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Abstract

:

The transcription factor SOX11 is a tumor-associated antigen with low expression in normal cells, but overexpression in glioblastoma (GBM). So far, conventional surgery, chemotherapy, and radiotherapy have not substantially improved the dismal prognosis of relapsed/refractory GBM patients. Immunotherapy is considered a promising strategy against GBM, but there is a fervent need for better immunotargets in GBM. To this end, we performed an in silico prediction study on SOX11, which primarily yielded ten promising HLA-A*0201-restricted peptides derived from SOX11. We defined a novel peptide FMACSPVAL, which had the highest score according to in silico prediction (6.02 nM by NetMHC-4.0) and showed an exquisite binding affinity to the HLA-A*0201 molecule in the peptide-binding assays. In the IFN-γ ELISPOT assays, FMACSPVAL demonstrated a high efficiency for generating SOX11-specific CD8+ T cells. Nine out of thirty-two healthy donors showed a positive response to SOX11, as assessed by the ELISPOT assays. Therefore, this novel antigen peptide epitope seems to be promising as a target for T cell-based immunotherapy in GBM. The adoptive transfer of in vitro elicited SOX11-specific CD8+ T cells constitutes a potential approach for the treatment of GBM patients.
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1. Introduction


Brain tumors can arise in all age groups, being especially devastating in children, and they are the leading cause of cancer-related mortality and morbidity [1]. Glioma is one of the most common primary tumors in the brain, accounting for about 81% of central nervous system (CNS) malignancies [2]. The most common subtype of glioma is GBM, which has a 5-year survival rate of ~5% [3]. The blood–brain barrier prevents the majority of antitumor drugs from entering the brain. This constitutes a major obstacle for the development of antiglioma drugs [4]. Conventional surgery, chemotherapy, and radiotherapy have made limited improvements in the prognosis of glioma patients [5]. Because of its minimal side effects, tumor-specific cytotoxicity, and durable antitumor effect, T cell-based immunotherapy is regarded as a promising therapeutic approach for incurable malignant gliomas [6]. However, endogenously activated T cells induced by immunotherapies such as vaccination may not be sufficient to control tumor cells, since the tumor-specific antigens can serve as self-antigens or the tumor can escape the immune response through its immune-evasion mechanisms [7]. Recently, a large number of immunotherapeutic clinical trials with tumor cell or dendritic cell (DC) vaccines for glioma patients have been performed [6,8]. However, these trials failed to effectively expand tumor-antigen-specific T cells, suggesting that the endogenous activation of T cells is insufficient to control tumors [6,8]. A strategy to overcome these limitations is adoptive T cell therapy, in which tumor-specific T cells are rapidly expanded ex vivo and then transferred to patients. In this way, peripheral blood mononuclear cells (PBMCs) are repetitively stimulated by tumor-associated antigens presented by antigen-presenting cells (APCs) such as DCs [9]. These cells can be expanded rapidly ex vivo for use in adoptive T cell therapy [10]. Some glioma-associated antigens have been identified over the past few decades, but the antigens most suitable for expanding tumor-specific T cell responses are still under investigation [6]. Cytotoxic T cells recognize tumor cells via the binding of T cell receptors (TCRs) to peptides presented on the cell surface by major histocompatibility complex (MHC) class-I molecules. Peptide binding to MHC molecules is the most selective step in the antigen presentation pathway. The MHC is also known as the human leukocyte antigen (HLA) in humans. There are thousands of different HLA class-I molecules, every human being carries three to six variants, and every HLA molecule binds different peptides. Peptides bind to MHC molecules via anchor residues, and binding motifs can be defined for the various peptides binding to a given MHC molecule. These can be used to predict peptide–MHC binding. One of the first predictors developed was SYFPEITHI [11], based on a collection of MHC class-I and class-II ligands and peptide motifs; more recent developments are the NetMHC family of predictors, based on both binding affinity and eluted MHC ligand data [12,13,14,15,16,17].



SOX genes are developmental regulators that play an important role in neurogenesis, neural crest development, hematopoiesis, chondrogenesis, and stem-cell maintenance. They are also significant for tissue homeostasis and regeneration in adults, particularly in the CNS [18]. The accumulation of genetic mutations in different cell types of the CNS may induce gliomas [19]. The dysfunction and mutation of SOX factors are implicated in a variety of malignancies [9]. There is evidence that the expression of SOX11 is reactivated during tumorigenesis [20]. Moreover, Schmitz et al. identified an immunogenic CD8+ T cell epitope derived from SOX11 [21], which emphasized the suitability of SOX11 as a promising novel target for the immunotherapy of malignant gliomas. Although antigen-targeted immunotherapy has enormous potential to elicit antigen-specific antitumor effects, the lack of effective targets remains a significant obstacle in effectively and safely treating glioblastoma and other malignant gliomas with low mutation loads [22].



The aim of this study was to investigate the suitability of SOX11 peptides as a target antigen for the immunotherapy of glioma. We predicted and experimentally verified HLA-A*A0201 binders and analyzed the IFN-γ secretion of T cells after priming by peptide-pulsed mature DCs in healthy donors using ELISPOT assays and flow cytometry. An immunogenic HLA-A*0201-restricted peptide derived from SOX11 was proved to be effective in activating tumor-specific CD8+ T cells response. This novel CD8+ T cell epitope may serve as an attractive candidate for a T cell-based immunotherapy for glioma.




2. Results


The immunotherapy of GBM relies on well-defined immunogen peptides. In order to identify such peptides, we performed an in silico prediction and selected ten promising HLA-A*0201-restricted peptides derived from SOX11. The novel peptide FMACSPVAL, which had the highest prediction score, showed a strong binding affinity to the HLA-A*0201 molecule in vitro. We compared two different methods for generating peptide-specific CD8+ T cells. In the IFN-γ ELISPOT assays, FMACSPVAL demonstrated a high efficiency for generating SOX11-specific CD8+ T cells. After stimulation, the FMACSPVAL-specific CD8+ T cells showed an increase in TNF-α secretion, as detected by intracellular cytokine staining. Additionally, the killing of a target cell line expressing SOX11 was observed.



