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Abstract

:

Simple Summary


Glioblastoma is the most common malignant brain tumor in adults, entailing a very short survival. New therapeutic strategies are desperately needed. Immunotherapeutic approaches seem promising, yet their breakthrough is hindered by interactions of the tumor with its immunological tumor environment. In order to understand these complex interactions, innovative glioblastoma models are needed. We aimed to investigate whether patient-derived tumor models are able to maintain the tumor’s microenvironment signature and composition. Secondly, we added immune cells to our model in order to reflect a more realistic tumor microenvironment, which could be used for preclinical testing of novel immunotherapeutic approaches. Thus, we hope to contribute to the challenging task of advancing glioblastoma therapy.




Abstract


While glioblastoma (GBM) is still challenging to treat, novel immunotherapeutic approaches have shown promising effects in preclinical settings. However, their clinical breakthrough is hampered by complex interactions of GBM with the tumor microenvironment (TME). Here, we present an analysis of TME composition in a patient-derived organoid model (PDO) as well as in organotypic slice cultures (OSC). To obtain a more realistic model for immunotherapeutic testing, we introduce an enhanced PDO model. We manufactured PDOs and OSCs from fresh tissue of GBM patients and analyzed the TME. Enhanced PDOs (ePDOs) were obtained via co-culture with PBMCs (peripheral blood mononuclear cells) and compared to normal PDOs (nPDOs) and PT (primary tissue). At first, we showed that TME was not sustained in PDOs after a short time of culture. In contrast, TME was largely maintained in OSCs. Unfortunately, OSCs can only be cultured for up to 9 days. Thus, we enhanced the TME in PDOs by co-culturing PDOs and PBMCs from healthy donors. These cellular TME patterns could be preserved until day 21. The ePDO approach could mirror the interaction of GBM, TME and immunotherapeutic agents and may consequently represent a realistic model for individual immunotherapeutic drug testing in the future.
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1. Introduction


Glioblastoma (GBM) is the most malignant primary brain tumor with a median survival time of 14.6 months and a five-year survival rate of 6% [1]. Maximum standard therapy includes extensive surgery, if functionally possible, followed by radiotherapy combined with concomitant and adjuvant chemotherapy with temozolomide (TMZ) [2]. Lately, chemotherapy has been modified with Lomustine for patients younger than 70 years and a methylated MGMT (O6-methylguanine-methyltransferase)-promoter [3]. However, despite vigorous efforts in research during the last years introducing tumor treating fields [4] and anti-angiogenesis monoclonal VEGFR-antibodies [5], survival rates have not changed since 2005. During their limited life-span, patients suffer from neurological deficits such as hemiparesis, aphasia, seizures, and changes of personality, rendering the disease even more daunting. Relapse is certain and prognosis is even poorer in patients with a multifocal involvement [2,6] or an unmethylated MGMT-promoter [7,8]. New therapeutic approaches are desperately needed. In recent years, major progress has been made in developing new immunotherapeutic treatment options such as bispecific T-cell engagers (BiTes) [9,10], chimeric antigen receptors (CAR) T-cell therapies [11,12,13] or oncolytic viruses [14,15].



Immunotherapeutic therapies for solid tumors such as GBM are more challenging than for hematological tumors [16]. The solid tumor consists of complex cell–cell interactions of not only tumor cells, but also stromal, immune and vascular cells in addition to components of extracellular matrix. Together, these elements represent the tumor microenvironment (TME) [17]. Within the TME, regulatory T-cells (Tregs), tumor-associated macrophages (TAMs) or myeloid-derived suppressor cells (MDSCs) contribute to the immunosuppressive and exhausting character of tumors. Various pro-tumoral cell populations are, e.g., able to interact with inhibitory receptors as PD-1 (programmed cell death 1), CTLA4 (cytotoxic T-lymphocyte-associated antigen 4), TIM3 (T-cell immunoglobulin and mucin domain-containing protein 3), and LAG3 (lymphocyte activation gene 3) on T-cells and mediate immunosuppression and T-cell exhaustion [18]. Inhibiting these immune checkpoint receptors can lead to synergistic effects with immunotherapeutic approaches raising their functionality and rendering them more effective [19].



While the TME consists of only a small number of T-cells, TAMs represent up to 40% of the TME [20]. Macrophages are the most common infiltrating stromal components of the TME, generating an immunosuppressive environment [21]. Additionally, TAMs restrict the glycolytic flow which is important for cytotoxic T-cells [22] and diminish the effective antitumoral immune response. M1-macrophages (iNOS+) are induced via Interferon γ (IFNγ) and lipopolysaccharides, produce immunostimulating cytokines and, thus, express a tumor suppressive activity. M2-macrophages (CD163+), on the other hand, are, e.g., activated by interleukin 4 (IL4), dampen inflammatory reactions and promote immunoevasion of tumor cells as well as invasion and angiogenesis [23]. There are two main sources of macrophages in GBM: resident brain microglia and peripheral monocyte-derived macrophages (MDMs). MDMs are recruited from the bloodstream into the tumor through various chemokine signals [24]. Chemokine receptor CCR2 has emerged as a marker for MDMs in GBM, as it is expressed on peripheral monocytes but not on resident microglia [25]. CCR2 is a G-protein coupled receptor that binds to the chemokine CCL2, which is highly expressed in the GBM microenvironment [26]. CCL2-CCR2 signaling is critical for monocyte recruitment to the tumor site [27]. In GBM, CCR2+ macrophages have been shown to be predominantly MDMs, whereas CCR2- macrophages are primarily microglia [25]. CCR2+ macrophages have been associated with a more pro-tumoral phenotype, including enhanced angiogenesis, invasion, and immunosuppression [24].



