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Abstract

:

Glioblastoma (GBM) is highly resistant to treatment and invasion into the surrounding brain is a cancer hallmark that leads to recurrence despite surgical resection. With the emergence of precision medicine, patient-derived 3D systems are considered potentially robust GBM preclinical models. In this study, we screened a library of 22 anti-invasive compounds (i.e., NF-kB, GSK-3-B, COX-2, and tubulin inhibitors) using glioblastoma U-251 MG cell spheroids. We evaluated toxicity and invasion inhibition using a 3D Matrigel invasion assay. We next selected three compounds that inhibited invasion and screened them in patient-derived glioblastoma organoids (GBOs). We developed a platform using available macros for FIJI/ImageJ to quantify invasion from the outer margin of organoids. Our data demonstrated that a high-throughput invasion screening can be done using both an established cell line and patient-derived 3D model systems. Tubulin inhibitor compounds had the best efficacy with U-251 MG cells, however, in ex vivo patient organoids the results were highly variable. Our results indicate that the efficacy of compounds is highly related to patient intra and inter-tumor heterogeneity. These results indicate that such models can be used to evaluate personal oncology therapeutic strategies.
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1. Introduction


Glioblastoma (GBM), also known as grade IV astrocytoma, is the most common malignant primary brain tumor in adults. GBM has both intra- and inter-tumor heterogeneity and possesses a variety of genetic and epigenetic mutations that drive tumor cell motility to cause cells to invade, infiltrate, and colonize close and distant surrounding normal brain tissue [1]. Due to the aggressive nature of invasion in GBM, complete surgical resection is not feasible, and remaining cancer cells can undergo mutations to survive ionizing-radiotherapy and chemotherapy (e.g., DNA-alkylating agent temozolomide (TMZ)), leading to recurrence [2]. The GBM median survival time, even after surgery, radiation, and chemotherapy, is 15 months after the initial diagnosis [3,4]. GBM also occurs in a complex tumor microenvironment (TME) made of extracellular matrix (ECM) components and infiltrated cancer-associated cells such as immune cells, several types of stromal and endothelial cells, and glial cells that crosstalk with the cancer cells, and this plays a critical role in tumor invasion [4,5,6,7].



A critical factor limiting the progress of GBM therapeutic innovation is the lack of simple and reliable in vitro models for testing therapeutic strategies. Current standard models are typically 2-dimensional (2D) cell culture systems which do not mimic the genetic and microenvironmental complexity of GBM [8]. Some of the best options available today are in vivo models such as patient-derived xenografts (PDX). However, long engraftment periods and high costs make PDX models limiting for many research groups [9]. Advancements in cell culture techniques have seen the rapid evolution of more complex in vitro cell culture models that include three-dimensional (3D) multicellular spheroids, organoids, bio-printing, and organ-on-a-chip models. These models have been shown to have improved characteristics in comparison to 2D models which include abundant extracellular matrix (ECM), cell heterogeneity and signaling variation; hypoxic, nutrition, and pH gradients; and higher therapeutic resistance and mutations similar to the parent tumor, which thus make them more suitable for cancer therapy research [10,11,12,13,14].



Due to the invasiveness of GBM, 3D models reproducing this feature are essential, especially when studying, selecting, and screening a large group of compounds that inhibit invasion. In this study, using multicellular spheroids developed with the U-251 MG cell line, which is well-characterized [15], and has been used in the National Cancer Institute’s published A Large Matrix of AntiNeoplastic Agent Combinations (NCI-ALMANAC) [16], we screened our library of anti-invasive compounds, composed of NF-kB, GSK-3-B, COX-2, and tubulin inhibitors by developing and testing an automatic quantitative Matrigel-based invasion assay. Since GBM cancer cells spread in the brain primarily along the perivascular spaces between the endothelial cells and astrocytic end feet which comprise the blood brain barrier [17], we used a Matrigel invasion assay. The major component of Matrigel is laminin, which is a major component of the basement membranes surrounding blood vessels [18,19]. Developing a GBM 3D model that also maintains a characteristic TME is a challenging hurdle. To answer this need, we decided to utilize patient-derived glioblastoma organoid cultures (GBOs). This model has been shown to preserve tumor heterogeneity and complexity, to recapitulate inter-and intra-tumoral heterogeneity, and to maintain many key features of GBM, such as its cytoarchitecture and cell-cell interactions [20,21,22]. Our goal was to validate the use of GBOs in 3D pre-clinical models for precision medicine, specifically assaying invasiveness using our automated Matrigel-based invasion assay [23]. We used patient-derived tissue obtained from surgery and our precision medicine biobank [24]. Our study confirms that compound efficacy is highly variable between GBOs from different patients, indicating that precision medicine models such as ours may result in improved therapeutic solutions for patients (Figure 1). Our pilot GBO studies indicate the need for the further development of high-throughput screening processes with patient-derived tissue.




2. Results


2.1. Cytotoxicity of the Compounds on U-251 MG Spheroids


U-251 MG is an established GBM cell line [15], part of the NCI-60 human cancer cell lines [25], with the ability to form spheroids with invasive properties [26]; it has been used in the screening of pharmaceutical agents to identify, characterize, and select novel compounds with growth inhibition and/or killing of tumor cells. A series of 22 different compounds called BS, BSK, JVM PNR, and ST [27,28,29,30,31,32,33,34] whose the chemical structures, details, and activity are explained in Table 1 and Figure S1, were incubated with the spheroids for 48 h to define the toxicity the effects on their invasiveness. These compounds have anti-invasive properties, as they interfere with pathways of cell invasion (Figure 2). The goal of our initial screening was to identify compounds that were able to stop the invasion independently of their induced toxicity. We selected a fixed concentration of 10 µM for all compounds based on preliminary data (not shown) to support the selection of compounds to validate the GBO model.



Our results indicated three categories of compounds in terms of viability, organized in function of their statistical relevance: (1) with cytotoxic effect or higher death than the control (5/22 compounds), such as BS-1-28, BS-4-60, and JVM-4-26, which had the most cytotoxic effect; (2) neutral, with no difference compared to the control (9/22 compounds); and (3) with higher viability than the control (8/22 compounds), such as JVM-3-55, PNR-5-02, ST-145 (Figure 2a,b; Table 2).



For the concentration tested, the correlation of these three groups in function of their cytotoxic effects and their activity (Table 2) indicates that, for most compounds, NFk-B inhibitors were the ones with the most cytotoxicity. Given that NFk-B signaling pathways are typically overexpressed in cancers to direct growth and progression, it is not surprising that the inhibition of these pathways would lead to cytotoxicity [35]. By contrast, most of the tubulin inhibitors were non-toxic or even supported the growth of the cells.




