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            Abstract
Lymphoid organs, in which antigen presenting cells (APCs) are in close proximity to T cells, are the ideal microenvironment for efficient priming and amplification of T-cell responses1. However, the systemic delivery of vaccine antigens into dendritic cells (DCs) is hampered by various technical challenges. Here we show that DCs can be targeted precisely and effectively in vivo using intravenously administered RNA-lipoplexes (RNA-LPX) based on well-known lipid carriers by optimally adjusting net charge, without the need for functionalization of particles with molecular ligands. The LPX protects RNA from extracellular ribonucleases and mediates its efficient uptake and expression of the encoded antigen by DC populations and macrophages in various lymphoid compartments. RNA-LPX triggers interferon-α (IFNα) release by plasmacytoid DCs and macrophages. Consequently, DC maturation in situ and inflammatory immune mechanisms reminiscent of those in the early systemic phase of viral infection are activated2. We show that RNA-LPX encoding viral or mutant neo-antigens or endogenous self-antigens induce strong effector and memory T-cell responses, and mediate potent IFNα-dependent rejection of progressive tumours. A phase I dose-escalation trial testing RNA-LPX that encode shared tumour antigens is ongoing. In the first three melanoma patients treated at a low-dose level, IFNα and strong antigen-specific T-cell responses were induced, supporting the identified mode of action and potency. As any polypeptide-based antigen can be encoded as RNA3,4, RNA-LPX represent a universally applicable vaccine class for systemic DC targeting and synchronized induction of both highly potent adaptive as well as type-I-IFN-mediated innate immune mechanisms for cancer immunotherapy.
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                    Figure 1: RNA-LPX of negative net charge deliver RNA-encoded antigens body-wide to lymphoid-resident DCs.


Figure 2: RNA-LPX vaccines induce TLR7-triggered IFNα production, IFNAR-dependent activation of APCs and effector cells, and strong expansion of fully functional antigen-specific T cells.


Figure 3: RNA-LPX vaccines mediate rejection of advanced, aggressively growing tumours in mice.


Figure 4: Clinically administered RNA-LPX vaccines dose-dependently induce systemic INFα and de novo priming and amplification of T cells against vaccine antigens.
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Extended data figures and tables

Extended Data Figure 1 Physicochemical characteristics and biological activity of RNA-LPX constituted from different lipids at various charge ratios.
a, Bioluminescence imaging of Luc expression in BALB/c mice 6 h after i.v. injection of different transfection reagents and controls: PBS (n = 3), 60 μg Luc-RNA alone (n = 3), 25 μg Luc-RNA complexed with TransMessenger (Qiagen) (n = 3), 5 μg Luc-RNA complexed with Viromer RED (Lipocalyx) (n = 3). b, Cryo-TEM images of Luc-LPX constituted at a positive:negative ((+):(−)) charge ratio of 1.3:2 with DOTMA/DOPE liposomes. Scale bar, 100 nm. c, Fraction of uncomplexed RNA in Luc-LPX preparations constituted at different charge ratios with DOTMA/DOPE liposomes determined by capillary gel electrophoresis (n = 2–7). d, Particle size, polydispersity index (left) and zeta potential (right) (n = 3) of RNA-LPX constituted with Luc-RNA and differently constituted liposomes at various charge ratios. e, Bioluminescence imaging of BALB/c mice (n = 3) after i.v. injection of Luc-LPX constituted with different liposomes at various charge ratios corresponding to d. Pie charts show relative contribution of each organ to total signal. f, Relative biodistribution of Luc expression in explanted organs of BALB/c mice (n = 3) after i.v. injection of Luc-LPX constituted with DOTMA/DOPE liposomes at a charge ratio of (+):(-) of 1.3:2 or Luc-RNA alone. g, Luc expression in human immature DCs transfected with 5 μg Luc-LPX constituted freshly or stored after constitution for indicated time periods at 4 °C (left) or room temperature (right). RNA-LPX tested in duplicates (stored) or quadruplets (fresh). Each bar represents triplicates. h, Particle size (upper left) and percentage of RNA integrity (upper right) of Luc-LPX (n = 1) incubated in 50% mouse serum for indicated time periods at 37 °C. Bioluminescence imaging of Luc expression in BALB/c mice (n = 5) after i.v. injection of Luc-LPX preincubated in 50% mouse serum for 30 min at 37 °C (lower left and right). NM, not measured. Error bars, median with interquartile range (h), otherwise mean ± s.d.