TAMs produce IL4 and interleukin 10 (IL10) [28], leading to PD-1 expression and T-cell exhaustion [29]. Natural killer (NK) cells (CD7+) as a part of the innate immune system play a crucial role in fighting GBM as they are able to recognize surface antigens without prior sensibilization. The metabolic fitness of NK cells is not only influenced by extracellular vesicles, cytokines and chemokines, but also hypoxic gradients [30]. Myeloid-derived suppressor cells (MDSC), which are able to wipe out cytotoxic T-cells, can be eliminated by NK-cells leading to an antitumoral effect [31].



In a preclinical setting, these complex interactions of GBM, TME and therapeutic agents cannot be mirrored by GBM cell lines alone and antigen surface expression patterns cannot be assumed to be similar in GBM cell lines and intracerebral tumor tissue. Rupture of cell–cell-contacts during lysis, duration of cultivation and hypoxic gradients might be reasons for changes in these patterns [17]. Additionally, a robust TME including stromal, inflammatory and vascular cells as well as extracellular matrix is missing [32]. Recently, new ex vivo models have been introduced as alternatives to immortalized cell lines and advancement in drug testing [33,34,35]. Patient derived GBM-organoids (PDO) represent the histological features, cellular diversity, gene expression and mutational profiles of their corresponding parental tumors [35]. In addition, they can be generated quickly and reliable within two weeks from intraoperatively resected tissue [36]. Patient-derived organotypic slice cultures (OSCs) equally represent parental tumor patterns close to the in vivo tumor as OSCs contain not only tumor cells, but also components of the TME. Furthermore, the cellular architecture and tissue compartmentalization is maintained [34]. Freshly sliced, this tissue is ready to use, but on the downside, slicing is a delicate method susceptible to deficiencies and depends on tissue quality [34]. Both ex vivo models have different advantages and can be used complementary in order to test new immunotherapeutic approaches ex vivo.



Therefore, the aim of the present study was to characterize the ex vivo TME in PDOs and OSCs in comparison to primary tissue (PT). In a second step, we introduced cellular TME components in PDOs by co-culture with PBMCs (peripheral blood mononuclear cells) and thus generated enhanced PDOs (ePDOs). We compared the capability of normal PDOs (nPDOs) and ePDOs to reflect the TME antigen expression patterns as seen in PT. This approach might hold potential as an ex vivo test system mirroring complex TME–tumor–therapy interactions, e.g., for immunotherapeutic approaches.




2. Methods


2.1. Tissue Samples


All patients were treated at the Department of Neurosurgery, University Hospital Würzburg, Germany, and gave written informed consent in accordance with the declaration of Helsinki, and as approved by the Institutional Review Board of the University of Würzburg (#22/20-me). The tumors were histologically assessed and graded on formalin-fixed and paraffin embedded tissue sections by an experienced neuropathologist, according to the most recent criteria of the World Health Organization [37].




2.2. OSC


OSCs were prepared as previously described in Nickl et al.’s work [33]. After surgical tumor resection, the tissue was directly transferred to Hibernate A medium containing 1% Glutamax, 0.4% penicillin/streptomycin and 0.1% Amphotericin (HGPSA) (all from Gibco, Carlsbad, CA, USA) and stored in ice. Next, the tumor tissue was carefully freed from necrosis and blood vessels and cut into approximately 2 × 0.5 cm pieces using scalpels. The pre-cut tumor was glued edgewise on a test tube with histoacryl glue and the tube filled with 38 °C molten agarose (Sigma-Aldrich, St. Louis, MO, USA). A −80 °C cooling block ensured rapid hardening of the agarose. The sample tube was clamped in the vibratome (Precisionary Instruments, Greenville, SC, USA) and 350 µm thick slices were cut using an advance of 3.5 mm/minutes and an oscillation of 6 Hz. The thin slices had to be carefully cut out with scalpels before they could be transferred with a wide pipette into the inserts with a semi-permeable membrane of 0.4 µm pore size (Greiner Bio-one, Frickenhausen, Germany) in a 24-well plate (Corning Costar, New York, NY, USA) containing brain slice medium (MEM supplemented with 25% normal horse serum, 25% Hank’s Balanced salt solution (HBSS), 1% penicillin/streptomycin, 1% L-glutamine (all from Gibco, Carlsbad, CA, USA), vitamin C and 1% glucose (both from Sigma-Aldrich, St. Louis, MO, USA) at 35 °C, 5% CO2 and 95% humidity. After standardized hematoxylin and eosin (HE) staining was performed for histology, the tumor content was assessed by an experienced neuropathologist. OSCs were fixed in 4% formalin (Carl Roth, Karlsruhe, Germany) for 24 h at 4 °C and then transferred to phosphate-buffered saline (PBS) (Sigma-Aldrich, St. Louis, MO, USA) for immunohistochemical staining.




2.3. PDOs


PDOs were prepared according to Nickl et al.’s description [33]. For this purpose, fresh intraoperatively gained tumor tissue was temporarily stored on ice in Hibernate A medium. Necrotic areas and blood vessels were cleared and the tissue was minced carefully under the microscope into approximately 500 µm pieces with a scalpel. The tissue was then treated with RBC Lysis Buffer for 10 min and washed twice with Hibernate A medium. For incubation, tumor sections were transferred in PDO Medium consisting of 47.24% DMEM/F12, 47.25% Neurobasal, 0.02% B27 without Vitamin A (50×), 0.01% Glutamax, 0.01% N2, 0.01% NEAA, 0.004% penicillin/streptomycin, 0.001% β-Mercaptoethanol (all from Gibco, Carlsbad, CA, USA) and 0.00023% human insulin (Sigma Aldrich, St. Louis, MO, USA) to ultra-low attachment 6-well plates (Corning Costar, New York, NY, USA) and incubated at 37 °C, 5% CO2 and 95% humidity on an orbital shaker at 120 rpm. After 2 weeks of cultivation, PDOs formed successfully and could be used for further experiments [35]. At the end of the experiments, PDOs were fixed in 4% formalin (Carl Roth, Karlsruhe, Germany) for 24 h at 4 °C and then transferred to phosphate-buffered saline (PBS) (Sigma-Aldrich, St. Louis, MO, USA) for immunohistochemical staining.