2.1. Peptides Derived from SOX11 as Defined by In Silico Prediction


In order to determine whether SOX11 could serve as a molecular target antigen for glioma-specific CD8+ T cells, potential HLA-A*0201 ligands were selected from the amino acid sequence of SOX11 using 11 HLA ligand prediction algorithms, identified through the MHC combine tool (https://mhccombine.dkfz.de/mhccombine/, accessed on 14 July 2017, and again on 2 May 2022) [23]. We further included the peptide LLRRYNVAKV from SOX11, which was previously described as a potential HLA-A*0201 ligand [21], even though it was only predicted to be a weak or non-HLA-A*0201 binder in our study. The MART-1 analogue peptide (ELAGIGILTV) was used as a positive control [24].



We chose the nine most promising HLA-A*0201-binding peptides from the various predictions, sorted according to the NetMHC-4.0 binding affinity results in Table 1. Among the nine peptides, FMACSPVAL had a NetMHC-4.0 predicted binding affinity of 6.02 nM and was therefore regarded as the most promising peptide. All eleven peptides were synthesized and used for in vitro HLA-A*0201-binding assays and the generation of peptide-specific CD8+ T cells.




2.2. Experimental HLA-A*02-Binding Affinity of Predicted Peptides on T2 Cells


To evaluate the binding affinity of the ten SOX11 peptides (one previously published peptide (LLRRYNVAKV) and nine peptides identified by in silico prediction, see Table 1) to HLA-A*0201 molecules, a peptide-binding assay was performed on T2 cells in vitro, with detection via flow cytometry. For all experiments, samples from healthy donors were used, and HLA typing was performed (Figure 1). The peptide ELAGIGILTV was used as a positive control, and cells without peptides were used as a negative control.



As shown in Figure 2, the binding affinity of the peptide FMACSPVAL was much higher than that of the peptide ELAGIGILTV and the peptide LLRRYNVAKV (previously reported in [21]). The % MFI increase of the peptide FMACSPVAL was 256.8%, while the % MFI increase of the peptides ELAGIGILTV and LLRRYNVAKV were 178.2% and −24.6%, respectively. The peptides FMACSPVALD, EFMACSPVAL, SLYDEVRAGA, and LMFDLSLNF had % MFI increases of 124.2%, 42.5%, 7.4%, and 15.1%, respectively. Other predicted peptides did not have a higher binding affinity than the negative control. Of the nine newly predicted binders, the most strongly predicted peptide FMACSPVAL indeed proved to be a strong binder, even stronger than the positive control. The peptide FMACSPVALD also showed robust binding. Two peptides (EFMACSPVAL, LMFDLSLNF) showed intermediate binding, and one (SLYDEVRAGA) showed binding just above the background value. It is interesting to note that EFMACSPVAL was predicted to be a strong binder by NetMHC-4.0, but only predicted to be a binder at all by one more prediction algorithm, indicating that something may be questionable with this specific NetMHC-4.0 prediction. All other peptides were non-binders in the experimental assay, including the previously published peptide LLRRYNVAKV.



The peptide FMACSPVAL, which had the highest prediction scores out of the nine newly predicted binders, proved to be a stronger binder than the positive control. The peptide FMACSPVALD also showed robust binding. Two peptides (EFMACSPVAL and LMFDLSLNF) showed intermediate binding, and one (SLYDEVRAGA) showed binding just above the background value. We would like to point out that the peptide EFMACSPVAL was predicted to be a strong binder according to NetMHC-4.0 but not the other prediction algorithm. This result indicates that a careful comparison of the prediction tools’ analyses and an experimental confirmation are essential. All other peptides were non-binders in the experimental assay, including the previously reported peptide LLRRYNVAKV.




2.3. In Vitro Generation of CD8+ T Cells Recognizing the SOX11-Derived Peptides


As the predictions and experimental binding assays did not yield concordant results in all cases, we decided to include all predicted peptides in the T cell assays. In this study, we used two methods to generate the peptide-specific CD8+ T cells. We call our first method for generating peptide-specific CD8+ T cells the long method. In the long method, T cells were isolated from different healthy-donor blood samples and were weekly stimulated with peptide-pulsed mature DCs. After two stimulation cycles, peptide-specific CD8+ T cells were evaluated via IFN-γ ELISPOT assays. In the second method, called the short method, cryopreserved PBMCs from different healthy-donor blood samples were thawed and cultured with selected peptides and cytokines. This allowed for the generation of DCs within the PBMCs without prior separation. The cells were tested for the presence of peptide-specific CD8+ T cells by IFN-γ ELISPOT assays and intracellular flow cytometry staining. We did not perform a re-stimulation in this setting. All eleven peptides, including one positive peptide (ELAGIGILTV), one previously reported peptide (LLRRYNVAKV), and nine peptides identified by in silico prediction, were used for the in vitro generation of peptide-specific CD8+ T cells. As shown in Table 2, for the positive-control peptide ELAGIGILTV, three of the four healthy-donor samples presented positive antigen-specific responses, as detected by the IFN-γ ELISPOT assay, after stimulation via the long method, and eight out of eighteen healthy donors presented positive antigen-specific responses after stimulation via the short method. Therefore, the long method was more likely to generate peptide-specific CD8+ T cells than the short method.



For the peptides FMACSPVAL and LLRRYNVAKV, the ratios of the number of healthy donors showing positive responses to all healthy donors were 6:14 and 1:14, respectively, according to the ELISPOT assay when using the long method, whereas the ratios were 3:18 and 1:8, respectively, when using the short method. FMACSPVAL-specific CD8+ T cells demonstrated the highest immunogenic capability of all tested peptides, including the previously described peptide LLRRYNVAKV, no matter the method used (Table 2). In addition, FMACSPVAL-specific CD8+ T cells were also evaluated by intracellular flow cytometry staining. One out of ten healthy donors displayed higher TNF-α and IFN-γ production after stimulation with the peptide FMACSPVAL compared to the negative control. Taken together, the peptide FMACSPVAL had the highest score according to in silico prediction, the highest binding affinity to the HLA-A*0201 molecules according to the peptide-binding assay on T2 cells, and the highest efficiency for generating SOX11-specific CD8+ T cells according to the IFN-γ ELISPOT assay among the ten selected peptides, including the previously reported peptide LLRRYNVAKV.




