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Fig. 5| Immune responses induced by spike protein RBD mRNA-loaded
C12-2aNP for SARS-CoV-2 vaccination in mice. a, Scheme of the vaccination
strategy and analysis for the SARS-CoV-2 model. Mice were intramuscularly
injected with LNPs (0.1 mg kg™ of SARS-CoV-2 spike protein RBD mRNA) using a
prime-boost strategy with a 3-week interval. Inmune responses were evaluated
on day 28 after the boost injection. b, RBD-specific IgG antibody titres were
determined by ELISA. ¢,d, RBD-specific B cellsin the spleen were analysed by flow
cytometry. The quantified cell populations (c¢) and flow cytometry dot plots (d)
areshown. e,f, Neutralizing antibody levels were determined by a pseudovirus
neutralization assay (e), and the 50% neutralization titre was calculated (f).

g, RBD-specific T cells in the spleen were analysed by ELISpot, and IFN-y-secreting
cells were quantified. h, RBD-specific T cellimmune responses were evaluated

by intracellular cytokine analysis. i, Representative immunofluorescence images
of vaccine-induced GCsin the spleen. j-1, Cell populations of RBD-specific GC

B cells (j), RBD-specific memory B cells (k) and follicular helper T cells (I) in the
spleen were analysed by flow cytometry. m, CD8* memory T cell subpopulations
inthe spleen were analysed by flow cytometry. Ty, naive T cells; Ty, effector
memory T cells; Ty, central memory T cells; T, follicular helper T cells.n, On
day 120, RBD-specific antibody-secreting cells in the bone marrow were analysed
by ELISpot. Data are presented as mean * s.d. (n = 5 biologically independent
samples). Statistical differences were analysed by one-way ANOVA with

Tukey’s post hoc test. Ratillustration in acreated in BioRender; Hamilton, A.
https://biorender.com/witOpx7 (2025).
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Fig. 6| Immune responses induced by OVA-mRNA-loaded C12-2aNP for cancer
vaccinationinmice. a, Scheme of the vaccination strategy and analysis for a
preventive cancer vaccine model. Mice were treated with LNPs (0.1 mg kg™ of
OVA mRNA) viaanintramuscular injection using a prime-boost strategy with a
5-day interval. Immune responses were evaluated 2 days after the boost injection.
OVA-expressing B16F10 cells (5 x 10° cells) were subcutaneously inoculated 5 days
after the boost injection and the tumour growth was monitored. b, OVA-specific
IgG antibody titres were quantified using ELISA. ¢, OVA-specific T cellsin the
spleenwere analysed by ELISpot, and IFN-y-secreting cells were quantified.

d,e, OVA-specific T cellsin the spleen were analysed by flow cytometry using

an OVA-tetramer. The quantified cell populations (d) and flow cytometry dot
plots (e) are shown. f, Tumour growth was monitored over 23 days. g, Scheme

ofthe vaccination strategy and analysis of a therapeutic cancer vaccine model.
OVA-expressing B16F10 cells (5 x 10° cells) were subcutaneously inoculated,
and the mice were treated with LNPs (2 mg of OVA mRNA per injection) viaan
intramuscular injection using a prime-boost strategy with a 5-day interval after
5days of tumour inoculation. h, Tumour growth was monitored over 20 days.

i, Survival rate was monitored over 44 days. j, Representative immuno-
fluorescence images of vaccine-induced T cell infiltration and activation in tumour
tissue. kI, Tumour-infiltrating CD8" T cells (k) and IFN-y-expressing population
among the CD8" T cells (I) were analysed by flow cytometry. Data are presented as
mean +s.d. (n =5 biologically independent samples). Statistical differences were
analysed by one-way ANOVA with Tukey’s post hoc test. Ratillustrationinaand g
created in BioRender; Hamilton, A. https://biorender.com/witOpx7 (2025).
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titre of anti-RBD IgG in the C12-2aNP-treated group was comparable to
thetitreinthe ALC-0315-treated group and significantly higher than the
titreinthe C12-NP-treated group (Fig. 5b). Consistently, theinduction
of antigen-specific B cells was also detected in secondary lymphoid
organs (Fig. 5¢c,d and Supplementary Fig. 26).

As both C12-2aNP- and ALC-0315-treated groups induced high
levels of RBD-specific antibody production, the antibody provided a
neutralization effect against SARS-CoV-2 pseudovirus infection. Incu-
bation of the serum from the C12-2aNP- or ALC-0315-treated groups
with the pseudovirus significantly interfered with the infection of
hACE-expressing cells, whereas the serum from the C12-NP-treated
group exerted amoderate level of interference (Fig. Se,f).

Along withthe humoralimmune responses, C12-2aNP vaccination
also induced robust cellular immune responses. When RBD-specific
T cellsin the spleen were analysed by IFN-y ELISpot, significantly higher
spot numbers were counted in the C12-2aNP- and ALC-0315-treated
groups (Fig. 5g and Supplementary Fig. 27). Likewise, intracellular
cytokine analysis also showed that higher levels of proinflammatory
cytokines—IFN-y and TNF-a—were induced in CD8" T cells in the C12-
2aNP-treated group compared with those in the C12-NP-treated group
(Fig. 5Shand Supplementary Fig. 28).