2.2. Invasion Inhibition of the Compounds on U-251 MG Cell Spheroids and the Development and Implementation of Automatic Invasion Assay Analysis


A 3D tumor spheroid-based functional assay to model invasion was accomplished by seeding spheroids in a basement membrane matrix (Matrigel®, Bedford, MA, USA) containing a fixed and defined concentration of the different compounds. Quantification of the invasion was done using time-series image capture (0, 24, and 48 h) in z-stack using the macro INSIDIA (INvasion SpheroID ImageJ Analysis) [36], and an extended depth-of-field algorithm [37] developed for FIJI/ImageJ [38]. The 3D spheroids were able to invade the basement matrix by creating multiple multicellular protrusions, confirming that this 3D model could be used to estimate and screen different compounds for invasion inhibition (Figure 3a–c). As a first observation, in DMSO, the invasion could be accessed and was visible after 24 h. Invasion also was visible after 24 h for most of the compounds, but inhibition of invasion by compounds became statistically significant after 48 h for most of the compounds tested (Figure 3d).



During that time frame, our data showed that very few compounds impaired the invasion of the cells (only 3/22 tested; two tubulin inhibitor compounds (ST-145(B) and PNR-4-44), and one COX-2 inhibitor (PNR-5-82) compound). For these compounds, spheroids remained rounded (e.g., Figure 3b). When expansion was recorded, most compounds were able to reduce by half the protrusion invasion compared to the control. The tubulin inhibitors were the ones that showed the most effectiveness compared to the control, and inhibited the invasion of the spheroids in the basement matrix.



Cytotoxic effects and invasion ability are summarized in Table 2. The results are organized in three sections based on their classification within the column “Cytotoxicity effect in comparison to control,” with (-) indicating higher cytotoxicity or death induced compared to the control, (=) indicating no difference compared to the control, and (+) indicating higher viability than the control. For each section, invasion was then defined as either low, moderate, or high in a function of the area of invasion measured (Figure 3). Interestingly, toxicity and invasion inhibition did not correlate. Compounds that induced cell death sometimes still had high-to-moderate invasion, especially for the NFk-B inhibitors which, despite their higher toxicity, allowed a high-to-moderate invasion. In contrast, the tubulin inhibitors which do not show any significant toxicity, and even favor the proliferation of cells, were what controlled most of the invasion. Based on these results, we decided to select compounds with no toxicity like PNR-5-88 (COX-2 inhibitor) and PNR-7-84 (Tubulin inhibitor) for GBOs screening, with respectively moderate- to very high invasion inhibition effects. We also selected JVM-3-55 (NFk-B) due to the lack of toxicity (despite this group showing in majority a cytotoxic effect) combined with invasiveness inhibition.




2.3. Development of GBOs


Our GBOs are a type of organoid that was made not by dissociating tumors, but by mincing tumors into small pieces (<1 mm) (Figure 4b,d) and culturing them under continuous shaking to favor organoid formation, nutrient diffusion, and gas (oxygen) exchange, with serum-free conditions or in the presence of the basement membrane matrix [21,22]. To develop GBOs, we obtained fresh surgically resected GBM tumor tissue from consented patients, which were biobanked and deidentified under Institutional Review Board (IRB) protocol (#228443). In collaboration with our neurosurgical team [24], we confirmed that our surgical specimens used for generation of GBOs did not have necrosis (Figure 4a). In this study, GBOs were maintained for 15 days (Figure 4c), during which they generally became rounded (Figure 4e–f), as observed in previous studies [21,22]. After 15 days, one patient’s GBOs were seeded in Matrigel (without DMSO or compound) to validate their invasive ability. As with the U-251 MG cell spheroid model, protrusions were visible after 24 h of incubation.




2.4. Determination of Invasion Inhibition on GBOs by Selected Compounds


We processed different GBM organoids and selected 3 patients, referenced as follows: 35312, 36095, and 35456. After 15 days, triplicate GBOs from each patient were seeded with either DMSO (control), JVM-3-55, PNR-5-88, or PNR-7-84, and embedded in Matrigel for 0, 24, 48, 72, 144, 192, 240, and 360 h. An automatic invasion assay protocol was applied to determine the resulting invasion area outward from the GBOs and any potential inhibition of invasion by the compounds (Figure 5). For patient 35312 GBOs, inhibition of invasion was observed using all compounds and became significant after 192 h. For patient 36095 GBOs, inhibition of invasion was visible after 72 h for all three compounds. However, JVM-3-55 was less inhibitive than PNR-5-88 or PNR-7-84. The imaging showed rounded GBOs from this patient without the presence of invasive protrusions, except when in DMSO. For patient 35456, none of the compounds inhibited the invasion from the GBOs. The imaging indicated a large presence of protrusions after about 72 h. Thus, cells from different patients with the same GBM diagnosis exhibited different results to invasion inhibitors.





3. Discussion and Conclusions


Glioblastoma, due to their complex TME and a wide range of mutations, can invade, infiltrate, and colonize close- and distant surrounding healthy brain tissue. Some current in vitro models fail to mimic these in vivo characteristics, which delays the discovery and development of small-molecule cancer inhibitors. The goal of this study was to evaluate a panel of compounds which were already tested and screened in conventional 2D culture and animal models in a patient-derived glioblastoma organoids model for their efficacy in stopping the invasive properties of GBM cells. The ability to use this model to screen compounds in 15 days allows for the potential to support clinical trials with the benefit of evaluating new drugs that are the most effective for individual patients, developing precision medicine as a new technique for the clinical management of GBM.



First, a GBM 3D culture as spheroids or organoids made from commercial cell lines or = patient-derived cancer cells was used to investigate drug response and mechanisms of resistance [39,40] and radioresistance [41]. Spheroids have also been shown to mimic invasiveness when implanted on an external basement membrane matrix, such as Matrigel [42], but have been rarely studied in the case of GBM. One of the reasons is the difficultly of processing a large number of recorded images using open-access software to quantify the three-dimensional invasion of cells through the matrix. Using FIJI/ImageJ, INSIDIA [36], and a new macro to enhance the depth of the imaging, we have been able to determine the size of the area invading the surrounding core of the spheroids, allowing for the screening of a large number of compounds. Here, we have shown, by evaluating cytotoxicity through an established standard curve, and invasiveness through the development of an automatic invasion assay analysis, that the GBM spheroid model has an ability of invasion in a basement membrane matrix for the screening of many compounds. As a proof of concept, we studied the U-251 MG GBM cell line to develop the algorithm by using a fixed concentration of the different compounds.



Our results recorded with the implementation of the algorithm encourage future work on a larger number of GBM cell lines and, more specifically (1) GBM cell lines that are part of the NCI-60 cell lines, and (2) patient-derived cells dissociated from GBM tumors. We believe that the screening of compounds based on their cytotoxicity should also be correlated with invasion data. This study highlights the evidence that toxicity can be induced but invasion is still unaffected. Due to the diversity of compounds and their mechanisms of action, as well as the diversity of GBM, the standardization of methods with spheroids that are highly repeatable and easy to form, culture, and treat will be necessary to identify specific genetic biological mutations that can be treated with specific types of compounds to assess their IC50 and pharmacokinetics.



