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            Abstract
Treating patients who have cancer with vaccines that stimulate a targeted immune response is conceptually appealing, but cancer vaccine trials have not been successful in late-stage patients with treatment-refractory tumours1,2. We are testing melanoma FixVac (BNT111)—an intravenously administered liposomal RNA (RNA-LPX) vaccine, which targets four non-mutated, tumour-associated antigens that are prevalent in melanoma—in an ongoing, first-in-human, dose-escalation phase I trial in patients with advanced melanoma (Lipo-MERIT trial, ClinicalTrials.gov identifier NCT02410733). We report here data from an exploratory interim analysis that show that melanoma FixVac, alone or in combination with blockade of the checkpoint inhibitor PD1, mediates durable objective responses in checkpoint-inhibitor (CPI)-experienced patients with unresectable melanoma. Clinical responses are accompanied by the induction of strong CD4+ and CD8+ T cell immunity against the vaccine antigens. The antigen-specific cytotoxic T-cell responses in some responders reach magnitudes typically reported for adoptive T-cell therapy, and are durable. Our findings indicate that RNA-LPX vaccination is a potent immunotherapy in patients with CPI-experienced melanoma, and suggest the general utility of non-mutant shared tumour antigens as targets for cancer vaccination.
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                    Fig. 1: Trial design and vaccine-mediated immune activation.[image: ]


Fig. 2: T-cell immunity and clinical activity of FixVac.[image: ]


Fig. 3: T-cell immunity in patient 53-02 treated with FixVac monotherapy.[image: ]


Fig. 4: T-cell immunity in partial-response patients treated with the FixVac/anti-PD1 combination.[image: ]
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                Data availability

              
              The data that support the findings of this study are available from U.S. upon reasonable request. Upon completion of this clinical trial, summary-level results will be made public and shared in line with clinical data-sharing guidelines.

            

Code availability

              
              For alignment of TCR sequences, an in-house bash pipeline using MiXCR 2.1.5 with default repseqio code was applied. For identification of paired TCR sequences from single-cell TCR sequencing data, an in-house Java tool was used. For bulk TCR profiling, an in-house bash pipeline using VDJTools and in-house Python scripts (for tracking of TCRs between samples) was used. In-house code is available from U.S. upon reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Patient subsets.
Patients had advanced melanoma either with radiographically measurable disease or with non-measurable disease at baseline. Immune monitoring was performed for 49 patients across all subgroups. Clinical antitumour activity was assessed in those 42 (1 unresected stage III C, 41 stage IV) of a total of 56 patients with measurable disease at baseline for whom follow-up imaging data were available at data cut-off (25 treated with FixVac monotherapy, 17 FixVac in combination with anti-PD1 therapy). The remaining 14 patients (5 receiving FixVac in monotherapy and 9 in combination with anti-PD1 therapy) were not included in the efficacy analyses for the reasons noted in the previous sentence. PD, progressive disease; PR, partial response; SD, stable disease (best objective overall responses as per irRECIST1.1). CR* refers to metabolic complete response of a patient with SD as best response, according to irRECIST1.1. Thirty-three patients with radiographically non-measurable disease at baseline were not subject to exploratory analysis for objective best overall response and are in follow-up for recurrence-free survival.


Extended Data Fig. 2 Characterization of cytokine secretion.
a, b, Peak plasma cytokine levels (6 h after vaccine injection) and body temperature (4 h after vaccine injection) for: a, all available patients; and b, patients treated with RNA-LPX target doses of 50 μg or 100 μg either alone (‘Mono’) or in combination with anti-PD1 therapy (‘aPD1’). Boxes show 25th to 75th quantiles with lines representing medians; whiskers show minimum to maximum values; grey dots show individual values per dose level; dashed lines indicate upper limits of normal. Sample numbers (n) are indicated in the figure. c, Correlation of plasma cytokine levels (y-axis) with plasma IFN-α concentration 6 h after RNA-LPX administration (n = 147 for IFN-γ, IL-12 p70 and IL-6; n = 147 for IP-10).


