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Lipid nanoparticles (LNPs) represent the leading delivery platform for
mRNA vaccines with advantageous biocompatibility, scalability, adjuvant
activity and often an acceptable safety profile. Here we investigate the
physicochemical characteristics and adjuvanticity of four-component LNPs.
Previous vaccine studies have demonstrated that altering the ionizable
lipid influences the adjuvanticity of an LNP; however, the impact of the
polyethylene glycol lipid and phospholipid has received less attention.
Our mRNA-LNP vaccine formulations utilized different phospholipids and
varying ratios of polyethylene glycol lipid, whereas the ionizable lipid and
cholesterol remained approximately constant. We demonstrate that such
modifications impact the magnitude and quality of the vaccine-elicited
immune responses. We also dissect the underlying mechanisms and show
that the biodistribution and cellular uptake of LNPs correlate with the
magnitude and quality of the immune responses. These findings support
the rational design of novel LNPs to tailorimmune responses (cellular or
humoral focused) based on the vaccine application.

The nucleoside-modified mRNA-lipid nanoparticle (NRNA-LNP)
technology is in the spotlight of vaccine development due to its suc-
cess in the fight against the coronavirus disease 2019 (COVID-19)".
Pfizer/BioNTech’s BNT162b2 and Moderna’s mRNA-1273 are highly
effective in preventing COVID-19-associated hospital admissions
and deaths by eliciting potent antigen-specific neutralizing anti-
body and T cell responses'™. Both vaccines utilize LNP-encapsulated
N1-methylpseudouridine-containing mRNA encoding the
prefusion-stabilized spike glycoprotein of SARS-CoV-2 (refs. 5,6).

The use of modified nucleosides facilitates decreased innateimmune
sensing of the mRNA and a high level of antigen production”®. The
ionizable lipid-containing LNPs function as a safe and efficient deliv-
ery modality’ and also serve as potent adjuvants'®", LNPs typically
have four components:ionizablelipid, cholesterol, phospholipid and
PEGylated lipid incorporating polyethylene glycol (PEG). The ionizable
lipid servesto encapsulate nucleic acids withinthe LNPs and facilitates
endosomal escape of the mRNA after cellular uptake®. Furthermore,
it promotes robust IL-6 production, and the elicitation of neutralizing
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Fig.1|Design and characterization of S-2P mRNA-LNP variants.

a, Representative LNP composed of a PEG-conjugated lipid, ionizable lipid,
cholesterol and phospholipid, where the phospholipid is either DSPC
(zwitterionic), DOPG (negatively charged) or DOPS (negatively charged).

b, Lipid composition of each S-2P mRNA-LNP variant (LNPQ, H, Y and W).

¢, Particle size (Z-avg) and polydispersity index (PDI) measured by dynamic light
scattering. d, S-2P mRNA encapsulation efficiency determined by RiboGreen.

e, Surface charge of S-2P mRNA-LNP measured by Zetasizer. f, Representative
cryo-transmission electron microscopy images of S-2P mRNA-LNP. Scale bar,
100 nm (mainimage); 10 nm (inset). The white arrows show the bleb structures.
The cryo-transmission electron microscopy analysis was performed twice using
either Luc or S-2P mRNA, with 15 images captured in each experiment. All data
are presented as mean + s.e.m. The bar diagrams (c-e) represent three technical
replicates of the same sample.

antibodies as aresponse to vaccination withmRNA-LNPs'°. Cholesterol
provides rigidity and stabilizes the LNPs". Phospholipids contribute
toalonger circulation time, influence overall stability in solution® and
can be optimized for better tissue-specific targeting of LNPs'* ', PEG
lipids can impact size and polydispersity, particle stability, nucleic
acid encapsulation efficiency, circulation half-life, in vivo distribution
and transfection efficiency®.

By refining the LNP formulation, it may be possible toinfluence not
only the magnitude but also the quality of mMRNA-LNP vaccine-elicited
immune responses. In previous work, we showed that the ionizable
lipid component of LNPs is important for its adjuvant effect’. loniz-
able lipid optimizations can improve the safety and immunogenicity
profile of MRNA-LNP vaccines". In a more recent study, an adjuvant
lipidoid was developed that enhances the adjuvanticity of mMRNA-LNP
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vaccines’. Other recent publications have reported how the phos-
pholipid and PEG lipid modifications influence the physicochemical
properties and biodistribution of LNPs'*°?*, However, the impact of
phospholipid and PEG lipid on the adjuvanticity of LNPs has not been
thoroughly investigated.

Here we studied four LNPs with different phospholipids and vary-
ing amounts of PEG lipids to determine how these variations affect
the adjuvant activity of the LNP in the context of vaccination. We
generated mRNA vaccines by formulating viral antigen-encoding
nucleoside-modified mRNA into the four different LNPs, deter-
mined physicochemical properties of the mRNA-LNPs and evaluated
vaccine-induced immune responses in mice. We demonstrated that the
type of phospholipids and ratios of PEG lipids influence the adjuvant
properties of LNPs and affect not only the magnitude but also the
quality of the induced immune responses. More specifically, we show
examples of how novel LNPs can be designed to preferentially elicit
potent antibody responses or CD8 T cell responses for mRNA vaccines
targeting infectious diseases or cancer. We then provide mechanistic
datasuggesting that adjuvanticity is probably driven by the biodistri-
bution of mMRNA vaccines, LNP-driven efficiency of mRNA uptake and
endosomalrelease, and the inflammatory properties of mMRNA-LNPs.
This study shows that the optimization of LNPs can enhance mRNA
vaccine efficacy and tailor the adjuvanticity for infectious diseases
and potentially for cancer therapy.

LNP design and characterization

Al LNPs examined in this study are composed of an ionizable lipid®,
cholesterol,aPEG lipid and a phospholipid, where the phospholipidis
either distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-dioleoyl-sn-
glycero-3-phosphoglycerol (DOPG) or 1,2-dioctadecenoyl-sn-glycero-
3-phosphoserine (DOPS). In contrast to the FDA-approved COVID-19
mRNA vaccines that contain DSPC, a zwitterionic phospholipid with
saturated tails, both DOPG and DOPS are anionic phospholipids with
oleyl chains containing a cis double bond (Fig. 1a).

LNP Q, our benchmark composition, has demonstrated a safe
and highly immunogenic profile in a Phase 2 COVID-19 mRNA vaccine
trial®®. Setting this as the base composition (ionizable lipid, cholesterol,
DSPC and PEG at amolar ratio of 50:38.5:10:1.5, respectively), we gener-
ated and characterized a panel of LNPs (F-T) by titrating PEG lipid and
keeping the amount of ionizable lipid, cholesterol and DSPC nearly
constant (Supplementary Table 1). Using influenza virus hemagglu-
tinin (HA)-encoding nucleoside-modified mRNA, we found that LNPs
containing lower PEG concentrations elicited stronger antigen-specific
antibody responses (Supplementary Fig.1and Supplementary Table 2).
Onthebasis of these results, we selected LNP H, which uses a PEG lipid
ratio of 0.5%. We next sought to explore the influence of phospholipid
charge onthese formulations. Previous LNP delivery studies have dem-
onstrated that when administered intravenously, negatively charged
LNPs traffic primarily to the spleen’*'¢, We hypothesized that delivery
to a secondary lymphoid organ would be advantageous for vaccine
applications; therefore, we selected two commonly used negatively
charged phospholipids, namely, DOPG and DOPS™. In addition, our
studies used intramuscular (i.m.) administration, which can alter LNP
trafficking compared with intravenous delivery’. After the formula-
tion of LNPs (V-Z) using these negatively charged phospholipids and
varying the PEG ratios (Supplementary Table 1), we selected LNPs
for further study based on lower PEG ratios and acceptable size pro-
files. When formulating DOPS with 0.5% PEG (LNP V), the Z-average
was 146 nm—much higher than the previously reported optimal siz-
ing of LNPs for robust adjuvanticity in mice, which is around 100 nm
(ref. 27). Larger-sized LNP formulations (>120 nm) may present addi-
tional chemistry, manufacturing and control challenges for any poten-
tial clinical product due to difficultiesin filtration and the potential for
further particle size growth on longer-term storage or freeze-thaw.
Therefore, we returned to the PEG ratio of 1.5% for this phospholipid,

which had anacceptable Z-average of 75 nm for LNP W (DOPS, 1.5% PEG
lipid). In summary, four LNP formulations were selected for adjuvantic-
ity and mechanistic studies. These formulations include LNP Q (1.5%
PEG, DSPC) as the control and LNP H (0.5% PEG, DSPC), LNP Y (0.5%
PEG, DOPG) and LNP W (1.5% PEG, DOPS).

