0.022 0.86 (0.47-1.60) 0.641
Median household income in zip code <$40,227

$40,227-50,353 1.58 (0.93-2.69) 0.091 1.31(0.74-2.33) 0.348

$50,354-63,332 1.44 (0.88-2.37) 0.151 1.16 (0.66-2.05) 0.605

>$63,333 1.52 (0.96-2.42) 0.074 1.21(0.66-2.23) 0.539
Geographic region Midwest

Northeast 0.49 (0.29-0.79) 0.004 0.50 (0.30-0.84) 0.009

South 0.38 (0.21-0.70) 0.002 0.42 (0.22-0.78) 0.007

West 0.93 (0.53-1.63) 0.790 0.92 (0.51-1.65) 0.776

Unknown 0.58 (0.36-0.91) 0.020 0.62 (0.38-0.99) 0.047
Facility setting Academic

Nonacademic 0.83 (0.57-1.21) 0.331 = =

Unknown 0.82 (0.57-1.17) 0.278 = =
WHO grade Grade Il

Grade I 1.40 (1.03-1.91) 0.031 1.37 (1.01-1.89) 0.049
Histology Oligodendroglioma

Oligoastrocytoma 1.18 (0.62-2.31) 0.628 - -

Bold values indicate statistical significance (p < 0.05).
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Variable

Overall
Race/Ethnicity
Non-Hispanic White
Hispanic White
Black
Other
Insurance
Private
Medicare
Medicaid/Other
Uninsured
Residential region
Metropolitan
Urban
Rural

OR (95% Cl)
1,57 (1.33-1.86)

161 (1.33-1.94
1.28(0.77-2.11
1.04 (0.54-1.94
3.26 (1.57-7.22

1.54 (1.25-1.90
1.84(1.18-2.91
1.46 (1.00-2.16)
1.80(0.93-3.53

151 (1.26-1.81)
222 (1.42-3.53)
1.20 (0.33-4.46)

Adults without high school degree in zip code

<6.3%
6.3%-10.8%
10.9%-17.5%
>17.6%

Median household income in zip code

<$40,227
$40,227-50,353
$50,354-63,332
>$63,333
Geographic region
Northeast
Midwest
South
West
Facility setting
Academic
Nonacademic
WHO grade
Grade Il
Grade Il
Histology
Oligodendroglioma
Oligoastrocytoma

156 (1.15-2.12)
1.32 (0.97-1.79)
2,07 (1.48-2.91)
1.44 (0.99-2.00)
131 (0.85-2.08)
1.93 (1.33-2.89)
159 (1.15-2.22)
1,61 (1.25-2.08)

158 (1.12-2.23)
2,05 (1.34-3.20)
1.42 (0.84-2.38)
1.61 (1.03-2.56)

1.86 (1.39-2.50)
1.47 (1.08-1.99)

1.34 (1.08-1.66)
2.03 (1.56-2.66)

154 (1.30-1.83)
2.39 (1.25-4.76)

Bold values indicate statistical significance (p < 0.05).

P-value

<0.001

<0.001
0.341
0.915
0.002

<0.001
0.007
0.054
0.082

<0.001
<0.001
0.783

0.004
0.081
<0.001
0.058

0.228
<0.001
0.006
<0.001

0.009
0.001
0.187
0.042

<0.001
0.013

0.007
<0.001

<0.001
0.009
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Variable

1p/19q testing
Reported test

GTR
Yes
1p/19q testing * GTR
Reported test and GTR

Year of Diagnosis
2017

Age

Race
Hispanic White
Black
Other

Insurance
Medicare
Medicaid/Other
Uninsured

Residential region
Urban
Rural

Charlson-Deyo Comorbidity score
1
2+

Adults without high school degree in zip code
6.3%-10.8%
10.9%-17.5%
>17.6%

Median household income in zip code
$40,227-50,353
$50,354-63,332
>$63,333

Geographic region
Northeast
South
West
Unknown

Facility setting*
Nonacademic
Unknown

WHO grade
n

Histology
Oligoastrocytoma

Reference

Unreported test

No

Unreported test or no GTR
2011-2015

Continuous
Non-Hispanic White

Private

Metropolitan

<6.3%

<$40,227

Midwest

Academic

Oligodendroglioma

Univariate

Multivariable

OR (95% Cl)

1.35 (1.20-1.51)

0.62 (0.55-0.69)

1.65 (1.38-1.97)
1.02 (1.02-1.02)