2.4. Recognition of Peptide LLRRYNVAKV by T Cells from a Healthy Donor


In a previous study, the SOX11-derived peptide LLRRYNVAKV was considered as a potential HLA-A*0201 ligand to induce glioma-specific CD8+ T cells [21]. Schmitz et al. tested T cell cultures for the presence of peptide-specific CD8+ T cells by chromium release assays after stimulation with the peptide LLRRYNVAKV. In our study, T cells from different healthy donors were weakly stimulated with LLRRYNVAKV-pulsed mature DCs. After two stimulation cycles, T cell cultures were detected for the activation of peptide-specific T cells by an IFN-γ ELISPOT assay. Primed CD8+ T cells were added to peptide-loaded T2 target cells at an effector-to-target ratio of 1:5. Primed T cells added to unloaded T2 cells served as a negative control group. Primed T cells and peptide-loaded T2 cells served as a background group. We observed a significant peptide-specific CD8+ T cell response stimulated by peptide-loaded T2 cells, as indicated by IFN-γ secretion in the ELISPOT assay (Figure 3A). The results are presented as the mean values of quadruplicate determinations (Figure 3B, p < 0.001).




2.5. Recognition of Peptides FMACSPVAL, LMFDLSLNF, and SLYDEVRAGA by T Cells from Healthy Donors


As mentioned above, the peptide FMACSPVAL had the highest score according to the in silico prediction, the highest binding affinity to HLA-A*0201 molecules according to the peptide-binding assay on T2 cells, and the highest efficiency for generating SOX11-specific CD8+ T cells according to the IFN-γ ELISPOT assay among the ten selected peptides, including the previously reported peptide LLRRYNVAKV [21]. Figure 4 shows the significant peptide-specific CD8+ T cell responses in the IFN-γ ELISPOT assay, with 48 h stimulation from FMACSPVAL-loaded T2 cells for six different healthy donors. Primed T cells added to unloaded T2 cells served as a negative control group.



In addition, the IFN-γ ELISPOT data also showed SLYDEVRAGA-specific CD8+ T cell responses from two healthy donors and an LMFDLSLNF-specific CD8+ T cell response from one healthy donor (Figure 4). In this study, we found that three new peptides (FMACSPVAL, LMFDLSLNF, and SLYDEVRAGA) and the previously described peptide LLRRYNVAKV could induce significant peptide-specific CD8+ T cell responses in the IFN-γ ELISPOT assay [21]. These assays demonstrated that the peptide FMACSPVAL, derived from SOX11, yielded the strongest results and could serve as an effective peptide for activating tumor-specific CD8+ T cell responses.



All the positive peptide-specific CD8+ T cell responses for FMACSPVAL, LLRRYNVAKV, LMFDLSLNF, and SLYDEVRAG are shown in Figure 4. The spots were counted and evaluated (Table 3). The results were considered positive when the spot count was at least twice as high as that of the negative control. Mean values were calculated for each group; error bars indicate SD.




2.6. Recognition of Different Peptides by T Cells from Different Healthy Donors


An IFN-γ ELISPOT assay was performed to show the activated peptide-specific T cells induced by different peptides from different healthy donor samples. Figure 5 shows the net mean ELISPOT counts reduced by mean background spot numbers (ELISPOT counts of primed T cells co-cultured with peptide-loaded T2 cells-primed T cells co-cultured with unloaded T2 cells) for different healthy donors. The results showed that the FMACSPVAL-specific CD8+ T cells could induce more IFN-γ-secreting cells when co-cultured with peptide-loaded T2 cells than when co-cultured with unloaded T2 cells in more than 70% of the healthy donor samples, while the LLRRYNVAKV-specific CD8+ T cells induced more IFN-γ-secreting cells under the abovementioned conditions in less than 50% of the healthy donor samples (Figure 5).




2.7. Evaluation of Cytokine Production and Cytotoxicity of Peptide-Specific CD8+ T Cells


In order to evaluate the ability of FMACSPVAL-specific CD8+ T cells to secrete the cytokines IFN-γ and TNF-α after stimulation, intracellular flow cytometry staining was performed. FMACSPVAL-specific CD8+ T cells were incubated with FMACSPVAL-loaded T2 cells for 5 h before intracellular cytokine staining. A non-primed T cell group and an unloaded T2-cell group served as negative controls. The level of IFN-γ production changed slightly. In contrast, TNF-α production was significantly higher in the FMACSPVAL-specific CD8+ T cells incubated with FMACSPVAL-loaded T2 cells when compared with the non-primed T cells incubated with FMACSPVAL-loaded T2 cells group and the FMACSPVAL-specific CD8+ T cells incubated with unloaded T2 cells group (Figure 6).



ELAGIGILTV-specific CD8+ T cells were used as a positive control to measure the IFN-γ and TNF-α secretion ability. The level of IFN-γ production and the level of TNF-α production by ELAGIGILTV-specific CD8+ T cells co-cultured with ELAGIGILTV-loaded T2 cells increased compared to the negative control (Figure 7). To determine whether peptide-specific T cells affected SOX11-positive target cells, we performed a cytotoxicity assay using Granta-519 cells as a target (Figure 8). Granta-519 cells were killed by FMACSPVAL-primed T cells; however, they were not killed by non-primed T cells. Taken together, the peptide FMACSPVAL seemed to be presented by tumor cell lines and was recognized by T cells specific to the HLA-A*0201-restricted FMACSPVAL peptide epitope.