For most subsequent studies with the selected LNPs, we used the
prefusion-stabilized version of the spike glycoprotein (SARS-CoV-2
prefusion-stabilized spike (S-2P)) of the Wuhan strain of SARS-CoV-2
(ref. 28). Lipid components of the S-2P mRNA-LNPs are depicted in
Fig. 1b and Supplementary Table 1. All LNPs reported a narrow size
distribution and polydispersity (Fig. 1c and Supplementary Fig. 3a,b)
and high encapsulation efficiency (Fig. 1d and Supplementary Fig. 3c).
Despite differences in phospholipid structures, similar particle sizes
were observed with LNPs made with the same lipid molar ratios. Smaller
particles were obtained with1.5% PEG (74-79 nm) compared with those
with 0.5% PEG (102-110 nm; Fig. 1c, Supplementary Fig. 3a and Supple-
mentary Table1). AllS-2P mRNA-LNPs were stable for at least 12 weeks
at-80 °C (Supplementary Fig.3d). The apparent pKawas determined
to be ~6.3 for all the LNPs, driven primarily by the use of the same
ionizable lipid across all the LNPs (Supplementary Fig. 3e). By design,
LNPs containing anionic phospholipids (LNP Y and LNP W) exhibited
anegative surface charge at pH7.2 (Fig. 1e and Supplementary Fig. 3f).
Notable differences were observed in the particle morphology of LNPs
containing different phospholipids by cryo-transmission electron
microscopy. DSPC-containing formulations appeared to have more
‘bleb’ structures, probably due to this phospholipid’s saturated tails
promoting cylindrical geometry and a bilayer phase in particles® '
(Fig. 1f and Supplementary Table 3). On the other hand, DOPG and
DOPS contain cis double bonds in their oleyl chains that promote a
‘cone-shaped’ geometry and the inverse hexagonal phase in particles™.

LNP formulationimpacts humoral and cellular
immune responses

To investigate the impact of different types of phospholipid and the
PEG lipid ratio onthe adjuvant properties, mice were injected with S-2P
nucleoside-modified mMRNA-LNPs viai.m.administration (Fig. 2a). All
formulationsinduced high levels of SARS-CoV-2 spike receptor-binding
domain (RBD)-specific IgG that demonstrated robust neutralizing
activity (Fig. 2b,c). However, at 4 weeks post-immunization, LNP H
demonstrated more than a twofold increase in antibody levels and
neutralizing activity compared with LNPY and LNP W. By 16 weeks
post-immunization, LNP Hinduced more than threefold higher levels
of antigen-specific IgG compared with LNP Q, LNP Y and LNP W, and
fourfold higher neutralization compared with LNP W.

Because our LNP formulations elicited varied antibody responses,
we examined not only the magnitude but also the quality of the humoral
immune response by assessing the levels of IgA and various IgG sub-
types (Supplementary Fig. 4a). Our analysis revealed that diverse LNP
compositions canimpact IgGl/IgG2aratios (Supplementary Fig. 4b).

Most successful vaccine approaches rely on the generation of
memory B cells (MBCs) and long-lived plasma cells (LLPCs)*. Although
MBCs canmount rapid recall responses on secondary exposure, LLPCs
residinginthebone marrow contribute to protection frominfection by
apersistent production of antigen-specific antibodies. To examine the
magnitude and quality of antigen-specific LLPC and MBC responses,
at 16 weeks post-vaccination, the RBD-specific splenic MBCs and
bone marrow LLPCs were identified by flow cytometry. Similar to the
humoral immune responses, LNP H induced the largest amount of
antigen-specific MBCs and LLPCs out of the four LNPs (Fig. 2d,e and
Supplementary Fig. 5), as well as the highest number of IgGl1-, IgG2a-
and IgG2b-producing RBD-specific antibody-secreting cells quantified
by ELISpot (Fig. 2f).

We previously demonstrated that nucleoside-modified mRNA-
LNP vaccines induce robust antigen-specific CD4" and CD8" T cell
responses in mice**. To gain further insights into the cellularimmune
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Fig. 2| LNP formulations with different phospholipids and PEG lipid ratios
induce distinct humoral, LLPC and MBC immune responses. a, Schematic
ofthe experiments evaluating the humoral, LLPC and MBC immune responses.
BALB/c mice received a singlei.m.immunization with 5 pg of S-2P mRNA
encapsulated in different LNP formulations. Serum samples were collected

for ELISA and FRNT assays at 4 weeks, 8 weeks and 16 weeks post-injection. At
16 weeks post-injection, LLPCs and MBCs were analysed from the bone marrow
and spleen, respectively. b, RBD-specific total IgG levels were determined by
ELISA using mouse serum. AUC with a cut-off value of the average background
plus three standard deviations are shown. ¢, Neutralizing antibody levels were
measured by a VSV-based pseudovirus neutralization assay. n = 8 mice per group
inasingle experiment. For the ELISA and FRNT assays, samples from asingle
timepoint were analysed in one experiment with two technical replicates. The
dashed line represents the lower limit of detection. d,e, MBCs (d) and LLPCs

(e)inthe spleen and bone marrow respectively, were analysed 16 weeks post-
immunization by flow cytometry. RBD-specific MBCs (IgD"Dump[CD4, CD8a,
Ter-119,F4/80]°CD19'B220°CD38GL7 RBD-AF647°/RBD-PE*) and antigen-
specific LLPCs (IgD"Dump[CD4, CD8a, Ter-119, F4/801B220"CD138'RBD-AF647'/
RBD-PE*) are shown. In the LNP W group, one animal displayed an extremely low
event count, and that particular animal was excluded from the LLPC analysis.

f, Quantification of bone marrow (BM) RBD-specific IgG1, IgG2a and IgG2b
antibody-secreting cells (ASCs) by ELISpot Assay at 16 weeks post-immunization.
For d-f, n =8 mice per group and n = 4 per naive group combined from two
independent experiments. For b-f, each symbol represents one animal, and the
datarepresent mean + s.e.m. One-way analysis of variance (ANOVA) with Tukey’s
multiple comparisons test was performed. One animalin the LNP Y group died
during the experiments. Panel a created with BioRender.com.
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Fig. 3| Phospholipids and PEG lipids have animpact on antigen-specific CD8*
T cell responses. a, Schematic of the experiment on spike-specific CD8" T cell
responses. BALB/c mice received a single i.m.immunization with 5 pg of S-2P
mRNA encapsulated in different LNP formulations. b-d, Splenocytes collected
from animals 10 days after injection were stimulated with SARS-CoV-2 spike
protein peptide pool and cytokine production by CD8" T cells was assessed

by flow cytometry. n = 8 mice per group combined from two independent
experiments. Each symbol represents one animal, and the data represent

mean +s.e.m. One-way ANOVA with Tukey’s multiple comparisons test was
performed. e, Schematic of the experiment investigating gp100-specific CD8" T
cellresponses following a prime-boost injection. CD8" T cells were purified from
the spleens of Pmel-1TCR/Thyl.1transgenic mice and transferred via a tail-vein
injectioninto naive, lymphoreplete C57BL/6 recipient mice. Mice received 1-ug
prime one day later (day 1) and 1-pg boost (on day 8) of mMRNA-LNP encoding
full-length murine gp100 via i.m. administration. f-h, PBMCs collected 5 days
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post-boost were stimulated with the gp100,5_3; peptide, and cytokine-producing
antigen-specific CD8* Thyl.1' T cell responses were analysed by flow cytometry.
n=8per LNPHgroupand n=9 per LNP W group in asingle experiment. In cases
of misinjection of CD8" and Thy1.1" T cells, the data were excluded. i, Schematic of
the experiment investigating gp100-specific CD8" T cell responses after extended
primeinjection. After transferring enriched Pmel-1CD8" Thy1.1" T cells into naive
mice, four daily i.m. injections of 1.25 pg of gp100 mRNA-LNP were administered.
j-1,PBMCs collected from animals 6 days after the last injection were stimulated
withmurine gp100,s 5, epitope peptide and antigen-specific CD8"and Thyl.1' T
cell responses were evaluated by flow cytometry.n=7per LNPHgroupandn=8
per LNP W group inasingle experiment. m, Proportion of KLRG1*CD127" effector
Tcells.n=7per LNPHgroup and n =8 per LNP W group in a single experiment.
Inf-handj-m, each symbol represents one animal, and the data represent

mean + s.e.m. An unpaired two-sided ¢-test was performed. Panels a, e and
icreated with BioRender.com.

responses, we investigated the T cell responses induced by differ-
ent MRNA-LNPs. Mice were injected via i.m. administration and
spike-specific CD4" and CD8" T cell responses were evaluated after
10 days usingintracellular cytokine staining and flow cytometry (Fig.3a
and Supplementary Fig. 6). AllmRNA-LNPs elicited antigen-specific
CD8" and CD4" T cells expressing type 1 (Thl) immune response
cytokines, including interferon (IFN)-y and tumour necrosis factor
(TNF)-a (Fig. 3b—d and Supplementary Fig. 7). There was no difference
inthe magnitude of antigen-specific CD4" T cell responses (Supplemen-
tary Fig. 7). Interestingly, LNP Winduced higher CD8" T cell responses
compared with the other LNP formulations (Fig. 3b-d).

Besides being important players in anti-viral responses, CD8"
T cells are also critical components of the adaptive immune response
against cancer, playing key rolesin recognizing and eliminating tumour
cells*>*¢, Building on this, we evaluated T cell responses in mice follow-
ing vaccination withan mRNA-LNP cancer vaccine utilizing gp100, an
extensively studied melanoma-associated antigen. We selected LNP H
and LNP W for comparisonin these experiments, dueto LNPHeliciting
the highest humoral immune response, and LNP W showing superior
capacity toelicitaCD8" T cell response. Tomodel T cell response at the
level ofendogenous precursor frequencies, we adoptively transferred
aphysiologically relevant number of naive gp100-specific CD8" T cells
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(5 x10%) from Pmel-1mice into non-lymphodepleted mice. The follow-
ing day, mice were immunized viai.m.administration with a prime and
aweek later withaboost bolus dose of the gp100 mMRNA-LNP vaccine.
We assessed the antigen-specific CD8" T cell responses 5 days after
boosterimmunization (Fig. 3e and Supplementary Fig. 8). Inline with
the data obtained with the S-2P antigen, LNP Winduced a significantly
higher frequency of antigen-specific CD8" T cells producing TNF-a,
as well as polyfunctional CD8" T cells that produced both IFN-y and
TNF-a compared with LNP H (Fig. 3f-h). In a subsequent experiment,
we compared LNP W and LNP H using an extended priming immuniza-
tion protocol where the total dose (5 pg) was divided into four equal
daily doses (Fig. 3i). This strategy of prolonging the exposure of the
immune system to antigen has been demonstrated to enhance CD8"
responses”. LNP W elicited significantly higher polyfunctional TNF-a-
and IFN-y-producing antigen-specific CD8" T cells compared with
LNP H (Fig. 3j-1), and had an increased proportion of KLRG1*CD127"
effector T cells (Fig. 3m). This confirmatory finding using a second
antigen underscores the capacity of LNP Wto deliver strong adjuvant
activity that fosters CD8' T cell responses.