0.87 (0.71-1.08)
0.79 (0.63-1.07)
0.95 (0.74-1.22)

1.04 (0.88-1.23)
1.09 (0.93-1.28)
0.74 (0.60-0.91)

0.96 (0.82-1.13)
1.48 (0.94-2.43)

1.08 (0.87-1.23)
1.06 (0.83-1.37)

096 (0.83-1.11)
098 (0.84-1.14)
0.78 (0.66-0.91)

1.24 (1.03-1.50)
1.19 (0.99-1.42)
1.15 (0.97-1.35)

073 (0.61-0.89)
048 (0.38-0.61)
0.74 (0.59-0.92)
0.38 (0.32-0.46)

1.24 (1.06-1.44)
0.56 (0.49-0.64)

6.36 (5.55-7.29)

1.20 (1.07-1.36)

P-value

<0.001

<0.001

<0.001
<0.001

0.205
0.054
0.678

0.666
0.288
0.004

0.635
0.104

0.726
0.639

0.572
0.769
0.002

0.020
0.062
0.102

0.002
<0.001
0.007
<0.001

0.006
<0.001

<0.001

0.003

OR (95% CI)

1.73 (1.46-2.04)

0.63 (0.49-0.82)

2,04 (1.67-2.51)
0.99 (0.98-1.00)

0.95 (0.74-1.29)
0.92 (0.70-1.21)
0.97 (0.73-1.30)

0.68 (0.54-0.86)
1.09 (0.90-1.31)
0.80 (0.63-1.09)

0.90 (0.75-1.07)
1.08 (0.83-1.27)
0.79 (0.62-1.02)

1.24 (0.99-1.54)
1.03 (0.82-1.30)
0.97 (0.76-1.24)

0.70
0.48
0.68
0.34

0.56-0.87)
0.36-0.62)
0.53-0.87)
0.26-0.44)

7.17 (6.20-8.30)

1.22 (1.06-1.41)

P-value

<0.001

<0.001

<0.001
0.113

0.706
0.555
0.846

0.001
0.396
0.080

0.237
0.810
0.067

0.059
0.768
0.809

0.001
<0.001

0.002
<0.001

<0.001

0.006

*Facility setting was not included in the multivariable model due to collinearity with geographic region.