The establishment ofimmunity against the RBD antigen was also
visualized by immunofluorescence staining (Fig. 5i). It was confirmed
that C12-2aNP immunization robustly induced germinal centre (GC)
formation, characterized by clustered GL7* GC B cells and CD21" fol-
licular dendritic cells. In addition, when GC formation was evaluated
using flow cytometry, a notable induction of antigen-specific GC B
cells was detected in the spleen of the C12-2aNP-treated group, sig-
nificantly higher than the group treated with ALC-0315 (Fig. 5j and
Supplementary Fig. 26).

In the spleen of immunized mice, a robust induction of RBD-
specific memory B cells was confirmed in the C12-2aNP-treated group,
showing a higher population than thatin the group treated with ALC-
0315 (Fig. Sk and Supplementary Fig. 26). For follicular helper T cells,
although C12-2aNP-and ALC-0315 showed similar levels, the population
in the C12-2aNP group was higher than that in the group treated with
C12-NP (Fig.5land Supplementary Fig. 29). Furthermore, vaccination
induced not only memory B cellsbut alsomemory T cellsin the spleen.
C12-2aNP induced the highest level of CD8" effector memory T cells,
which was significantly higher than that of the C12-NP-treated group
(Fig. 5m and Supplementary Fig. 30).

For long-term memory evaluation, long-lived plasma cells in the
bone marrow were analysed 3 months after the boost injection. When
the number of RBD-specific antibody-secreting cells in the bone mar-
row was visualized by ELISpot, a significantly higher number of spots
were detected inthe C12-2aNP-treated group compared withthe groups
treated with C12-NP (Fig. 5n and Supplementary Fig. 31). Altogether,
C12-2aNP-mediated vaccination elicits a robust humoral and cellular
immune response, including long-term memory, in the SARS-CoV-2
vaccine model (Supplementary Fig. 32).

C12-2aNP protects against tumours in a cancer
vaccine model

The efficacy of C12-2aNP as an mRNA vaccine was also evaluated in
an OVA cancer vaccine model (Fig. 6a). Consistent with the results
of the SARS-CoV-2 vaccine model, the prime and boost injections of
mOVA-loaded C12-2aNP induced robust humoral and cellularimmune
responses. A markedly higher level of OVA-specific antibody was
induced in both ALC-0315 and C12-2aNP groups, with the titre of the
C12-2aNP-treated group being significantly higher than that in the
group treated with C12-NP (Fig. 6b).

Likewise, a higher number of IFN-y-secreting cells on OVA anti-
gen stimulation was found in the spleen of the C12-2aNP-treated
group compared with the group treated with C12-NP (Fig. 6¢c and
Supplementary Fig. 33). When the population of OVA-specific CD8"

T cells was analysed by flow cytometry, a significantly higher level
of T cells was detected in the spleen of the C12-2aNP-treated group
than that in C12-NP- and ALC-0315-treated groups (Fig. 6d,e and
Supplementary Fig. 34).

The robust humoral and cellular immune responses provided the
immunized mice with protection against a tumour challenge. When
B16-OVA was inoculated to immunized mice, three out of six mice
vaccinated with C12-2aNP or ALC-0315 showed a complete response,
whereas all of the C12-NP-treated mice showed tumour growth
(Supplementary Fig.35a). Tumour volume monitoring showed significant
tumour growth inhibitionin the C12-2aNP or ALC-0315 group (Fig. 6f).

The potency of C12-2aNP as a cancer vaccine was also dem-
onstrated in a therapeutic vaccine model, where prime and boost
immunizations were administered after tumour inoculation (Fig. 6g).
Similar to the preventive vaccine model, both C12-2aNP- and ALC-
0315-treated groupsinduced comparable antitumour efficacy, which
was significantly more potent than the C12-NP-treated group (Fig. 6h
and Supplementary Fig. 35b). The tumour growth inhibition led to
extended mouse survival. Although the C12-NP-treated group extended
mouse survival by up to 6 days compared with the untreated group,
C12-2aNPvaccination extended mouse survival by up to 18 days (Fig. 6i).

Stronger immune responses following C12-2aNP vaccination
resultedin a higher level of tumour-infiltrating lymphocytes. Immuno-
fluorescence staining showed an active infiltration of IFN-y-expressing
CD8'Tcellsinthe tumour of the C12-2aNP-treated group (Fig. 6j). Flow
cytometry analysis showed that the number of CD8' T cellsinfiltrating
the tumour in the C12-2aNP-treated group was higher than thatin the
C12-NP-treated group (Fig. 6k and Supplementary Fig.36a). Addition-
ally, the proportion of infiltrating cells expressing IFN-y was also higher
inthe C12-2aNP-treated group compared with the C12-NP-treated group
(Fig. 6] and Supplementary Fig. 36b). Overall, C12-2aNP-mediated
vaccination elicits a robust immune response, suppressing tumour
growth and improving mouse survival rates in the OVA cancer model
(Supplementary Fig.37).