In summary, LNP H containing DSPC phospholipid and 0.5% PEG
lipid ratio outperformed the other formulations in both humoral
immune responses and in the number of LLPCs and MBCs, whereas
LNP W containing DOPS phospholipid and 1.5% PEG lipid ratio demon-
strated the most robust antigen-specific CD8" T cell responses.

Phospholipids and PEG lipid ratio influence LNP
biodistribution

Tounderstand the mechanism driving the differentimmune responses
induced by various LNP compositions, we analysed the in vivo dura-
tion and biodistribution of protein production from different mMRNA-
LNPs after i.m. administration using an in vivo imaging system (IVIS).
Although all LNPs produced a robust bioluminescent signal, we
observed different distribution profiles (Fig. 4a and Supplementary
Fig. 9). The overall bioluminescence signal measured across the
full body of each mouse was over three times higher with LNP Q or
LNP H containing zwitterionic phospholipids, compared with LNPY and
LNP W containing anionic phospholipids (Fig. 4b,c). However, at the
injection site muscle, we could measure at least 2.5-fold higher protein
productioninmice injected with LNP H compared with the other three
groups (Fig.4b,c). Because IVIS does not reveal detailed organ-specific
data, we evaluated the firefly luciferase (Luc) activity within various
organs of mice injected viai.m. administration. The liver, spleen and
draining lymphnodes (dLNs) were harvested, and Luc activity, mRNA
levels and lipid content were measured from the various organsat4 h
and 3 days post-administration. After 4 h, Luc production normalized to
the total protein was predominantly foundin the dLNs (Fig.4d). LNPH
demonstrated twofold higher Luc expression in dLNs compared with
all other formulations, but considerable amounts were also detected in
the spleen and persisted at least 3 days post-injection (Fig. 4¢e). Mean-
while, expression in the liver was the highest with LNP Q, followed
by LNP H at 4 h post-dose (Fig. 4d), whereas LNP Y and W (containing

anionic phospholipids) showed low expressionin theliver. To evaluate
individual components of the mMRNA-LNPs, weindependently assessed
themRNA andionizable lipid presentin the liver and spleen following
theinjection of Luc mRNA-LNPs. Corroborating the Luc protein liver
expression profile, mRNA and ionizable lipid levels were more than
threefold higherin theliver following the administration of LNP Q and
H, compared with LNP Y and W at 4 h post-injection (Fig. 4f,h). In the
spleen, LNP H demonstrated at least threefold higher Luc mRNA and
ionizable lipid levels compared with all other formulations at 4 h and
3 days post-injection (Fig. 4f-i).

Separately, we performed enzyme-linked immunosorbent assay
(ELISA) for eGFP protein using tissue lysates. eGFP protein levels
measured at 4 h and 3 days post-injections (Supplementary Fig. 10)
were mostly consistent with the data obtained with Luc mRNA-LNPs
(Fig.4d,e). Tofurther validate our LNP liver biodistribution results, we
used a positron emission tomography reporter gene approach. This
micropositron emission tomography/computed tomography imag-
ing revealed significant liver uptake of LNP H and LNP Q compared
with LNPY and LNP W at 4 h post-injection (Supplementary Fig. 11),
supporting our previous findings. Additionally, the positron emission
tomography reporter gene approach may support future studies in
quantifying LNP biodistribution not only in the liver (as shown here)
but also potentially in secondary lymphoid organs in larger animal
models and, eventually, in humans.

Tounderstand the differencesin liver targeting amongst our LNPs,
we examined the protein coronato seeif apolipoprotein E (ApoE) bind-
ing was playing arole®*°, Contrary to our expectations, we found that
LNPs containing negatively charged phospholipids (LNPY and LNPW)
demonstrated high levels of ApoE binding (Supplementary Fig. 12),
whereas LNP H exhibited the lowest ApoE binding. We also examined
the presence of other HDL proteins including ApoA-1, ApoA-4 and
ApoBinthe protein corona. Interestingly, LNPY and W also had higher
ApoA-1and ApoB binding, but not ApoA-4. Overall, there seem to be
moreHDLbound to LNPY and W, suggesting its poor liver uptake may
be mediated by other mechanisms.

LNP composition altersinvitro uptake and in vivo
inflammation

To understand the mechanisms responsible for the distinct immune
responses triggered by our various LNP compositions, we analysed
their in vitro and in vivo cellular uptakes. The LNPs containing DSPC,
LNP Qand LNPH, were taken up more readily by DC2.4 cells (Fig. 5a,b)
and human-monocyte-derived dendritic cells (HuMDDCs; Fig. 5c,d),
whereas the LNPs containing negatively charged phospholipids, LNPY
and LNP W, had low cellular uptake. In particular, LNP H had significantly
higher uptake than all other formulations in DC2.4; in HuMDDCs, it
demonstrated significantly higher uptake compared with LNPY and
LNPW.Invivo, we examined theimmune cell infiltration into the dLNs
and their uptake of MRNA-LNPs". We evaluated different subtypes of
DC, including dermal DCs, conventional type1and conventional type
2 DCs, as well as inflammatory monocyte and macrophage numbers.

Fig. 4 |Phospholipid and PEG lipid ratio influence the biodistribution of LNPs.
a-c, Invivoimaging studies with Luc mMRNA-LNPs. BALB/c mice received a single
i.m.injection with 3 pg of Luc mRNA encapsulated in different LNP formulations,
and bioluminescence was monitored for 11 days. a, Representative IVIS images
taken at 4 h post-immunization with Luc mRNA-LNP. b,c, Quantification of

the bioluminescent signal (b) and AUC (c) after Luc mRNA-LNP injection.
n=>5mice pergroup inasingle experiment. Inb and ¢, the left panel shows the
bioluminescence signal of the whole body of the mice, whereas the right panel
shows the bioluminescence signal of the injection site. d-i, Organ distribution
of Luc mRNA-LNP encapsulated in different LNPs. BALB/c mice received a single
i.m.injection with 5 pg of Luc mRNA encapsulated in different LNP formulations,
and bioluminescence, mRNA and ionizable lipid amount were monitored in the
liver, spleen and dLNs after 4 hand 3 days post-injection. d, Bioluminescence

signal at4 h post-injectionin theliver, spleen and dLNs. e, Bioluminescence signal
at3 days post-injectionin the liver, spleen and dLNs. Ind and e, a quantitative
expression as luminescence unit per mg of protein values are shown.n=5-6

mice per group inasingle experiment. f, nRNA amount at 4 h post-injectionin
the liver and spleen. g, mMRNA amount at 3 days post-injectionin the liver and
spleen. h, lonizable lipid amount at 4 h post-injection in the liver and spleen.

i, lonizable lipid amount at 3 days post-injectionin the liver and spleen. Inf-i, the
quantitative amounts as pg mg tissue values are shown. The amounts of mRNA
and ionizable lipids could not be measured in the dLNs due to their limited size.
n=5mice per groupinasingle experiment. In c-i, each symbol represents one
animal;inb, each symbol represents a group of animals; inb-i, the data represent
mean +s.e.m. One-way ANOVA with Tukey’s multiple comparisons test was
performed. In h-i, the dashed line represents the lower limit of detection.
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At 24 h,we observed a higher absolute number of conventional type 1
DCsinthe dLNs in mice injected with LNP H compared with the other
LNP formulations (Supplementary Figs. 13 and 14), and at 48 h, a sig-
nificant difference was observed between LNP Q and LNP Y in dermal
DCs. However, when we analysed LNP uptake by these immune cells,

there was no significant difference between the LNP formulations (Sup-
plementary Figs.14 and 15).

