





Extended DataFig.7|ssRNA RNA extracted from RNA-LNPs contains high
molecularweightsecondary structures. a, QC analysis of dSSRNA contamination
before and after purification (analysis performed by Genscript’s dsSRNA residue
assay). b, Tumour growth for mice with B16FO 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 al:1mass to massratio to formulate
lipid particle aggregates (see methods). ¢, ELISA for IFN-a in serum collected

fromwildtype C57BI/6 mice (n =5) 24 h after treatment with PBS (WT PBS) or
RNA-LNP (WTRNA-LNP), or RIG-I null mice (n = 3) treated with RNA-LNP (RIG-1
-/-RNA-LNP).d, Non-complexed RNA (A1, B1) and LNP extracted RNA (A2,B2)
analysed onatapestation with or without heating. Data are displayed as means
with standard error. Significance was determined by two-way ANOVA/mixed-
effectanalysis with Geisser-greenhouse correction (b), and two-tailed unpaired
ttests(c). Forb, dataarerepresented asmean +/-SEM. For ¢, the height of the
barsrepresentsmeanand error barsrepresent +SEM.
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Extended DataFig. 8| RNA-LNPs elicit adramatic shiftinsystemic
cytokines/chemokines. a-1, Cytokine/chemokine multiplex panel. Values are
represented as pg/mL (a-j) for samples within the standard curve, and as
fluorescentintensity values for cytokines above the standard curve (k-I).
Plasma from subcutaneous B16F0 (50,000 cells) bearing C57BI/6 animals
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(n=5/group) 24 h after one RNA-LNP vaccinei.m. Whiskers extend to highest
and lowest values, withabox shown between 1 and 3™ quartiles with aline
centred at median. Significance was determined by one-way ANOVA analysis
followed by two-tailed Sidak correction.
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Extended DataFig.9|Spike RNA-LNP prime anti-cancerimmunityinan
IFN-1dependent manner. a-b, Box-Plots of cellular phenotyping within 24 h of
3"YRNA-LNP vaccinei.m. (Days 3, 6,20) from spleens of C57BI/6 animals bearing
subcutaneous B16F0 (50,000 cells, n=5/group). a, Percentage of activated
(MHCII +CD86 +) Ly6C+ cells. b, MHCIl and PD-L1 positive of Ly6C+ cells (%).
c,Prevalence of CD86 + Ly6C+ cells of CD45+ cellsin tumours. d-f, Box-plots of
cellular phenotyping within 24 h of 3" RNA-LNP vaccinei.m. (Days 3, 6, 20)
fromspleens of subcutaneous B16F0 (50,000 cells) bearing C57BI/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 PD1on effector CD8T cells. g,h. Upregulation of PDL1on
tumour cellsisdependenton Type I IFN. Wild type and IFN-gamma KO mice
withs.c.B16FO tumours (50,000 cells) were treated with three doses of mMRNA
vaccines (Days 3, 6, and 17) with or without twice weekly antibodies blocking
theIFN-areceptor (IFNAR1) (n =4 untreated, n = 5for all other groups). PDL1
expression on tumour cells was evaluated on Day 18 with flow cytometry.
Whiskers extend to highest and lowest values from abox drawn between1* and
3 quartiles withaline centred at median. Significance was determined using
two-tailed unpaired t tests.
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Extended DataFig.10|See next page for caption.
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Extended DataFig.10|COVID mRNA vaccinesgenerate asurgeinIFN-a«,
innateimmune activation and adaptive immunity inhumans. a, Schematic
depicting the experimental design wherein blood was drawn from eleven
healthy subjects at baselineand 6 h, 24 h,and 48 hafter BNT162b COVID mRNA
immunization. b, Heat map displaying dynamic expression of the cytokines
thataresignificantly 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 <.05and log2-Fold-Change with absolute value greater than 0.5
followinglinear 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-a from
baseline to 24 h for healthy volunteers (n =11) expressed as fold change from
baseline (c) and concentration (d). e-h, PD-L1expression oncirculating myeloid
cells (e) and dendritic cells (), activation of NK cells (g), and activation of T cells
expressed at percentage of CD69 + CD8+ cells (h) atbaseline, 6 h(6 h),24 h

(24 h),and 48 h (48 h) afterimmunization (n =7). Dataare presented as means

withstandarderror. p valuesine-hareresults of two-tailed paired t tests.