2.4. PBMC Preparation


PBMCs were isolated from healthy donors and cultured for ten days. The cells were then centrifuged (200 g, room temperature, 12 min) and diluted in 5 mL CTL medium containing 88% RPMI, 10% ml human serum, 1% Penicillin/Streptomycin, 1% Glutamax, 0.1% β-Mercaptoethanol (all from Gibco, Carlsbad, CA, USA). After a second centrifugation step (200 g, room temperature, 12 min) cells were brought to a concentration of 2 × 106/mL with CTL medium and incubated overnight with 150 U/mL IL2 (Miltenyi, Bergisch Gladbach, Germany) at 37 °C, 5% CO2 and 95% humidity. After resuspending and counting the cells the next morning, they were washed in PBS (D8537; SigmaAldrich, St. Louis, MO, USA) at 500 g, room temperature, 5 min and brought to a concentration of 1 × 106/mL utilizing the PDO medium adding 150 U/mL IL2. PDOs and PBMCs were incubated at a ratio of 1:20 and a half medium change was performed every other day adding IL2 to a final concentration of 150 U/mL




2.5. Immunohistochemistry


For immunohistochemistry, tissue was cut into 2 µm-slices, deparaffinized in xylene and hydrated in a graded series of alcohols. Heat-induced retrieval was either performed for 8 (CD4, CD8, CD45, CD68, CD163, FOXP3) or 10 (CD14, CCR2, TIM3) minutes with citrate buffer (pH = 6.0) or for 4 min with citrate buffer (pH = 7.0) (CD86). Alternatively, heat induced retrieval was performed in Tris-EDTA buffer (pH = 6.1) for 3 (CD7, CD25) or 10 (PD1) minutes or Tris-EDTA buffer (pH = 9.0) for 5 min (LAG3). After blocking with 30% hydrogen peroxide (PanReac Applichem, ITW Reagents, Darmstadt, Germany), slides were treated with 10% normal goat serum (Invitrogen, Waltham, MA, USA) for CCR2. Subsequently, the primary antibody was applied over night at 4 °C (CCR2, LAG3, PD1 and TIM3) or 1 h at room temperature (CD4, CD7, CD8, CD14, CD25, CD45, CD68, CD86, CD163 and FOXP3) (CD4 (396202, BioLegend, San Diego, CA, USA, clone: A17070D, dilution: 1:200), CD7 (M7255, Dako, clone: CBC37, dilution: 1:500), CD8 (372902, BioLegend, clone: C8/144B, dilution: 1:80), CD14 (ab183322, abcam, clone: SP192, dilution; 1:800), CD25 (MA5-12680, Thermo Fisher, Waltham, MA, USA clone: IL2R.1, dilution: 1:40), CD45 (M0701, Dako, clone: 1B11+PD7/26, dilution: 1:2000), CD68 (KiM1P, was gifted, dilution: 1:1000), CD86 (MA5-32078, Thermo Fisher, clone: SJ20-00, dilution: 1:400), CD163 (NCL-CD163, Leica, clone: 10D6, dilution: 1:800), CCR2 (ab209236, abcam, clone: EPR20261, dilution: 1:400), FOXP3 (ab20034, abcam, clone: 236A/E7, dilution: 1:400), LAG3 (PA5-97917, Thermo Fisher, clone: 29-450AA, dilution: 1:1000), PD1 (ab52587, abcam, clone: NAT105, dilution: 1:400), TIM3 (MA5-32841, Thermo-Fisher, clone: E5, dilution: 1:800)). Slides were then incubated with the secondary antibody for 20 min and labeled (HiDef Detection™ HRP 2-step Polymer Detection System, Cell Marque, Rocklin, CA, USA). Diaminobenzadine (N-Histofine DAB 2V, Nichisei Biosciences inc., Chuo, Tokyo, Japan) was applied for 5 min (CCR2), 7 min (CD68, LAG3 and PD1) or 10 min (CD4, CD7, CD8, CD14, CD25, CD45, CD86, CD163, FOXP3, TIM3) and after rinsing with water, cell nuclei were counterstained using hemalum solution acid and mounted. Tonsil tissue was used as a positive control.



For the PT as well as the OSCs, five representative areas of view per slide were photographed using microscope (Olympus BX50), camera (Olympus DP27) and software (Olympus cellSense Entry, all Shinjuku, Tokyo, Japan) with standardized settings at 40× magnification. The whole PDO was photographed and analyzed. We detected positive staining intensity via the batch processing function of the open source program Fiji [38] by applying a specialized macro. Finally, we calculated the absolute and relative expression of all antigens for each PDOs/OSCs. All analyses were monitored and counterchecked by an experienced neuropathologist.




2.6. Statistical Analysis


Analyses were performed using IBM SPSS Statistics 27 (SPSS Worldwide, Chicago, IL, USA). For patients’ characteristics we performed descriptive statistics, displaying either absolute and relative numbers or mean with range (minimum/maximum) wherever suitable. Data was examined for Gaussian distribution by Kolmogorov–Smirnov testing before testing for significance was conducted. We performed ANOVA for equally distributed data and the Friedmann’s test for non-equally distributed data in order to determine significant differences in the antigen-expression patterns during the course of time in PDOs and OSCs. Differences in antigen expression patterns in PT, nPDOs and ePDOs were calculated using t-test. Effect size was calculated by Pearson’s correlation coefficient r. Data was regarded as significant if α < 0.05. Whenever percentages are given, they refer to the total cell count.