For both the SARS-CoV-2 model and tumour model, vaccine effi-
cacywas higheringroups treated with C12-2aNP containing therapeutic
mRNA than in groups treated with C12-2aNP containing unrelated
mRNA, highlighting the synergistic effect of administering therapeutic
mRNA and metabolically activelipids together (Supplementary Note 5).

Outlook

Inadditiontoitsimmunometabolic effects, C12-2aNP holds promise as
anext-generation mRNA vaccine platform by addressing key limitations
of currently approved mRNA vaccines, such as off-target delivery and
systemic side effects. Furthermore, C12-2aNP promoted glycolysis in
macrophages and monocytes (Supplementary Fig.38). Thus, beyond
the mRNA vaccines studied here, the broad metabolic reprogram-
ming induced by C12-2aNP may offer new therapeutic opportunities
for arange of disorders involving cellular dysfunction due to energy
depletion, including cancer,immune-mediated diseases and metabolic
disorders. We believe that the rational design of ionizable lipid chem-
istry to modulate immune cell metabolism may open new avenues in
immune engineering beyond vaccines.
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Methods

LNP formulation

The corresponding ionizable lipids, DOPE, cholesterol and
C14-PEG2000 were dissolved in ethanol at a molar ratio of
57.1:10.2:31.1:1.7, respectively, to form the organic phase. For the ALC-
0315LNP, the organic phase was prepared in ethanol at amolar ratio of
50:10:38.5:1.5, respectively. An aqueous phase was prepared consisting
ofthe correspondingmRNA ina10-mMcitrate buffer at pH3.LNPs were
formulated by mixing the organic phase and aqueous phase atavolume
ratio of 1:3, either by pipette mixing for library screening or microflu-
idic mixing for the other experiments. LNPs were dialysed against 1x
phosphate-buffered saline (PBS) in a20-kDa-molecular-weight-cut-off
cassette for2 h.

LNP characterization

LNPs were characterized with respect to the particle morphology,
size, zeta potential, pKaand mRNA encapsulation efficiency. The mor-
phology of LNPs was observed by cryogenic electron microscopy
(Titan Krios, Thermo Fisher). The hydrodynamic size, polydispersity
index and zeta potential of LNPs were measured using a Zetasizer
Nano ZS90 (Malvern Instruments). The pKa of LNPs was determined
using a 6-(p-toluidinyl)naphthalene-2-sulfonic acid assay. The mRNA
encapsulation efficiency was determined by the Quant-iT RiboGreen
RNA assay (Invitrogen).

Haemolysis assay

Isolated mouse whole blood was washed twice with 1x PBS by centrifu-
gation at 700g for 5 min. The resulting RBC pellet was resuspended
ineither pH 7.4 or pH 6.0 PBS at a final concentration of 4% (v/v). The
resuspended RBCs were incubated with LNPs containing mRNA at a
concentration of 5 ug ml™ at 37 °C for 1 h. After incubation, the RBC
suspensions were centrifuged again at 700g for 5 min, and the super-
natant was transferred to a 96-well plate for absorbance measurement
at 540 nm. Samples treated with PBS and 0.1% Triton X-100 were used
as negative and positive controls, respectively.

Isolation of BMDCs

Bone marrow cells were isolated from the femurs and tibias collected
from 6-week-old C57BL/6 mice. The isolated cells were incubated in
Iscove’s modified Dulbecco’s medium supplemented with 10% of fetal
bovine serum, 100 pg ml™ of streptomycin, 100 units ml™ of peni-
cillin, 20 ng ml™ of recombinant mouse granulocyte-macrophage
colony-stimulating factor, 20 ng ml™ of recombinant mouse
interleukin-4 and 50 pM of 3-mercaptoethanol for dendritic cell dif-
ferentiation. BMDCs were ready for use onday 7.

In vitro mRNA transfection

For LNP library screening, BMDCs were seeded into 96-well platesata
density of 2 x 10° cells per well overnight. The cells were treated with
mLuc-loaded LNPs (125 ng of mRNA per well) and incubated for 6 h. The
mLuc expression was evaluated using the Luciferase Reporter 1000
Assay System according to the manufacturer’s instructions, and the
luminescence intensity was quantified using an Infinite 200 Pro plate
reader (Tecan).

For the imaging of endosomal escape, BMDCs were seeded into
eight-well confocal imaging plates at a density of 4 x 10° cells per well
overnight. The cells were treated with Cy5-labelled mRNA-loaded LNPs
(250 ng of mRNA per well) and incubated for 6 h. Cells were stained
with LysoTracker Green DND-26 (50 nM) for 30 minand Hoechst 33342
(10 pg m1™) for 5 min. The cells were imaged using a confocal laser
scanning microscope (LSM 710, ZEISS).

For the imaging of mRNA expression, BMDCs were seeded into
eight-well confocal imaging plates at a density of 4 x 10° cells per well
overnight. The cells were treated with mGFP-loaded LNPs (250 ng of
mRNA per well) and incubated for 24 h. Cells were stained with Hoechst

33342 (10 pg ml™) for 5 min and the mRNA expression was observed
using a confocal laser scanning microscope.