Extended Data Figure 2 Biodistribution and cellular uptake mechanism of RNA-LPX vaccines.
a, Uptake of Cy5-labelled RNA in splenic cell subsets of C57BL/6 mice (n = 3) 1 h after i.v. injection of 40 μg Cy5-labelled RNA-LPX. b, Localization of CD11c and Cy3 double-positive cells in the spleen of BALB/c mice (n = 2) 1 h after i.v. injection of 40 μg Cy3-labelled RNA-LPX. Nuclear staining in blue. Scale bar,100 μm. c, Half-life of RNA-LPX in circulation analysed by quantitative RT–qPCR in male and female C57BL/6 mice (n = 5 per time-point) after injection of 60 μg RNA-LPX constituted with NY-ESO-I, tyrosinase, MAGE-A3 and TPTE RNA (15 μg each). d, Localization of Cy5+ (upper left) or Thy1.1+ cells (lower left) in spleen and liver of BALB/c mice (n = 5) determined by microscopy or flow cytometry 1 h or 20 h after i.v. injection of 40 μg Cy5-labelled RNA-LPX or 40 μg 1-methyl-pseudouridine-modified Thy1.1-LPX, respectively. Nuclear staining in blue. Scale bar, 50 μm (top), 20 μm (bottom). Biodistribution of Cy5 signal in homogenized organs of BALB/c mice (n = 2) (right). Note the signal in the liver is overestimated in this analysis owing to the strong signal in the gall bladder, probably reflecting biliary secreted free dye. e, Bioluminescence imaging of lymph nodes of BALB/c mice (n = 3) 18 h after i.v. injection of 40 μg 1-methyl-pseudouridine-modified Luc-LPX. ax, axillary; ing, inguinal; mand, mandibular. f, Flow cytometry analysis of Cy5 and Thy1.1 expression in CD11c+ cells in the bone marrow of C57BL/6 mice (n = 3) 1 h or 20 h after i.v. injection of 40 μg Cy5-labelled RNA-LPX or 40 μg 1-methyl-pseudouridine-modified Thy1.1-LPX, respectively. g, h, Localization of Cy3-labelled RNA in human immature DCs after co-transfection of 1.25 μg Cy3-labelled RNA-LPX at a charge ratio of (+):(−) of 1.3:2 and 3:1 with dextran (g) or of 1.3:2 after staining for TLR7 or EEA1 (h). Nuclear staining in blue. Scale bar, 10 μm. i, Visualization and quantification of inhibited uptake of positively as well as negatively charged Cy3-labelled RNA-LPX in human immature DCs pretreated with rottlerin or cytochalasin D. Scale bar, 10 μm. j, Bioluminescence imaging of lymph nodes of BALB/c mice (n = 3) injected intranodally with 10 μM rottlerin in 10 μl PBS 15 min before i.v. injection of 80 μg Luc-LPX. k, Luminescence assay of whole blood enriched or not enriched with human immature DCs pretreated with poly I:C or not (control) before transfection with Luc-LPX at a charge ratio of 1.3:2. WB, whole blood. l, Poly-I:C-induced maturation determined by CD86 expression (left), bioluminescence imaging (middle) and eGFP expression in splenic cDC subsets (right) upon injection of BALB/c mice (n = 3) with 50 μg poly I:C i.p. 12 h before i.v. injection of 20 μg Luc-LPX or 80 μg eGFP-LPX, respectively. Significance was determined using unpaired two-tailed Student’s t-test (d, lower left, f, l, middle) and one-way ANOVA and Tukey’s multiple comparisons test (i–k, l, right). Error bars, mean ± s.e.m. (k) or mean ± s.d. otherwise.


