




Extended Data Fig. 7 | ssRNA RNA extracted from RNA-LNPs contains high 
molecular weight secondary structures. a, QC analysis of dsRNA contamination 
before and after purification (analysis performed by Genscript’s dsRNA residue 
assay). b, Tumour growth for mice with B16F0 tumours (50,000 cells) treated 
with anti-PDL1 mAbs with or without RNA-LNPs versus anionic (LPA) versus 
ssRNA (Days 3,6, 17) (n = 12). In this experiment, anionic LPA was synthesized by 
mixing DOTAP liposomes with mRNA at a 1:1 mass to mass ratio to formulate 
lipid particle aggregates (see methods). c, ELISA for IFN-α in serum collected 

from wildtype C57Bl/6 mice (n = 5) 24 h after treatment with PBS (WT PBS) or 
RNA-LNP (WT RNA-LNP), or RIG-I null mice (n = 3) treated with RNA-LNP (RIG-I 
-/- RNA-LNP). d, Non-complexed RNA (A1, B1) and LNP extracted RNA (A2,B2) 
analysed on a tape station with or without heating. Data are displayed as means 
with standard error. Significance was determined by two-way ANOVA/mixed- 
effect analysis with Geisser-greenhouse correction (b), and two-tailed unpaired 
t tests (c). For b, data are represented as mean +/- SEM. For c, the height of the 
bars represents mean and error bars represent +SEM.
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Extended Data Fig. 8 | RNA-LNPs elicit a dramatic shift in systemic 
cytokines/chemokines. a-l, Cytokine/chemokine multiplex panel. Values are 
represented as pg/mL (a-j) for samples within the standard curve, and as 
fluorescent intensity values for cytokines above the standard curve (k-l). 
Plasma from subcutaneous B16F0 (50,000 cells) bearing C57Bl/6 animals 

(n = 5/group) 24 h after one RNA-LNP vaccine i.m. Whiskers extend to highest 
and lowest values, with a box shown between 1st and 3rd quartiles with a line 
centred at median. Significance was determined by one-way ANOVA analysis 
followed by two-tailed Šidák correction.



Extended Data Fig. 9 | Spike RNA-LNP prime anti-cancer immunity in an 
IFN-I dependent manner. a-b, Box-Plots of cellular phenotyping within 24 h of 
3rd RNA-LNP vaccine i.m. (Days 3, 6, 20) from spleens of C57Bl/6 animals bearing 
subcutaneous B16F0 (50,000 cells, n = 5/group). a, Percentage of activated 
(MHCII + CD86 + ) Ly6C+ cells. b, MHCII and PD-L1 positive of Ly6C+ cells (%).  
c, Prevalence of CD86 + Ly6C+ cells of CD45+ cells in tumours. d-f, Box-plots of 
cellular phenotyping within 24 h of 3rd RNA-LNP vaccine i.m. (Days 3, 6, 20)  
from spleens of subcutaneous B16F0 (50,000 cells) bearing C57Bl/6 animals 
(n = 5/group) for (d) percentage of CD44 + T cells in the CD8+ compartment,  
(e) percentage of CD44+PD1+ among CD3+ cells, and (f) median fluorescence 

intensity (MFI) of PD1 on effector CD8 T cells. g,h. Upregulation of PDL1 on 
tumour cells is dependent on Type I IFN. Wild type and IFN-gamma KO mice 
with s.c. B16F0 tumours (50,000 cells) were treated with three doses of mRNA 
vaccines (Days 3, 6, and 17) with or without twice weekly antibodies blocking 
the IFN-a receptor (IFNAR1) (n = 4 untreated, n = 5 for all other groups). PDL1 
expression on tumour cells was evaluated on Day 18 with flow cytometry. 
Whiskers extend to highest and lowest values from a box drawn between 1st and 
3rd quartiles with a line centred at median. Significance was determined using 
two-tailed unpaired t tests.
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Extended Data Fig. 10 | See next page for caption.