For antigen presentation, BMDCs were seeded into 24-well plates
atadensity of 5 x 10° cells per well overnight. The cells were treated with
mOVA-loaded LNPs (500 ng of mRNA per well) and incubated for 24 h.
Forsome experiments, C12-2aNP (-) was formulated using C12-2aN and
unrelated mRNA (mLuc), and co-treated with mOVA-loaded C12-NP to
evaluate the glycolysis-stimulating effect of the C12-2aN lipid. For some
experiments, 2-deoxy-D-glucose was treated with BMDCs at a concen-
tration of 5 mM. Cells were collected and blocked with anti-mouse
CD16/32 antibody, followed by staining with FITC-conjugated
anti-mouse CD11c antibody and APC-conjugated anti-mouse H-2K®
bound to SIINFEKL antibody for 30 min. The cells were analysed by flow
cytometry using an LSRII Flow Cytometer (BD Biosciences).

For in vitro cell viability assessment, BMDCs were seeded into
96-well plates at a density of 2 x 10° cells per well overnight. The cells
were treated with mLuc-loaded LNPs (125 ng of mRNA per well) and
incubated for 24 h. The cell viability was measured using a CellTiter-Glo
cell viability assay according to the manufacturer’s instructions, and
the luminescence intensity was quantified using an Infinite 200 Pro
platereader.

Seahorse assays

BMDCs treated withmLuc-loaded LNPs for 24 hwere seeded into Sea-
horse XFe96/XF Pro Cell Culture Microplates at adensity of 2 x 10° cells
per well. The extracellular acidification rate and oxygen consump-
tion rate of the cells were measured using a Seahorse XF Glycolysis
Stress Test kit, Cell Mito Stress Test kit and Real-Time ATP Rate Assay
kitaccording to the manufacturer’sinstructions. For the Seahorse XF
Glycolysis Stress Test, 10 mM of glucose, 2.5 uM of oligomycin and
50 pM of 2-deoxy-D-glucose were injected. For the Cell Mito Stress
Test,1 mM of carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone
and 0.5 puM of rotenone/antimycin A were injected. For the Real-Time
ATP Rate Assay, 2.5 uM of oligomycin and 0.5 uM of rotenone/anti-
mycin A were injected and analysed using an XF96 Extracellular Flux
Analyzer (Agilent).

Westernblot

BMDCs or human monocyte-derived dendritic cells treated with
mLuc-loaded LNPs were collected and lysed with RIPA lysis buffer
containing a protease inhibitor cocktail and a phosphatase inhibitor
cocktailonicefor30 min. The cell lysates were centrifuged at15,000g
for30 min, and the supernatants were collected. The amount of protein
was quantified using the DC Protein Assay. The lysates were separated
by 4%-12% Bis-Tris gels and transferred to a nitrocellulose membrane.
For primary antibodies, anti-AMPK, anti-phospho-AMPK, anti-S6K,
anti-phospho-S6K, anti-Akt, anti-phospho-Akt and anti-p-actin were
used. IRDye 800CW goat anti-rabbit IgG was used as the second-
ary antibody. Protein detection was measured using the Odyssey M
Imager (LI-COR).

Invitro bulk mRNA sequencing

BMDCs were treated with mLuc-loaded LNPs for 6 h, and total RNA
was extracted using the PureLink RNA Mini Kit. RNA library prepara-
tion, sequencing and data analysis were conducted at Azenta Life
Sciences. RNA-sequencinglibraries were prepared using the NEBNext
UltralIRNA Library Prep Kit for Illumina using manufacturer’sinstruc-
tions (NEB). The sequencinglibraries were multiplexed and clustered
onto a flow cell on the Illumina NovaSeq instrument according to
manufacturer’s instructions. The samples were sequenced using a
2 x150-bp paired-end configuration. Using DESeq2, a comparison of
gene expression between the groups of samples was performed. The
Wald test was used to generate P values and log, fold changes. Genes
with adjusted P values of <0.05 and absolute log, fold changes of >1
were called differentially expressed genes for each comparison. Gene
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setenrichmentanalysis was performed using GSEA (v.4.3.3)""**. KEGG
pathway enrichment analysis was performed using ShinyGO (v. 0.80)*.

Invivo study

All animal protocols were approved by the Institutional Animal
Care and Use Commiittee of the University of Pennsylvania (number
806540), and animal procedures were performed in accordance with
the Guidelines for Care and Use of Laboratory Animals at the Univer-
sity of Pennsylvania. C57BL/6 female mice (6 weeks old, 18-20 g) were
purchased from the Jackson Laboratory. The mice were fed astandard
mouse chow diet (PicoLab Rodent Diet 20, number 5053) and housed in
aspecific-pathogen-free facility atanambient temperature of 22 + 2 °C,
with 40%-70% humidity and a12 hdark-12 hlight cycle.