After LNP uptake, the mRNA must escape into the cytosol for
translation into a protein*’. In our RNA FISH experiments (Fig. Se-h),
the confocal imaging of DC2.4 cells (Fig. 5e,f) revealed that mRNA
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Fig.5|Invitro mRNA-LNP cellular uptake and mRNA endosomal escape.
a, Representative images of LNP uptake by DC2.4 cell line. Dil-labelled LNP
formulations were administered to DC2.4 cells at 500 ng ml ™ for 2 h. After Dil
LNP exposure (red), the cells were stained with Hoescht 33342 nuclear stain
(blue), washed and subsequently imaged using a laser scanning confocal
microscope. b, LNP uptake was quantified by measuring the integrated
fluorescence of Dil signal divided by the number of nuclei per image using Fiji
imaging software. ¢,d, Representative images (c) and quantification (d) of LNP
uptake by HuMDDCs. e f, Representative images (e) and quantification (f) of
mRNA colocalization with endolysosome in DC2.4 cells. Endosomal escape
was evaluated by administering Luc-encoding mRNA-LNPs to DC2.4 cells

for 2 h. The samples were fixed, permeabilized and stained using antibodies
against EEA1and LAMP1 (green), followed by RNA FISH probes for Luc

mRNA (red). The cell nuclei were then stained with DAPI (blue). Endosomal
escape values are represented by Total - %colocalized mRNA signal with the

EEA1/LAMP1signal. Colocalization is quantified by measuring the Manders
colocalization coefficient after image thresholding. This was performed using
Fiji. mRNA transfected with the TransIT transfection reagent is shown as a
positive control. g,h, Representative images (g) and quantification (h) of of
mRNA colocalization with endolysosome in HuMDDCs. Scale bar, 20 nm. The
experiments were performed twice independently. Each independent study
for LNP uptake included five technical replicates (individual images) per group,
whereas each independent study for mRNA endosomal escape included six
technical replicates (individual images) per group. For b, d, fand h, each symbol
represents one image in two independent experiments. Data are represented
as mean + s.e.m. One-way ANOVA with Tukey’s multiple comparisons test

was performed. When the RNA signal was below the detectable threshold,
endosomal escape quantification was not performed. An untransfected group
wasincluded for all the LNP uptake and endosomal escape experiments as a
technical control (datanot shown).

encapsulated by LNP H had a higher percentage of mRNA not colocal-
ized with an endosomal marker, implying greater endosomal escape
compared with LNP W.

Inadditionto cellular mechanisms that may drive adaptiveimmune
responses to mRNA-LNP vaccines, we investigated inflammatory

responses in vivo. Our previous work has shown that IL-6 induction is
critical for the adjuvant activity of an LNP'’; therefore, we evaluated
the immunostimulatory cytokine profile of these four LNPs in dLNs
at4 h and 24 h post-immunization (Supplementary Fig. 16). All LNPs
promoted a robust cytokine/chemokine response, and significant
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differences were detected between the groups for IL-6 and IL-1f at
the 4-h timepoint, as well as for IL-5 at the 24-h timepoint. At the 4-h
timepoint, LNPHinduced the highest IL-6 cytokine level, whereas LNP
Winducedthe highestIL-1B level. At the site of injection, we evaluated
the innate immune cell infiltration to the muscle at 1 day, 3 days and
5days post-injection (Supplementary Figs. 17 and 18). We found that
neutrophils peaked on day 1, whereas macrophages and monocytes
were the highest on day 5for all formulations. Higher levels of DCs were
observed for LNPHonday1, but there were no statistically significant
differences among the groups.

Conclusions

The authorization of two nucleoside-modified mRNA-LNP-based
vaccines marks animportant validation of this technology in vaccine
innovation'. Our previous research has demonstrated that LNPs are not
only delivery vehicles for mRNA but also possess adjuvant activity™
that is crucial for the induction of a strong immune response against
the target antigen. However, the relationship between LNP particle
composition and the quality and magnitude of the elicited immune
responses remains poorly understood, primarily because most LNP
research has focused on the optimization of the ionizable lipid and
delivery efficiency, typically after systemic administration>'*?'?, By
contrast, our study addressed the impact of PEG lipid ratio and the
type of phospholipid on vaccine efficacy using infectious disease and
cancer models after i.m. injection.

Wefound that LNP H, characterized by its zwitterionic DSPC phos-
pholipid and a lower PEG lipid ratio, induced the strongest humoral
immune response, resulting in higher binding antibody production,
improved virus neutralization capabilities and more robust MBC and
LLPCresponses. These enhancements may be attributed to increased
proteinsynthesis measured within keyimmunesites such asthe spleen,
dLNs and the vaccination site, accompanied by heightened levels of
IL-6 measured in the dLNs. The size of LNP H was the largest of our
four LNPs, aligning with the findings of another work in which a cor-
relation between the LNP particle size and the antibody response in
mouse modelsis highlighted”. Invitro, we also observed more efficient
uptake of LNP H by DC2.4 cells and HuMDDCs, and improved ability
to release endocytosed mRNA into the cytoplasm from endosomes
in DC2.4 cells. This may stem from the lower PEG lipid content**** of
LNP H or the presence of structural features known as blebs*, which
were measured at much higher frequencies in our LNPs containing a
neutrally charged phospholipid.

Onthe other hand, LNP W that contained the negatively charged
DOPS phospholipid led to increased frequencies of IFN-y- and
TNF-a-producing spike-specific CD8* T cells using S-2P as the model
antigen. Given the critical role of CD8" T cells in the elimination of
cancer cells***, we investigated their response to the tumour antigen
gp100 and found again that LNP W yielded the highest number of
IFN-y-and TNF-a-producing CD8' T cells. Additionally, it significantly
increased the frequency of antigen-specific effector T cells character-
ized by the KLRG1"'CD127" T cell phenotype. Our findings agree with
other work that have presented that modifying LNP formulations,
such as changing phospholipids or PEG lipids, canimpact the efficacy
of cancer vaccines***. However, these studies focused on the opti-
mal composition and evaluating the functional outcomes in tumour
models, whereas our comparative study investigated the underlying
mechanisms of how the specific composition and physicochemical
properties of LNPs link toimmune responses.

DOPS, a form of phosphatidylserine, facilitates the targeted
delivery of LNPs to immune cells by mimicking apoptotic cell
markers, thereby improving cellular uptake by antigen-presenting
phagocytes***, This process may contribute to the enhanced CD8"
T cellresponses we observed with LNP W that contains DOPS. Moreover,
therole of IL-18 in CD8* T cell induction®*~? adds another layer to our
understanding of mMRNA-LNP vaccine efficacy. LNP W significantly

increased the production of IL-18 in the dLNs compared with other for-
mulations 4 h post-injection. The involvement of IL-1B, as demonstrated
inref. 11, in initiating the release of other proinflammatory cytokines
further supportsitscritical rolein mRNA-LNP vaccine immunogenicity.

Overall, this work demonstrates that modifying the phospholipid
identity and the PEG lipid ratio in an LNP formulation can tune the
immune response to elicit either stronger antibody-mediated immu-
nity or stronger cellular immunity, which has implications in both
infectious disease and cancer vaccine applications. Of note, our study
utilized asingleionizable lipid for detailed characterization. Another
limitation of this study is the absence of LNP groups containing 0.5%
PEGwith DOPS and 1.5% PEG with DOPG due to the reasons mentioned
above. Futureresearchwill assess our findings across abroader range of
formulations. Testing these LNP formulations in non-human primates
will provide further insights.
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Methods

Ethics statement

This study was performed in collaboration with researchers from mul-
tiple institutions, ensuring equitable contribution and authorship.
All collaborators were involved in the study design, data analysis and
manuscript preparation. In this study, peripheral blood mononuclear
cells (PBMCs) wereisolated from the blood of healthy donors and used
to generate HuMDDCs. All participants were recruited through the
University of Pennsylvania Human Immunology Core (SCR_022380)
and provided written informed consent. The investigators faithfully
adhered to the ‘Guide for the Care and Use of Laboratory Animals’ by the
Committee on Care of Laboratory Animal Resources Commission onLife
Sciences, National Research Council. Mouse studies were conducted
under protocols approved by the Institutional Animal Care and Use
Committees of the University of Pennsylvania (IACUC 807165), the Uni-
versity of California (C-07-149) and Genevant Sciences Corporation (AUP
0722001). All animals were housed and cared for according to local,
state and federal policies in a facility accredited by the Association for
Assessmentand Accreditation of Laboratory Animal Care International.

Mice
BALB/c mice aged 8 weeks were purchased from Charles River Labora-
tories. Female C57BL/6) (Jackson Laboratory strain no. 000664) and
Pmel-1 TCR/Thyl.1 transgenic mice (Jackson Laboratory strain no.
005023) ona C57BL/6 background (aged 6-8 weeks) were purchased
from the Jackson Laboratory. Pmel-1 mice were bred and maintained
at the University of California, Los Angeles, breeding vivarium and
utilized for experiments when reaching 8-12 weeks of age.

Mice were housed undera12-hlight/12-h darkcycleat22°C+2°C
with ahumidity of 50 + 20%. Food and water were available ad libitum.

Cell

Murine DC2.4 cell line was obtained from Millipore Sigma (no.
SCC142M) and maintained in Dulbecco’s modified Eagle’s medium
(Corning, no.10-013-CV) supplemented with 10% foetal bovine serum
(FBS; Cytivia Hyclone, no. SH30071.03) and 100 U ml ™ penicillin-
streptomycin (Gibco. no. 15140-122).