3. Discussion


As great progress has been made in the T cellular immunotherapy of refractory malignancies, therapeutic strategies for glioma are also becoming a new focus. Based on the expression profile, tumor antigens can be roughly divided into three categories: tumor-associated antigens, which have a low expression in normal cells and are overexpressed in tumor cells; cancer germline antigens, which are expressed in tumor cells of different histological origins but silent in normal adult tissues; and tumor-specific antigens, with expression only in tumor cells and not in normal healthy cells [25]. Tumor-associated antigens usually serve as targets for T cells. The selection of an optimal target antigen is one of the most crucial steps in adoptive T cell therapy (ACT). Targeting non-mutated antigens that are overexpressed on tumors but also expressed on normal cells has led to severe off-tumor, on-target toxicity in patients [26]. Appropriate antigens for ACT should be expressed only on tumor cells or non-essential healthy tissue. The transcription factor SOX11 is expressed during embryogenesis but largely absent in most adult differentiated tissues. SOX11 regulates progenitor and stem cell behavior and often acts together with the other two SOXC group members, SOX4 and SOX12, in regulating developmental processes, including neurogenesis and skeletogenesis. The dysregulation of SOX11 has been implicated in a number of diseases, including neurodevelopmental disorders and osteoarthritis, and a wide variety of cancers [27].



Malignant glioma is known to be genetically heterogenous, with a variety of antigen profiles [28]. Difficulty in the identification of ideal tumor antigens for immunotherapy and the immune evasion mechanisms of tumor cells may induce malignant gliomas resistant to T cell responses. So far, several glioma-associated antigens have been identified, but the antigens most suitable for activating the tumor-specific T cell response are still under investigation [7]. Some of these are cell-surface antigens that can be targeted by CAR T cell therapies, and others are derived from intracellular proteins that can be targeted by vaccines or T cell-receptor-transduced T cell therapy [22]. Recently, glioma-specific antigens assessed in preclinical studies have shown potential anti-glioma effects, such as epidermal growth factor receptor variant III (EGFRvIII) [29], human epidermal growth factor receptor 2 (HER2) [30], and erythropoietin-producing hepatocellular carcinoma A2 (EphA2) [31]. In this study, we investigated the suitability of the transcription factor SOX11, a known glioma-associated antigen, as another promising target antigen for immunotherapy.



At the beginning of this study, we used the state-of-the-art prediction server at that time (Table 1), and at the end of the study we checked the selected peptides again with the algorithm (NetMHCpan 4.1) currently considered as the best prediction server (Table 4). According to the recommended readout “Percentile Rank Eluted Ligands” (EL %rank), a value under 0.5 indicates a strong binder, a value under 2.0 a weak binder, and other peptides are non-binders. We could confirm that the peptide with the highest score predicted using NetMHCpan 4.1 also achieved the best results in the experimental examinations. Two further peptides that were analyzed more precisely could also be predicted as binders. All peptides that showed no peptide-specific CD8+ T cell responses in the IFN-γ ELISPOT assay were correctly classified by the latest predictor as non-binders.



An exception was the peptide KMLKDSEKI, which was predicted as a strong binder by NetMHCpan 4.1. This result could not be confirmed in an experimental setup. Moreover, the previously described peptide LLRRYNVAKV was also classified by NetMHCpan 4.1 as a non-binder [21]. In conclusion, the tools were able to make an initial prediction, but an experimental conformation of these results was still needed. The prediction tools cannot entirely replace the further examination of promising peptides, but our latest results confirmed an improvement in the prediction ability of the algorithm.



The ex vivo expansion and manipulation of SOX11-specific T cells is a crucial step for developing effective cancer immunotherapy. However, various protocols exist with differing culture conditions, including stimulation, activation, and supplementation with cytokines, to generate these specific T cells (Table 5). We compared two different manufacturing methods that provided functional tumor-specific T cells and had individual advantages and disadvantages.



The short method could achieve the faster generation of SOX11-specific CD8+ T cells within 12 days. DCs were generated without the additional presorting of cells and were cultured together with PBMCs. Therefore, a smaller amount of frozen PBMCs could be used. This allowed us to repeat experiments with cells from the same healthy donor, and more peptides could be analyzed with PBMCs from the same donor. It was more useful for the fast ex vivo screening of many candidate antigens.



For the long method, fresh PBMCs were needed to obtain mature DCs. The complete duration of the process for generating the peptide-specific T cells was 21 days, because the DCs needed to be matured separately before stimulation. This method had a higher efficiency for generating the SOX11-specific CD8+ T cells (Table 2). This was perhaps in part because the peptide-pulsed mature DCs were added to cultured T cells for a second stimulation, whereas for the short method only one cycle of stimulation with peptides was required to provide peptide-specific T cells. Additionally, for the long method, better results could be achieved when a second stimulation was added. The longer method seemed to generate a higher proportion of SOX11-specific CD8+ T cells and may have generated a higher number of SOX11-specific T cells that were of a higher quality and functionality. In vivo studies are necessary to confirm the comparability or even the superiority of one of these protocols.