3. Results


3.1. Characterization of Patient Cohort


To establish the described ex vivo GBM models, tumor samples of 13 GBM IDH wildtype, CNS WHO grade 4 patients were utilized (Table 1). Patients were between 33 and 80 years old with a median age of 63.4 years and had a KPS between 70 and 100 with a median KPS of 86. A methylated MGMT promoter in tumor cells was found in 8 patients, whereas 5 patients had an unmethylated MGMT promoter (cut off 10%).




3.2. TME Expression in PT


We investigated the antigen expression patterns of cellular TME components in PT and found low abundance of CD7+ cells (0.7%). T lymphocytes were also found in low levels, especially cytotoxic CD8+ T-cells (0.6%). CD4+ T helper cells could be detected in higher numbers (2.2%). Regulatory T-cells were not present (CD25+, FOXP3+). In general, the most abundant cell type in PT were myeloid cells. CD14+ monocytes represented 20.6% and among CD68+ macrophages (30.5%), M1-macrophages (iNOS+), whose presence was rather low (1.2%), M2-macrophages (CD163+), which displayed the largest TAM fraction (16.7%) and CCR2+ peripheral macrophages (3.8%) were found. TIM3 (16.1%) showed the highest expression of all inhibitory receptors, followed by LAG3 (2.5%) and PD1 (2.0%). Data are shown in Figure 1.




3.3. TME Expression in PDOs


There were significant differences in the CD4+ count when comparing PT (2.2%) to PDOs at day 14 (0.6%) (p = 0.04). While CD8+ represented 0.6% in PT, none were detectable in PDOs at day 14. CD14+ monocytes decreased significantly from PT (20.6%) after 14 days of culture (7.5%) (p = 0.03). In contrast, CD68+ macrophages increased from 30.5% at PT to 34.7% in PDOs at day 7, but dropped significantly from day 7 to 22.8% at day 14 (p = 0.001). iNOS+ M1 macrophages dropped from 1.2% in PT to 0.7% at day 14 in PDOs, as well as M2 macrophages from 16.7% in PT to 8.4% in PDOs at day 14. CCR2+ peripheral macrophages declined from PT (3.8%) to day 14 (0.7%). CD25+ regulatory T-cells were sparsely present in PT, but absent in PDOs at day 14. Concerning the checkpoint protein expression pattern, PD1 and LAG3 expression declined significantly until day 14 in PDOs compared to PT (both p = 0.03). TIM3 and FOXP3 expression dropped, but not significantly. Data are shown in Figure 2. However, even though the absolute count of immune cells decreased in PDOs until day 14 compared to PT, the relative distribution of the TME components did not change. An example of a representative immunohistochemical staining is provided in Figure 3.




3.4. TME Expression in OSC


As PDOs did not reflect the cellular antigen expression patterns to the same extent as PT after longer culture times, we strived for a different ex vivo model. We investigated the TME expression in n = 5 OSCs. OSCs could be cultured up to day 9. Thus, we investigated antigen expression patterns from day 0 (equivalent to PT) to day 9. Surprisingly, OSCs were able to retain TME expression patterns to a higher extent. We did not find any significant alterations up to day 9. CD45+ cells declined (3.8% at day 0, 0.6% at day 9), as well as CD7+ cells and CD4+ cells. The monocytic marker CD14 decreased (16.8% at day 0, 7.7% at day 9), while macrophage markers CD68, CD163 and CCR2 were still expressed at comparable levels (CD68: 14.7% at day 0, 17.7% at day 9; CD163: 14.2% at day 0, 14.2% at day 9; CCR2: 1.5% at day 0, 0% at day 9, respectively). Interestingly, the M1-macrophage marker iNOS completely vanished (0.7% at day 0.0% at day 9). At the end of the culture, regulatory T cells were absent as both CD25 and FOXP3 were not expressed at day 8 or day 9. PD1, TIM3 and LAG3 expressions were initially at a very low level, but dropped further during culture. Data are shown in Figure 4. An example of a representative immunohistochemical staining is provided in Figure 5.




3.5. TME Expression in ePDOs


Since OSCs could not be cultured for longer than nine days, we aimed to enhance the TME in PDOs by co-culturing them with PBMCs. Compared to PDOs, more tumor material was required to generate OSCs. In addition, PDOs stayed stable in culture over several months. However, the organoids did not reflect TME expression patterns as cellular components deteriorated rapidly during culture. Thus, we aimed at enhancing PDOs to better reflect cellular TME patterns and depict a model for immunotherapeutic testing.



In contrast to nPDOs, ePDOs were not affected by significant alterations in TME expression patterns until day 21 when comparing to PT (CD45+, CD4+, CD8+, CD7+ and CD68+ cells). Interestingly, iNOS+, CD14+ and CD163+ cells were practically not detectable in ePDOs after 21 days of culture, despite being present in the corresponding PT. Data are shown in Figure 6. An example of a representative immunohistochemical staining for is provided in Figure 7. Overall, ePDOs were able to reflect TME expression patterns significantly better than nPDOs.





4. Discussion


GBM is one of the most challenging solid tumors to treat, especially in relapse. Here, we presented analysis of TME expression markers in two 3D ex vivo patient-derived models (PDOs and OSCs) as well as a time and cost-effective way to incorporate TME cells in PDOs.