Extended Data Fig. 3 T-cell immunity induced by FixVac.
a, Phenotype (left) and quality (middle and right) of TAA-specific T cells measured by IFN-γ ELISpot post-IVS (left and middle) or ex vivo (right). Only positive responses are shown. b, Example flow cytometry of PBMCs from patient 12-01 stained with NY-ESO-192–100/Cw*0304 multimer. c, Flow cytometry gating strategy for phenotypic characterization of multimer+ T cells. Upper row, from left to right: starting with events acquired with a constant flow stream and fluorescence intensity, we identified single events (singlets). Dump-negative events (viable, CD4−, CD14−, CD16−, CD19−) and lymphocytes were identified and gated. Within lymphocytes, CD8+ HLA multimer positive T cells were gated for further analysis. Lower row, left plot: different subsets of CD8+ T cells (indicated in black) and NY-ESO-1 multimer positive CD8+ T cells (red) were gated on the basis of CD45RA and CCR7 expression into four subsets, analysed for CD27 and CD28 expression in the right-hand plots—central memory (CCR7+ CD45RA−), naive (CCR7+ CD45RA+) effector memory (CCR7− CD45RA−) and effector memory re-expressing RA (CCR7− CD45RA+). The expression of PD1 and OX40 was analysed for multimer-positive (red) and multimer-negative (black) CD8+ T cells. d, Detection of CD8+ T cells of patient A2-09 secreting IFN-γ and TNF after stimulation with MAGE-A3212–220 peptide. e, Comparison of fold induction of ex vivo spot counts after vaccination, between patients with measurable (n = 27) or non-measurable (n = 30) disease (left), patients treated with different vaccine doses (14.4 μg (n = 17), 50 μg (n = 10), 100 μg (n = 24); middle), and patients treated with FixVac alone (Mono (n = 44)) or in combination with anti-PD1 therapy (aPD1 (n = 12); right). Only positive responses at the post-vaccination visit are shown. A fold change of more than 2 compared with baseline was considered as a response to vaccine. If both CD4 and CD8 results were positive at post-treatment, only the ratio of the higher spot count is shown. f, Proportion of patients with vaccine-induced T-cell responses (de novo or amplified) determined by IFN-γ ELISpot pre- and post-vaccination, measured ex vivo from patients treated with FixVac alone (n = 14) or in combination with anti-PD1 therapy (n = 12). Data from patients with measurable disease only are shown.


Extended Data Fig. 4 Disease responses and treatment schedules for patients evaluated for clinical activity.
a, b, Swimmer plots for patients evaluable for efficacy assessments from the start of treatment to disease progression or continued treatment. a, Patients treated with melanoma FixVac in monotherapy. b, Patients treated with FixVac and anti-PD1 therapy. Dark green triangles indicate treatment start and completion. Dark green arrows show patients who are still receiving treatment. Red crosses mark disease progression; patients are sorted by best overall response and progression-free survival time (CR, PD, PR, SD). Light green stars indicate first documented objective responses and light green arrows indicate ongoing disease control. The black vertical lines mark the day planned for the eighth vaccination (study day 64). Single asterisks indicate patients for whom the clinical course and treatment schedules are shown in d. CR**, metabolic complete response of a patient with stable disease as the best response according to irRECIST1.1. Patients with radiologically non-measurable disease at baseline are in follow-up for recurrence-free survival and were not subject to clinical efficacy assessment. c, Tumour burden at baseline in relation to the clinical response upon FixVac treatment. PD, progressive disease; PR, partial response; SD, stable disease. d, Clinical course and treatment schedules of patients Pt 53-02, A2-09, C2-28, A2-10, C2-31 and C1-40. FD, first diagnosis of melanoma at any stage. FD stage IV, first diagnosis of melanoma at stage IV. *New bone lesion diagnosed and treated with radiotherapy.