Despite the ability of spheroids to invade a basement membrane matrix, it is recognized that spheroids lack cellular heterogeneity because they are made of only cancer cells. Invasiveness is linked to cancer–TME crosstalk, and therefore more advanced 3D models that replicate the complex TME are likely the ideal systems to study invasion [43,44,45]. Developing a GBM 3D model that also possesses a surrounding normal human brain microenvironment is another challenging hurdle. The emergence of human brain organoids or organotypic models combining patient-specific GBMs that use both patient-derived glioma stem cells (GSCs) and human stem cells looks to be very promising. Unlike animal brains, which are used in PDX models, human brain organoids providing a species-specific microenvironment show invasive protrusions and microtube networks [46,47]. The advantages of such models will be their large scalability, reproducibility, and standardization. These types of 3D cultures developed from stem cells reproducing the phenocopy of patients are extremely promising. However, they are costly in time (>30 days in general). GBOs are a unique 3D model obtained from resected tumors with minimal processing and the absence of manual or chemical dissociation, preserving tumor integrity and TME for at least 2 weeks under in vitro culture.



Following recent achievements in the discovery of GBOs [22,23], we studied this new model to evaluate its effectiveness on invasiveness of drugs and small-molecule inhibitors that have been effective on motility in 2D cultures [48], or invasiveness in simpler 3D spheroid models, yet may not appear to be effective for patients in all cases or in clinical trials. The rapid evaluation of compounds on the invasiveness of individual patient’s cells in the more heterogeneous and tissue-like context of the GBO model may reveal that such compounds are effective for some patient’s cells and not others, thus further helping to guide a personalized therapeutic approach. Potential reasons for this could be: (1) the resected tumors possess different invasiveness, being more or less aggressive in a function of the patient; (2) the part of the tumor resected to make the GBOs was not in an invasive niche of the tumor; (3) patients underwent different treatments and had some GBM recurrence after radiation or chemotherapy, making it possible that the invasion properties of the GBM changed with treatment; (4) the mutations in GBM differed between the different patients.



A limitation of our pilot study with GBOs is that cytotoxicity was not assessed during the drug screens. We were limited by the quantity of surgically resected tissue available and the difficulty in imaging dense 3D structures in Matrigel. In future studies, we will assay cytotoxicity contemporaneously with invasion while in Matrigel, and we are currently working on optimizing these protocols.



Our study demonstrates that GBOs may be an attractive option to consider for assaying invasion inhibition. This study was a pilot to assess the feasibility of this assay, as GBO-based invasion has yet to be published to our knowledge. Another primary limitation that we faced is controlling for the initial size of the GBOs. We are currently evaluating automated systems which can decrease tissue handling time and allow for high throughput scalability and size control. Previous studies that utilized 3D cancer spheroids have demonstrated that size is related to drug diffusivity/penetration [49,50]. However, GBOs are more complex, given the presence of various cell types and stroma. In the future, we will determine the relationship between GBOs size and drug diffusion. To quantify diffusion, fluorescently labeled drugs can be used in combination with two-photon microscopy which can be used to image 3D models with high solidity [51]. We are currently developing these methods to expand our model and address this current key limitation. Ultimately, our goal is to begin the transition from this preclinical model to clinical implementation as a functional precision medicine assay. A main advantage of the GBO model is its ability to replicate the heterogenous microenvironment of the parent tumor [21,22]. Patient-derived models using GBM surgical tissue have been implemented to assess drug efficacy and guide clinical management [52]. To perform a large drug screening pipeline, the GBO model requires more tissue than models in which the tumor is dissociated into cancer cells. GBOs can be potentially ideal for smaller targeted drug panels than spheroids, as they are able to be used in a relatively short time-period to allow integration with a patient treatment scheme.



In conclusion, these results showed that a spheroid-and-GBO model combination can be used to determine the invasion-inhibitive effects of a larger number of compounds, and that our assay can quickly evaluate invasion with the use of an open-access plug-in implemented in FIJI/ImageJ. Due to the inherent variability of GBOs given the heterogenous nature of GBM, in future studies we advocate for the development of a high-throughput system that can undergo both quantitative and qualitative analyses for drug screening. These tools will support the scalability of drug screening in terms of numbers of compounds, time of analysis (lower than the time of surgery recovery), numbers of patients, and quantity of samples that can be used to investigate a new clinical trial set-up as well as implementing a more personalized therapeutic approach.




4. Materials and Methods


4.1. Drug Panel Selected for Experimentation


Please see as Table 2.




4.2. Spheroid Culture, Standard Curve Generation, and Cellular Viability in 3D GBM Spheroids


U-251 MG cells (Sigma-Aldrich, St. Louis, MO, USA, #09063001) were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Fisher Scientific, Hampton, NH, USA) supplemented with 10% Fetal Bovine Serum (FBS), 3.2% nonessential amino acids (NEEA), 4 mmol/L L-Glutamine, and 100 U/mL penicillin, 100 U/mL streptomycin. All supplements were from Fisher Scientific. Spheroids were cultured at 37 °C and 5% CO2. U-251 MG cell spheroids were grown by plating 5000 viable cells/well/100 μL using ultra-low attachment round-bottom microplates (Corning, Bedford, MA, USA, #4515) at 37 °C and 5% CO2 in DMEM supplemented with 10% FBS, 1% nonessential amino acids (NEEA), 4 mmol/L L-Glutamine, and 100 U/mL penicillin, 100 U/mL streptomycin. Spheroids were grown for 48 h, then treated with 10 µM final concentration of compound for an additional 48 h. They were stained live with Calcein AM/Propidium Iodide (Invitrogen, Waltham, MA, USA). Total fluorescence was read after 30 min, or spheroids were imaged after 20 min using Cytation 5 (Biotek, Winooski, VT, USA). To generate standard viability curves, U-251 MG cells were grown in DMEM supplemented with 10% FBS, 1% nonessential amino acids (NEEA), 4 mmol/L L-Glutamine, and 100 U/mL penicillin, 100 U/mL streptomycin with a total of 10,000 cells per well at specific percentages of living cells (0, 20, 50, 80, and 100%) mixed with specific percentages of dead cells (100, 80, 50, 20, and 0%) to equal 100%. Then, the wells were stained with Calcein AM/Propidium Iodide (Invitrogen). Total fluorescence in each well was read after 30 min using Cytation 5.




4.3. Spheroid Culture for Invasion Assay


U-251 MG cell spheroids were grown by plating 5000 viable cells/well/100 μL using ultra-low attachment round bottom microplates for 48 h, as above. After cooling the plate for at least 30 min on ice, 100 µL of media was removed, and the spheroids were treated with 10 µM of compound and 33% of Matrigel® (Corning #351234) final concentration. Migration was observed at 0, 24, and 48 h using Cytation 5.




4.4. Spheroid Measurements for Automatic Invasion Assay Analysis


Spheroids treated with various compounds were imaged using brightfield microscopy at 0, 24, and 48 h after treatment with a Cytation 5 Cell Imaging Multi-Mode Reader. Image data for each spheroid consisted of 22 optical sections at different levels along the z-axis to create a z-stack at each time point. Images were then processed, segmented, and measured using the FIJI distribution of ImageJ [38].



Each z-stack of 22 optical sections had to be overlayed to form a single projection prior to segmentation. The z-projections produced by Cytation 5 left spheroids out of focus and were thus unsuitable for segmentation. To obtain an in-focus projection of each spheroid, we used an ImageJ implementation of an extended depth-of-field algorithm to fuse each stack into a single focus-stacked image [37]. Shade-off artifacts were then removed from the resulting images using background subtraction in ImageJ.