We showed that the TME was not sustained in PDOs and deteriorated after a short time of culture. In contrast, the TME was maintained in OSCs, albeit on low cellular count level. Unfortunately, OSCs could not be cultured longer than 9 days, rendering this model impractical for immunotherapeutic testing over a longer period of time. We found an efficient solution by co-culturing PDOs with PBMCs from healthy donors. Cellular TME patterns could be persevered until day 21, which enables longer experimental setups.



Monocytes and macrophages were not as strongly represented in the ePDO model. As we did not stimulate macrophages per se using IL13 and IL4, but used PBMCs after ten days of culture with supplementation of IL2, lymphocytes were preselected over macrophages.



According to recent studies [39,40,41], macrophages and microglia exhibit several important functions in glioblastoma organoids. Both are known to produce cytokines, such as tumor necrosis factor (TNF)-α, interleukin 1 (IL1), and interleukin 6 (IL6), which can impact GBM cell behavior and contribute to tumor growth, angiogenesis, and invasion. Moreover, macrophages and microglia can modulate stress levels and cell viability in glioblastoma organoids by producing factors such as TGF-β and reactive oxygen species (ROS), as well as through phagocytosis of GBM cells. Furthermore, macrophages and microglia can interact with other cells of the TME and the tumor itself through various mechanisms, including cell-to-cell contact and secreted factors. These interactions can influence GBM behavior, such as migration, invasion, and therapy response, by modulating signaling pathways and immune responses within the organoids. Importantly, GBM organoids have also been used to investigate the dynamic changes in macrophage and microglia populations upon treatment. For instance, studies have shown that radiotherapy, a common treatment for GBM, can impact the composition and function of macrophages and microglia in GBM organoids, which may have implications for the response of GBM to therapy and the development of therapy resistance. These studies highlight the significant role of macrophages and microglia in GBM organoids, specifically in terms of cytokine production, modulation of stress levels and cell viability, interactions with other cells, and dynamic changes upon treatment. Further research in this area could provide valuable insights into the complex interplay between immune cells and GBM cells in organoid models, with potential implications for the development of novel therapeutic strategies for GBM.



The interaction of GBM and TME is mutual. We did not evaluate how tumor metabolism is influenced by incorporating PBMCs in the ePDOs nor did we analyze whether the phenotype of immune cells is changed after incubation with PDOs. Thus, we cannot make a statement about possible alterations due to co-culturing with GBM cells and the impact of the tumor on the differentiation of immune cells and vice versa. This would be an interesting aspect to study in order to characterize GBM-TME interactions closer and to investigate possible therapeutic approaches that could enhance the efficacy of immunotherapy in GBM.



As a next step, the ePDO model could be tested with various immunotherapeutic approaches in order to mimic the reality of the GBM-TME interactions even better. Manufacturing is technically feasible and cost-effective. In the future, ePDOs could be applied to draw a sophisticated conclusion whether therapies should be further explored and evaluated for a clinical setting.




5. Conclusions


We evaluated cellular TME antigen expression patterns using two different ex vivo tumor models and found that PDOs were not able to sustain the cellular TME, while OSCs were able to maintain TME cell types at a low expression level. However, we did not manage to culture OSCs longer than nine days, which renders this model sufficient but impractical for testing novel immunological approaches. Thus, we aimed for an optimized 3D ex vivo model that could serve for testing new therapeutic strategies in preclinical settings. By co-culturing PDOs with PBMCs, we showed that cellular TME expression patterns could be preserved for 21 days. This optimized PDO model can be efficiently generated, is easy to maintain and can serve as an excellent ex vivo approach to mirror the complex interactions of GBM and TME in the future.







Author Contributions


V.N., M.L. and C.M.M. participated in the design of the study. V.N., J.E. and N.G. performed the experiments. V.N., J.E. and N.G. performed the data analysis and interpretation with help of C.M.M. V.N., A.F.K., T.S., R.C.N., M.B., J.H., T.N. and M.L. provided the samples. V.N. and C.M.M. coordinated the work. V.N. and C.M.M. drafted the manuscript with the help of and critical revision by A.R., T.S., R.C.N., A.F.K., M.B., C.H., M.L. and R.-I.E. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Interdisciplinary Center of Clinical Research (IZKF, B-450) Würzburg, Bavarian Center of Cancer Research (BZKF) and the publication supported by Open Access Publishing Fund of the University of Würzburg.




Institutional Review Board Statement


This study was approved by the Institutional Review Board of the University Hopsital of Würzburg (#22/20-me) on 15 October 2020.




Informed Consent Statement


Written informed consent has been obtained from the patients to publish this paper.




Data Availability Statement


Data are available upon request.




Acknowledgments


We would like to thank Michaela Hartmann, Dagmar Hemmerich, Petra Herud, Elisabeth Kaufmann and Siglinde Kühnel for technical support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Robert Koch Institut. Zentrum Für Krebsregisterdaten. Available online: https://www.krebsdaten.de/Krebs/DE/Home/homepage_node.html (accessed on 23 April 2023).

	



Stupp, R.; Mason, W.P.; van den Bent, M.J.; Weller, M.; Fisher, B.; Taphoorn, M.J.B.; Belanger, K.; Brandes, A.A.; Marosi, C.; Bogdahn, U.; et al. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N. Engl. J. Med. 2005, 352, 987–996. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Herrlinger, U.; Tzaridis, T.; Mack, F.; Steinbach, J.P.; Schlegel, U.; Sabel, M.; Hau, P.; Kortmann, R.-D.; Krex, D.; Grauer, O.; et al. Lomustine-temozolomide combination therapy versus standard temozolomide therapy in patients with newly diagnosed glioblastoma with methylated MGMT promoter (CeTeG/NOA-09): A randomised, open-label, phase 3 trial. Lancet 2019, 393, 678–688. [Google Scholar] [CrossRef] [PubMed]

	