HuMDDCs were generated from a healthy donor apheresis prod-
uct, provided by the University of Pennsylvania Human Immunology
Core. Dendritic cells were derived from monocytes using complete
Roswell Park Memorial Institute (RPMI) media (Gibco, no.22400-089)
supplemented with human granulocyte colony-stimulating factor
(R&D Systems, no. 215GM010CF) and human IL-4 (R&D Systems, no.
204ILO10CF). Expi293F cells were obtained from Thermo Fisher Sci-
entific (no. A14527) and maintained in Expi293 Expression Medium
(Thermo Fisher Scientific, no. A1435101). Sf9 cells were obtained from
Thermo Fisher Scientific (no. 12659017) and maintained in Sf-900 Il
SFM, a serum-free medium (Thermo Fisher Scientific, no.12658019),
supplemented with 1x penicillin-streptomycin (Capricorn,100x stock
solution). High Five cells were obtained from Thermo Fisher Scientific
(no. B85502) and maintained in HyClone SFX-Insect liquid medium
(Cytiva,no.SH30278.LS).293T cells were obtained from the American
Type Culture Collection (no. CRL-3216) and maintained in Dulbecco’s
modified Eagle’s medium (Life Technologies, no. 11995065) supple-
mented with 10% FBS (Hyclone, no. SH30071.03). Vero E6-TMPRSS2
cells were generated in-house, selected once with blasticidin
(no. R21001) and maintained in Dulbecco’s modified Eagle’s medium
(Life Technologies, n0.11995065).

mRNA-LNP vaccine production

mRNA vaccines were designed based on the S-2P sequence (Wuhan-

Hu-1, GenBank: MN908947.3); the HA sequence from A/Puerto

Rico/8/1934 (H1N1); or the melanoma-associated antigen, gp100.
The HA mRNA was produced at Genevant. Briefly, the codon-

optimized HA sequence was synthesized (GenScript) and cloned into

the mRNA production plasmid. HA mRNA was produced using T7RNA
polymerase (MEGAscript, Ambion) on linearized plasmids. The HA
mRNA was then enzymatically polyadenylated (NEB). Pseudouridine-
5’-triphosphate (TriLink) was used instead of uridine 5’-triphosphate
togenerate HA with modified nucleoside-containing mRNA. Capping
oftheinvitro-transcribed mRNA was performed co-transcriptionally
usingthe trinucleotide caplanalogue, CleanCap (TriLink). mRNA was
purified by cellulose purification®.

To produce the S-2P, Luc, eGFP and gp100 mRNAs, the sequences
were codon optimized, synthesized and cloned into an mRNA pro-
duction plasmid***>. N1-methylpseudouridine-5’-triphosphate (m1¥-
5’-triphosphate; TriLink no.N-1081) instead of uridine 5’-triphosphate
was used to generate the modified nucleoside-containing mRNAs,
and the mRNAs were transcribed to have 101-nucleotide-long poly(A)
tails. Co-transcriptional capping of the in vitro-transcribed mRNAs
was performed using the trinucleotide caplanalogue, CleanCap (Tri-
Link no. N-7413). Cellulose (Sigma-Aldrich no. 11363-250G) was used
for mRNA purification®***, All mRNAs were evaluated by agarose gel
electrophoresis and were stored frozen at —20 °C.

Cellulose-purified S-2P, HA, Luc, eGFP and gp100 mRNAs
were encapsulated by a controlled mixing, self-assembly process.
An ethanolic lipid mixture of ionizable lipid (6Z,16Z)-12-((Z)-dec-
4-en-1-yl) docosa-6,16-dien-11-yl 5-(dimethylamino) pentanoate
(3D-P-DMA), phospholipid, cholesterol and PEG lipid*® was mixed
with an aqueous solution containing mRNA at an acidic pH of 5.
Post-formation, the ethanol was removed from the LNP via dialysis
with10,000-molecular-weight-cut-off Thermo Fisher Slide-a-Lyzer cas-
settes (A52973), concentrated with a Vivaspin (10,000 molecular weight
cut-off; Cytiva, no. 28932363), and further dialysed into Tris-sucrose
buffer at pH 8. Samples were sterile filtered, characterized, adjusted
to approximately 0.5 mg ml™ of total mRNA and frozen at -80 °C.
The ionizable and PEG-conjugated lipids were synthesized at Gene-
vant. Cholesterol was obtained from Sigma-Aldrich (Synthechol, no.
W004591) and the phospholipids from Avanti Polar Lipids via Millipore
Sigma (DSPC no. 730365, DOPS no. 840035P and DOPG no. 840475).
LNP forinvitro and in vivo uptake assays were prepared as above with
theaddition of1% of1,1’-dioctadecyl-3,3,3’,3"-tetramethylindocarbocya
nine (Dil; Millipore Sigma, no. 42364) fluorescent lipid in the lipid stock.

Recombinant protein production

RBD. The DNA sequences encoding the signal peptide (amino acids
1-14) and the RBD (amino acids 319-541) of SARS-CoV-2 spike surface
glycoprotein (NCBI reference sequence: YP_009724390) in fusion
with a C-terminal hexahistidine affinity-tag (His6, GHHHHHH) and a
stop codon (hereafter referred to as RBD) were optimized to the mam-
malian codon preference, produced by gene synthesis (GenScript),
and sub-clonedinto the pCDNA3.1(-) mammalian expression plasmid
(no. V79520, Thermo Fisher Scientific). Recombinant RBD was pro-
ducedin Expi293F mammalian cells and affinity purified fromacell cul-
ture supernatant following the protocol described in detail in our prior
study”’. Purified RBD was buffer exchanged to phosphate-buffered
saline (PBS) and concentrated to 1 mg ml™ using an Amicon Ultra cen-
trifugal filter unit (molecular weight cut-off =10 kDa; no. UFC9010,
Merck Millipore), sterile filtered and flash frozen in liquid nitrogen.
The integrity and purity of the proteins were tested by reducing and
non-reducing sodium dodecyl sulfate-polyacrylamide gel electropho-
resis and western blotting techniques®.

HA. Soluble and homotrimeric recombinant HA was synthesized
ininsect cells using a modified protocol described previously*-.
The DNA sequence encompassing the signal peptide (amino acids
1-17) and the ectodomain (amino acids 18-529) of the HA of the influ-
enza A virus (A/Puerto Rico/8/1934 (PR8); GenBank: ADX99484.1)
in fusion with the thrombin cleavage site (RSLVPRGSP), followed by
the foldon trimerization domain of the T4 bacteriophage fibritin
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(GSGYIPEAPRDGQAYVRKDGEWVLLSTFL, according to refs. 59,60 and
a C-terminal hexahistidine affinity-tag and stop codon was produced
by gene synthesis (GenScript), and sub-cloned into the pFastBac-HTA
vector (no.10584027, Thermo Fisher Scientific)). Bacmids were created
in DH10Bac Escherichia coli cells, whereas recombinant baculovirus
stocks (p1, p2 and p3) were generated and produced in Spodoptera
frugiperda Sf9 insect cells at 27 °C in Sf-900 Il serum-free medium
following the guidelines of the Bac-to-Bac Baculovirus Expression
System manual (no.10359016, Thermo Fisher Scientific). Recombinant
HA was expressed in Trichoplusia ni High Five insect cells cultured
in HyClone SFX-Insect medium (no. SH30278.LS, Cytiva) as follows:
High Five cells fromsix confluent T175 flasks were harvested, collected
by centrifugation (1,200g, 24 °C, 10 min) and mixed with 15 ml of p3
baculovirus stock. The mixture was incubated at room temperature
(RT) for 20 min and added to 210 ml of HyClone SFX-Insect mediumin
11of PETG tissue culture Erlenmeyer flasks (no. 4115-1000, Nalgene).
The cells were grown at 28 °C on a shaker at 75 rpm for 72 h. The cell
culture supernatant, containing the secreted homotrimeric HA protein,
was collected by centrifugation (2,000g, 4 °C, 10 min), filtered and
subjected to affinity purification following the steps outlined in the
above detailed RBD purification protocol®. The purified HA was buffer
exchanged to PBS, concentrated to1 mg ml™, sterile filtered and flash
frozeninliquid nitrogen. The integrity and purity of HA were assessed
using reducing and non-reducing sodium dodecyl sulfate-polyacryla-
mide gel electrophoresis and western blotting techniques.

Mouse immunizations

mRNA formulated into the LNP compositions were diluted in PBS and
injected into the gastrocnemius muscle (40 pl of injection volume) with
a3/10 ml29v2 Ginsulin syringe (Covidien, no. 8881600145).

Blood collection

Blood was collected from the orbital sinus under isoflurane anaesthe-
sia. Blood was centrifuged for 5 min at 13,000g, and the serum was
stored at —20 °C and used for further analysis.

End-point ELISA

RBD-specific ELISA: in Corning 96-Well EIA/RIA Clear Flat-Bottom
Polystyrene High-Bind Microplates (Corning no. 3590), 1 pg ml™ of
purified RBD in PBS (100 pl per well) was added overnight at 4 °C for
protein coating. The following day, the coated plates were washed
four times with awash buffer (0.05% Tween-20in PBS). The plates were
then blocked with 2% bovine serum albumin (BSA) in PBS for 2 hatRT
and washed three times with the wash buffer. Mouse serawere diluted
in the blocking buffer and incubated for 2 h at RT, followed by three
washes. HRP-conjugated anti-mouse secondary antibody (total IgG,
JacksonImmunoresearch no.115-035-003; IgG1, polyclonal, abcam, no.
AB98693; 1gG2a, polyclonal, abcam, no. AB98698; IgG2b, polyclonal,
abcam, no.AB98703; IgA, polyclonal, abcam, no. AB97235) was diluted
1:10,000 (IgA, 1:5,000) in the blocking buffer and incubated for 1 h, fol-
lowed by three washes. KPL two-component TMB Microwell Peroxidase
Substrate (Seracare no. 5120-0047) was applied to the plate and the
reaction was stopped with 2-N sulfuric acid. Using a SpectraMax 190
microplatereader, the absorbance was measured at 450 nm. A cut-off
value of the average of the optical density values of blank wells plus
three standard deviations was determined for each plate and used for
calculating the area under the curve (AUC). The limit of detection of
the assay was a titre of 1:100.