Bold values indicate statistical significance (p < 0.05).
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Variable Unreported 1p/19q test N = 2,582 Reported 1p/19q test N = 2,349 P-value
Age, median (IQR) 44 (34-56) 44 (33-54) 0.004
Sex 0.256
Male (n=2,763) 1427 (51.6%) 1336 (48.4%)
Female (n=2,168) 1155 (53.3%) 1013 (46.7%)
Race/Ethnicity 0.034
Non-Hispanic White (4,033) 2075 (51.5%) 1958 (48.5%)
Hispanic White (n=356) 196 (55.1%) 160 (44.9%)
Black (n=280) 166 (59.3%) 114 (40.7%)
Other (n=262) 145 (55.3%) 117 (44.7%)
Insurance <0.001
Private (n=3,233) 1635 (50.6%) 1598 (49.4%)
Medicare (n=609) 347 (57.0%) 262 (43.0%)
Medicaid/Other (n=713) 376 (52.7%) 337 (47.3%)
Uninsured (n=376) 224 (59.6%) 152 (40.4%)
Median household income in zip code 0.010
<$40,227 (n=797) 455 (57.1%) 342 (42.9%)
$40,227-50,353 (n=1,033) 563 (53.5%) 480 (46.5%)
$50,354-63,332 (n=1,182) 609 (51.5%) 573 (48.5%)
>$63,333 (n=1,919) 965 (50.3%) 954 (49.7%)
Adults without high school degree in zip code <0.001
>17.6% (n=972) 584 (60.1%) 388 (39.9%)
10.9%-17.5% (n=1,177) 641 (54.5%) 536 (45.5%)
6.3%-10.8% (n=1,434) 709 (49.4%) 725 (50.6%)
<6.3% (n=1,348) 648 (48.1%) 00 (51.9%)
Charlson-Deyo Comorbidity Score 0.552
0 (n=4,092) 2140 (52.3%) 1952 (47.7%)
1 (n=569) 307 (54.0%) 262 (46.0%)
+ (n=270) 135 (50.0%) 135 (50.0%)
Residential Region 0.472
Metropolitan (n=4,159) 2183 (52.5%) 1976 (47.5%)
Urban (n=695) 364 (52.4%) 331 (47.6%)
Rural (n=77) 35 (45.5%) 42 (54.5%)
Geographic Region <0.001
Northeast (n=1,123) 653 (58.1%) 470 (41.9%)
Midwest (n=832) 396 (47.6%) 436 (52.4%)
South (n=451) 282 (62.5%) 169 (37.5%)
West (n=604) 270 (44.7%) 334 (55.3%)
Unknown (n=1,921) 981 (61.1%) 940 (48.9%)
Facility Setting 0.113
Academic (n=1,734) 902 (52.0%) 832 (48.0%)
Non-academic (n=1,276) 699 (54.8%) 577 (45.2%)
Unknown 981 (51.1%) 940 (48.9%)
Distance travelled (miles), median (IQR) 14.8 (6.2-36.4) 17.5 (7.2-42.9) 0.368
1p/19q status NA
Co-deleted NA 1464
Not co-deleted NA 885
Histology 0.005
Oligodendroglioma (n=3,253) 1657 (50.9%) 1596 (49.1%)
Oligoastrocytoma (n=1,678) 925 (55.1%) 753 (44.9%)
WHO grade 0.224
2 (n=2,859) 1476 (51.6%) 1106 (63.4%)
3 (n=2,072) 1383 (48.4%) 966 (46.6%)
Tumor location 0.033
Supratentorial (n=4,707) 2446 (52.0%) 2261 (48.0%)
Infratentorial (n=68) 43 (63.2%) 25 (36.8%)
NOS or other CNS (n=156) 93 (59.6%) 63 (40.4%)
Tumor size 0.002
<5 cm (n=1,934) 996 (51.5%) 938 (48.5%)
25 cm (n=1,690) 848 (50.2%) 842 (49.8%)
Unknown (n=1,307) 738 (56.5%) 569 (43.5%)
Extent of resection <0.001
Biopsy only (n=498) 305 (61.2%) 193 (38.8%)
STR (n=2,471) 1309 (63.0%) 1162 (47.0%)
GTR (n=1,929) 946 (49.0%) 983 (51.0%)
Unknown (n=33) 22 (66.7%) 11 (33.3%)
Chemotherapy <0.001
Yes (n=2,459) 1182 (48.1%) 1277 (51.9%)
No (n=2,280) 1277 (56.0%) 1003 (44.0%)
Unknown (n=192) 123 (64.1%) 69 (35.9%)
Radiotherapy 0.070
Yes (n=2,389) 1218 (51.0%) 1171 (49.0%)
No (n=2,492) 1335 (53.6%) 1157 (46.4%)
Unknown (n=50) 29 (58.0%) 21 (42.0%)
Adjuvant treatment <0.001
Chemotherapy alone (n=578) 244 (42.2%) 334 (57.8%)
Radiotherapy alone (n=476) 260 (54.6%) 216 (45.4%)
Chemotherapy+Radiotherapy (n=1,874) 936 (49.9%) 938 (50.1%)
Neither (n=1,783) 1005 (56.4%) 778 (43.6%)
Unknown (n=220) 137 (62.3%) 83 (37.7%)

Bold values indicate statistical significance (p < 0.05).

NA, not applicable.
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Variable Reference Univariate Multivariable
OR (95% CI) P-value OR (95% CI) P-value

Age Continuous 0.99 (0.99-1.00) 0.004 0.99 (0.98-1.00) 0.026
Race/Ethnicity Non-Hispanic White

Hispanic White 0.87 (0.70-1.08) 0.192 0.99 (0.78-1.24) 0.906

Black 0.73 (0.57-0.93) 0.011 0.82 (0.64-1.06) 0.138

Other 0.86 (0.66-1.10) 0.222 0.85 (0.66-1.10) 0.231
Insurance Private

Medicare 0.77 (0.65-0.92) 0.004 0.93 (0.76-1.15) 0.527

Medicaid/Other 0.92 (0.78-1.08) 0.300 0.98 (0.83-1.16) 0.795

Uninsured 0.69 (0.56-0.86) <0.001 0.77 (0.62-0.97) 0.025
Residential region Metropolitan

Urban 1.00 (0.86-1.18) 0.955 = =

Rural 1.33 (0.84-2.09) 0.222 = s
Charlson-Deyo Comorbidity score 0

1 0.94 (0.78-1.12) 0.458 - -

2+ 1.10 (0.86-1.40) 0.464 & =
Adults without high school degree in zip code <6.3%