Rehman, A.A.; Elmore, K.B.; Mattei, T.A. The effects of alternating electric fields in glioblastoma: Current evidence on therapeutic mechanisms and clinical outcomes. Neurosurg. Focus 2015, 38, E14. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Diaz, R.J.; Ali, S.; Qadir, M.G.; De La Fuente, M.I.; Ivan, M.E.; Komotar, R.J. The role of bevacizumab in the treatment of glioblastoma. J. Neurooncol. 2017, 133, 455–467. [Google Scholar] [CrossRef] [PubMed]

	



Patil, C.G.; Yi, A.; Elramsisy, A.; Hu, J.; Mukherjee, D.; Irvin, D.K.; Yu, J.S.; Bannykh, S.I.; Black, K.L.; Nuño, M.; et al. Prognosis of patients with multifocal glioblastoma: A case-control study. J. Neurosurg. 2012, 117, 705–711. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Esteller, M.; Garcia-Foncillas, J.; Andion, E.; Goodman, S.N.; Hidalgo, O.F.; Vanaclocha, V.; Baylin, S.B.; Herman, J.G. Inactivation of the DNA-repair gene MGMT and the clinical response of gliomas to alkylating agents. N. Engl. J. Med. 2000, 343, 1350–1354. [Google Scholar] [CrossRef]

	



Rivera, A.L.; Pelloski, C.E. Diagnostic and prognostic molecular markers in common adult gliomas. Expert. Rev. Mol. Diagn. 2010, 10, 637–649. [Google Scholar] [CrossRef]

	



Einsele, H.; Borghaei, H.; Orlowski, R.; Subklewe, M.; Roboz, G.J.; Zugmaier, G.; Kufer, P.; Iskander, K.; Kantarjian, H.M. The BiTE (bispecific T-cell engager) platform: Development and future potential of a targeted immuno-oncology therapy across tumor types. Cancer 2020, 126, 3192–3201. [Google Scholar] [CrossRef]

	



Choi, B.D.; Suryadevara, C.M.; Gedeon, P.C.; Herndon, J.E., 2nd; Sanchez-Perez, L.; Bigner, D.D.; Sampson, J.H. Intracerebral delivery of a third generation EGFRvIII-specific chimeric antigen receptor is efficacious against human glioma. J. Clin. Neurosci. 2014, 21, 189–190. [Google Scholar] [CrossRef][Green Version]

	



Ahmed, N.; Brawley, V.; Hegde, M.; Bielamowicz, K.; Kalra, M.; Landi, D.; Robertson, C.; Gray, T.L.; Diouf, O.; Wakefield, A.; et al. HER2-Specific Chimeric Antigen Receptor-Modified Virus-Specific T Cells for Progressive Glioblastoma: A Phase 1 Dose-Escalation Trial. JAMA Oncol. 2017, 3, 1094–1101. [Google Scholar] [CrossRef]

	



O’Rourke, D.M.; Nasrallah, M.P.; Desai, A.; Melenhorst, J.J.; Mansfield, K.; Morrissette, J.J.D.; Martinez-Lage, M.; Brem, S.; Maloney, E.; Shen, A.; et al. A single dose of peripherally infused EGFRvIII-directed CAR T cells mediates antigen loss and induces adaptive resistance in patients with recurrent glioblastoma. Sci. Transl. Med. 2017, 9, eaaa0984. [Google Scholar] [CrossRef][Green Version]

	



Brown, C.E.; Badie, B.; Barish, M.E.; Weng, L.; Ostberg, J.R.; Chang, W.C.; Naranjo, A.; Starr, R.; Wagner, J.; Wright, C.; et al. Bioactivity and Safety of IL13Ralpha2-Redirected Chimeric Antigen Receptor CD8+ T Cells in Patients with Recurrent Glioblastoma. Clin. Cancer Res. 2015, 21, 4062–4072. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Monie, D.D.; Bhandarkar, A.R.; Parney, I.F.; Correia, C.; Sarkaria, J.N.; Vile, R.G.; Li, H. Synthetic and systems biology principles in the design of programmable oncolytic virus immunotherapies for glioblastoma. Neurosurg. Focus 2021, 50, E10. [Google Scholar] [CrossRef] [PubMed]

	



Estevez-Ordonez, D.; Chagoya, G.; Salehani, A.; Atchley, T.J.; Laskay, N.M.; Parr, M.S.; Elsayed, G.A.; Mahavadi, A.K.; Rahm, S.P.; Friedman, G.K.; et al. Immunovirotherapy for the Treatment of Glioblastoma and Other Malignant Gliomas. Neurosurg. Clin. N. Am. 2021, 32, 265–281. [Google Scholar] [CrossRef] [PubMed]

	



Henze, J.; Tacke, F.; Hardt, O.; Alves, F.; Al Rawashdeh, W. Enhancing the Efficacy of CAR T Cells in the Tumor Microenvironment of Pancreatic Cancer. Cancers 2020, 12, 1389. [Google Scholar] [CrossRef]

	



Tang, H.; Qiao, J.; Fu, Y.X. Immunotherapy and tumor microenvironment. Cancer Lett. 2016, 370, 85–90. [Google Scholar] [CrossRef][Green Version]

	



Tian, Y.; Li, Y.; Shao, Y.; Zhang, Y. Gene modification strategies for next-generation CAR T cells against solid cancers. J. Hematol. Oncol. 2020, 13, 54. [Google Scholar] [CrossRef]

	



Poorebrahim, M.; Melief, J.; de Coaña, Y.P.; Wickström, S.L.; Cid-Arregui, A.; Kiessling, R. Counteracting CAR T cell dysfunction. Oncogene 2021, 40, 421–435. [Google Scholar] [CrossRef]

	



