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            Abstract
Patients with glioblastoma currently do not sufficiently benefit from recent breakthroughs in cancer treatment that use checkpoint inhibitors1,2. For treatments using checkpoint inhibitors to be successful, a high mutational load and responses to neoepitopes are thought to be essential3. There is limited intratumoural infiltration of immune cells4 in glioblastoma and these tumours contain only 30–50 non-synonymous mutations5. Exploitation of the full repertoire of tumour antigens—that is, both unmutated antigens and neoepitopes—may offer more effective immunotherapies, especially for tumours with a low mutational load. Here, in the phase I trial GAPVAC-101 of the Glioma Actively Personalized Vaccine Consortium (GAPVAC), we integrated highly individualized vaccinations with both types of tumour antigens into standard care to optimally exploit the limited target space for patients with newly diagnosed glioblastoma. Fifteen patients with glioblastomas positive for human leukocyte antigen (HLA)-A*02:01 or HLA-A*24:02 were treated with a vaccine (APVAC1) derived from a premanufactured library of unmutated antigens followed by treatment with APVAC2, which preferentially targeted neoepitopes. Personalization was based on mutations and analyses of the transcriptomes and immunopeptidomes of the individual tumours. The GAPVAC approach was feasible and vaccines that had poly-ICLC (polyriboinosinic-polyribocytidylic acid-poly-l-lysine carboxymethylcellulose) and granulocyte–macrophage colony-stimulating factor as adjuvants displayed favourable safety and strong immunogenicity. Unmutated APVAC1 antigens elicited sustained responses of central memory CD8+ T cells. APVAC2 induced predominantly CD4+ T cell responses of T helper 1 type against predicted neoepitopes.
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                    Fig. 1: GAPVAC concept of active personalization.[image: ]


Fig. 2: Unmutated APVAC1 induces sustained immune responses.[image: ]


Fig. 3: Summary of APVAC-induced responses.[image: ]


Fig. 4: Neoepitope-targeting APVAC2 induces predominantly TH1 CD4+ T cell responses.[image: ]


Fig. 5: Clinical outcome and intratumoural T cells in patient 8.[image: ]
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                Data availability