Invivoimmunization

Immunization was conducted following a prime-boost strategy at
a 3-week interval for the SARS-CoV-2 model and a 5-day interval for
the OVA cancer model. For each injection, mice were intramuscularly
injected with mRBD or mOVA-loaded LNPs at a dose of 2 pg of mRNA.
For serum analysis, blood was collected into serum-separating tubes
via the retro-orbital route and centrifuged at 10,000g for 5 min. The
serum was stored at —20 °C until use.

For the imaging of mRNA expression, mLuc-loaded LNPs were
intramuscularly injected at adose of 2 pg of mMRNA. At 6-h time points,
mice were intraperitoneally injected with D-luciferin potassium salt
atadose of 150 mg kg™, and bioluminescence at the injection site was
measured using an IVIS imaging system (PerkinElmer). For the LNP
retention study, DiR dye was incorporated into the LNP formulation
at a lipid molar ratio of 0.1%. DiR-labelled, mOVA-loaded LNPs were
intramuscularly injected at a dose of 2 pg of mRNA. Fluorescence
intensity at the injection site was monitored for up to 5 days using an
IVIS imaging system.

Invivo single-cell RNA sequencing

Immune cells at the LNP injection sites were isolated and analysed
by single-cell RNA sequencing. Mice were intramuscularly injected
withmLuc-loaded LNPs atadose of 2 ug mRNA. At12 h post-injection,
muscle tissues at the injection site were harvested and digested in
Dulbecco’s modified Eagle’s medium containing 0.1% collagenase D
and 0.1% Dispase Il at 37 °C for 45 min. The resulting cell suspensions
were washed twice with1x PBS by centrifugationat 500g for 10 min, and
dead cells were removed using the Dead Cell Removal Kit. Immune cells
were thenisolated from the live-cell population using CD45 MicroBeads
according to the manufacturer’s instructions. The pooled immune
cells (n=>5) were then loaded onto a chip following the 10x Genom-
ics Chromium GEM-X Single Cell 3’ Reagent Kits v4 user guide, and
libraries were constructed according to the manufacturer’s protocol.
Theresultinglibraries were validated and quantified using the Agilent
2100 Bioanalyzer, and subsequently sequenced onan Illumina NextSeq
2000 using the XLEAP SBS reagent, with asequencing depth of 20,000
paired-end reads per cell.

Sequencing reads were processed using the 10x Genomics Cell
Ranger pipeline to generate filtered gene barcode count matrices for
each sample. The resulting HDF5 files were imported into Seurat (v.
5.2.1) for downstream analysis. Cells from each treatment condition
wereloaded asindividual Seurat objects and merged into acombined
dataset. Quality-control metrics were applied to filter out low-quality
cells: cells with <100 genes, <1,000 or >40,000 unique molecular
identifiers, or >20% mitochondrial transcripts were removed. Gene
expression data werelog-normalized, the most variable features were
identified and the data were scaled using Seurat’s standard workflow.
To correct for batch effects across treatment groups, we applied the
Harmony integration workflow aiming to identify shared cell states
across all samples®. Principal component analysis was performed
on the integrated data, and the top-20 Harmony components were

used for clustering and uniform manifold approximation and projec-
tion (UMAP) visualization. Cell-type annotation was performed using
SingleR with the InmGen mouse reference dataset from the celldex
package. The predicted cell identities were visualized on the UMAP
for downstreaminterpretation.

Evaluation of acute inflammationin vivo

Acute inflammation was assessed based on fever and serum levels of
IL-6 and MCP-1. Mice were intramuscularly injected with mLuc-loaded
LNPsatadose of 2 pg mRNA. At 24 h post-injection, the rectal tempera-
ture was measured using a rectal probe (Kent Scientific) to evaluate
fever. For serum analysis, blood was collected into serum-separating
tubesviatheretro-orbital route and centrifuged at10,000g for 5 min.
Serum levels of IL-6 and MCP-1 were quantified using enzyme-linked
immunosorbent assay (ELISA) kits.

Humoral immune responses

Vaccine-induced humoral immune responses were evaluated with
respect to antigen-specific antibody titres, antigen-specific B cell
induction and pseudovirus neutralization assay. For antibody titres
determination by ELISA, High Bind Stripwell Corning 96-well clear
polystyrene microplates were coated with SARS-CoV-2 RBD or OVA
protein (1 pg mI™). After overnightincubation, plates were washed with
0.05% Tween20in PBS (PBST) and blocked for 2 hat room temperature
(r.t.) using 2% IgG-depleted bovine serum albumin in PBS. After wash-
ing with PBST, diluted sera in a blocking buffer were added to each
well and incubated for 2 h at r.t. Plates were washed again with PBST
and incubated with horseradish-peroxidase-conjugated anti-mouse
IgGintheblocking buffer for2 hatr.t. Plates were washed thoroughly
with PBST and 3,3’,5,5"-tetramethylbenzidine substrate was added.
The reaction was stopped after 10-min incubation with 2-N sulfuric
acid, and the absorbance was detected at 450 nm using an Infinite 200
Pro Plate Reader.