Charles, N.A.; Holland, E.C.; Gilbertson, R.; Glass, R.; Kettenmann, H. The brain tumor microenvironment. Glia 2012, 60, 502–514. [Google Scholar] [CrossRef]

	



Raguraman, R.; Parameswaran, S.; Kanwar, J.R.; Khetan, V.; Rishi, P.; Kanwar, R.K.; Krishnakumar, S. Evidence of Tumour Microenvironment and Stromal Cellular Components in Retinoblastoma. Ocul. Oncol. Pathol. 2019, 5, 85–93. [Google Scholar] [CrossRef]

	



Vitale, I.; Manic, G.; Coussens, L.M.; Kroemer, G.; Galluzzi, L. Macrophages and Metabolism in the Tumor Microenvironment. Cell Metab. 2019, 30, 36–50. [Google Scholar] [CrossRef] [PubMed]

	



Buonfiglioli, A.; Hambardzumyan, D. Macrophages and microglia: The cerberus of glioblastoma. Acta Neuropathol. Commun. 2021, 9, 54. [Google Scholar] [CrossRef] [PubMed]

	



Roesch, S.; Rapp, C.; Dettling, S.; Herold-Mende, C. When Immune Cells Turn Bad-Tumor-Associated Microglia/Macrophages in Glioma. Int. J. Mol. Sci. 2018, 19, 436. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Bungert, A.D.; Urbantat, R.M.; Jelgersma, C.; Bekele, B.M.; Mueller, S.; Mueller, A.; Felsenstein, M.; Dusatko, S.; Blank, A.; Ghori, A.; et al. Myeloid cell subpopulations compensate each other for Ccr2-deficiency in glioblastoma. Neuropathol. Appl. Neurobiol. 2023, 49, e12863. [Google Scholar] [CrossRef]

	



Ransohoff, R.M. Chemokines and chemokine receptors: Standing at the crossroads of immunobiology and neurobiology. Immunity 2009, 31, 711–721. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Sielska, M.; Przanowski, P.; Wylot, B.; Gabrusiewicz, K.; Maleszewska, M.; Kijewska, M.; Zawadzka, M.; Kucharska, J.; Vinnakota, K.; Kettenmann, H.; et al. Distinct roles of CSF family cytokines in macrophage infiltration and activation in glioma progression and injury response. J. Pathol. 2013, 230, 310–321. [Google Scholar] [CrossRef]

	



Vanichapol, T.; Chutipongtanate, S.; Anurathapan, U.; Hongeng, S. Immune Escape Mechanisms and Future Prospects for Immunotherapy in Neuroblastoma. Biomed. Res. Int. 2018, 2018, 1812535. [Google Scholar] [CrossRef]

	



Tahmasebi, S.; Elahi, R.; Esmaeilzadeh, A. Solid Tumors Challenges and New Insights of CAR T Cell Engineering. Stem. Cell Rev. Rep. 2019, 15, 619–636. [Google Scholar] [CrossRef]

	



Navin, I.; Lam, M.T.; Parihar, R. Design and Implementation of NK Cell-Based Immunotherapy to Overcome the Solid Tumor Microenvironment. Cancers 2020, 12, 3871. [Google Scholar] [CrossRef]

	



Parihar, R.; Rivas, C.; Huynh, M.; Omer, B.; Lapteva, N.; Metelitsa, L.S.; Gottschalk, S.M.; Rooney, C.M. NK Cells Expressing a Chimeric Activating Receptor Eliminate MDSCs and Rescue Impaired CAR-T Cell Activity against Solid Tumors. Cancer Immunol. Res. 2019, 7, 363–375. [Google Scholar] [CrossRef]

	



Martinez, M.; Moon, E.K. CAR T Cells for Solid Tumors: New Strategies for Finding, Infiltrating, and Surviving in the Tumor Microenvironment. Front. Immunol. 2019, 10, 128. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Nickl, V.; Schulz, E.; Salvador, E.; Trautmann, L.; Diener, L.; Kessler, A.F.; Monoranu, C.M.; Dehghani, F.; Ernestus, R.-I.; Löhr, M.; et al. Glioblastoma-Derived Three-Dimensional Ex Vivo Models to Evaluate Effects and Efficacy of Tumor Treating Fields (TTFields). Cancers 2022, 14, 5177. [Google Scholar] [CrossRef] [PubMed]

	



Merz, F.; Gaunitz, F.; Dehghani, F.; Renner, C.; Meixensberger, J.; Gutenberg, A.; Giese, A.; Schopow, K.; Hellwig, C.; Schäfer, M.; et al. Organotypic slice cultures of human glioblastoma reveal different susceptibilities to treatments. Neuro. Oncol. 2013, 15, 670–681. [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]

	



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]

	



Louis, D.N.; Perry, A.; Wesseling, P.; Brat, D.J.; Cree, I.A.; Figarella-Branger, D.; Hawkins, C.; Ng, H.K.; Pfister, S.M.; Reifenberger, G.; et al. The 2021 WHO Classification of Tumors of the Central Nervous System: A summary. Neuro-Oncology 2021, 23, 1231–1251. [Google Scholar] [CrossRef]

	



Feldheim, J.; Kessler, A.F.; Schmitt, D.; Wilczek, L.; Linsenmann, T.; Dahlmann, M.; Monoranu, C.M.; Ernestus, R.-I.; Hagemann, C.; Löhr, M. Expression of activating transcription factor 5 (ATF5) is increased in astrocytomas of different WHO grades and correlates with survival of glioblastoma patients. OncoTargets Ther. 2018, 11, 8673–8684. [Google Scholar] [CrossRef][Green Version]

	