Extended Data Fig. 5 T-cell immunity in patient 53-02 with partial response under FixVac monotherapy.
a, CT scans of the lower and middle lobes of the right lung before (pre) and after starting (post) melanoma FixVac treatment. b, Kinetics of a NY-ESO-196–104-specific, HLA-Cw*0304-restricted CD8+ T-cell response (see also Fig. 3a). c–f, Discovery and characterization of a NY-ESO-196–104-specific HLA-Cw*0304-restricted TCR. c, Sorting gate of multimer-positive CD8+ T cells (gated within the single, live, CD3+ lymphocyte population) for TCR cloning. Control, fluorescence minus one (FMO) sample. d, Recognition of peptide-pulsed HLA-Cw*0304-transfected K562 cells by NY-ESO-1-TCR-transfected CD8+ T cells in IFN-γ ELISpot. Control, HIV-gag PepMix; NY-ESO-1, NY-ESO-1 PepMix. e, Cytotoxicity of NY-ESO-1-TCR transfected healthy donor CD8+ T cells after 24 h of co-culture with HLA-transfected melanoma cell lines (SK-MEL-37 and SK-MEL-28; E:T = 50:1). f, Kinetics of NY-ESO-1-specific TCR clonotype frequency in TCR repertoire data obtained from pre- and post-vaccination PBMCs. g–j, Discovery and characterization of two NY-ESO-1124–133-specific HLA-B*4001-restricted TCRs. g, PBMCs were stimulated with NY-ESO-1 PepMix, and single IFN-γ positive CD8+ T cells were sorted via flow cytometry for TCR cloning (control, HIV-gag PepMix). h, i, HLA restriction and epitope specificity of NY-ESO-1-TCRs analysed after co-culture of TCR-transfected CD8+ T cells with peptide-pulsed HLA-transfected K562 cells using IFN-γ ELISpot. NY-ESO-1, NY-ESO-1 PepMix. j, Cytotoxicity of NY-ESO-1-specific TCRs identified in post-vaccination samples of the patient. TCR-transfected healthy donor CD8+ T cells were stimulated with HLA-transfected melanoma cell lines (SK-MEL-37, SK-MEL-28) for 12 h at an effector to target ratio of 20:1.


Extended Data Fig. 6 T-cell immunity in patients A2-10, C2-31 and C1-40.
a–f, Patient A2-10, with CPI-refractory melanoma, developed a partial response under FixVac monotherapy. a, CT scans of an inguinal lymph node metastasis obtained before and after the start of vaccination. b, Post-IVS CD4+ T-cell responses pre-vaccination and after eight vaccinations, restimulated in an IFN-γ ELISpot assay with autologous dendritic cells transfected with RNA (encoding one of the TAAs or luciferase as control), or pulsed with TAA-encoding PepMix versus unpulsed dendritic cells (no peptide). c, Cytokine-secreting CD8+ and CD4+ T cells after intradermal challenge with NY-ESO-1 RNA. Skin-infiltrating lymphocytes were recovered from a punch biopsy 15 days after 8 weekly vaccinations and stimulated with PepMix encoding NY-ESO-1 or tyrosinase. d–f, Discovery and characterization of HLA II restricted TAA-specific TCRs. d, CD4+ T cells from IVS cultures were restimulated with PepMix-pulsed dendritic cells and sorted via flow cytometry for TCR cloning (control, HIV-gag PepMix). APC and PE are fluorochrome labels. e, Determination of HLA restriction and epitope specificity using TCR-transfected healthy donor CD4+ T cells and RNA-transfected or peptide-pulsed HLA-transfected K562 cells by IFN-γ ELISpot. DRA, DRB, DQA and DQB numbers refer to specific HLA alleles. Control, K562 cells without peptide (–). f, Kinetics of TCR clonotype frequencies in peripheral blood by ex vivo TCR repertoire analysis. g, TAA-specific CD8+ and CD4+ T-cell responses of patient C2-31 by IFN-γ ELISpot on peptide-loaded autologous dendritic cells after IVS with TAA PepMix. Control, dendritic cells loaded with irrelevant peptide. h, i, Clinical and immune responses of patient C1-40, with CPI-refractory melanoma, who developed a partial response under melanoma FixVac combined with nivolumab. h, CT scans of the right middle and left lower lung lobes before and after the start of melanoma FixVac treatment. i, Ex vivo frequencies of MAGE-A3168–176-specific A*0101-restricted (left panel) and NY-ESO-192–100-specific HLA_Cw*0304-restricted (right panel) CD8+ T cells analysed by HLA multimer staining.
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