              
              Raw data that support the findings of this study shown in Figs. 2–4 and Extended Data Figs. 1, 3–8 and 10 are available from the corresponding author upon reasonable request. Data in Fig. 5, Extended Data Fig. 9, Table 1 and Supplementary Table 5 are on patient outcomes from the clinical study. These data will be available upon reasonable request to the corresponding author from the GAPVAC-101 study case record forms. Supplementary Tables 1–4 represent raw data and should be used to recapitulate the findings demonstrated in this study. Mass spectrometry data for sequence identification of APVAC warehouse peptides have been deposited at the PeptideAtlas (http://www.peptideatlas.org/) with the dataset identifier PASS01284. mRNA microarray data used for APVAC selection are available at Gene Expression Omnibus (GSE122498). All mutations found in the DNA sequencing are depicted in the manuscript. The uploading of DNA sequencing data with the potential for patient identification was not included in the informed consent that patients gave to the trial; these data will be shared (with identifying information removed) upon reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 APVAC1 and APVAC2 processes lead to truly personalized vaccine formulations.
a, Summary of biomarker data used to define APVAC1 for patient 5. Immunogenicity was calculated as the percentage of peptide-reactive wells (n = 12) with patient-derived PBMCs. Presentation of peptides on the tumour of patient 5 is shown as detected by mass spectrometry (present or absent). Exclusivity indicates the presence or absence of peptides in normal tissue samples (n = 394). Individual overpresentation ratio at the level of the HLA peptidome on comparing the tumour of patient 5 and the average of normal tissues or the limit of detection for the respective peptide (if it was never found in normal tissues). The mRNA overexpression ratio of the source genes in the tumour of patient 5 compared to the average of normal tissues. n.d., no data; genes not covered by the microarray that was used. Data were integrated into a rank score as basis for selection into APVAC1 (see Methods for details). b, Peptide presentation of PTP-013 on normal tissues (n = 394, not detected), glioblastoma specimens (identified on 7 out of 33 independent samples, median indicated), and the tumour of patient 5 as analysed by mass spectrometry. For patient 5, mean signal and signal range of n = 5 replicate mass spectrometry runs are shown. c, mRNA expression of PTPRZ1—which encodes PTP-013—analysed by mRNA microarray analysis in samples of pooled normal tissue mRNA, glioblastoma tumours (n = 26, median indicated) and tumour of patient 5. n.d., no data. b, c, BLV, blood vessels; BRA, brain; DIG, digestive glands; FRP, female reproductive organs; HRT, heart; HEM, haematopoietic cells; HOG, hormonal glands; INT, intestine; KID, kidney; LIV, liver; LYM, lymphatic tissue; MRP, male reproductive organs; NER, nervous system; RES, respiratory; SKM, skeletal muscle; SKI, skin; STO, stomach/oesophagus; URI, urinary system; OTH, other. d, Immunogenicity pretesting data for PTP-013 in pretreatment PBMCs of patient 5. Cells (1 × 106 per well, n = 12 wells tested) were stimulated with each A*02 warehouse peptide separately. After in vitro stimulation, wells were analysed for peptide-specific CD8+ T cells using 2D multimer staining. Representative positive (7 out of 12) and negative (5 out of 12) wells are shown. e, Number of selections into APVAC1 compositions for the 33 A*02 warehouse peptides (n = 16 patients). f, APVAC2 selection process for mutated neoepitopes. g, The four APVAC2 candidates entering test synthesis for patient 11 are shown (patient dropped out before being vaccinated with APVAC2). Best predicted HLA class I epitopes are underlined. Red, mutated position. h, APVAC2 composition overview for GAPVAC-101 patients vaccinated with APVAC2 (n = 11).

                          Source data
                        


Extended Data Fig. 2 APVAC composition, vaccination schedule, exposure to drug and standard therapy, and course of patients.
a, Composition of personalized APVAC1 and APVAC2 drug products. b, Vaccination schedule for APVAC1 and APVAC2 and the immunomodulators. Note that APVAC1 and APVAC2 vaccinations started independently on day 15 of the first and fourth adjuvant TMZ cycle, respectively. In the default schedule, both APVACs were co-applied at the ninth APVAC1 and fourth APVAC2 vaccination, and at all four-weekly applications following the tenth APVAC1 and seventh APVAC2 vaccination. In case of delayed or failed APVAC production, alternative schedules were in place to optimally align vaccinations with standard therapy (data not shown). Any assessments at a vaccination visit, including blood draws for PBMC isolation, were performed prior to vaccinations. c, Patient exposure to study drugs. d, Exposure to standard therapy. Statistics on number of applications, dose and time lines between therapy phases are provided for all enrolled GAPVAC-101 patients (n = 16). SD, standard deviation. Reference values for the standard therapy are provided29. *Completed treatment assumed with 75 mg m−2 for 6–7 weeks calculated with 1.75-m2 body surface area. **According to treatment schedule, patient data not published29. e, CONSORT-like diagram for patients in the GAPVAC-101 trial. Completion for APVAC1 and APVAC2 vaccinations according to the trial protocol equals to at least 11 and 8 vaccinations, respectively. Three patients left the study before receiving APVAC2: two patients withdrew their consents; one patient experienced a grade 3 seizure (unrelated to vaccinations) and withdrew from the study. Additionally, no biomarker data for definition of APVAC2 was available for patient 4, because the tumour specimen was necrotic.