Sabate-Soler, S.; Nickels, S.L.; Saraiva, C.; Berger, E.; Dubonyte, U.; Barmpa, K.; Lan, Y.J.; Kouno, T.; Jarazo, J.; Robertson, G.; et al. Microglia integration into human midbrain organoids leads to increased neuronal maturation and functionality. Glia 2022, 70, 1267–1288. [Google Scholar] [CrossRef]

	



Klein, E.; Hau, A.-C.; Oudin, A.; Golebiewska, A.; Niclou, S.P. Glioblastoma Organoids: Pre-Clinical Applications and Challenges in the Context of Immunotherapy. Front. Oncol. 2020, 10, 604121. [Google Scholar] [CrossRef]

	



Xuan, W.; Lesniak, M.S.; James, C.D.; Heimberger, A.B.; Chen, P. Context-Dependent Glioblastoma-Macrophage/Microglia Symbiosis and Associated Mechanisms. Trends Immunol. 2021, 42, 280–292. [Google Scholar] [CrossRef]








[image: Cancers 15 02698 g001 550] 





Figure 1. Relative expression of tumor microenvironment (TME) cells in primary tissue (PT). n = 10 patients. The relative expression of antigen patterns in GBM is given in [%]; PT is displayed in bar plots; whiskers indicate standard deviation. 
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Figure 2. Alteration of TME cell presence over time in PT and in patient-derived organoids (PDOs) at day 7 and 14 of culture. n = 9 patients. The relative expression of cellular TME components [%] was quantified in PT (blue) and at day 7 (violet) and day 14 (green) of PDO culture: (A) CD45, (B) CD7, (C) CD4, (D) CD8, (E) CD14, (F) CD68, (G) iNOS, (H) CD163, (I) CCR2, (J) CD25, (K) PD1, (L) FOXP3, (M) TIM3, (N) LAG3; Whiskers indicate standard deviation; significant differences are indicated. 
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Figure 3. Example of representative immunohistochemical images for the TME composition in PT and in PDO day 7 and PDO day 14 (patient 6, Scale bar: 50 µm, magnification 40×). 
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Figure 4. Alteration of TME cell marker abundance over time in organotypic slice culture (OSC) on day 1 to day 9 of culture. n = 5 patients. The relative expression of cellular TME components [%] was quantified from day 0 to day 9 of culture: (A) CD45, (B) CD7, (C) CD4, (D) CD8, (E) CD14, (F) CD68, (G) iNOS, (H) CD163, (I) CCR2, (J) CD25, (K) PD1, (L) FOXP3, (M) TIM3, (N) LAG3. No significant differences between day 0 and day 9 could be shown in antigen expression; Whiskers indicate standard deviation; significant differences are indicated. 
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Figure 5. Example of representative immunohistochemical images for the TME composition in OSCs on day 1, day 2, day 4 and day 7 of culture (patient 5, Scale bar: 50 µm, magnification 40×). 
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Figure 6. Expression of cellular TME markers in normal PDOs (nPDOs) and enhanced PDOs (ePDOs) at day 0, 7, 14 and 21 compared to PT. n = 3 patients. The relative expression of cellular TME components [%] was quantified in PT (blue) and at day 7 (green), day 14 (orange) and day 21 (red) of PDO culture in nPDOs and ePDOs: (A) CD45, (B) CD7, (C) CD4, (D) CD8, (E) CD14, (F) CD68, (G) iNOS, (H) CD163; Whiskers indicate standard deviation; significant differences are indicated. 
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Figure 7. Example of representative immunohistochemical images for the TME in PT, in ePDO and nPDO (patient 13, Scale bar: 50 µm, magnification 40×). 
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Table 1. Clinical parameters of glioblastoma samples and the models they were utilized for. ID = identification number; GBM = glioblastoma; ODG = oligodendroglioma; KPS = Karnofsky performance score; MGMT = O6-methylguanine-DNA methyltransferase; IDH = isocitrate dehydrogenase; ATRX = α thalassemia/mental retardation syndrome X-linked; OSC = organotypic slice cultures; nPDO = normal patient derived organoids; ePDO = enhanced patient-derived organoids; N/A = not analyzed.
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	ID
	Sex
	Age [Years]
	Histology
	KPS
	Ki67 [%]
	MGMT Promoter Methylation
	MGMT Promoter Methylation [%]
	IDH1 Mutation
	IDH2 Mutation
	ATRX Expression
	Experiment





	1
	m
	74
	GBM
	90
	20
	no
	4
	0
	0
	1
	OSC



	2
	w
	55
	GBM
	80
	20
	yes
	22
	0
	0
	1
	nPDO



	3
	w
	56
	GBM
	70
	25
	yes
	25
	0
	0
	1
	nPDO



	4
	w
	59
	GBM
	90
	30
	yes
	44
	0
	0
	1
	nPDO



	5
	m
	74
	GBM
	80
	20
	no
	N/A
	0
	0
	1
	OSC, nPDO



	6
	m
	68
	GBM
	80
	30
	yes
	24
	0
	0
	1
	OSC, nPDO



	7
	w
	73
	GBM
	90
	25
	yes
	57
	0
	0
	1
	OSC, nPDO



	8
	m
	64
	GBM
	80
	40
	no
	4
	0
	0
	1
	OSC, nPDO



	9
	m
	80
	GBM
	90
	20
	no
	N/A
	0
	0
	1
	nPDO



	10
	w
	69
	GBM
	90
	25
	yes
	71
	0
	0
	1
	nPDO



	11
	w
	64
	GBM
	90
	20
	no
	8
	0
	0
	1
	ePDO



	12
	w
	70
	GBM
	80
	50
	yes
	64
	0
	0
	1
	ePDO



	13
	m
	33
	GBM
	100
	20
	yes
	5
	0
	0
	1
	ePDO
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