SARS-CoV-2 neutralization assay

Production of VSV pseudotypes with SARS-CoV-2 spike:293T cells were
platedat 3.5 x 10° cells per 10 cm dish; 24 hlater, they were transfected
using calcium phosphate with 25 pg of pCG1 SARS-CoV-2 Spike D614 G
deltal8 expression plasmid encoding a codon-optimized SARS-CoV2
Spike gene withan18-residue truncationinthe cytoplasmictail. Twelve

hours after transfection, the cells were fed with fresh media containing
5SmMofsodiumbutyratetoincrease the expression of the transfected
DNA. Thirty hours post-transfection, the SARS-CoV-2 spike-expressing
cells were infected for 2-4 h with VSV-G pseudotyped VSVAG-RFP at
a multiplicity of infection of -3-5. Following infection, the cells were
washed twice with media to remove the unbound virus. Media contain-
ingthe VSVAG-RFP SARS-CoV-2 pseudotypes were harvested 28-30 h
afterinfection and clarified by centrifugation twice at1,250g and then
aliquoted and stored at -80 °C until used for antibody neutralization
analysis.

Antibody neutralization assay using VSVAG-RFP SARS-CoV-2: all
sera were heat inactivated for 30 min at 55 °C before use in the neu-
tralization assay.Ina96-well collagen-coated plate, Vero E6 cells stably
expressing TMPRSS2 were seeded in 100 pl at 2.5 x 10* cells per well.
The next day, twofold serially diluted serum samples were mixed with
VSVAG-RFP SARS-CoV-2 pseudotype virus (100-300 focus-forming
units per well) and incubated for 1 h at 37 °C. To neutralize any poten-
tial VSV-G carryover virus, this mixture also included 1E9F9, a mouse
anti-VSV Indiana G, at a concentration of 600 ng ml™ (Absolute Anti-
body, no. Ab01402-2.0). The media on Vero E6-TMPRSS2 cells were
then replaced with the serum-virus mixture. After 22 h of infection,
the cells were washed and fixed with 4% paraformaldehyde before
visualization on an S6 FluoroSpot Analyser (CTL, Shaker Heights).
Individualinfected foci were quantified and the values were compared
with control wells without antibody. Focus reduction neutralization
titre 50% (FRNT,,) was measured as the greatest serum dilution at
which the focus count was reduced by at least 50% relative to the con-
trol cells that were infected with the pseudotype virus in the absence
of mouse serum. FRNTj, titres for each sample were measured in at
least two technical replicates and were reported for each sample as
the geometric mean.

Flow cytometry analysis of MBCs/LLPCs in mouse splenocytes

and bone marrow

Splenocytes were harvested from spleens by mechanical disruption
between frosted slides and filtered through a 63-pm Nitex mesh.
Bone marrow was flushed from the femurs and tibia from each mouse
using a 23 G x 34” needle and syringe into FACS buffer (PBS + 2% FBS)
and filtered through a 63-pum Nitex mesh. Red blood cells were lysed
with ammonium-chloride-potassium (ACK) lysis buffer (Lonza, no.
10-548E) for 5 min onice and the reaction was stopped with ten times
the volume of PBS. Five million cells were then stained with fixable
live-dead aqua (BioLegend Zombie Aqua, 423101; 1:500 in PBS) for
15 minatRT. Cells were then washed with FACS buffer and stained with
the respective dilutions of antibodies (Supplementary Table 4) in BD
Brilliant Staining Buffer (BD Biosciences, no.563794) for15 minat 4 °C.
To create fluorescently labelled RBD tetramers, recombinant RBD
was biotinylated using the EZ-Link Micro Sulfo-NHS-Biotinylation Kit
(ThermoFisher). Streptavidin-conjugated Alexa PE and Alexa Flour 647
(allfromBioLegend) were then added ata 6:1 molar ratio (biotinylated
protein to streptavidin conjugate). Specifically, after the volume of
fluorochrome needed to achieve a 6:1 molar ratio was determined,
the total volume of fluorochrome was splitinto ten subaliquots. These
subaliquots were then added, on ice, to the biotinylated protein and
mixed by pipetting every 10 min (for a total of 10 additions). Here 2.5
million events per sample were acquired on aBD Symphony A3 Lite and
analysed with FlowJov.10 software. The gating strategy is provided in
Supplementary Fig. 5.

ELISpot assay

Bone marrow was flushed from the femurs and tibia from each mouse
using a 23 G x 34” needle and syringe into FACS buffer and filtered
through a 63-pum Nitex mesh. Red blood cells were lysed with ACK
lysis buffer (Lonza, no.10-548E) for 5 min on ice and the reaction was
stopped with ten times the volume of PBS. The resulting cells were
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counted using a Cellaca MX cell counter (Nexcelom Bioscience). Mul-
tiScreenHTSIP Filter Plate 0.45 pm (Millipore Sigma, no. MSIPS4W10)
were coated withrecombinant RBD protein at5 pg ml™insodium car-
bonate/ sodium bicarbonate buffer at pH 9.6 (35 mM of NaHCO, and
15 mM of Na,CO;) for1 hat 37 °C. Plates were then washed with 200 pl
of PBS per well three times and blocked at 37 °Cin complete RPMI +10%
FBS for 30 min. Bone marrow cells were plated in six halving dilutions
beginning with one million total bone marrow cells per well and incu-
bated overnightin complete RPMI + 10% FBS. Plates were then washed
with awash buffer (1x PBS + 0.1% Tween-20) five times and incubated
with various biotinylated anti-lIgG detection antibodies (Supplemen-
tary Table 5) in PBS +2% BSA at RT for 1 h. Plates were once again washed
five times, and streptavidin-alkaline phosphatase (1:20,000 dilution
in PBS + 2% BSA) was added before incubation at RT for 30 min. Plates
were then washed five times with the wash buffer, and 50 pl per well
of BCIP/NBT single solution (Sigma, no. B1911-100ml) was added for
approximately 5 min or until spots developed, at which time the reac-
tion was quenched with 100 pl of 1-M sodium phosphate monobasic
solution. After the plates were rinsed with distilled water and dried
overnight, they were scanned and counted using CTL ImmunoSpot
hardware and software (ImmunoSpot).

Spike-specific CD4"and CD8' T cell studies

BALB/c mice received a single i.m. immunization with 5 pg of S-2P
mRNA encapsulated in different LNP formulations. Splenocytes were
collected from animals 10 days after injection. Sample processing:
spleens were mashed in complete RPMI 1640 medium (American
Type Culture Collection modification; Gibco, no. A1049101) onice
and filtered through a 40-pum cell strainer. Red blood cells were lysed
with ACK lysis buffer (Lonza, no. 10-548E) for 5 min on ice and the
reaction was stopped with ten times the volume of PBS. Then, 1x 10°
cells per sample were stimulated for 11 h at 37 °C and 5% CO,, in the
presence of SARS-CoV-2 Spike Glycoprotein peptide pool (JPT Peptide
Technologies, no. PM-WCPV-S-2) at 1.8 pg ml™ per peptide. GolgiPlug
(1:250; brefeldin A; BD Biosciences, no. 51-2301KZ) and GolgiStop
(1:250; monensin; BD Biosciences, no. 51-2092KZ) were added to each
sample 1 h after the start of the stimulation. Unstimulated samples
for each animal were included. A sample stimulated with phorbol
12-myristate-13-acetate (25 ng ml™; Sigma, no. P1585) and ionomycin
(2.5 pg ml™; Sigma, no.13909) was included as a positive control. After
stimulation, cells were washed with PBS and stained for 10 min in the
dark at 25 °C with the LIVE/DEAD Fixable Aqua Dead Cell Stain Kit
(1:60, Life Technologies, no. L34957). Samples were incubated in Fc
blocker (1:25, Purified Rat Anti-Mouse CD16/CD32, BD Biosciences,
clone2.4G2,no.553142) for 10 minin the dark at 4 °C and then surface
stained with the monoclonal antibodies anti-CD4 PerCP/Cy5.5 (1:100,
clone GK1.5, BioLegend, no.100434) and anti-CD8 Pacific Blue (1:100,
clone 53-6.7, BioLegend, no.100725) for 30 min at 4 °C. After surface
staining, cells were washed with FACS buffer, fixed and permeabilized
using the Cytofix/Cytoperm kit (BD Biosciences, no. 51-2090KZ), and
washed again using the permeabilization buffer (BD Biosciences, no.
51-2091KZ). Cells were intracellularly stained with anti-CD3 APC-Cy7
(1:50, clone, 145-2C11, BD Biosciences, no. 561042), anti-TNF-a PE-Cy7
(1:50, clone MP6-XT22, BD Biosciences, no. 557644) and anti-IFN-y
AF700 (1:50, clone XMG1.2, BD Biosciences, no. 557998) monoclonal
antibodies for 30 minat 4 °C. Next, the cells were washed twice with the
permeabilization buffer (BD Biosciences, no.51-2091KZ) and once with
FACS buffer, fixed with 4% paraformaldehydein PBS and stored at4 °C
until analysis. Splenocytes were analysed on an LSR Il flow cytometer
(BD Biosciences). Overall, 200,000 events were collected per speci-
men. Data were analysed using FlowJo v.100. Data were expressed by
subtracting the percentages of the unstimulated stained cells from the
percentages of the peptide-pool-stimulated stained samples. Any value
less than zero is represented as zero. The gating strategy is provided
inSupplementary Fig. 6.