Over the past two decades, DC-based immunotherapy has offered a promising approach for improving the outcomes of glioma patients. Successful DC-based brain tumor immunotherapy has been reported in animal models and patients by Yamanaka et al. [32], Yu et al. [33], and Kikuchi et al. [34]. These authors also found that DC vaccination appears to be safe and not associated with autoimmunity. DC-based immunotherapy can be divided into two methods: direct immunization with antigen-pulsed DCs and the adoptive transfer of in vitro expanded cytotoxic T lymphocytes following stimulations with antigen-pulsed DCs [35]. Since a variety of immunological defects have been found, including decreased T cell numbers and impaired T cell responsiveness [36], the adoptive transfer of in vitro activated and expanded tumor-specific CD8+ T cells seems to be the most appropriate choice for treating glioma patients. A great challenge for adoptive T cell therapy is the identification of HLA class-I restricted CD8+ T cell epitopes derived from glioma-associated antigens. The DNA mutation or gene translocation of cancer-related genes can result in the expression of altered proteins containing amino acid residues that differ from normal ones [37]. De la Rocha et al. [19] showed that the aberrant expression of members of the SOX family is relevant to the development of CNS malignant tumors. Weigle et al. [20] showed that SOX11 is abundantly and specifically overexpressed in GBM. The expression of SOX11 is probably reactivated during tumorigenesis. Schmitz et al. [21] reported the identification of an immunogenic CD8+ T cell epitope derived from SOX11, which emphasized the suitability of this protein for a T cell-based immunotherapy for GBM patients. Our study extended the previous work of Schmitz et al. We compared the results of two manufacturing protocols by screening promising peptides and described for the first time the new attractive peptide FMACSPVAL, which had a higher efficiency for generating SOX11-specific CD8+ T cells than the peptide LLRRYNVAKV previously reported by Schmitz et al. [21]. Thomas Trolle et al. showed that all HLAs have a peptide length preference for 9 mer peptides [38]. HLA-A*0201 has a strong preference for 9 mers, whereas HLA-A*0101 has an increased preference for 10 mers. In our study, we selected the nine peptides with the highest binding affinity by comparing the results of different online algorithms. All of them had a length of 9–10 amino acids. The most promising peptide, FMACSPVAL, is a 9 mer peptide, while the previously reported peptide LLRRYNVAKV, considered a potential HLA-A*0201 ligand, is a 10 mer peptide [21]. Accordingly, our results showed that the peptide FMACSPVAL had a higher efficiency for generating SOX11-specific CD8+ T cells than the peptide LLRRYNVAKV. Moreover, we confirmed the results of the INF-γ ELISPOT assay for FMACSPVAL-specific CD8+ T cells by detecting the secretion of TNF-α after stimulation by intracellular cytokine staining. This will broaden the therapeutic options for glioma patients. Our future investigations will focus on the potential use of FMACSPVAL-specific CD8+ T cell immunotherapy in rodent models of SOX11-overexpressing CNS malignancies.




4. Materials and Methods


4.1. Blood Samples from Healthy Donors


Buffy coats from voluntary healthy-donor (HD) blood samples were obtained from the blood bank of the Institute of Clinical Transfusion Medicine and Cell Therapy (IKTZ, Heidelberg, Germany). All subjects provided informed consent for inclusion before they participated in the study. The study was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the Ethics Committee of Heidelberg (S 254/2016). PBMCs were isolated from peripheral blood samples by Ficoll-Hypaque gradient purification (Biochrom, Berlin, Germany). Cells were cryopreserved in 90% heat-inactivated fetal bovine serum (FBS, Gibco®, Grand Island, NY, USA) supplemented with 10% dimethyl sulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO, USA) and stored in liquid nitrogen.




4.2. Cell Line


The T2 cell line, which was used to provide antigen-presenting cells, was obtained from the American Type Culture Collection (Manassas, VA, USA). It is an HLA-A*0201-expressing T-B lymphoblastoid hybrid cell line, which was cultured in a medium consisting of RPMI 1640, 10 U/mL penicillin/0.1 mg/ml streptomycin, 2 mM L-glutamine, and 10% heat-inactivated FBS (all from PAA Laboratories, Pasching, Austria) at 37 °C, 5% CO2.




4.3. Epitope Prediction and Peptide Synthesis


Potential HLA-A*0201 ligands were selected from the amino acid sequence of SOX11. The prediction algorithms and NetMHC 4.0, NetMHCpan-3.0, NetMHCcons 1.1, NetMHC 3.4, NetMHCpan 2.8, NetMHCpan4.1, NetMHCcons pickpocket 1.1, IEDB recommended, IEDB consensus, IEDB smmpmbec, IEDB smm, and SYFPEITHI were simultaneously queried with the tool MHCcombine (https://mhccombine.dkfz.de/mhccombine/) for 9 mer and 10 mer HLA-A*0201-binding peptides. The binding cutoffs for the different prediction algorithms defined in Bonsack et al. (2019) [23] were applied. The MART-1 analogue peptide (ELAGIGILTV) and 10 SOX-11 peptides were synthesized by the Peptide Synthesis Unit of the German Cancer Research Center Heidelberg (Heidelberg, Germany).




4.4. HLA Typing


HLA-A*0201 typing was performed as previously reported by staining PBMCs with anti-human HLA-A*0201 FITC conjugated antibodies (Biolegend, San Diego, CA, USA) for 30 min at 4 °C in the dark [39]. Data acquisition was performed using a BDTM LSR II flow cytometer, and data were analyzed using FlowJo software (Becton Dickinson, New York, NY, USA).




4.5. In Vitro Generation of Peptide-Specific CD8+ T Cells with Long Method


PBMCs were divided into two parts. One part was frozen for later use. The other part was used for generating DCs. Therefore, PBMCs were cultured in a sterile flask to let monocytes adhere at 37 °C, 5% CO2 for 1 h. The non-adherent lymphocytes were collected and frozen at −80 °C. The adherent monocytes were left in the flask and were then incubated with a medium consisting of RPMI1640, 2 mM L-glutamine, 10 U/mL penicillin/0.1 mg/ml streptomycin, 5% heat-inactivated human serum, 800 U/mL human GM-CSF, and 500 U/mL IL-4 for 5–6 days. Afterwards, differentiation into mature DCs was induced by adding 800 U/mL human GM-CSF, 500 U/mL IL-4, 10 ng/mL TNF-a, 1 μg/mL PGE2, 1000 U/mL IL-6, and 1000 U/mL IL-1ß for 2 days at 37 °C, 5% CO2. To generate peptide-specific T cells, mature DCs were preincubated for 3 h with 10 µg/mL of the respective peptide in serum-free medium. The cryopreserved lymphocytes were thawed and incubated together with peptide-pulsed mature DCs (DCs/lymphocytes ratio 1:50) in a T cell medium consisting of RPMI 1640, 2 mM L-glutamine, 10 U/mL penicillin + 0.1 mg/mL streptomycin, 5% heat-inactivated human serum, and 10 ng/mL IL-7 for 7 days. Every two days, 50 U/mL IL-2 was added. At the same time, cryopreserved PBMCs were thawed to generate new peptide-pulsed mature DCs using the same method for restimulation. After 7 days of culture, freshly produced peptide-pulsed mature DCs were added to the cultured T cells.