6.3%-10.8% 0.95 (0.82-1.10) 0.470 0.94 (0.80-1.10) 0.425

10.9%-17.5% 0.77 (0.66-0.91) 0.001 0.76 (0.63-0.93) 0.006

>17.6% 0.62 (0.52-0.73) <0.001 0.62 (0.49-0.78) <0.001
Median household income in zip code <$40,227

$40,227-50,353 1.15(0.96-1.39) 0.130 0.97 (0.79-1.18) 0.742

$50,354-63,332 1.25 (1.04-1.50) 0.015 0.92 (0.75-1.13) 0.431

>$63,333 1.32 (1.11-1.55) 0.001 0.88 (0.71-1.10) 0.274
Geographic region Midwest

Northeast 0.65 (0.55-0.78) <0.001 0.68 (0.57-0.82) <0.001

South 0.54 (0.43-0.69) <0.001 0.62 (0.49-0.79) <0.001

West 1.12(0.91-1.39) 0.278 1.19 (0.96-1.48) 0.112

Unknown 0.87 (0.74-1.02) 0.094 0.77 (0.61-0.97) 0.026
Facility setting Academic

Nonacademic 0.89 (0.77-1.03) 0.133 - -

Unknown 1.04 (0.91-1.18) 0.566 = =
WHO grade Grade Il

Grade lll 0.93 (0.83-1.04) 0.224 - -
Histology Oligodendroglioma

Oligoastrocytoma 0.85 (0.75-0.95) 0.005 0.83 (0.73-0.93) 0.002

Bold values indicate statistical significance (p < 0.05).
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Total No. (%) Telovelar No. (%) Transvermian No. (%)

Age at diagnosis <6 months 77 6 (86) 1(14)
6 months-5 years 21(23) 14 (67) (33)
>5 years 64 (70) 31 (48) 33 (52
Incidental diagnosis 3@ 3 0
Neurological assessment’ ICH 81 (91) 43 (53) 38 (47)
Cerebellar syndrome 34 (38) 15 (47) 18 (53)
CN palsy 29 (33) 16 (55) 13 (45)
Various? 36 (39) 19 (52) 17 (48)
Anatomical pattern Fourth ventricle (pure) 23 (25) 14 (61) 9 (39)
+ Mes/Aq. 4.4 4 0
+ Verm./Cerebell. 48 (53) 16 (33) 32 (67)
+CPA 4 (4) 4 0
+ BS dorsally exophytic 12 (13) 11 (92) 1(8)
+ Entire PCF 1(1) 1 0
Lateral extension No 39 (42) 18 (46) 21 (54)
Unilateral 34 (37) 21 (62) 13 (38)
Bilateral 19 (21) 12 (63) 7@7)
Caudal extension No 23 (25) 12 (52) 11 (48)
Magendie 37 (40) 15 (42) 22 (58)
+ Cisterna magna 20 (22) 15 (75) 5 (25)
+ Cervical spinal canal 12(13) 9(75) 3(25)
BS involvement No 52 (57) 25 (48) 27 (62)
BS infiltration 28 (30) 15 (54) 13 (46)
BS dorsally exophytic 12 (13) 11 (92) 1(8)
Hydrocephalus No 22 (24) 15 (68) 7(32)
Yes 70 (76) 36 (51) 34 (49)
Tumor volume® <15cm® 28 (33) 20 (71) 8 (29)
15-26 cm® 30 (34) 15 (50) 15 (50)
>26 cm® 28 (33) 14 (50) 14 (50)
Histological subtypes® Medulloblastoma 37 (40) 16 (43) 21 (57)
Pilocytic astrocytoma 28 (30) 13 (46) 15 (54)
Ependymoma 7(8) 4 (57) 3(43)
Anaplastic ependymoma 6(7) 5(83) 1(17)
ATRT 6(7) 5(83) 1(17)
Various 8(8) 8(8) 0
Oncogenic syndromes NF-1 4 (4) 2(50) 2 (50)
Turcot syndrome 1(1) 0 1
Gene mutations ALC-RET 1(1) 1 0
AUTS2 1(1) 0 1

CN, cranial nerve; Mes., mesencephalic; Aq., aqueductal: Ver., vermian; Cerebell, cerebellar; CPA, cerebellopontine angle; BS, brainstem; ICH, intracranial hypertension; PCF, posterior
cranial fossa; CE, contrast enhancement; ATRT, atypical teratoid/rhabdoid tumor; NF-1, neurofibromatosis type 1; ALC-RET, ALC-RET gene mutation; AUTS2, AUTS2 gene mutation.
"Most patients presented with more than one sign/symptom.