Images were then segmented using the Trainable Weka Segmentation plugin included with FIJI (trainable segmentation v3.1.2). [53,54] A classifier model was trained using 19 manually selected images representative of the different tumor spheroid morphologies as well as types of extraneous debris found in the image data set. Image features were assigned to one of two classes—“Spheroid” and “Background.” Tumor cells were assigned to the “Spheroid” class, while extraneous debris was assigned to the “Background” class. The resulting model was then used to classify the entire image data set and generate binary masks outlining each tumor spheroid. The binary masks were then run through the INSIDIA FIJI macro [36] to obtain two-dimensional tumor area measurements.




4.5. Collection, Dissection, and Processing of Patient Glioblastoma


Fresh surgically resected glioblastoma tissue was placed in sterile phosphate-buffered saline and taken immediately to the lab. The tissue was distributed and placed in Hibernate A medium and kept at 4 °C. For reliable organoid generation, it was imperative that the tissue was processed immediately, as a prolonged time between surgical removal and tissue processing reduced the reliability of GBO generation.



The use of human brain tissue was coordinated by the University of Arkansas for Medical Sciences (UAMS) Tissue Biorepository and Procurement Service (TBAPS) for bio-specimen banking following the ethical and technical guidelines on the use of human samples for biomedical research purposes under the Institutional Review Board-approved protocol (IRB #228443) and general consent form. Patient glioblastoma tissues were collected at the University of Arkansas for Medical Sciences after informed patient consent was obtained, and all patient samples were de-identified before processing. A total of 3 patient cases with the following demographic information (Table 3) were used for this study:



The tissue was transferred to a sterile glass dish with H+GPSA medium containing Hibernate A, 1× GlutaMax (Thermo Fisher Scientific), 1× PenStrep (Thermo Fisher Scientific), and Amphotericin B (Thermo Fisher Scientific) for dissection under an Evos microscope (Thermo Fisher Scientific) within a laminar flow biosafety cabinet. The resected tumors were minced into approximately 0.5 to 1 mm diameter pieces using fine dissection scissors (Fine Science Tools, Foster City, CA, USA) and washed with H+GPSA medium to remove cellular debris. Pieces containing substantial amounts of necrosis or surrounding brain tissue were removed. Tumor pieces were incubated in 1× RBC (red blood cell) lysis buffer (Thermo Fisher Scientific) under gentle rotation for 10 min at room temperature to lyse the majority of contaminating red blood cells. Once the RBC lysis buffer was aspirated, and tumor pieces were washed with H+GPSA medium.




4.6. Generation of GBOs from Resected Patient Glioblastoma Tissue


The tumor pieces were distributed in ultra-low attachment 6-well culture plates (Corning, #CLS3471) with 4 mL of GBO medium containing 50% DMEM:F12 (Thermo Fisher Scientific), 50% Neurobasal medium (Thermo Fisher Scientific), 1× GlutaMax (Thermo Fisher Scientific), 1× NEAAs (Thermo Fisher Scientific), 1× PenStrep (Thermo Fisher Scientific), 1× N2 supplement (Thermo Fisher Scientific), 1× B27 w/o vitamin A supplement (Thermo Fisher Scientific), 1× 2-mercaptoethanol (Thermo Fisher Scientific), and 2.5 μg/mL human insulin (Sigma) per well, and placed on an orbital shaker rotating at 120 rpm within a 37 °C, 5% CO2, and 90% humidity sterile incubator. Roughly 75% of the medium was changed every 48 h. Within the first week of culture, the tumor pieces often shed cellular and blood debris, making the medium slightly cloudy. The shedding then ceased, and the tumor pieces generally formed rounded organoids within an additional 1-2 weeks, depending on patient-specific tumor growth characteristics. The criteria for the successful establishment of GBOs from a given patient’s tumor was that the micro-dissected tumor pieces survived for 2 weeks, developed spherical morphology, and continuously grew in culture.




4.7. GBO Culture for Invasion Assay


After 2 weeks of growth, organoids were placed in an ultra-low attachment round bottom 96-well microplate (Corning, #4515) in 100 uL GBO medium and placed in a 37 °C, 5% CO2, and 90% humidity sterile incubator. After cooling the plate for at least 30 min on ice, 100 µL of media was added and the organoids were treated with 10 µM of compound and 33% of Matrigel® (Corning #351234) final concentration.



Migration was observed at 0, 24, 48, 72, 144, 192, 240, and 360 h. using Cytation 5.









Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/ijms221910720/s1.





Author Contributions


Conceptualization: E.H.Z., A.D.L., A.R.; data curation: E.H.Z., A.D.L., M.P.L.; formal analysis: E.D., E.H.Z.; investigation: E.D., E.H.Z., A.D.L., M.P.L., A.R.; methodology: E.D., E.H.Z.; resources: A.R, N.R.P., P.A.C.; software: E.D., E.H.Z., A.D.L.; supervision: A.R.; validation: E.D., E.H.Z., A.D.L., A.R.; writing—original draft preparation: E.D., E.H.Z., A.D.L., A.R.; writing—review and editing: E.D., E.H.Z., A.D.L., M.P.L., M.J.B., R.L.E., D.S.G., N.R.P., P.A.C., A.R.; All authors have read and agreed to the published version of the manuscript.




Funding


E.D. was supported by the Translational Research Institute (TRI), grant TL1 TR003109, and UL1 TR003017 through the National Center for Advancing Translational Sciences of the National Institutes of Health (NIH). A.R. was supported by the Winthrop P. Rockefeller Cancer Institute Seeds of Science Grant and NCATS TRI (UL1 TR003017). P.A.C. was supported by NIH R01 grant CA158275. R.L.E. was supported by NIH R01 grant (CA183895), NSF grant (MCB 1903357), a grant from the Arkansas Breast Cancer Research Program, and by a Winthrop P. Rockefeller Cancer Institute Seeds of Science Grant. The content is solely the responsibility of the authors and does not necessarily represent the official views of the NIH or of the NSF.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Institutional Review Board of University of Arkansas for Medical Sciences (IRB #228443 approved on 13 November 2018).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data presented in this study are available in the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Vollmann-Zwerenz, A.; Leidgens, V.; Feliciello, G.; Klein, C.A.; Hau, P. Tumor cell invasion in glioblastoma. Int. J. Mol. Sci. 2020, 21, 1932. [Google Scholar] [CrossRef]

	



Lee, S.Y. Temozolomide resistance in glioblastoma multiforme. Genes Dis. 2016, 3, 198–210. [Google Scholar] [CrossRef] [PubMed]

	



Ali, M.Y.; Oliva, C.R.; Noman, A.S.M.; Allen, B.G.; Goswami, P.C.; Zakharia, Y.; Monga, V.; Spitz, D.R.; Buatti, J.M.; Griguer, C.E. Radioresistance in glioblastoma and the development of radiosensitizers. Cancers 2020, 12, 2511. [Google Scholar] [CrossRef]

	



Da Ros, M.; De Gregorio, V.; Iorio, A.L.; Giunti, L.; Guidi, M.; De Martino, M.; Genitori, L.; Sardi, I. Glioblastoma chemoresistance: The double play by microenvironment and blood-brain barrier. Int. J. Mol. Sci. 2018, 19, 2879. [Google Scholar] [CrossRef] [PubMed]