4.6. In Vitro Generation of Peptide-Specific CD8+ T Cells with Short Method


The generation of peptide-specific CD8+ T cells was carried out as previously described by Lissina et al., 2016 [40]. Cryopreserved PBMCs were thawed and incubated with a medium consisting of RPMI1640, 10 U/mL penicillin + 0.1 mg/mL streptomycin, 800 U/mL human GM-CSF, and 500 U/mL IL-4 for 1 day. On the next day, 10 ng/mL TNF-a, 1 μg/mL PGE2, 1000 U/mL IL-1ß,10 ng/mL IL-7, and 10 µg/mL of the respective peptides were added. The medium with RPMI1640, 10 U/mL penicillin + 0.1 mg/ml streptomycin, 10% heat-inactivated FBS, 5 ng/mL IL-7, 25 ng/mL IL-15, and 100 U/mL IL-2 was replaced every 3 days. After 8 days, the cells were tested for their ability to secrete INF-γ by an ELISPOT assay.




4.7. HLA-A*02-Binding Affinity Assay


To determine the binding affinity of the selected peptides to the HLA-A*0201 molecules, the peptide-induced expression of HLA-A*0201 on T2 cells was measured by flow cytometry. The T2 cells were incubated for 18 h at 26 °C in 5% CO2 with 10 µg/mL of the respective peptides and 3 µg/mL human β2 microglobulin (Thermo Fisher Scientific, Waltham, MA, USA). The temperature was raised to 37 °C for 2 h. The T2 cells were harvested and stained with anti-human HLA-A*0201 FITC conjugated antibodies (Biolegend, San Diego, CA, USA) for 30 min at 4 °C. Samples were measured using a BDTM LSR II flow cytometer and analyzed using FlowJo software (Becton Dickinson, New York, NY, USA). The percent mean fluorescence index (% MFI) increase of the HLA-A*0201 molecules was evaluated using the following equation: % MFI increase = ((MFI with peptide − MFI without peptide))/(MFI without peptide) × 100.




4.8. IFN-γ ELISPOT Assay


The IFN-γ ELISPOT assay was performed as described previously [41]. T2 cells were preincubated for 2 h with 10 µg/mL of the respective peptides to obtain peptide-loaded T2 cells. T cells from each group were purified to obtain CD8+ T cells with immunomagnetic MACS beads (MACS system; Miltenyi Biotec, Bergisch Gladbach, Germany) following the manufacturer’s instructions. The CD8+ T cells were incubated as effector cells (2 × 104/well) with peptide-loaded T2 cells as targets (1 × 105/well) at an effector-cells-to-targeT cells ratio of 1:5 in anti–IFN-γ Ab (Mabtech, Nacka, Sweden)-precoated 96-well nitrocellulose plates (Millipore, Eschborn, Germany) with a final volume of 200 µL culture medium for 48 h. Biotinylated anti-cytokine antibodies (Mabtech, Nacka, Sweden) were added to each well for 1.5 h following 1 h incubation with avidin alkaline phosphatase (Sigma-Aldrich, St. Louis, MO, USA). Afterwards, 5-bromo-4-chloro-3-indolyl phosphate/Nitro blue tetrazolium substrate (Sigma-Aldrich, St. Louis, MO, USA) was added, and the spots emerged after 5–10 min. The reaction was stopped by washing the plates with water. A spot count was performed using an ELISPOT reader (CTL-Europe GmbH, Bonn, Germany).




4.9. Intracellular Cytokine Staining


The cytokines IFN-γ and TNF-α were detected by intracellular cytokine staining and flow cytometry. Peptide-specific T cells were co-cultured with corresponding peptide-loaded T2 cells in the presence of Brefeldin A (Biolegend, San Diego, CA, USA) for 5 h at an effector-to-target ratio of 1:10. Non-primed T cells and unloaded T2 cells served as negative controls. After the NEAR-IR (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) and surface marker staining, cells were fixed and permeabilized for 30 min at room temperature (RT) in the dark using the FoxP3 staining buffer kit (Miltenyi Biotec, Bergisch Gladbach, Germany) with subsequent washing and resuspension in FoxP3 Perm Buffer (Miltenyi Biotec, Bergisch Gladbach, Germany) for 15 min at RT. Anti-IFN-γ-APC (Biolegend, San Diego, CA, USA) and anti-TNF-α-BV421 (BD Biosciences, San Diego, CA, USA) were applied to detect the levels of IFN-γ and TNF-α, respectively (RT, 30 min). For surface marker staining, the following antibodies were used: CD3 PE (Biolegend, San Diego, CA, USA); CD8 PerCP (Biolegend, San Diego, CA, USA); CD197 (CCR7) PE-Cy7 (eBioscience, San Diego, CA, USA); and CD45RA Alexa Fluor 700 (Biolegend, San Diego, CA, USA). Finally, cells were resuspended in 500 μL FACS Buffer (Miltenyi Biotec, Bergisch Gladbach, Germany). Samples were measured with a BDTM LSR II flow cytometer and analyzed using FlowJo software (Becton Dickinson, New York, NY, USA).




4.10. Cytotoxic Capacitiy of SOX11-Specific CAR T Cells


Granta-519 cells were irradiated (100Gy) and co-cultured with FMACSPVAL-primed T cells, ELAGIGILTV-primed T cells, or non-primed T cells as a negative control. Cells were co-cultured at an effector:target ratio of 2:1 for 24 h. Samples were harvested and spiked with a defined number of polystyrene beads (Life Technologies Corporation, Eugene, OR, USA) to quantify cell numbers by flow cytometry. Cytotoxicity was assessed by determining the number of viable Ganta-519 cells in the presence of T cells relative to that in the absence of T cells.




4.11. Statistical Analysis


Statistical analysis was performed using Excel (Microsoft, Redmond, WA, USA). Statistical significance was calculated using a paired-sample t-test and is represented as * for p values < 0.05, which were considered statistically significant. Graphs and tables were designed using Excel or Prism 9.0 (GraphPad Software, San Diego, CA, USA). Mean values were calculated for each group; error bars indicate standard deviation (SD).