For the analysis of antigen-specific B cells, splenocytes were iso-
lated from the spleen of immunized mice by filtering through a 70-pum
cell strainer and performing RBC lysis. For antibody staining, sple-
nocytes were blocked with anti-mouse CD16/32 antibody for 20 min
and then stained with BV711-conjugated anti-mouse IgD antibody,
BV785-conjugated anti-mouse B220 antibody, PE-CF694-conjugated
anti-mouse IgM antibody, PE-Cy5.5-conjugated anti-mouse CD19
antibody, biotinylated RBD, BV421-conjugated streptavidin and
AF647-conjugated streptavidin for 30 min. The cells were analysed
by flow cytometry using an LSR 1l Flow Cytometer.

For the pseudovirus neutralization assay, hACE2-HEK cells were
seeded into 96-well plates at a density of 1 x 10° cells per well overnight.
Diluted serum samples were incubated with SARS-CoV-2 pseudovirus
for1h at 37 °C. Afterwards, the antibody-pseudovirus mixture was
treated to hACE2-HEK cells and incubated for 24 h. The pseudovirus
infection was measured by a luciferase expression using a Luciferase
Reporter 1000 Assay System, and the 50% neutralization titre was
determined as the highest serum dilution at which neutralization was
reduced by atleast 50% relative to control cells that were infected with
the pseudovirusin the absence of serum.

Cellular immune responses

Vaccine-induced cellular immune responses were evaluated with
respect to antigen-specific T cellsin the spleen. For the ELISpot assay,
splenocytes were isolated from the spleen of immunized mice by fil-
tering through a 70-pm cell strainer and performing RBC lysis. The
splenocytes were seeded onto IFN-y ELISPot plates (R&D Systems)
at a density of 1 x 10° cells per well and stimulated with SARS-CoV-2
RBD peptide pools (2 pg mI™) or the OVA peptide epitope (OVA 25764
10 pg ml™) in complete RPMI at 37 °C for 24 h. Spots of IFN-y-secreting
cellswere developed according to the manufacturer’s instructions and
counted usinga CTL ImmunoSpot S3 analyser.
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For OVA-specific CD8" T cells, splenocytes were blocked using
anti-mouse CD16/32 antibody for 20 min, and stained with FITC-
conjugated anti-mouse CD3 antibody, PE-conjugated anti-mouse
CD8 antibody and APC-conjugated H-2Kb OVA(SIINFEKL) tetramer
for 30 min. The cells were then analysed by flow cytometry using an
LSRII Flow Cytometer.

For intracellular cytokine analysis, splenocytes were seeded into
24-well plates and stimulated with SARS-CoV-2 RBD peptide pools
(2 pug mI™). A cell activation cocktail containing phorbol-12-myristate
13-acetate (81 nM), ionomycin (1.33 uM) and brefeldin A (5 pg ml™) was
added1hafter stimulation. After a total of 6 h of stimulation, the cells
were blocked using anti-mouse CD16/32 antibody for 20 min, followed
by staining with PE-CF594-conjugated anti-mouse CD3 antibody and
BV421-conjugated anti-mouse CD8 antibody for 30 min. For intracel-
lular markers, cells were fixed and permeabilized using Cyto-Fast Fix/
Perm Buffer Set and stained with PE-conjugated anti-mouse IFN-y anti-
body and APC-conjugated anti-mouse TNF-aantibody for 30 min. The
cellswere analysed by flow cytometry using an LSRII Flow Cytometer.

Memory immune response

Vaccine-induced memory immune responses were evaluated with
respect to memory cell induction, GC formation and plasma cells in
the bone marrow. For GC B cells and memory T cells, spleens were
collected and processed as single cells for flow cytometry by filter-
ing through a 70-pum cell strainer and performing RBC lysis. The
antigen-specific B cellsin the spleen were further analysed by staining
with BV650-conjugated anti-mouse CD80 antibody, AF700-conjugated
anti-mouse CD38 antibody, PE-conjugated anti-mouse PD-L2 antibody
and PE-Cy7-conjugated anti-mouse GL7 antibody staining.

The formation of GCs in the lymph nodes was evaluated using tis-
sueimmunofluorescence. Collected inguinal lymph nodes were fixed
in 4% paraformaldehyde for 4 h and transferred to 30% sucrose for
cryoprotection overnight. Afterwards, the tissues were embedded in
the OCT compound, frozen and sectioned to a thickness of 4 um. For
immunostaining, the samples were blocked with2.5% horse serum for
1h, followed by staining with1:200 dilutions of the AF488-conjugated
anti-mouse GL7 antibody, AF594-conjugated anti-mouse CD21 and
AF647-conjugated anti-mouse B220. After overnightincubation, slides
were washed with PBST and mounted using VECTASHIELD Plus Antifade
Mounting Medium with DAPI (Vector Laboratories). The samples were
imaged using a STELLARIS 5 confocal microscope (Leica).