	



Broekman, M.L.; Maas, S.L.; Abels, E.R.; Mempel, T.R.; Krichevsky, A.M.; Breakefield, X.O. Multidimensional communication in the microenvirons of glioblastoma. Nat. Rev. Neurol. 2018, 14, 482–495. [Google Scholar] [CrossRef]

	



Zhang, X.; Ding, K.; Wang, J.; Li, X.; Zhao, P. Chemoresistance caused by the microenvironment of glioblastoma and the corresponding solutions. Biomed. Pharmacother. 2019, 109, 39–46. [Google Scholar] [CrossRef] [PubMed]

	



Ou, A.; Yung, W.; Majd, N. Molecular mechanisms of treatment resistance in glioblastoma. Int. J. Mol. Sci. 2021, 22, 351. [Google Scholar] [CrossRef]

	



Ma, L.; Zhang, B.; Zhou, C.; Li, Y.; Li, B.; Yu, M.; Luo, Y.; Gao, L.; Zhang, D.; Xue, Q.; et al. The comparison genomics analysis with glioblastoma multiforme (GBM) cells under 3D and 2D cell culture conditions. Colloids Surf. B Biointerfaces 2018, 172, 665–673. [Google Scholar] [CrossRef] [PubMed]

	



Hicks, W.H.; Bird, C.E.; Traylor, J.I.; Shi, D.D.; El Ahmadieh, T.Y.; Richardson, T.E.; McBrayer, S.K.; Abdullah, K.G. Contemporary mouse models in glioma research. Cells 2021, 10, 712. [Google Scholar] [CrossRef]

	



Paolillo, M.; Comincini, S.; Schinelli, S. In vitro glioblastoma models: A journey into the third dimension. Cancers 2021, 13, 2449. [Google Scholar] [CrossRef] [PubMed]

	



Imamura, Y.; Mukohara, T.; Shimono, Y.; Funakoshi, Y.; Chayahara, N.; Toyoda, M.; Kiyota, N.; Takao, S.; Kono, S.; Nakatsura, T.; et al. Comparison of 2D-and 3D-culture models as drug-testing platforms in breast cancer. Oncol. Rep. 2015, 33, 1837–1843. [Google Scholar] [CrossRef] [PubMed]

	



Darrigues, E.; Nima, Z.A.; Nedosekin, D.A.; Watanabe, F.; Alghazali, K.M.; Zharov, V.P.; Biris, A.S. Tracking gold nanorods’ interaction with large 3D pancreatic-stromal tumor spheroids by multimodal imaging: Fluorescence, photoacoustic, and photothermal microscopies. Sci. Rep. 2020, 10, 3362. [Google Scholar] [CrossRef]

	



Darrigues, E.; Nima, Z.A.; Griffin, R.J.; Anderson, J.M.; Biris, A.S.; Rodriguez, A. 3D cultures for modeling nanomaterial-based photothermal therapy. Nanoscale Horiz. 2020, 5, 400–430. [Google Scholar] [CrossRef]

	



Darrigues, E.; Al Sudani, Z.A.N.; Watanabe, F.; Biris, A.S. Plasmonic gap-enhanced Raman tag nanorods for imaging 3D pancreatic spheroids using surface-enhanced Raman spectroscopy and darkfield microscopy. Nanotechnology 2020, 32, 095104. [Google Scholar] [CrossRef]

	



Torsvik, A.; Stieber, D.; Enger, P.Ø.; Golebiewska, A.; Molven, A.; Svendsen, A.; Westermark, B.; Niclou, S.P.; Olsen, T.K.; Enger, M.C.; et al. U-251 revisited: Genetic drift and phenotypic consequences of long-term cultures of glioblastoma cells. Cancer Med. 2014, 3, 812–824. [Google Scholar] [CrossRef] [PubMed]

	



Holbeck, S.L.; Camalier, R.; Crowell, J.A.; Govindharajulu, J.P.; Hollingshead, M.; Anderson, L.W.; Polley, E.; Rubinstein, L.; Srivastava, A.; Wilsker, D.; et al. The National Cancer Institute ALMANAC: A comprehensive screening resource for the detection of anticancer drug pairs with enhanced therapeutic activity. Cancer Res. 2017, 77, 3564–3576. [Google Scholar] [CrossRef]

	



Watkins, S.; Robel, S.; Kimbrough, I.F.; Robert, S.M.; Ellis-Davies, G.; Sontheimer, H. Disruption of astrocyte-vascular coupling and the blood–brain barrier by invading glioma cells. Nat. Commun. 2014, 5, 4196. [Google Scholar] [CrossRef]

	



Yao, Y.; Chen, Z.-L.; Norris, E.H.; Strickland, S. Astrocytic laminin regulates pericyte differentiation and maintains blood brain barrier integrity. Nat. Commun. 2014, 5, 3413. [Google Scholar] [CrossRef]

	



Wang, Y.; Zhang, F.; Xiong, N.; Xu, H.; Chai, S.; Wang, H.; Wang, J.; Zhao, H.; Jiang, X.; Fu, P.; et al. Remodelling and treatment of the blood-brain barrier in glioma. Cancer Manag. Res. 2021, 13, 4217–4232. [Google Scholar] [CrossRef] [PubMed]

	



Hubert, C.G.; Rivera, M.; Spangler, L.C.; Wu, Q.; Mack, S.C.; Prager, B.C.; Couce, M.; McLendon, R.E.; Sloan, A.E.; Rich, J.N. A three-dimensional organoid culture system derived from human glioblastomas recapitulates the hypoxic gradients and cancer stem cell heterogeneity of tumors found in vivo. Cancer Res. 2016, 76, 2465–2477. [Google Scholar] [CrossRef]

	



Jacob, F.; Ming, G.-L.; Song, H. Generation and biobanking of patient-derived glioblastoma organoids and their application in CAR T cell testing. Nat. Protoc. 2020, 15, 4000–4033. [Google Scholar] [CrossRef] [PubMed]

	



Jacob, F.; Salinas, R.D.; Zhang, D.Y.; Nguyen, P.T.T.; Schnoll, J.G.; Wong, S.Z.H.; Thokala, R.; Sheikh, S.; Saxena, D.; Prokop, S.; et al. A patient-derived glioblastoma organoid model and biobank recapitulates inter- and intra-tumoral heterogeneity. Cell 2020, 180, 188–204.e22. [Google Scholar] [CrossRef] [PubMed]

	



Lenin, S.; Ponthier, E.; Scheer, K.G.; Yeo, E.C.; Tea, M.N.; Ebert, L.M.; Oksdath Mansilla, M.; Poonnoose, S.; Baumgartner, U.; Day, B.W.; et al. A drug screening pipeline using 2D and 3D patient-derived in vitro models for pre-clinical analysis of therapy response in glioblastoma. Int. J. Mol. Sci. 2021, 22, 4322. [Google Scholar] [CrossRef]

	



Darrigues, E.; Elberson, B.W.; De Loose, A.; Lee, M.P.; Green, E.; Benton, A.M.; Sink, L.G.; Scott, H.; Gokden, M.; Day, J.D.; et al. Brain tumor biobank development for precision medicine: Role of the neurosurgeon. Front. Oncol. 2021, 11, 1260. [Google Scholar] [CrossRef]