Extended Data Figure 3 Systemic TLR7- and IFNAR-dependent activation of APCs and effector cells, IFNα production and strong expansion of fully functional antigen-specific T cells induced by RNA-LPX vaccines.
a, Localization of splenic CD11chi cells at baseline (top) and 6 h after i.v. injection of 40 μg HA-LPX (bottom) into BALB/c mice (n = 2). Nuclear staining in blue. Scale bar, 100 μm. RP, red pulp; WP, white pulp. b–e, Activation marker expression in splenic cell subsets and kinetics of IFNα serum levels after i.v. injection of mice (n = 3 per time point) with HA-LPX in Tlr3−/−, Tlr4−/− and Tlr9−/− mice (b), in Ifnar1−/− mice (c, d), or in BALB/c mice treated with 100 μg anti-IFNAR1 antibody or isotype i.p. 1 h before i.v. injection of HA-LPX (e). Ab, antibody. f, mRNA levels of IFNα isoforms in sorted splenic APC subsets of C57BL/6 mice (n = 3) 1 h after i.v. injection of HA-LPX determined by qRT–PCR. Data expressed as log2-fold change, as compared to control animals. g, IFNα serum levels after i.v. injection of HA-LPX in BDCA2-DTR mice (n = 3 per time point) depleted (depl) of pDCs (left) and in C57BL/6 mice (n = 3 per time point) depleted of macrophages (right). h, CFSE proliferation profile of HA-specific CD4+ T cells in lymphoid compartments of BALB/c Thy1.1+ mice (n = 3) after adoptive transfer of HA-specific Thy1.2+ HA-TCR-transgenic CD4+ T cells and subsequent immunization with HA-LPX or control (untreated). Fraction of proliferated cells indicated. tg, transgenic. i, Priming of naive HA-specific CD8+ T cells ex vivo. BALB/c (n = 3) mice were immunized with 80 μg HA-LPX, irrelevant (eGFP)-LPX or NaCl (control). Splenocytes were prepared 12 h later and co-incubated with CFSE-labelled CL4-TCR-transgenic CD8+ T cells isolated using MACS magnetic microbeads coated with CD8 antibodies at an effector:target ratio of 1:6. Four days later, proliferation profiles were analysed by flow cytometry. Numbers indicate the percentage of proliferated cells. j, Fraction of cytokine-secreting CD8+ T cells within CD8+ T cells in the spleen upon de novo priming in C57BL/6 mice (n = 5) immunized i.v. (day 0, 3, 8) with OVA-LPX after in vitro restimulation with no (none), irrelevant VSV (irrelevant) or OVA peptide and intracellular cytokine staining (top). Spleen ex vivo ELISPOT assay upon de novo priming in BALB/c mice (n = 5) immunized i.v. (day 0, 3, 8) with gp70-LPX. Stimulation with no (none), irrelevant HA (irrelevant) or gp70 peptide (lower left). gp70-specific cytotoxicity in vivo (lower right). BALB/c mice (n = 5) were immunized i.v. (day 0, 3, 8) with 40 μg gp70-LPX. Naive splenocytes were labelled with 0.5 or 5 μM CFSE and pulsed with peptide (6 μg ml−1) five days after the last immunization, and target cells (2 × 107) were adoptively transferred into immunized recipients i.v. (irrelevant HA-loaded CFSElow:gp70-loaded CFSEhigh = 1:1). Recipient splenocytes were analysed by flow cytometry 18 h after transfer, and antigen-specific lysis was determined: specific lysis (%) = (1 − (percentage of cells pulsed with gp70/percentage of cells pulsed with HA)) × 100). k, Expression of memory markers CD127 and CD62L in gp70-specific, CD44+CD8+ T cells compared to non-specific CD8+ T cells in blood (day 19) and spleen (day 67) of BALB/c mice (n = 3) after priming with gp70-LPX (day 0, 7, 14). l, Fraction of gp70-specific CD8+ T cells within total CD8+ T cells in blood, bone marrow and lymph nodes determined by MHC class I tetramer staining after de novo priming of splenectomized BALB/c mice (n = 5–7) immunized with gp70-LPX (day 0, 7) or left untreated (control). Significance was determined using unpaired two-tailed Student’s t-test (b left, c), two-way ANOVA and Bonferroni’s multiple comparisons test (b right, g) and one-way ANOVA and Tukey’s multiple comparisons test (j, l). Error bars, mean ± s.d.