Plasma cellinduction in the bone marrow was measured by ELIS-
pot assay. Bone marrows were isolated from the femurs and tibias
of immunized mice and processed into a single-cell suspension by
filtering through a70-pm cell strainer and performing RBClysis. Cells
were seeded onto RBD-coated (10 pg mI™) MultiScreenHTS IP filter
plates atadensity of 1 x 10° cells per well in complete RPMI. After 24 h
ofincubationat37 °C, plates were washed with PBST, and biotinylated
anti-mouse IgG antibody (3 pg ml™in 2% bovine serum albumin/PBS)
wasadded toeachwelland incubated atr.t.for1 h. The plates were then
washed with PBST, and streptavidin-alkaline phosphatase (1:20,000
dilution in 2% bovine serum albumin/PBS) was added to each well
and incubated at r.t. for 30 min. After thorough washing with PBST,
the spots were developed by adding 50 pl of 5-bromo-4-chloro-3
-indolyl-phosphate/nitro blue tetrazolium chloride solution to each
well. Thereaction was quenched by adding 100 pl of 1-M sodium phos-
phate monobasic to each well, and the plates were washed with deion-
ized H,0 and dried overnight. Spots of antibody-secreting cells were
counted using a CTL ImmunoSpot S3 analyser.

Invivo efficacy of cancer vaccine model

The therapeutic efficacy of the B16-OVA cancer vaccine model was
evaluated with respect to the tumour volume, survival rate and
tumour-infiltrating lymphocyte analysis. For the establishment of
the tumour model, C57BL/6 mice were subcutaneously inoculated

with B16-OVA cells (1 x 10° cells for preventive cancer vaccine model
and 5 x 10° cells for therapeutic cancer vaccine model). Tumour volume
was calculatedas A x B>x 0.5, where A and Bare the lengths of the largest
and smallest dimensions, respectively. The ethics committee permits
amaximum tumour size of 2 cm, and we confirm that this limit was not
exceeded in our study.

For tumour-infiltrating lymphocyte analysis, tumours collected
on day 15 from the therapeutic cancer vaccine model were processed
into single-cell suspensions. Cells were treated with a cell activation
cocktail containing phorbol-12-myristate 13-acetate (81 nM), iono-
mycin (1.33 puM) and brefeldin A (5 pg mlI™) for 6 h, followed by block-
ing with anti-mouse CD16/32 antibody for 20 min and staining with
APC-conjugated anti-mouse CD3 antibody and BV421-conjugated
anti-mouse CD8 antibody. For IFN-y staining, cells were fixed and
permeabilized using Cyto-Fast Fix/Perm Buffer Set and stained with
PE-conjugated anti-mouse IFN-y antibody for 30 min. The cells were
analysed by flow cytometry using an LSR Il Flow Cytometer. For the
imaging of tumour tissue, collected tumours were processed and
measured according to the lymph node sample preparation method
mentioned above. Samples were stained with 1:200 dilutions of the
AF488-conjugated anti-mouse IFN-y antibody and AF647-conjugated
anti-mouse CD8a.

Statistics and reproducibility

All statistical analyses were performed using GraphPad Prism 8 soft-
ware. All data are presented as mean * s.d. To assess statistical differ-
ences between two groups, the Student’s ¢-test was applied. To assess
statistical differences among multiple groups, a one-way analysis of
variance (ANOVA) followed by Tukey’s test was applied. In all statistical
tests, P < 0.05 was considered statistically significant. No statistical
methods were used to predetermine the sample sizes but our sam-
ple sizes are similar to those reported in previous publications™ and
accordingtostandardinthefield. Data distribution was assumed tobe
normal, but this was not formally tested. Mice were randomly assigned
to each group during animal study. Data collection and analysis were
not performed blind to the conditions of the experiments. No animals
or data points were excluded from the analyses.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The datasupporting the findings of this study are available within the
Articleandits Supplementary Information. Bulk RNA-sequencing data
have been deposited in the NCBI Sequence Read Archive (accession
number PRJNA1183400). Single-cell RNA-sequencing data has been
deposited in the NCBI Sequence Read Archive (accession number
PRJNA1314823).Source data are provided with this paper.
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Antibodies used Anti-S6K antibody (Cell Signaling Technology, #9202), anti-phospho-S6K antibody (Cell Signaling Technology, #9205), anti-Akt
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BV785-conjugated anti-mouse CD3 antibody (#100231), FITC-conjugated anti-mouse CD4 antibody (#100406), PE-conjugated anti-
mouse CXCR5 antibody (#145504), PE-Cy5-conjugated anti-mouse CD44 antibody (#103010), BV421-conjugated anti-mouse CD62L
antibody (#104435), FITC-conjugated anti-mouse CD3 antibody (#100204), PE-conjugated anti-mouse CD8 antibody (#100708),
AF700-conjugated anti-mouse CD45 antibody (#103127), BV711-conjugated anti-mouse EpCAM antibody (#118233), BV421-
conjugated anti-mouse CD3 antibody (#100227), BV785-conjugated anti-mouse CD19 antibody (#115543), PE/Cy7-conjugated anti-
mouse CD11c antibody (#117317), BV650-conjugated anti-mouse CD11b antibody (#101239), PE/Cy7-conjugated anti-mouse F4/80
antibody (#123113), and BV785-conjugated anti-mouse Ly-6C (#128041) were purchased from BioLegend. BV650-conjugated anti-
mouse CD80 antibody (BD Bioscience, #563687), Alexa Fluor (AF) 700-conjugated anti-mouse CD38 antibody (eBioscience, #
56-0381-82), PE-CF594-conjugated anti-mouse IgM antibody (BD Bioscience, #562565), and PE-Cy5.5-conjugated anti-mouse CD19
antibody (eBioscience, #35-0193-82) were used. For tissue immunofluorescence staining, AF 488-conjugated anti-mouse GL7
antibody (#144612), AF 594-conjugated anti-mouse CD21 antibody (#123426), AF 647-conjugated anti-mouse B220 antibody
(#103226), AF 488-conjugated anti-mouse IFN-B antibody (#505813), AF 647-conjugated anti-mouse CD8a antibody (#100724) were
used.
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Validation All antibodies were verified by the supplier and each lot has been quality tested. All the antibodies used are from commercial sources
and have been validated by the vendors. Validation data are available on the manufacturer's website.
https://www.biolegend.com/de-at
https://www.bdbiosciences.com/en-us
https://www.thermofisher.com/us/en/home/life-science/antibodies/ebioscience.html