	



Shoemaker, R.H. The NCI60 human tumour cell line anticancer drug screen. Nat. Rev. Cancer 2006, 6, 813–823. [Google Scholar] [CrossRef] [PubMed]

	



Del Duca, D.; Werbowetski, T.; Del Maestro, R.F. Spheroid preparation from hanging drops: Characterization of a model of brain tumor invasion. J. Neuro.-Oncol. 2004, 67, 295–303. [Google Scholar] [CrossRef]

	



Bommagani, S.; Ponder, J.; Penthala, N.R.; Janganati, V.; Jordan, C.T.; Borrelli, M.J.; Crooks, P.A. Indole carboxylic acid esters of melampomagnolide B are potent anticancer agents against both hematological and solid tumor cells. Eur. J. Med. Chem. 2017, 136, 393–405. [Google Scholar] [CrossRef]

	



Janganati, V.; Ponder, J.; Jordan, C.T.; Borrelli, M.J.; Penthala, N.R.; Crooks, P.A. Dimers of melampomagnolide B exhibit potent anticancer activity against hematological and solid tumor cells. J. Med. Chem. 2015, 58, 8896–8906. [Google Scholar] [CrossRef]

	



Janganati, V.; Ponder, J.; Balasubramaniam, M.; Bhat-Nakshatri, P.; Bar, E.E.; Nakshatri, H.; Jordan, C.T.; Crooks, P.A. MMB triazole analogs are potent NF-κB inhibitors and anti-cancer agents against both hematological and solid tumor cells. Eur. J. Med. Chem. 2018, 157, 562–581. [Google Scholar] [CrossRef]

	



Penthala, N.R.; Ketkar, A.; Sekhar, K.R.; Freeman, M.L.; Eoff, R.L.; Balusu, R.; Crooks, P.A. 1-Benzyl-2-methyl-3-indolylmethylene barbituric acid derivatives: Anti-cancer agents that target nucleophosmin 1 (NPM1). Bioorganic Med. Chem. 2015, 23, 7226–7233. [Google Scholar] [CrossRef] [PubMed]

	



Penthala, N.R.; Madhukuri, L.; Thakkar, S.; Madadi, N.R.; Lamture, G.; Eoff, R.L.; Crooks, P.A. Synthesis and anti-cancer screening of novel heterocyclic-(2H)-1,2,3-triazoles as potential anti-cancer agents. MedChemComm 2015, 6, 1535–1543. [Google Scholar] [CrossRef]

	



Penthala, N.R.; Zong, H.; Ketkar, A.; Madadi, N.R.; Janganati, V.; Eoff, R.L.; Guzman, M.L.; Crooks, P.A. Synthesis, anticancer activity and molecular docking studies on a series of heterocyclic trans-cyanocombretastatin analogues as antitubulin agents. Eur. J. Med. Chem. 2015, 92, 212–220. [Google Scholar] [CrossRef]

	



Madadi, N.R.; Zong, H.; Ketkar, A.; Zheng, C.; Penthala, N.R.; Janganati, V.; Bommagani, S.; Eoff, R.L.; Guzman, M.L.; Crooks, P.A. Synthesis and evaluation of a series of resveratrol analogues as potent anti-cancer agents that target tubulin. MedChemComm 2015, 6, 788–794. [Google Scholar] [CrossRef] [PubMed]

	



Madadi, N.R.; Penthala, N.R.; Howk, K.; Ketkar, A.; Eoff, R.L.; Borrelli, M.J.; Crooks, P.A. Synthesis and biological evaluation of novel 4,5-disubstituted 2H-1,2,3-triazoles as cis-constrained analogues of combretastatin A-4. Eur. J. Med. Chem. 2015, 103, 123–132. [Google Scholar] [CrossRef] [PubMed]

	



Xia, L.; Tan, S.; Zhou, Y.; Lin, J.; Wang, H.; Oyang, L.; Tian, Y.; Liu, L.; Su, M.; Wang, H. Role of the NFκB-signaling pathway in cancer. OncoTargets Ther. 2018, 11, 2063. [Google Scholar] [CrossRef] [PubMed]

	



Moriconi, C.; Palmieri, V.; Di Santo, R.; Tornillo, G.; Papi, M.; Pilkington, G.; De Spirito, M.; Gumbleton, M. INSIDIA: A FIJI Macro delivering high-throughput and high-content spheroid invasion analysis. Biotechnol. J. 2017, 12, 1700140. [Google Scholar] [CrossRef] [PubMed]

	



Forster, B.; Van De Ville, D.; Berent, J.; Sage, D.; Unser, M. Complex wavelets for extended depth-of-field: A new method for the fusion of multichannel microscopy images. Microsc. Res. Tech. 2004, 65, 33–42. [Google Scholar] [CrossRef] [PubMed]

	



Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid, B. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [Google Scholar] [CrossRef] [PubMed]

	



Akay, M.; Hite, J.; Avci, N.G.; Fan, Y.; Akay, Y.; Lu, G.; Zhu, J.-J. Drug screening of human GBM spheroids in brain cancer chip. Sci. Rep. 2018, 8, 15423. [Google Scholar] [CrossRef] [PubMed]

	



Sivakumar, H.; Devarasetty, M.; Kram, D.E.; Strowd, R.E.; Skardal, A. Multi-cell type glioblastoma tumor spheroids for evaluating sub-population-specific drug response. Front. Bioeng. Biotechnol. 2020, 8, 538663. [Google Scholar] [CrossRef]

	



Fedrigo, C.A.; Grivicich, I.; Schunemann, D.P.; Chemale, I.M.; dos Santos, D.; Jacovas, T.; Boschetti, P.S.; Jotz, G.P.; Braga Filho, A.; da Rocha, A.B. Radioresistance of human glioma spheroids and expression of HSP70, p53 and EGFr. Radiat. Oncol. 2011, 6, 156. [Google Scholar] [CrossRef] [PubMed]

	



Vinci, M.; Box, C.; Eccles, S.A. Three-dimensional (3D) tumor spheroid invasion assay. J. Vis. Exp. 2015, 99, e52686. [Google Scholar] [CrossRef] [PubMed]

	



Thoma, C.R.; Zimmermann, M.; Agarkova, I.; Kelm, J.M.; Krek, W. 3D cell culture systems modeling tumor growth determinants in cancer target discovery. Adv. Drug Deliv. Rev. 2014, 69–70, 29–41. [Google Scholar] [CrossRef]

	



Rebelo, S.P.; Pinto, C.; Martins, T.R.; Harrer, N.; Estrada, M.F.; Loza-Alvarez, P.; Cabeçadas, J.; Alves, P.M.; Gualda, E.J.; Sommergruber, W.; et al. 3D-3-culture: A tool to unveil macrophage plasticity in the tumour microenvironment. Biomaterials 2018, 163, 185–197. [Google Scholar] [CrossRef] [PubMed]

	



Bhattacharya, S.; Calar, K.; De La Puente, P. Mimicking tumor hypoxia and tumor-immune interactions employing three-dimensional in vitro models. J. Exp. Clin. Cancer Res. 2020, 39, 75. [Google Scholar] [CrossRef] [PubMed]