Extended Data Fig. 3 Functional characterization of APVAC responses.
a, Expression of activation/exhaustion marker PD-1 for three different immune responses pre-vaccination and at different post-vaccination time points. Top, example response to viral marker peptide HBV-001. Middle and bottom, example APVAC1-specific CD8+ T cell responses. Numbers in plots show ratio of PD-1 mean fluorescence intensity (MFI) for target-specific cells (blue curve) divided by MFI of total CD8+ T cells (grey curve). b, Summary of PD-1 evaluations as shown in a. Maximum MFI ratio for each CD8+ T cell response to APVAC1 peptides (n = 16) and to the viral marker peptide HBV-001 (n = 2) from four patients (2, 5, 8 and 14). Data are mean and individual values. c, Flow cytometry data for Vital-FR assay shown in Fig. 2c. PTP-013-specific CD8+ T cells were sorted from post-vaccination T cells from patient 16, in vitro-expanded for three weeks and tested for killing of CFSE-labelled K562-A2 cells loaded with titrated amounts of PTP-013 peptide in comparison to FarRed-labelled K562-A2 cells loaded with an irrelevant peptide. Data at the four lowest peptide concentrations are shown. Owing to limited availability of patient PBMCs, this experiment was performed only once with n = 3 replicates. d, BCA-002-reactive T cells from pre-vaccination PBMCs from patient 11 were cloned and expanded with PHA and IL-2. Obtained clones were tested in a flow-cytometry-based cytotoxicity assay using T2 cells loaded with titrated amounts of peptide. Results for n = 10 different clones are shown with calculated EC50 values between 49 pM and 2.8 nM (means of 2–3 replicates per clone). e, NLGN4X T cells as described for Fig. 2e were able to specifically lyse the A*02+ glioblastoma cell line P3XX that endogenously expresses NLGN4X (LDH release assay). HD T cells, healthy donor-derived T cells that are not target-specific. Results from n = 3 replicates are shown (median and range). f, NLGN4X T cells were either co-cultured with the glioblastoma cell line U87MG transduced with NLGN4X–nLuc (red), irrelevant control NRCAM–nLuc (black) or in the absence of target cells (blue). With increasing E:T ratio, complete eradication of NLGN4X–nLuc-expressing target cells is shown (NanoLuc luciferase-based killing assays, median and range from n = 4 replicates shown). RLU, relative luminometer units. Additional functional data of warehouse peptides has previously been published18. g, Expression of the source genes PTPRZ1 and NLGN4X in the used glioblastoma cell lines compared to the housekeeping gene ACTB (which encodes β-actin) measured by quantitative PCR. Boxes describe range and median from n = 4–6 replicates.
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Extended Data Fig. 4 Additional immune response data.
a, APVAC1 CD8+ T cell response parameters including MCIF (see Methods), frequencies of Treg cells at baseline and predominant phenotypes of APVAC-induced CD4+ T cell responses for APVAC1 immune-evaluable patients (n = 13). n.e., not evaluable. b, Frequency of NLGN4X-001-specific T cells of patient 2 by differentiation phenotype summarized from the flow cytometry data shown in Fig. 2b. c, TH1 CD4+ T cell response against the APVAC1 HLA class II peptide PTP-010 in PBMCs from patient 8, confirming ELISPOT results (Fig. 5d) and reactivity in TILs (Fig. 5c). d, MCIF for GAPVAC-101 patients (evaluable for n = 13 patients) by APVAC1-specific CD4+ T cell response type. For response type colour codes, see a. e, Pretreatment Treg cells of patients with high or low MCIF (evaluable for n = 12 patients). f, Peak frequencies of IFNγ-producing APVAC1 pan-DR peptide-specific CD4+ T cells in patients with high frequencies of Treg cells (>median: 3.6%) versus those with low frequencies of Treg cells. Each dot represents one response (n = 24, two for each of the 12 evaluable patients). d–f, Median and 95% confidence interval of the median are depicted, P values determined by two-sided Mann–Whitney U-test. g, Immune responder rates (with and without memory shift) in GAPVAC-101 and a previous vaccine trial (IMA950-101) with the invariant multi-peptide vaccine IMA95016 to the warehouse antigens BCA-002, NLGN4X-001, PTP-005 and the viral marker HBV-001 shared by both vaccines. Antigen responses were evaluated in both cases by the same ex vivo multimer 2D assay. Numbers below bars indicate the number of patients analysed for the respective antigen. In IMA950-101 with a comparable population of patients with glioblastoma, specific CD8+ T cell responses were rarely detected ex vivo. In the GAPVAC-101 trial, measurable and sustained CD8+ memory T cell responses (with at least duplication of memory cell frequencies) against the same tumour antigens were frequent. The pre-immunogenicity testing in GAPVAC-101 is probably not the main cause of the observed higher response rate, as progenitor T cells for the three compared antigens are abundant in A*02+ individuals (see Supplementary Table 1). h, APVAC2-specific CD4+ T cell responses for all evaluable patients (n = 10). Cell frequencies are only shown for key cytokine-positive T cells. P, prior to APVAC2 vaccination; 1–4, post-treatment measurements. Phenotype assignments as indicated. Additional CD8+ T cell responses to APVAC2 peptides are indicated with the detected lead cytokine. *Pre-defined response criteria not met. #Response to 13-M06 was negative for any key cytokine. TNF+ cells are shown. a–h, Owing to limited availability of patient PBMCs, immune response analyses were only performed once per patient. For assays with limited patient materials, see ‘Statistical analyses’ in Methods.
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Extended Data Fig. 5 Ex vivo ICS flow cytometry data for APVAC1-induced CD4+ T cell responses.
a, Example flow cytometry data for responses shown in Fig. 2f (CD4+ T cell response of patient 7 to pan-DR antigen BIR-002). IL-5 was negative at all time points (data not shown). b, Mock control stimulation for a. a, b, Owing to limited availability of PBMCs, immune response analyses were performed only once per patient. For assays with limited patient materials, see ‘Statistical analyses’ in Methods.