2Various: torticollis, evolutive macrocrania, diffuse hypotonia, opisthotonic posturing, irritabilty.

*We used two tertiles to split volumetric data into three groups. N = 86 computable MRI sequences for volumetric analysis.

‘According to the 2016 WHO Classification of Tumors of the Central Nervous System.
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NCT# Target Tumors Delivery Ages eligible Trial location

(years)
04510051 IL138Ro2  IL13Ro2-positive recurrent/refractory CNS tumors ICV 4-25 City of Hope Medical Centre
04185038 B7H3 DIPG, DMG, recurrent/refractory CNS tumors IT, ICV 1-26 Seattle Children’s Hospital
03638167 EGFR806 EGFR-positive recurrent/refractory CNS tumors IT, ICV 1-26 Seattle Children’s Hospital
04099797 GD2 GD2-positive CNS tumors including HGG, DIPG, MB v 1-18 Texas Children’s Hospital
04196413 GD2 H3K27M-mutated DIPG or spinal DMG v 2-30 Stanford University
03500991 HER2 HER2-positive recurrent/refractory CNS tumors IT, ICV 1-26 Seattle Children’s Hospital
04903080 HER2 HER2-positive recurrent/refractory ependymoma v 1-21 Texas Children’s Hospital
02442297 HER2 HER2-positive recurrent/refractory primary CNS tumors or HER2-positive tumors [T, ICV >3 Texas Children’s Hospital

metastatic to CNS

DIPG, Diftuse intrinsic pontine glioma; DMG, diffuse midline glioma; MB, meduiloblastoma; ICV, intraventricular; IT, intratumoral; IV, intravenous.
All trials are in Phase 1.
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Temozolamide
5/28 x 7 cycles

Nivolumab (Nivo) every
2 weeks

Nivo + Ipi x Nivo 480 mg q28
4 Cycles & days

Ipilimumab (lpi) x 4 cycles Nivolumab

Return
7.2 months

Ipilimumab every 3 months

23 months 15 months

Meningeal melanoma (MM)
diagnosis
Optimal initial surgery (CR) S

Meningeal progression 3
foci plus thickening
attached to the torcula

Third surgery without

MM local recurrence SRS on tumor cavity d s g
evidence of residual tumor

Optimal secondary 16 Gy
surgery (CR) wssssssssssanennunne
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GNAQ@209t
TERTpro©2287
SDE2c234del
PRDX263%
CHIT143596
TNIp34456

NGS analysis in
tumor tissue

NGS analysis in tumor tissue NGS analysis in CSF

NGS analysis in tumor tissue

TERTpro?7

C228T
TERTpro GNAQ

Overall survival 58 months
Abbreviations: CR: Complete response; NGS: Next Generation Sequencing; CSF: Cerebrospinal fluid; SRS: stereotactic radiosurgery.

Gene descriptions/COSMIC Catalogue: GNAQ (G-ALPHA-Q, COSG1016); EIFLAX (EIF 1A, COSGE053); $F381 (Hsh155, COSGE8561); BRAF (BRAF1, COSG646891); NRAS (N-ras, COSGS); HRAS (HRAS1, COSGA51590); KIT (C-Xit,
COSG11); TERT (EST2; COSGI2175); SDE2 (C10e155, COSGS04); PRDX2 (PRDX2, COSGH4732); CHITL (CHIZ, COSGSSS84): TNIP (ABIN-3, COSGS09841).
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Total No. (%) Missing data Telovelar No. (%) Transvermian No. (%)