5. Conclusions


SOX11 was shown to be overexpressed in GBM, making it a promising target antigen for immunotherapy. We selected potential HLA-A*0201 ligands from the amino acid sequence of SOX11 by in silico prediction and compared two different methods for generating peptide-specific CD8+ T cells. After the comparison of the ten selected peptides, including a previously published peptide, we identified the new attractive peptide FMACSPVAL, which had the highest in silico prediction score, the highest binding affinity to the HLA-A*0201 molecules according to the peptide-binding assay on T2 cells, and the highest efficiency for generating SOX11-specific CD8+ T cells according to the IFN-γ ELISPOT assay. Therefore, the SOX11-derived peptide FMACSPVAL may serve as an epitope for a T cell-based immunotherapy for glioma.
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Figure 1. HLA typing of PBMC samples. We predicted SOX11 peptides that bind with HLA-A*0201; therefore, healthy donors were tested for the HLA-A*0201 molecule. The figure shows dot blot results obtained by flow cytometry for an exemplary HLA-A*0201 staining assay. All PBMCs were tested. 
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Figure 2. HLA-A*0201-binding affinity assay for different peptides on T2 cells (18 h). To evaluate the binding affinity of each candidate peptide to the HLA-A*0201 molecules, a T2 peptide-binding assay was performed. The upregulation of HLA-A*0201 molecules on T2 cells may be detected by fluorescence intensity exchange, which reflects the peptide-binding ability to HLA-A*0201 molecules. The peptide ELAGIGILTV was used as a positive control, and cells without peptides were used as a negative control. (A) Flow cytometry results of peptides FMACSPVAL and ELAGIGILTV shown in red and the negative control shown in blue. (B) The binding activity of all 11 peptides to HLA-A*0201 molecules was determined semi-quantitatively by measuring the peptide-induced expression of HLA-A*0201 on T2 cells with flow cytometry. Unloaded T2 cells were considered as a negative control. Mean values were calculated for each group; error bars indicate SD. 
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Figure 3. Recognition of peptide LLRRYNVAKV by T cells from a healthy donor (HD 1640). T cells from healthy donors were weakly stimulated with SOX11-derived LLRRYNVAKV-pulsed mature DCs. After two stimulation cycles, T cell cultures were detected for the activation of peptide-specific T cells. A total of 2 × 104 primed T cells were added to 1 × 105 peptide-loaded T2 target cells/well at an effector-cell-to-targeT cell ratio of 1:5. Primed T cells added to unloaded T2 cells served as a negative control group. Primed T cells and peptide-loaded T2 cells served as a background group. (A) IFN-γ ELISPOT data showing activated LLRRYNVAKV-specific T cells from one healthy donor. (B) The results are presented as the mean values of quadruplicate determinations. Mean values were calculated for each group; error bars indicate SD. Statistical significance was calculated using a paired-sample t-test and is indicated by * for p values < 0.05. 
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Figure 4. Summary of the positive peptide-specific T cell responses detected by IFN-γ ELISPOT for each healthy donor (HD). This figure shows only the positive responses of LLRRYNVAKV, FMACSPVAL, LMFDLSLNF, and SLYDEVRAGA peptide-specific T cells after a co-culture with T2 cells loaded with the respective peptides. Peptide-specific T cells co-cultured with unloaded T2 cells were considered as a negative control. The spots were counted, and the results were considered positive when the spot count was at least twice as high as that of the negative control. Mean values were calculated for each group; error bars indicate SD. Statistical significance was calculated using a paired-sample t-test and is indicated by * for p values < 0.05. 
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Figure 5. IFN-γ ELISPOT assay showing the peptide-specific activation of T cells. Cells were evaluated in triplicate for each ELISPOT assay, and means were calculated. This figure shows the net mean ELISPOT counts reduced by mean background spot numbers for four different peptides. 
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Figure 6. Intracellular flow cytometry staining (HD 3026, E:T ratio 1:10) primed with peptide FMACSPVAL. The ability of FMACSPVAL-specific CD8+ T cells to secrete the cytokines IFN-γ and TNF-α after stimulation was evaluated by intracellular flow cytometry staining. A non-primed T cell group and unloaded T2 cell group served as negative controls. Exemplary flow cytometry plots of positive responses are shown. Percentages of IFN-γ+ and TNF-α+ cells after peptide-stimulation were analyzed and compared with negative control samples. T cells were gated on CD3+ CD8+ cells. 
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Figure 7. Intracellular flow cytometry staining (HD 3026, E:T ratio 1:10) primed with peptide ELAGIGILTV. The ability of ELAGIGILTV-specific CD8+ T cells to secrete the cytokines IFN-γ and TNF-α after stimulation was evaluated by intracellular flow cytometry staining. Exemplary flow cytometry plots of positive responses are shown. T cells were gated on CD3+ CD8+ cells. 
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Figure 8. Cytotoxic capability of SOX11-specific T cells. FMACSPVAL-primed T cells were able to kill 52% of target SOX11-expressing cells. Non-primed T cells served as a negative control. Target cells were co-cultured with T cells for 24 h before staining and detection via flow cytometry. 
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Table 1. HLA-A*0201-binding peptides derived from SOX11 as defined by in silico prediction.
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	Peptide Sequence
	Position a
	Length b
	NetMHC-4.0 (nM)
	Predicted Binding Level c
	Number of Other Queried Algorithms That Predicted Binding d





	FMACSPVAL
	26–34
	9
	6.02
	strong
	10



	EFMACSPVAL
	25–34
	10
	34.53
	strong
	1



	WLEANFSDLV
	429–438
	10
	79.27
	weak
	10



	FMACSPVALD
	26–35
	10
	117.95
	weak
	9



	SLYDEVRAGA
	292–301
	10
	155.74
	weak
	10



	LMFDLSLNF
	361–369
	9
	250.95
	weak
	9



	MIAGDWLEA
	424–432
	9
	258.82
	weak
	10



	LMFDLSLNFS
	361–370
	10
	261.92
	weak
	10



	KMLKDSEKI
	88–96
	9
	316.75
	weak
	10



	LLRRYNVAKV
	266–275
	10
	1469.73
	none
	10



	Positive control:

ELAGIGILTV
	MART-1

26–35
	10
	253.92
	weak
	10







a The position of the peptide in the amino acid sequence. b Number of amino acids. c Binding level cutoffs as determined by NetMHC-4.0. d Binding cutoffs as defined in [23].
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Table 2. In vitro generation of CD8+ T cells specifically recognizing the SOX11-derived peptides.