Extended Data Fig. 6 Pan-ICS flow cytometry data.
a, Pan-ICS flow cytometry data for CD4+ T cell response of patient 16 to mutated APVAC2 peptide 16-M06 as summarized in Fig. 4a. Production of indicated cytokines pretreatment (Pre) and at three different post-treatment pools (Post 1 to Post 3) is shown. Post 2 and Post 3 pools originate from the continued vaccination phase (see Fig. 1). Dot plots are gated on CD8− lymphocytes. Note that the pan-ICS cytokine panel differs from the one used for the ex vivo ICS assay (see Methods). b, Mock control stimulation for a. c, Pan-ICS flow cytometry data for CD8+ T cell response of patient 15 against the mutated APVAC2 peptide 15-M05 as summarized in Fig. 4b. A pool of all possible peptides that were nine amino acids long from 15-M05 was used for read-out. Production of indicated cytokines is shown pretreatment (Pre) and at two different post-treatment pools (Post 1 and Post 2). Dot plots are gated on CD4− lymphocytes. Note that the APVAC2 analysis time points are not identical to APVAC1 analysis time points owing to the independent start of vaccination (Fig. 1). d, Mock control stimulation for c. a–d, Owing to limited availability of PBMCs, immune response analyses were only performed once per patient. For assays with limited patient materials, see ‘Statistical analyses’ in Methods.


Extended Data Fig. 7 Additional data on APVAC2-induced, neoepitope-specific immune responses.
a, Cross-reactivity of two neoepitope-directed, APVAC2-induced CD4+ T cell responses with the corresponding wild-type peptides was assessed by ICS. Top, response for 08-M01 was specific to the mutated peptide, whereas the response for 16-M06 (bottom) showed considerable cross-reactivity with the wild-type peptide. Owing to limited availability of patient PBMCs, this experiment was performed only once. b, Ex vivo 2D multimer data for CD8+ T cell response of patient 14 against the predicted neoepitope HMKVSVYLL contained in the vaccinated peptide 14-M09 as summarized in Fig. 4c. Note that this epitope did not show the highest ranking during APVAC2 selection (underlined in Supplementary Table 4). The pretreatment pool and one post-treatment pool were evaluated. Top, 2D multimer staining. Numbers in plots indicate the frequency of specific cells among total CD8+ T cells. Middle, differentiation phenotyping of specific T cells (blue dots) and total CD8+ T cells (grey dots). Numbers in plots indicate the percentage of specific CD8+ T cells with indicated phenotype (colour code as in Fig. 2a, b). Bottom, PD-1 expression (blue curve, specific CD8+ T cells; grey dots, all CD8+ T cells).