	



Linkous, A.; Balamatsias, D.; Snuderl, M.; Edwards, L.; Miyaguchi, K.; Milner, T.; Reich, B.; Cohen-Gould, L.; Storaska, A.; Nakayama, Y.; et al. Modeling patient-derived glioblastoma with cerebral organoids. Cell Rep. 2019, 26, 3203–3211.e5. [Google Scholar] [CrossRef] [PubMed]

	



Goranci-Buzhala, G.; Mariappan, A.; Gabriel, E.; Ramani, A.; Ricci-Vitiani, L.; Buccarelli, M.; D’Alessandris, Q.G.; Pallini, R.; Gopalakrishnan, J. Rapid and efficient invasion assay of glioblastoma in human brain organoids. Cell Rep. 2020, 31, 107738. [Google Scholar] [CrossRef]

	



Anderson, H.J.; Galileo, D.S. Small-molecule inhibitors of FGFR, integrins and FAK selectively decrease L1CAM-stimulated glioblastoma cell motility and proliferation. Cell. Oncol. 2016, 39, 229–242. [Google Scholar] [CrossRef]

	



Eilenberger, C.; Rothbauer, M.; Ehmoser, E.-K.; Ertl, P.; Küpcü, S. Effect of spheroidal age on sorafenib diffusivity and toxicity in a 3D HepG2 spheroid model. Sci. Rep. 2019, 9, 4863. [Google Scholar] [CrossRef]

	



Gong, X.; Lin, C.; Cheng, J.; Su, J.; Zhao, H.; Liu, T.; Wen, X.; Zhao, P. Generation of multicellular tumor spheroids with microwell-based agarose scaffolds for drug testing. PLoS ONE 2015, 10, e0130348. [Google Scholar] [CrossRef]

	



Achilli, T.-M.; McCalla, S.; Meyer, J.; Tripathi, A.; Morgan, J.R. Multilayer spheroids to quantify drug uptake and diffusion in 3D. Mol. Pharm. 2014, 11, 2071–2081. [Google Scholar] [CrossRef] [PubMed]

	



Shuford, S.; Lipinski, L.; Abad, A.; Smith, A.M.; Rayner, M.; O’Donnell, L.; Stuart, J.; Mechtler, L.L.; Fabiano, A.J.; Edenfield, J.; et al. Prospective prediction of clinical drug response in high-grade gliomas using an ex vivo 3D cell culture assay. Neuro-Oncol. Adv. 2021, 3, vdab065. [Google Scholar] [CrossRef] [PubMed]

	



Arganda-Carreras, I.; Kaynig, V.; Rueden, C.; Schindelin, J.; Cardona, A.; Seung, H.S. Trainable_Segmentation: Release V3.1.2. Available online: https://zenodo.org/record/59290#.YVlJjLgzZPZ (accessed on 3 August 2016).

	



Arganda-Carreras, I.; Kaynig, V.; Rueden, C.; Eliceiri, K.; Schindelin, J.E.; Cardona, A.; Seung, H.S. Trainable Weka Segmentation: A machine learning tool for microscopy pixel classification. Bioinformatics 2017, 33, 2424–2426. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 22 10720 g001 550] 





Figure 1. Schematic of experimentation. (a) U-251 MG cell spheroid formation in an ultra-low attachment round bottom well plate, followed by either drug incubation for cytotoxicity analysis or drug (10 µM) distributed in the basement membrane matrix Matrigel for invasion assay analysis. (b) Cytotoxicity assessment of the compounds on spheroids by interpolation of the standard curve established based on Calcein AM (green: living cells) and propidium iodide (red: dead cells) fluorescence intensity related to the known ratio of living/dead cells (0, 20, 50, 80, and 100%), with the establishment of a standard curve allowing us to interpolate (following mathematical model with Graphpad: Prism) (Figure S2) the percentage of living cells and also the number of cells related to the fluorescence intensity. (c) Development of an automatic invasion assay analysis using FIJI/ImageJ and INSIDIA macro. (d) Brain tumor extracted from surgery, followed by dissection and dissociation to constitute the GBOs. (e) Transfer of the GBOs in an ultra-low adhesion well plate with the drug incorporated in the basement matrix. (f) Evaluation of the invasiveness of the GBOs for 360 h maximum, using automatic invasion assay analysis. 
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Figure 2. Determination of cytotoxicity on a U-251 MG cell 3-D model with percentage of living cells interpolated for (a) the first series of compounds tested: BS, BSK, and JVM, and for (b) the second series of compound tested: PNR and ST. Respective numbers of living cells interpolated for (c) the first series of compounds tested: BS, BSK, and JVM, and for (d) the second series of compounds tested: PNR and ST. Statistical analysis for significance determination was done using one-way ANOVA with the control (DMSO) as the comparative model with the Dunnett model, ns (non -significant) for adjusted p > 0.05,* for adjusted p ≤ 0.05, *** p ≤ 0.001, and **** p ≤ 0.0001. For each experiment, n = 3. 






Figure 2. Determination of cytotoxicity on a U-251 MG cell 3-D model with percentage of living cells interpolated for (a) the first series of compounds tested: BS, BSK, and JVM, and for (b) the second series of compound tested: PNR and ST. Respective numbers of living cells interpolated for (c) the first series of compounds tested: BS, BSK, and JVM, and for (d) the second series of compounds tested: PNR and ST. Statistical analysis for significance determination was done using one-way ANOVA with the control (DMSO) as the comparative model with the Dunnett model, ns (non -significant) for adjusted p > 0.05,* for adjusted p ≤ 0.05, *** p ≤ 0.001, and **** p ≤ 0.0001. For each experiment, n = 3.



[image: Ijms 22 10720 g002]







[image: Ijms 22 10720 g003 550] 