Extended Data Figure 4 Potent antitumour immunity and rejection of advanced aggressively growing tumours in mice conferred by RNA-LPX vaccines.
a, B16-OVA melanoma load in lungs of C57BL/6 mice (n = 8) immunized i.v. (days 4, 7, 11) with OVA-LPX or irrelevant (eGFP)-LPX. b, Expression of activation markers measured 24 h after i.v. injection of 40 μg irrelevant (empty vector)-LPX, eGFP-LPX or OVA-LPX by flow cytometry in splenic immune cell subsets (n = 3) and IFNα serum levels (n = 3) 6 h after injection in C57BL/6 mice. c, Bioluminescence signal of tumours in different groups before immunization and on day 25 (upper left), tumour load and lung weights (upper right) and TRP-1-specific CD8+ and CD4+ T-cell responses in spleens of control (untreated), irrelevant (empty vector)-LPX and TRP-1-LPX-immunized B6 albino mice (n = 12) on day 25 detected by ELISPOT assay (bottom), depicted in Fig. 3b. d, Bioluminescence imaging of CT26-Luc carcinoma in BALB/c mice (n = 4–7) depicted in Fig. 3c (left). e, TC-1-Luc tumour growth in C57BL/6 mice (n = 10) (left), depicted in Fig. 3d, and remission of established advanced TC-1-Luc tumours in C57BL/6 mice (n = 10) immunized i.v. with 40 μg E6/E7-LPX (day 13, 20, 27) (right). f, Survival of BALB/c mice rechallenged with CT26-Luc colon carcinoma cells on day 109, depicted in Fig. 3e. Significance was determined using one-way ANOVA and Tukey’s multiple comparisons test (c), two-way ANOVA and Bonferroni’s multiple comparisons test (d), paired two-tailed Student’s t-test (f, right), unpaired two-tailed Student’s t-test (f, far right), and log-rank test (f, left). Error bars, median with interquartile range (d), mean ± s.d. otherwise.


Extended Data Figure 5 Clinical application of RNA-LPX vaccines and de novo priming and amplification of patient T-cell responses against encoded vaccine antigens.
a, Vaccination scheme and monitoring for patients 1–3. b, Antigen-specific T-cell responses against NY-ESO-1 and tyrosinase determined by restimulation with overlapping peptide mixtures in IFNγ ELISPOT for patient 1. c, Antigen-specific T-cell responses against NY-ESO-1 and MAGE-A3, determined by post-IVS IFNγ ELISPOT assay at indicated days for patient 2. Values are corrected for background (no peptide). d, Antigen-specific T-cell responses against NY-ESO-I and MAGE-A3, determined by ex vivo IFNγ ELISPOT assay at indicated days for patient 3. Numbers in ELISPOT data indicate the amino acid position of each epitope. Significance was determined using unpaired two-tailed Student’s t-test. Error bars, mean ± s.e.m.


Extended Data Figure 6 Comparison of i.v. and s.c. routes for RNA-LPX administration in the context of T-cell priming and biodistribution of RNA-LPX upon s.c. administration.
Fraction of OVA-specific CD8+ T cells within CD8+ T cells on day 13 in blood after de novo priming of C57BL/6 mice (n = 5) immunized i.v. with OVA-LPX (day 0, 3, 8) (left). Biodistribution of Luc expression 24 h after s.c. injection of Luc-LPX in BALB/c mice (n = 3) (right). Signal can only be observed at the injection site and the draining lymph node. Significance was determined using one-way ANOVA and Tukey’s multiple comparisons test. Error bars, mean ± s.d.


Extended Data Table 1 Findings of non-GLP pilot pharmacokinetics and pharmacodynamics study in cynomolgus monkeysFull size table
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