i, Heatmap displaying differentially expressed cytokines for patients receiving
Spikevax (2023-2024 formulation, 50 pg mRNA) relative to the Comirnaty
COVID mRNA vaccine (2024-2025 formulation, 30 pg mRNA). Moderated t tests
were performed on per-patient log, fold change differences between cytokines
atbaselinevs 6 hor 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
weresignificantwith|log,FC|>0.5and p<0.05ateither 6 hor24 hafter
multiple comparisons testing. j,k. Cumulative moving average of PDL1
expression for patientsin the NSCLC (j) and Tissue Agnostic (k) cohorts
stratified by the time from each patient’smost recent COVID mRNA vaccine.
Dataindicates the average of all TPS measurements from patients who received
biopsy within each period from COVID mRNA immunization. Blue lines
indicate unvaccinated patientaverage TPS.
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Extended DataFig.11|Schematic describinghow mRNA vaccines sensitize
immunologically “cold” tumours. RNA-LNPs stimulate production of IFN-a,
leading APCs to prime T cellsin lymphoid organs. These primed, tumour-
reactive T cellstheninfiltrate tumours and begin killing tumour cells. Tumour
cellsrespond 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).
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- Clinical data was obtained from review of electronic medical records.
- Human llow cylomelry dala was acquired on Aurora Speclial Flow Cylomeler (Cylek) ana murine llow cylomelly dala was acquired on
Symphony A3 (BD Biosciences). Both were analyzed using FlowJo 10.8.1 software (BD Biosciences).
- Particle characteristics were collected using Malvern Panalytical's Zetasizer Ultra and NanoSight's NS300 nanoparticle tracking
analysis.

Data analysis Analysis was performed using standard protocols. No custom code was used for this study. Statistics were completed with R version 4.4.2 (2024-
10-31) and GraphPad Prism v10.3 and v10.6. Flow cytometry data was analyzed with FlowJo 10.8.1 and FlowJo 10.10.0 (BD Biosciences).
St.dev. were exported from ZS Xplorer.
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Reporting on race, ethnicity, or  Self-identified ethnicity (Caucasian, black, asian, hispanic/latino) was reported as recorded in the electronic medical record.
other socially relevant
groupings

Population characteristics Universily ol Texas MD Anderson Cancer Cenler insululional review board approval was oblained. Healthy volunteers
(>18yo) were recruited and provided informed consent for serum and blood analysis. Chart review for this study included
three groups of patients: (a) patients with biopsy confirmed Stage Ill or Stage 1V non-small cell lung cancer (NSCLC)
between 1/2017 and 9/2022, (b) patients with melanoma treated with immune checkpoint blockade between 1/2019 and
12/2022, and (c) patients with any tumor histology with pathology results for PD-L1 from January 2020 to October 2023.
Informed consent was waived due to the retrospective and de-identified nature of the data. The data collection cutoff
was 9/1/2024; data analysis was performed from 9/1/2024 to 7/29/2025. Patient populations are described in detail in
the manuscript and supplemental materials.

Recruitment Healthy volunteers working in the Texas Medical Center and planning to obtain a COVID mRNA vaccine were recruited for
the biomarker portion of this study. This group may be more likely lo receive rouline vaccinalions compared Lo lthe general
population.

Ethics oversight This study was approved by the University of Texas MD Anderson Institutional Review Board.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Sample size Retrospective clinical data included all available data points. Animal studies were completed with samples sizes based on previous studies
from our group evaluating anti-lumor ellicacy accoraing lo lhe Universily of Fioriaa ana Universily ol Texas WD Anaerson Cancer Cenler
IACUC protocols.
Data exclusions No data was excluded.

Replication All clinical findings were replicated in at least two patient populations. Transialional aala presented in (he manusclipl included experiments

performed in two independent laboratories. Major findings were validated in multiple tumor models. All attempts at replication were successful.

Randomization Mice were randomly allocated o realmenl arms desclibed in each experiment once Lhey reachea he pre-determined tumor volume and/or
designated time post tumor injection.
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Antibodies
Antibodies used The following antibodies were used for human samples:

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-7Ra) (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);

The following antibodies were used for preclinical experiments:

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 #L.10119)

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).

AIM Assay:

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
#PAb5-81344, 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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Validation

Validation was completed according to manufacturer recommendations, and prior publications. Antibodies were titrated to identify the
concentralion wilth \he highesl slain index in he cell populalion of inlerest

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

B16F0 and LLC cells were obtained from ATCC.

No independent cell authentication was completed by our lab.

Mycoplasma contamination Mycoplasma testing was performed routinely and cells were not contaminated with mycoplasma.

Commonly misidentified lines  None

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research
Laboratory animals
Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

4-9 week old C57BI6 and RIGI-/- mice

No wild animals were used.

Sex was not evaluated as an independent variable in this study. Self-reported patient gender is included in the supplement.
This study did not include field-collected samples.

All experiments in this study were approved by the IACUC at MD Anderson and the University of Florida

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration
Study protocol
Data collection

Outcomes

Plants

N/A
Study analysis was retrospective
The data collection cutoff was 9/1/2024; data analysis and retrospective chart review were performed from 5/1/2024 to 9/1/2024.