C1 laminectomy 80 (88) n=1 51 (64) 29 (36)
C1 + C2 laminotomy 33 n=1 3 0
Intraoperative changes of CVP 13 (16) n=11 11 (85) 2 (15)
Macroscopic evidence of BS involvement 38 (43) n=1 26 (68) 12 (32)
Macroscopic evidence of CV infiltration 48 (53) n=1 15 (31) 33 (69)
Transient neurological deficit i 48 (53) n=1 26 (54) 22 (46)
Cerebellar syndrome 25 (28) 16 (64) 9 (36)
Upper CN palsy 23 (26) 14 (61) 9 (39)
Pyramidal syndrome 14 (16) 8 (57) 6 (43
Cerebellar mutism 10 (11) 4 (40) 6 (60)
Dysphagia 7(8) 4 (57) 3(43)
Dysphonia 3@ 3 0
Permanent neurological deficit 25 (31) n=112 16 (64) 9 (36)
CN palsy 16 (20) 10 (63) 6 (47)
Cerebellar syndrome 14 (18) 7 (50) 7 (50)
Pyramidal syndrome 9(11) 5 (56) 4 (44)
Dysphagia 23 1 (50) 1 (50
Mechanical ventilation n=1
<48 h 80 (88) 41 (51) 39 (49)
>48 h 11 (12) 8 (73) 3(27)
Medical morbidity 19 (21) 14 (74) 5(26)
CSF-related complications
Pseudomeningocele 21 (23) (43) 12(57)
CSF leak 70 4(57) 43)
CSF infections <1 month 4 (4) 2 (50) 2 (50)
CSF infections >1 month 1(01) 0 1(50)
Residual disease volume n=2
No residual disease 57 (63) 28 (49) 29 (561)
<1.5cm® 23 (26) 15 (65) 8(35)
>1.5cm® 10 (11) 6 (60) 4 (40)
EOR® n=2
Total 57 (63) 29 (51) 28 (49)
Subtotal (-90%) 21 (24) 13 (62) 8(38)
Partial (<90%) (13) 8 (67) (43
Location of residual disease® 33 n=2
Brainstem/floor of the fourth ventricle 18 (55) 12 (67) 6 (33)
Fastigium/CV 10 (30) 6 (60) 4 (40)
Various 8 (42) 4 (50) 4 (50)
Radiological adverse events 18 (20)
Intraventricular blood clots 8(9) 2(25) 6 (75)
Pericerebellar fluid collections 6(7) 2 (33) 4 (67)
Ischemia (PICA territory) 1(1) 1 0
Epidural hematoma 1(1) 0 1
Cerebellar swelling 1(1) 1 0
CSF-diversion procedures®* 65 (93)
ETV 43 (66) 22 (51) 21 (49)
EVD 3 (20) 5(38) 8(62)
VPS 9 (14) 8(89) 1(11)
Postoperative ETV patency (<48 h) 29 (74) n=4 14 (48) 15 (52)
Postoperative ETV failure (<48 h) 10 (26) n=4 6 (60) 4 (40)
Postoperative hydrocephalus
Preop. CSF-diversion procedures 14 (224 9 (64) 5 (36)
No preop. CSF-diversion procedures 2 (40% 0 2
No hydrocephalus at onset 7 (32% 5(71) 2 (29
Permanent VPS 23 (25) 17 (74) 6 (26)

CVP, cardiovascular parameters; CT, computed tomography; BS, brainstem; CV, cerebellar vermis; CN, cranial nerve; CSF, cerebrospinal fluid; EOR, extension of resection; ETV,
endoscopic third ventriculostomy; EVD, extemal ventricular drainage; VPS, ventriculo-peritoneal shunt; preop., preoperative.

"Most patients presented with more than one sign/symptom.

?n = 11 patients dlied before 1 year of follow-up.

3n = 3 cases of multjple location.

“n = 65 (93%) of n = 70 patients with hydrocephalus at onset were treated with CSF-diversion procedures; n = 5 (7%) patients with hydrocephalus were referred directly to surgery; inn =
22 cases, preoperative hydrocephalus was not detected (see Table 1).
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No. First author, year Country

1 Tetsu Yamaki, 2020 (17) Japan

2 Yasuo Iwadate, 2017 (15) Japan

3 Yasuo Iwadate, 2016 (14) Japan

4 Ichiyo Shibahara, 2015 (16) Japan

5 Rikke H Dahlrot, 2014 (22) Denmark

6 Jung Ha Shin, 2013 (23) South Korea
7 Ichiyo Shibahara, 2013 (19) Japan

8 Consolacion Melguizo, 2012 (24)  Spain and ltaly
9 Kyung-Jung Kim, 2011 (25) South Korea
10 JIE HE, 2011 (26) China

11 Roberto Pallini, 2008 (27) Italy

12 Felix Zeppernick, 2008 (28) Germany

Sample size

167
70
80
86

211
67

112
78
88
59
44
24

Glioma grade

(]
Il and IV

Il and IV
\
]

Endpoint

TTD and TTL
PFS
PFS
TTDand TTL
PFS
PFS
TTDand TTL
PFS
PFS
PFS
PFS
PFS

Detection method

The integration of IHC with Western blot
IHC

IHC

The integration of IHC with Western blot
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TTD, time to distant recurrence; TTL, time to local recurrence; PFS, progression-free survival, and IHC, immunohistochemistry.
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