Extended Data Fig. 10 | COVID mRNA vaccines generate a surge in IFN-α, 
innate immune activation and adaptive immunity in humans. a, Schematic 
depicting the experimental design wherein blood was drawn from eleven 
healthy subjects at baseline and 6 h, 24 h, and 48 h after BNT162b COVID mRNA 
immunization. b, Heat map displaying dynamic expression of the cytokines 
that are significantly elevated at 24 h at the following time points: 6 h, 24 h, and 
48 h after COVID mRNA vaccination. Significant variables were defined as 
those with p < .05 and log2-Fold-Change with absolute value greater than 0.5 
following linear modelling with fixed effect. Adjusted p values were calculated 
using moderated two-tailed t-tests with FDR correction for multiple testing.  
c-d, Individual data points highlighting changes in expression of IFN-α from 
baseline to 24 h for healthy volunteers (n = 11) expressed as fold change from 
baseline (c) and concentration (d). e-h, PD-L1 expression on circulating myeloid 
cells (e) and dendritic cells (f), activation of NK cells (g), and activation of T cells 
expressed at percentage of CD69 + CD8+ cells (h) at baseline, 6 h (6 h), 24 h 
(24 h), and 48 h (48 h) after immunization (n = 7). Data are presented as means 

with standard error. p values in e-h are results of two-tailed paired t tests.  
i, Heatmap displaying differentially expressed cytokines for patients receiving 
Spikevax (2023-2024 formulation, 50 µg mRNA) relative to the Comirnaty 
COVID mRNA vaccine (2024-2025 formulation, 30 µg mRNA). Moderated t tests 
were performed on per-patient log2 fold change differences between cytokines 
at baseline vs 6 h or 24 h, with direct comparison of fold change from baseline in 
volunteers treated with either Moderna or Pfizer at each timepoint. Relative 
fold change for Moderna compared to Pfizer was displayed for differences that 
were significant with |log2FC | > 0.5 and p < 0.05 at either 6 h or 24 h after 
multiple comparisons testing. j,k. Cumulative moving average of PDL1 
expression for patients in the NSCLC ( j) and Tissue Agnostic (k) cohorts 
stratified by the time from each patient’s most recent COVID mRNA vaccine. 
Data indicates the average of all TPS measurements from patients who received 
biopsy within each period from COVID mRNA immunization. Blue lines 
indicate unvaccinated patient average TPS.
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Extended Data Fig. 11 | Schematic describing how mRNA vaccines sensitize 
immunologically “cold” tumours. RNA-LNPs stimulate production of IFN-α, 
leading APCs to prime T cells in lymphoid organs. These primed, tumour- 
reactive T cells then infiltrate tumours and begin killing tumour cells. Tumour 
cells respond by expressing PD-L1. Combination therapy with RNA-LNPs and 
ICIs overcomes this resistance mechanism, leading to tumour rejection. Image 
created in BioRender (Grippin, A. (2025) https://BioRender.com/zcaaisj).