gp100-specific CD8* T cell studies

Thyl.1' CD8" T cells were purified from the spleens of female Pmel-1
mice by negative selection using the EasySep Mouse CD8" T cell Isola-
tion Kit (Stem Cell Technologies, no. 19853) according to the manu-
facturer’s protocol. Enriched pmel-1CD8" T cells were washed three
times with sterile 1x PBS. A physiological precursor frequency number
of cells (5 x 10°to 7 x 10°) was transferred to each naive, lymphoreplete
recipient female C57BL/6 mouse through a tail-vein injection (200 pl
per injection). Mice were subsequently immunized with either a1-ug
prime and 1-pg boost (bolusimmunization) or four equal 1.25-pg injec-
tions (extended prime immunization) of MRNA-LNP encoding murine
full-length gp100 and the modified peptide sequence (EGPRNQDWL).
Negative control mice wereinjected with the same doses of MRNA-LNP
encoding firefly luciferase as anirrelevant antigen (Luc mRNA-LNP).
Flow cytometric analysis of the circulating antigen-specific CD8' T cells
inthe peripheral blood was performed 5-6 days after the lastimmuni-
zation. Peripheral blood was obtained from mice through retro-orbital
eyebleedsunderanaesthesiaand collected into1.5-mlEppendorftubes
containing 2 pl of 0.5-M EDTA to inhibit coagulation. Blood samples
were subjected to three cycles of red blood cell lysis using 500 pl of
ACK lysis buffer each cycle. Samples were resuspended in FACS buffer
(1xPBS containing 5% FBS and 2 mM of EDTA), passed through a 70-pm
filter to remove debris, counted and finally allocated for downstream
flow cytometric analyses or functional assays.

Forintracellular cytokine staining and flow cytometry analyses,
PBMCs were plated at1x 10° cells per well in a 96-well round-bottom
plate and restimulated for 5 h with the murine gp10025-33 epitope
(EGSRNQDWL) peptide at 1 pg ml™ in complete RPMI 1640 medium
(supplemented with10% FBS, 1% penicillin-streptomycin and 55 pM of
B-mercaptoethanol) at 37 °Cin the presence of brefeldin A (15 pg mI™).
After 5 h, cells were collected and stained with Fixable Viability Dye
eFluor 780 stainings (1:1,000, Thermo Fisher Scientific, no. 65-0865)
or Zombie Violet Fixable Viability dye (1:200, BioLegend, no. 423114)
for 15-30 min on ice in 1x PBS. After washing out the viability dye,
cells were stained for cell surface markers in FACS buffer. Intracellu-
lar staining of the cytokines was performed using the Cyto-Fast Fix/
Perm Buffer Set (BioLegend, no. 426803) according to the manufac-
turer’s protocol. Cell surface antibodies include anti-CD3 on PerCP/
cyanine5.5 (1:100, BioLegend, no. 100218, clone 17A2) or APC (1:100,
BioLegend, no. 100312, clone 145-2C11), anti-CD8 on PE/cyanine7
(1:200, BioLegend, no. 100722, clone 53-6.7), anti-CD90.1 (Thyl.1)
on FITC (1:400, BioLegend, no. 202504, clone OX-7), anti-KLRG1 on
PE (1:200, BioLegend, no. 138408, clone 2F1/KLRG1) and anti-CD127
(IL-7Ra) on APC/cyanine7 (1:100, BioLegend, no.135040, clone A7R34).
Cytokine antibodies include anti-IFN-y on PE (1:100, BioLegend, no.
505808, clone XMG1.2) or Brilliant Violet 421 (1:100, BioLegend, no.
505830, clone XMGL1.2), anti-TNF-a on Brilliant Violet 711 (1:100, Bio-
Legend, no. 506349, clone MP6-XT22). Following the completion of
antibody staining, cells were treated with 1.6% methanol-free for-
maldehyde and resuspended in 1x PBS. Sample data were acquired
on the Thermo Fisher Scientific NxT Attune flow cytometer in the
University of California, Los Angeles,Johnson Comprehensive Cancer
Center Flow Cytometry Core Laboratory. Samples were compensated
using single-stain controls generated using UltraComp eBeads Plus
Compensationbeads (Invitrogen, no. 01333342). Data were analysed
using FlowJo software (v.10.10.0). The gating strategy is provided in
Supplementary Fig. 8.

Invivo bioluminescence imaging studies

Here 3 pg of Luc mRNA formulated in the four LNP compositions was
diluted in PBS and injected into the gastrocnemius muscle (40 pl of
injection volume) with a 3/10 ml 29V% G insulin syringe (Covidien,
no. 8881600145). Bioluminescence imaging was performed with an
IVIS Spectrum imaging system (Caliper Life Sciences), and data were
collected and analysed using Living Image Software v. 4.7.4 (Caliper).
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Mice were administered D-luciferin (Regis Technologies, no. RG-1-
360242-200) at a dose of 150 mg kg intraperitoneally. Mice were
anaesthetized after receiving D-luciferin in a chamber with 3% isoflu-
rane (Piramal Healthcare Limited) and placed on the imaging platform
and maintained on 2% isoflurane via anose cone. Mice were imaged at
5 min post-administration of D-luciferin using an exposure time of 5 s
or longer to ensure that the acquired signal was within the effective
detectionrange (above noise levels and below charge-coupled device
saturation limit). Bioluminescence values were quantified by meas-
uring the photon flux (photons per second) in the region of interest,
where the bioluminescence signal emanated using the Living Image
Software provided by Caliper.

Luciferase expression in different organs

Here 5 pg of Luc mRNA formulated in the four LNP compositions was
diluted in PBS and injected into the gastrocnemius muscle (40 pl of
injection volume) with a 3/10 m129v4 G insulin syringe (Covidien, no.
8881600145).Spleen, draining popliteal andinguinal lymph nodes, and
liver were harvested and analysed. Tissues were homogenizedina cell
lysis buffer (Promega Corp, no. E1531) using PowerLyzer 24 (Qiagen),
received three freeze-thaw cycles and centrifuged for 10 min at
16,000g and 4 °C (ref. 61). Luciferase activity of the supernatant was
measured using the Luciferase Assay System (Promega, no.E1501) ona
Victor31420 Multilabel Plate Counter (PerkinElmer). Luciferase activ-
ity was normalized by supernatant total protein determined by Lowry
assay (DC Protein Assay; BioRad, no.500-0116) using BSA as astandard
and expressed as kLU per mg of protein.

mRNA QuantiGene analysis within different organs

Here 5 pg of Luc mRNA formulated in the four LNP compositions was
diluted in PBS and injected into the gastrocnemius muscle (40 pl of
injection volume) with a 3/10 m129v4 G insulin syringe (Covidien, no.
8881600145). Spleen and liver were harvested and analysed. Quanti-
Geneassays were conducted according to the manufacturer’sinstruc-
tions (Thermo Fisher, no. QS0016) using custom-designed probes
against luciferase mRNA. Unformulated mRNA was used to prepare
the standard curve for quantitation.

3D-P-DMA (ionizable lipid) liquid chromatography/mass
spectrometry analysis

Here 5 pg of Luc mRNA formulated in the four LNP compositions was
diluted in PBS and injected into the gastrocnemius muscle (40 pl of
injection volume) with a3/10 ml 29v2 G insulin syringe (Covidien, no.
8881600145). Spleen and liver tissues were homogenized in PBS buffer
using a FastPrep machine for 3 cycles of 5ms™x 15s. Homogenates
fromthe PBS-treated control animals were pooled and used for stand-
ard curve preparation. The samples were extracted into a deep-well
plate with 160 pl of aninternal suitability standard. Plates were stored
at -20 °C for 15 min and then centrifuged for 15 min at 4 °C and 500g.
Analysis was performed using a Q-Exactive Orbitrap MS coupled to a
Thermo Vanquish liquid chromatograph, using reverse-phase liquid
chromatography separation withan ammoniumacetate/isopropanol
gradient. Quantitation of the ionizable lipid was by parallel reaction
monitoring againsta calibration curve. Calibration used a similar class
of syntheticlipid as the internal standard.

LNP invitro cellular uptake study

DC2.4 cells or HuMDDCs were seeded on 35-mm polymer-bottom
dishes (Cellvis) overnight using RPMI complete media (RPMI 1640
(Gibco, n0.22400-089),10% FBS (CytiviaHyclone, no. SH30071.03),1%
penicillin-streptomycin (Gibco, no.15140-122)) and then treated with
Dil-labelled luciferase mMRNA-LNPs at 500 ng ml™ for 2 h. Cells were
subsequently washed with PBS and then stained with Hoescht 33342
at1ng pl™ for 5 min. Cells were washed with PBS again and covered
with RPMI complete media. Images were taken immediately using a

confocallaser scanning microscope (LSM 710, ZEISS) at the University
of Pennsylvania’s Cell & Developmental Biology Microscopy Core.
Images were analysed using Image)J2 (Fiji), an open-source image pro-
cessing software.

Cell transfections with TransIT-mRNA reagent

DC2.4 cells and HuMDDCs were transfected with mRNA using
TransIT-mRNA (Mirus Bio, no. MIR 2225) as per the manufacturer’s
instructions. mRNA (0.3 pg) was combined with TransIT-mRNA reagent
(0.34 pl) and boost reagent (0.22 pl) in17 pl of serum-free medium, and
the complex was added to 6 x 10* cells in 183 pl of complete medium.