                          Source data
                        


Extended Data Fig. 8 TIL isolation and expansion in glioblastoma.
A harmonized TIL isolation and expansion protocol for glioblastoma specimens was developed in the preclinical phase of the GAPVAC project (see Methods). a, Cells were expanded in the presence of recombinant human IL-2 at three concentrations. One centre also performed expansion of melanoma and oropharyngeal TILs for comparison. The number of independent tumours compared across laboratories (preclinical samples) are shown in brackets. Data are mean, s.e.m. and individual values for each cell subset. b, Expansion of glioma TILs in the presence or absence of the anti-CD3 antibody OKT3. Indicated number of pieces of tumour obtained from three patients with glioblastoma (outside the GAPVAC-101 trial) were cut in fragments and transferred into 24-well plates with one fragment per well. Fragments were cultured in the absence or presence of 30 ng ml−1 anti-CD3 antibody (OKT3). Expanded cells were collected at the indicated days and subjected to phenotyping by flow cytometry. Percentages of total CD3+, CD4+ and CD8+ T cells and total cell yield are indicated. c, Compositions of TIL cultures derived at one centre from four different patients (6, 7, 8 and 9) included in the GAPVAC-101 trial. Each dot represents one stain performed either on independent culture wells or after pooling several wells (numbers of independent stainings per patient are indicated). The glioblastoma-derived TILs generally comprised a mixture of CD4+ and CD8+ T cells that varied between individual cultures. Bars indicate the median over all cultures. d, Example of TCR clonotype mapping used for a comparative analysis of clonotypes detected ex vivo in the fresh tumour relapse tissue (FT) and in n = 3 independent TIL cultures of patient 8. Identical DNA sequences resolve at identical positions in the gel. One prominent BV14 clonotype present in the fresh tissue (arrow) is not amplified in the TIL cultures (left), whereas two of several BV21 clonotypes in the fresh tumour (*) are also detected in the TILs (right). At least n = 8 clonotypes per matched set of samples were compared.
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Extended Data Fig. 9 Survival data for GAPVAC-101 patients.
a, b, Overall survival (OS, a) and progression-free survival (PFS, b) from diagnosis for all patients that received at least one APVAC vaccination (n = 15). Kaplan–Meier estimates of median survival are provided. c, Regulatory pathway for active personalized vaccines for GAPVAC-101 compared to conventional immunotherapies. The pathway for clinical trial application (CTA) for GAPVAC-101 was pre-discussed in scientific advice and pre-Investigational New Drug meetings with the German Paul-Ehrlich-Institute (PEI) and the US Food and Drug Administration (FDA), respectively. Key characteristics in the trial approval process were: (1) standardization of a drug composition process based on highly variable, patient-individual biomarker data instead of a fixed drug composition; (2) development of a GMP-compliant core process for manufacturing of variable, personalized multi-peptide compositions instead of an invariable manufacturing process; (3) clinical trial application based on exemplary data from representative preclinical drug substance batches; and (4) provision of certificates of analysis for all APVACs to the authorities on a continuous basis during the trial (twice yearly).


Extended Data Fig. 10 Gating strategies for flow cytometry assays.
a, Gating strategy and Boolean gating for ex vivo 2D multimer assay (CD8+ T cell immune response analysis, APVAC1 and APVAC2). b, Gating strategy for ex vivo class II ICS assay (CD4+ T cell immune response analysis, APVAC1). c, Gating strategy for HLA class I and class II pan-ICS assay (CD4+ and CD8+ T cell immune response analysis, APVAC2). d, Gating strategy for Treg cell assay.
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