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) B16-OVA melanoma cell lines (Sigma-Aldrich, # SCC420) and hACE-HEK293 cells (InvivoGen, # hkb-hace2) were purchased.
Bone marrow derived dendritic cells were differentiated from bone marrow cells collected from the wild-type C56BL/6 mice.
(The Jackson Laboratory). Peripheral blood mononuclear cells (PBMCs) were obtained from healthy female human donors by
leukapheresis through the Human Immunology Core (HIC) at the University of Pennsylvania.

Authentication All cell lines and mouse strains were authenticated by the provider, and no further authentication was conducted by the
authors.
Mycoplasma contamination All cell lines were tested for mycoplasma contamination. No mycoplasma contamination was found.

Commonly misidentified lines  No commonly misidentified cell lines were used.
(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable,
export.

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where




Dating methods they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

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

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 C57BL/6 mice (female, 6-8 weeks) were ordered from Jackson laboratory and housed in a specific-pathogen-free animal facility at
ambient temperature (22 + 2 °C), air humidity 40%—70% and 12-h dark/12-h light cycle.

Wild animals No wild animal was used in this study.
Reporting on sex Female mice were used in this study.
Field-collected samples  The study did not involve samples collected from field.

Ethics oversight All animal experiment protocols were reviewed and approved by the institutional animal care and use committee of the University of
Pennsylvania. Animal procedures were performed in accordance with the Guidelines for Care and Use of Laboratory Animals at the
University of Pennsylvania.

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  Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.
Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.
Qutcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes

[] Public health

|:| National security

|:| Crops and/or livestock

|:| Ecosystems
|:| Any other significant area
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Experiments of concern

Does the work involve any of these experiments of concern:

Yes

Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

OO0oodoods
Oooooogdgd

Any other potentially harmful combination of experiments and agents
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Plants

Seed stocks N/A

Novel plant genotypes  N/A

Authentication N/A

ChlP-seq

Data deposition
|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,
May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.
Genome browser session Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
(e.g. UCSC)

enable peer review. Write "no longer applicable" for "Final submission" documents.

Methodology
Replicates Describe the experimental replicates, specifying number, type and replicate agreement.
Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.
Antibodies Describe the antibodies used for the ChiP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and

lot number.

Peak calling parameters | Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files

used.
Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.
Software Describe the software used to collect and analyze the ChiP-seq data. For custom code that has been deposited into a community

repository, provide accession details.




Flow Cytometry

Plots
Confirm that:

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

|Z| 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.

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

Methodology

Sample preparation

Instrument
Software
Cell population abundance

Gating strategy

Spleens were collected, processed, filtered using a 70 um cell strainers in complete RPMI-1640, centrifuged, and red blood
cells lysed in ACK lysis buffer. Single-cell suspensions were obtained and stained with antibodies according to the
manufacturer’s protocols, and then analyzed by flow cytometry.

BD LSR Il

FlowJo software package (FlowJo V10)

Abundance of relevant cell populations are provided in the paper.

In general, cells were first gated on FSC/SSC. Singlet cells were gated using FSC-H and FSC-A. Further surface and intracellular
antigen gating was performed on the single cell population (See supplementary infomation).

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

Magnetic resonance imaging

Experimental design
Design type

Design specifications

Indicate task or resting state; event-related or block design.

Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures  State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used

Acquisition
Imaging type(s)

Field strength

Sequence & imaging parameters

Area of acquisition

Diffusion MRI [ ] used

Preprocessing

Preprocessing software
Normalization
Normalization template

Noise and artifact removal

to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across
subjects).

Specify: functional, structural, diffusion, perfusion.
Specify in Tesla

Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

|:| Not used

Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).
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Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | whole brain [ | ROI-based || Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

(See Eklund et al. 2016)

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).
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Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.qg. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.