https://biorender.com/zcaaisj
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Anti-CD14 (clone 63D3, BioLegend, catalog #367156); Anti-PD-1 (clone EH12.2H7, BioLegend, catalog #329920); Human TruStain 
FcX™ (BioLegend, catalog #422302); Anti-CD25 (clone BC96, BioLegend, catalog #302612); Anti-CD19 (clone HIB19, BioLegend, 
catalog #302274); Anti-CD8 (clone SK1, BioLegend, catalog #344766); Anti-PD-L1 (clone 29E.2A3, BioLegend, catalog #329738); Anti- 
CD16 (clone 3G8, BD Biosciences, catalog #612944); Anti-CD11c (clone B-ly6, BD Biosciences, catalog #741358); Anti-CD11b (clone 
M1/70, BD Biosciences, catalog #612977); Anti-CCR7 (CD197) (clone 3D12, BD Biosciences, catalog #741786); Anti-CD15 (clone 
7C3.RMAB, BD Biosciences, catalog #568935); Anti-CD4 (clone L200, BD Biosciences, catalog #566148); Anti-HLA-DR (clone G46-6, BD 
Biosciences, catalog #563083); Anti-GITR (CD357) (clone V27-580, BD Biosciences, catalog #747664); Anti-CD127 (IL-7Rα) (clone 
hIL-7R-M21, BD Biosciences, catalog #563225); Anti-CD56 (clone NCAM16.2, BD Biosciences, catalog #563169); Anti-CD80 (clone 
L307.4, BD Biosciences, catalog #564159); Anti-Granzyme A (clone CB9, BD Biosciences, catalog #568661); Anti-Granzyme B (clone 
GB11, BD Biosciences, catalog #571117); Anti-CD86 (B7-2) (clone 2331 (FUN-1), BD Biosciences, catalog #755689); Anti-CD178 (FasL) 
(clone NOK-1, BD Biosciences, catalog #564261); Anti-CD33 (clone HIM3-4, BD Biosciences, catalog #758223); Anti-CD68 (clone 
Y1/82A, BD Biosciences, catalog #562111); Anti-CD45 (clone HI30, BD Biosciences, catalog #566961); Anti-CD3 (clone SK7, BD 
Biosciences, catalog #560176); Brilliant Stain Buffer Plus (BD Biosciences, catalog #566385); Anti-CD45RA (clone HI100, BD 
Biosciences, catalog #568712); Anti-CD69 (clone FN50, BD Biosciences, catalog #751501); Anti- PD-L1 (Clone MIH1, BD Biosciences, 
catalog #757550);  
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T Cell Panel: 
Anti-CD3 (clone 17A2, BD, catalog #740268); Anti-CD161 (clone PK136, BD, catalog #741233); Anti-CD127 (clone SB/199, BD, catalog 
#612841); Anti-CD4 (clone GK1.5, BioLegend, catalog #100428); Anti-PD1 (clone J43, BD, catalog #563059); Anti-CD25 (clone PC61, 
BioLegend, catalog #102051); Anti-CD44 (clone IM7, BioLegend, catalog #103016); Anti-KLRG1 (clone 2F1, BD, catalog #758385); 
Anti-CD69 (clone H1.2F3, BD, catalog #756896); Anti-CD62L (clone MEL-14, BD, catalog #569209); Anti-LAG-3 (clone C9B7W, BD, 
catalog #552380); Anti-TIM-3 (clone B8.2C12, BioLegend, catalog #134008); Anti-CD8A (clone 53-6.7, BD, catalog #557959); Live/ 
Dead (Thermo, catalog #L10119) 

 
Myeloid Panel: 

 
Anti-CD45 (clone 30-F11, BD, catalog #564279); Anti-CD11c (clone N418, BD, catalog #750450); Anti-CD11c (clone N418, BD, 
catalog #570292); Anti-CD80 (clone 16-10A1, BD, catalog #612773); Anti-MHC-II (clone M5/114.15.2, BioLegend, catalog #107620); 
Anti-Ly6G (clone 1A8, BioLegend, catalog #127629); Anti-CD163 (clone S15049I, BioLegend, catalog #155325); Anti-Ly6C (clone 
HK1.4, BioLegend, catalog #128041); Anti- CD206 (clone C068C2, BioLegend, catalog #141710); Anti-CD86 (clone B7-2, BD, catalog 
 #759079); Anti-F4/80 (clone T45-2342, BD, catalog #569223); Anti-CD11B (clone M1/70, BD, catalog #571473); Anti-PD-L1 (clone 
485, Thermo, catalog #MA5-46763); Live/Dead (Thermo, catalog #L10119). 
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Anti-CD40L (clone SA047C3, BD, catalog #157006); Anti-CD25 (clone PC61, BioLegend, catalog #101920); Anti-CD69 (clone H1.2F3, 
BD, catalog #104514); Anti-CD3 (clone 17A2, BD, catalog #100216); Anti-CD8A (clone 53-6.7, BD, catalog #560182); Anti-CD4 (clone 
RM4-4, BioLegend, catalog #116008); Anti-4-1BB (clone 17B5, BioLegend, catalog #106106). 

 
Immunofluorescence experiments were completed with the following antibodies: 

 
Anti-CD274 (PD-L1) (clone 2B11D11, Proteintech, catalog #66248-1-Ig, dilution 1:100); Anti-SOX10 (clone SP267, Abcam, catalog 
#ab227680, dilution 1:200); Anti-CD3 (clone 145 2C11, BD, catalog #553057, dilution 1:100); Anti-CD8 (polyclonal, Invitrogen, catalog 
#PA5-81344, dilution 1:1000); Anti-PD1 (clone J121, eBioscience, catalog #14-2798-82, dilution 1:100); Goat anti-mouse AF488 
(polyclonal, Invitrogen, catalog #A11001, dilution 1:1000); Goat anti-rabbit AF564 (polyclonal, Invitrogen, catalog #A11012, dilution 
1:1000); Goat anti-hamster AF647 (polyclonal, Invitrogen, catalog #A78967, dilution 1:1000). 
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