For patients who received COVID-19 mRNA vaccination in both the NSCLC and melanoma datasets, overall survival was calculated as
the time between the date of immunotherapy start closest to mMRNA vaccination date, and the last follow-up date (for patients who
are living) or date of death. For patients who did not receive COVID-19 mRNA vaccination, overall survival was calculated as the time
between the initiation of their first ICI start and the date of death or last follow-up. For patients who received COVID mRNA
vaccination in both datasets, progression-lree survival was calculaled as he ume belween lhe inlialion of ICI closesl lo MRNA
vaccination and the first incidence of either pathology-confirmed recurrence or imaging-confirmed progression, whichever occurred
earliel, \hal was declarea progression in Lheir primary medical oncologist's clinical noles For palients who did nol receive COVID
mRNA vaccination, progression-Iree sulvival was calculaled as lhe ume belween heir [irst ICI slarl dale and clinician-confirmed
progression as described in the text.
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Flow Cytometry

Plots
Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

X A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation For human samples. PBV Cs were (hawed in 2 37°C waler balh ana immeadialely Uanslerred inlo a 50 mL lube conlaining 9
mL of complete RPMI media (RPMI + 10% FBS) in a ratio of 1 part cells to 9 parts media. Cells were centrifuged at 400g for 10
minules. and the supernalanl was decanlea The cell pellel was resuspended in i mL of PBS, and incubaled wilh live/dead
marker (1 pL per 1000 pL of cell suspension, containing 1-10 million cells per mL) for 30 minutes at 4°C. After incubation, 3
mL ol PBS + 2% FBS was added. and lhe cells were cenliifuged again al 400g lor 8 minules and Lhe supernalanl was
decanted. Cells were then pre-incubated with 5 uL of Human TruStain FcX™ (BioLegend, cat. 422302) per 100 pL of cell
suspension for 5 minutes at room temperalure The cells were Inen washed wilh PBS and cenuifuged al 400g lor 6 minules
After decanting the supernatant, 10 pL of Brilliant Buffer was added to each tube, and the mixture was allowed to sit for 5
minutes before addition of antibodies targeting extracellular markers and the cells were incubated for 20 minutes at room
temperature in the dark. After incubation, the cells were washed and fixed in the dark for 45 minutes at 4°C with 500 uL of
Fixalion solulion (BD) Cells were \nen permeabilized wilh 2 mL permeabilizalon buller inracellular slains were added in
permeabilization buffer, and the cells were incubated for approximately 40 minutes at room temperature. After incubation,
cells were washea wilh permeabilizalion bulfer and resuspendea in 200 ul of PBS + 2% FBS

For murine samples, 1x10"6 cells from tumors or spleen were placed into 96 well v-bottom plates. Unless stated otherwise
wash sleps were done by cenliifugalion sleps were performed al 500G lor 5 minules al 4C and resuspension ol celis wilh
200uL of buller with mixing done via pipelung Cells were washed wilh cold PBS and slained wilh 100ul of live/dead slain
(Thermo. cal L10119) for 30 minules al 4C Live dead dye was quenched wilh 100ul of cold PBS and washea one uime wilh
cold FACs buller (PBS wilh 2% FBS) Celis were cenlrifuged and resuspended with 10uL True stain FCX buffer (BioLegend, cat.
422302) ailuled Lo 100ug/mL wilh FACs buller for 10 minules 90uL ol anuibodies (Anlibody lable i ana 2) and Brilliant Stain
buller (BD. cal 563794) were adaed and incubaled for 30 minules al 4C 100ulL ol FACs buller was adaed lo each well ana
washed 2 umes wilh cola FACs buller Cells were [ixed for 15 minules wilh 100ul of Cylolix bulfer (BD. cal 554655) al 4C
100uL ol PBS was added lo each sample and celis were washed 2 Limes ana slorea in FACs buffer at 4C in the dark until
analysis Compensalion was performed using Ulilacomp eBeaas (Thermo Fisher Scienlific. cal 01-2222-42) and ArC amine
reaclive compensalion beads (Thermo Fisher Scienulic. cal A10346)

Instrument Human samples: Cytek Aurora Spectral Flow Cytometer. Murine samples: BD Symphony A3.
Software FlowJov10.10.0
Cell population abundance Studies were performed on PBMCs (human), splenocytes, (murine) and whole tumors (murine).

Gating strategy FSC-A/SSC-A gates were used to select mononuclear cells. FSC-A/FSC-H gates were then used to gate single cells. Live cells
were iaenlliea wilth a live deaa marker Fluorescence minus one conliols were used lo idenlly the poslive and negalive
populations for each additional marker.

PX] Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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