Figure 3. Evaluation of invasion ability and implementation of an automatic invasion analysis assay. Shown are brightfield images recorded on Cytation 5, using a 4× objective lens, overlayed images from z-stack of embedded spheroids in a basement membrane matrix for 0, 24, and 48 h for (a) DMSO, (b) JVM-3-55, and (c) ST-1459(B). Spheroids are large dark bodies in the center of images, and invading cells are smaller dark protrusions from the central spheroid core. (d) Quantitation of invasion was determined by the automatic measurement of the area of cells that invaded the matrix (in pixels) for the different times of incubation (0, 24, and 48 h). Statistical analysis of significance was done using two-way ANOVA with the control (DMSO) for the different times of invasion control as the comparative model with the Dunnett model, ns (non-significant) for adjusted p > 0.05, * for adjusted p ≤ 0.05, ** for adjusted p ≤ 0.01, *** p ≤ 0.001 For each experiment, n = 3. Scale bar: 200 μm, brightfield images were recorded on Cytation 5 using a 4× objective lens. 
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Figure 4. Development of GBOs from: (a) a tumor resected in the operating room coming as a bulk tumor, or (b) already dissociated in small pieces with a surgical blade until reaching less than 500 µm size. (c) Small pieces of tumor are forming GBOs after 15 days in the incubator. (d) GBOs are cut into small fragment pieces and incubated in media at t = 0. (e) GBOs after t = 7 days in culture media and under permanent shaking. (f) GBOs after t = 15 days in culture media and under permanent shaking. GBOs embedded in a matrix to verify invasion properties for (g) 0 h, (h) 24 h, (i) 120 h, and (j) 168 h. Scale bar from (d) to (f): 1000 μm, obtained with x2.5 objective lens, under Evos microscope. Scale bar from (g) to (j): 200 μm, brightfield images were recorded on Cytation 5, using a 4× objective lens. 
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Figure 5. Evaluation of invasion ability of selected compounds on GBOs from different patients. The invasion was determined by automatic measurement of the area of cells invading into the matrix (μm2) in a function of the different times of incubation for patients (a) 35312, (b) 36095, and (c) 35456. The statistical analysis for significance was done using two-way ANOVA with the control (DMSO) for the different times of invasion as the comparative model with the Dunnett model, ns (non -significant) for adjusted p > 0.05,** for adjusted p ≤ 0.01, *** p ≤ 0.001, and **** p ≤ 0.0001. For each experiment, n = 3. Brightfield images were recorded on Cytation 5 using a 4× objective lens, in z-stacks of embedded GBOs in the matrix for 0, 72, 192, and 360 h with either DMSO, JVM-3-55, or PNR-5-88 for patients 36095 (d) and 35456 (e). Scale bar: 200 μm. 
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Table 1. Table Compounds/drugs Panel used for experimentation.
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	Compound
	Simplified Group Identification
	Family/Chemical Group
	Activity
	References





	BS-1-28
	BS
	MMB (Melampomagnolide b) indole esters
	NFk-B inhibitors
	[27]



	BS-2-04
	BS
	MMB indole esters
	NFk-B inhibitors
	[27]



	BS-4-60
	BS
	MMB indole esters
	NFk-B inhibitors
	[27]



	BSK-1-97
	BSK
	MMB-Thiadiazolidinone
	NFk-B and GSK-3 B inhibitors
	Non-published



	BSK-2-17
	BSK
	MMB-Thiadiazolidinone
	NFk-B and GSK-3 B inhibitors
	Non-published



	BSK-2-26
	BSK
	MMB-Thiadiazolidinone
	NFk-B and GSK-3 B inhibitors
	Non-published



	JVM-3-55
	JVM
	MMB dimers
	NFk-B inhibitors
	[28]



	JVM-3-62
	JVM
	MMB dimers
	NFk-B inhibitors
	[28]



	JVM-4-25
	JVM
	MMB Triazole dimers
	NFk-B inhibitors
	[29]



	JVM-4-26
	JVM
	MMB Triazole dimers
	NFk-B inhibitors
	[29]



	PNR-4-44
	PNR
	Heterocyclic trans-cyanocombretastatin analogues
	Tubulin inhibitors
	[32]



	PNR-4-48
	PNR
	Heterocyclic trans-cyanocombretastatin analogues
	Tubulin inhibitors
	[32]



	PNR-5-02
	PNR
	CA-4 triazole
	Tubulin inhibitors
	[31]



	PNR-5-82
	PNR
	Indole barbiturate and thiobarbiturates
	COX-2 inhibitors
	[30]



	PNR-5-85
	PNR
	Indole barbiturate and thiobarbiturates
	COX-2 inhibitors
	[30]



	PNR-5-88
	PNR
	Indole barbiturate and thiobarbiturates
	COX-2 inhibitors
	[30]



	PNR-7-74
	PNR
	Heterocyclic trans-cyanocombretastatin
	Tubulin inhibitors
	[32]



	PNR-7-84
	PNR
	Heterocyclic trans-cyanocombretastatin
	Tubulin inhibitors
	[32]



	ST-145
	ST
	Resveratrol analogues
	Tubulin inhibitors
	[33]



	ST-145(B)
	ST
	Novel 4,5-disubstituted 2H-1,2,3-triazoles as cis-constrained analogues of combretastatin
	Tubulin inhibitors
	[34]



	ST-148
	ST
	Resveratrol analogues
	Tubulin inhibitors
	[33]



	ST-467
	ST
	Novel 4,5-disubstituted 2H-1,2,3-triazoles as cis-constrained analogues of combretastatin
	Tubulin inhibitors
	[34]
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Table 2. Summary of compound cytotoxicity and invasion inhibition. Significance is compared to control (DMSO) with ns: non-significant, (-): higher cytotoxicity or death induced than the control, (=): no difference compared to control, ( + ): higher viability of percentage of living cells than the control. Significance was established for cytotoxicity and invasion assay independently with two-way ANOVA with the control (DMSO) for 48 h of invasion, control as the comparative model with the Dunnett model, ns (non -significant) for adjusted p > 0.05,* for adjusted p ≤ 0.05, ** for adjusted p ≤ 0.01, *** p ≤ 0.001, and **** p ≤ 0.0001. For each experiment, n = 3.
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	Compound
	Activity/Inhibitors
	Cytotoxicity
	Cytotoxicity Effect in Comparision to Control
	Invasion (48 h)
	Invasion Inhibition





	PNR-5-85
	COX-2
	*
	-
	***
	Low



	BSK-1-97
	NFk-B and GSK-3 B
	***
	-
	*
	High



	JVM-4-26
	NFk-B
	****
	-
	**
	Moderate



	BS-1-28
	NFk-B
	****
	-
	*
	High



	BS-4-60
	NFk-B
	****
	-
	**
	Moderate



	JVM-3-62
	NFk-B
	*
	+
	***
	Low



	PNR-5-02
	Tubulin
	*
	+
	**
	Moderate



	PNR-7-74
	Tubulin
	*
	+
	**
	Moderate



	ST-467
	Tubulin
	*
	+
	**
	Moderate



	JVM-3-55
	NFk-B
	***
	+
	**
	Moderate



	ST-148
	Tubulin
	***
	+
	**
	Moderate



	ST-145
	Tubulin
	****
	+
	**
	Moderate



	ST-145(B)
	Tubulin
	****
	+
	ns
	Very High



	BS-2-04
	NFk-B
	ns
	=
	**
	Moderate



	BSK-2-17
	NFk-B and GSK-3 B
	ns
	=
	**
	Moderate



	BSK-2-26
	NFk-B and GSK-3 B
	ns
	=
	**
	Moderate



	PNR-4-48
	Tubulin
	ns
	=
	**
	Moderate



	PNR-5-88
	COX-2
	ns
	=
	**
	Moderate



	JVM-4-25
	NFk-B
	ns
	=
	***
	Low



	PNR-7-84
	Tubulin
	ns
	=
	***
	Low



	PNR-4-44
	Tubulin
	ns
	=
	ns
	Very High



	PNR-5-82
	COX-2
	ns
	=
	ns
	Very High
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Table 3. Tumor/patient demographic information.






Table 3. Tumor/patient demographic information.





	Sample ID
	Age
	Sex
	Diagnosis
	MGMT Mutation
	IDH Mutation





	35312
	36
	Female
	Gliosarcoma, rare glioblastoma, primary
	no
	no



	36095
	57
	Male
	Glioblastoma, recurrent
	no
	no



	35456
	43
	Female
	Glioblastoma, primary
	yes
	yes
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