Table 2. In vitro generation of CD8+ T cells specifically recognizing the SOX11-derived peptides.





	Peptide Sequence
	ELISPOT a

(long method)
	ELISPOT a

(short method)
	ELISPOT a

(short method + long method)
	ICS (TNF-α) b

(long method)
	ICS (IFN-γ) c

(long method)





	ELAGIGILTV
	3:4
	8:18
	11:22
	4:10
	2:10



	FMACSPVAL
	6:14
	3:18
	9:32
	1:10
	1:10



	LLRRYNVAKV
	1:14
	1:8
	2:22
	-
	-



	LMFDLSLNF
	1:14
	1:8
	2:22
	-
	-



	SLYDEVRAGA
	2:4
	1:8
	3:12
	-
	-



	EFMACSPVAL
	0:3
	1:8
	1:11
	-
	-



	FMACSPVALD
	0:3
	1:8
	1:11
	-
	-



	MIAGDWLEA
	0:3
	0:8
	0:11
	-
	-



	WLEANFSDLV
	0:3
	0:8
	0:11
	-
	-



	KMLKDSEKI
	0:3
	0:8
	0:11
	-
	-



	LMFDLSLNFS
	0:3
	0:8
	0:11
	-
	-







a Ratio of number of healthy donors presenting positive antigen-specific responses to all healthy donors, with detection by ELISPOT assay. b Ratio of number of healthy donors presenting positive antigen-specific responses to all healthy donors, with detection by intracellular cytokine staining and analysis for intracellular expression of TNF-α. c Ratio of number of healthy donors presenting positive antigen-specific responses to all healthy donors, with detection by intracellular cytokine staining and analysis for intracellular expression of IFN-γ.
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Table 3. Summary of peptide-specific T cell responses from different healthy donors.
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	Peptide Sequence
	Healthy Donor Sample (HD)
	Unloaded T2 Cells
	Peptide-Loaded T2 Cells
	p-Value





	LLRRYNVAKV
	HD 1640
	7.75 ± 2.00
	115.25 ± 13.71
	0.0001



	FMACSPVAL
	HD 0340
	7.60 ± 3.21
	19.00 ± 6.40
	0.0076



	FMACSPVAL
	HD 5668
	12.40 ± 5.21
	95.20 ± 28.20
	0.0002



	FMACSPVAL
	HD 5883
	8.67 ± 3.50
	20.00 ± 7.00
	0.0400



	FMACSPVAL
	HD 5356
	2.40 ± 2.90
	22.00 ± 6.00
	0.0002



	FMACSPVAL
	HD 5898
	9.00 ± 2.70
	37.40 ± 7.80
	0.0001



	FMACSPVAL
	HD 1630
	15.60 ± 8.00
	75.60 ± 17.70
	0.0001



	LMFDLSLNF
	HD 5896
	9.33 ± 4.00
	21.33 ± 3.11
	0.0148



	SLYDEVRAG
	HD 9805
	11.00 ± 1.20
	51.80 ± 31.80
	0.0210



	SLYDEVRAG
	HD 9844
	25.60 ± 9.21
	59.60 ± 22.00
	0.0128
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Table 4. HLA-A*0201-binding peptides derived from SOX-11 as defined by NetMHCpan 4.1.






Table 4. HLA-A*0201-binding peptides derived from SOX-11 as defined by NetMHCpan 4.1.





	Position Start
	Region
	Length
	Sequence
	NetMHCpan 4.1

(EL %rank)
	NetMHCpan 4.1

(nM)





	26
	26–34
	9
	FMACSPVAL
	0.309
	4.45



	25
	25–34
	10
	EFMACSPVAL
	7.239
	152.99



	429
	429–438
	10
	WLEANFSDLV
	4.360
	48.37



	26
	26–35
	10
	FMACSPVALD
	7.021
	166.12



	292
	292–301
	10
	SLYDEVRAGA
	0.342
	91.27



	361
	361–369
	9
	LMFDLSLNF
	1.230
	156.17



	424
	424–432
	9
	MIAGDWLEA
	2.829
	310.33



	361
	361–370
	10
	LMFDLSLNFS
	6.528
	158.03



	88
	88–96
	9
	KMLKDSEKI
	0.471
	234.52



	266
	266–275
	10
	LLRRYNVAKV
	12.828
	2439.73
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Table 5. Main differences between the two methods used in this study to expand specific T cells.






Table 5. Main differences between the two methods used in this study to expand specific T cells.










	
	Short Method
	Long Method





	Cells
	Cryopreserved PBMCs
	Fresh PBMCs



	Cell number
	6 × 107
	4 × 108



	Incubation time
	12 days
	21 days



	Stimulation
	One-week stimulation
	Two-week stimulation



	Activation conditions
	DCs and PBMCs are cultured together
	DCs are matured separately



	Cytokine cocktail 1
	800 U/mL human GM-CSF, 500 U/mL IL-4
	2 mM L-glutamine, 5% human serum, 800 U/mL human GM-CSF, 500 U/mL IL-4



	Cytokine cocktail 2
	10 ng/mL TNF-α, 1 μg/mL PGE2, 1000 U/mL IL-1ß, and 10 ng/mL IL-7
	10 ng/mL TNF-α, 1 μg/mL PGE2, 1000 U/mL IL-6, and 1000 U/mL IL-1ß



	Incubation medium of peptide-specific T cells
	RPMI1640, 10% FBS, 5 ng/mL IL-7, 25 ng/mL IL-15, 100 U/mL IL-2
	RPMI 1640, 2 mM L-glutamine, 5% human serum, 10 ng/mL IL-7, 50 U/mL IL-2
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