Endosomal escape study

DC2.4 cells or HuMDDCs were seeded on eight-well chamber slides
(Thermo Fisher Nunc Lab Tek Il System) overnight using RPMI complete
media (RPMI1640 (Gibco, no. 22400-089),10% FBS (Cytivia Hyclone,
no. SH30071.03), 1% penicillin-streptomycin (Gibco, no. 15140-122))
and then treated with luciferase mRNA-LNPs at a concentration of
2 ug ml™* for 2 h. Cells were subsequently processed using EEA1/LAMP1
protein staining and luciferase mRNA was tagged with florescence
in situ hybridization (RNA FISH) using ViewRNA Cell Plus Assay kit
(Thermo Fisher, no.88-19000-99) following the manufacturer’s proto-
col.Inbrief, cells were permeabilized/fixed, blocked and incubated with
EEAland LAMP1 primary antibodies (Thermo Fisher, nos. PA1063A and
PA1654A) and a control well with rabbit isotype IgG control (Thermo
Fisher, no. 31235) for 1 h at RT at 1:500 dilution in a blocking buffer.
For secondary antibodies, the cells were incubated with Alexa Fluor
488 secondary antibody (Thermo Fisher, no. A11070) for 1 hat RT with
1:1,000 dilution. Subsequently, cells were fixed and processed with RNA
FISH probes using a custom-designed probe for the luciferase mRNA
sequence. GAPDH was also probed as a positive control and dap-B as
anegative control. Nuclei were stained with DAPI mountant (Thermo
Fisher, no. P36931), and slides were imaged on a CrestOptics X-Light
V3 spinning-disc confocal device at the University of Pennsylvania’s
Cell & Developmental Biology Microscopy Core. Images were analysed
using Image)2 (Fiji).

Quantification and statistical analysis

Data were collected and expressed as mean + standard error of the
mean (s.e.m.). Data were organized and analysed using Microsoft
Excel for Microsoft 365 MSO (v. 2411, build 16.0.18227.20082). Statis-
tical analysis was conducted using GraphPad Prism v.10.0.0 software
package. The significance of the differences between the groups was
assessed using the test specified in the legend of the corresponding
figure. Differences were considered statistically significant at P < 0.05.

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

Data availability

Source data are provided with this paper. The primary datasets for
Supplementary Figs.1-18, along with detailed results of the statistical
analyses, are provided in Supplementary Datal.
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Antibodies used RBD specific IgG Endpoint ELISA, IgG subtypes and IgA: HRP-conjugated anti-mouse IgG (Polyclonal, Jackson Immunoresearch
#115-035-003), HRP-conjugated anti-mouse IgG1(polyclonal, abcam, AB 98693), HRP-conjugated anti-mouse IgG2a (polyclonal,
abcam, AB98698), HRP-conjugated anti-mouse 1gG2b (polyclonal, abcam, AB98703), HRP-conjugated anti-mouse IgA (polyclonal,
abcam, AB97235).

HA specific IgG Quantitative ELISA: anti-HA (Clone #2F1A7, SinoBiological #11684-MMO03), HRP-conjugated anti-mouse secondary
antibody (Polyclonal, Jackson Immunoresearch, #115-036-071)

FRNT pseudovirus assay: mouse anti-VSV Indiana G (clone 1ESF9, Absolute Antibody, Ab01402-2.0)

Flow cytometry analysis of MBCs/LLPCs in mouse splenocytes and bone marrow: anti-B220 (APC, clone RA3-6B2, Tonbo, 20-0452),
anti-CD138 (BB700, clone 281-2, BD Biosciences, 742124), anti-CD38 (AF700, clone 90, Invitrogen, 56-0381-82), anti-IgD (APC-Cy7,
clone 11-26C.2A, Biolegend, 405716), anti-CD19 (BV785, clone 6D5, Biolegend, 115543), anti-GL7 (AF488, clone GL7, Biolegend,
144608), anti-CD4 (PE-Cy7, clone GK1.5, Biolegend, 100422), anti-CD8a (PE-Cy7, clone 53-6.7, Biolegend, 100722), anti-Ter-119 (PE-
Cy7, clone TER119, Biolegend, 116222), anti-F4/80 (PE-Cy7, clone BMS, Biolegend, 123114).

ELISPOT Assay: anti-IgG1 (biotin, polyclonal, Southern Biotech, 1070-08), anti IgG2a (biotin, polyclonal, Southern Biotech, 1080-08),
anti-IgG2b (biotin, polyclonal, Southern Biotech, 1090-08)

Spike Specific CD4+ and CD8+ T cell studies: Anti-Mouse CD16/CD32 (Fc Block) (BD Biosciences, clone 2.4G2, 553142), Live/dead
fixable aqua (Life Technologies, L34957), anti-CD4 (PerCP/Cy5.5, clone GK1.5, BioLegend, 100434), anti-CD8 (Pacific Blue, clone
53-6.7, BioLegend, 100725), anti-CD3 (APC-Cy7, clone 145-2C11, BD Biosciences, 561042), anti-TNF-a (PE-Cy7, clone MP6-XT22, BD
Biosciences, 557644), and anti-IFN-y (AF700, clone XMG1.2, BD Biosciences, 557998)

Gp100-specific CD8+ T cell studies: Anti-CD3 (PerCP/Cyanine5.5, clone 17A2, Biolegend, #100218), anti-CD3 (APC, clone 145-2C11,
Biolegend, #100312), anti-CD8 (PE/Cyanine7, clone 53-6.7, Biolegend, #100722), anti-CD90.1 (Thy1.1) (FITC, clone OX-7, Biolegend,
#202504), anti-KLRG1 (PE, clone 2F1/KLRG1, Biolegend, #138408), anti-CD127 (IL-7Ra) (APC/Cyanine7, clone A7R34, Biolegend,
#135040), anti-CD27 (APC, clone LG.3A10, Biolegend, #124212), anti-IFN-y (PE, clone XMG1.2, Biolegend, #505808), anti-IFN-y
(Brilliant Violet 421, clone XMG1.2, Biolegend, #505830), anti-TNF-a (Brilliant Violet 711, clone MP6-XT22, Biolegend, #506349).
Infiltration and vivo cellular uptake by DCs, monocytes and macrophages in the dLNs (Sup Fig 13-14): Anti I-A/I-E (BUV805, clone
M5/114.15.2, BD, 748844), anti-CD11b (BV421, clone M1/70, Biolegend, 101236), anti-TCRb (BV510, clone H57-597, Biolegend,
109234), anti-CD317 (BV60S5, clone 927, Biolegend, 127025), anti-Ly6G (BV650, clone 1A8, Biolegend, 127641), anti-CD103 (BV785,
clone 2E7, Biolegend, 121439), anti-Ly6C (PerCP-Cy5.5, clone HK1.4, Invitrogen, 45-5932-82), anti-CD19 (PE-Cy5, clone 6D5,
Biolegend, 115510), anti-CD11c (PE-Cy-7, clone N418, Biolegend, 117318), anti-CD170 (APC, clone S17007L, Biolegend, 155508),
anti-CD326 (AF700, G8.8, Biolegend, 118240), Live/dead (eFluor 780, eBioScience, 115-095-020).

Innate immune cell infiltration to muscle injection site: Anti-CD11c (BV421, clone N418, Biolegend, 117330), anti-CD45 (BV605, clone
30-F11, Biolegend, 103139), anti-I-A/I-E (BV650, clone M5/114.15.2, BD Biosciences, 563415), anti-CD24 (BV711, clone M1/69, BD
Biosciences, 563405), anti-CD11b (APC-Cy7, clone M1/70, BD Biosciences, 557657), anti-Ly6-G (AF700, clone 1A8, BD Biosciences,
561236), anti-CD64 (PE-CF594, clone X54-5/7.1, Biolegend, 139320), anti-F4/80 (PE, clone BMS, Biolegend, 123109), anti- CD16/
CD32 (Fc block) (BD Biosciences, clone 2.4G2, 553142).

Endosomal escape study: anti-EEA1 (polyclonal, ThermoFisher, cat# PA1063A), anti-LAMP1 (polyclonal, ThermoFisher, cat#
PA1654A), Rabbit IgG Isotype Control (Polyclonal, ThermoFisher, cat# 31235), F(ab')2-Goat anti-Rabbit IgG (H+L) (Alexa Fluor 488,
ThermoFisher, cat# A11070).

Validation All antibodies used in this study are commercially available, and all have been validated by the manufacturers and used by other
publications. All antibodies used for flow cytometry were quality control tested by immunofluorescent staining with flow cytometric
analysis.

Primary antibody validation:

HRP-conjugated anti-mouse 1gG (Polyclonal, Jackson Immunoresearch #115-035-003). Validation statements for the species on the
manufacturer’s website: “Based on immunoelectrophoresis and/or ELISA, the antibody reacts with whole molecule mouse IgG. It also
reacts with the light chains of other mouse immunoglobulins. No antibody was detected against non-immunoglobulin serum
proteins. The antibody may cross-react with immunoglobulins from other species.” Reference: Wei SC et al. 2021, Front Immunol.
doi: 10.3389/fimmu.2021.771011.

HRP-conjugated anti-mouse 1gG1(polyclonal, abcam, AB 98693). Validation statements for the species on the manufacturer’s




website: “By immunoelectrophoresis and ELISA this antibody reacts specifically with mouse IgG1. Cross reactivity with
immunoglobulins is less than 2%. No antibody was detected against non-immunoglobulin serum proteins. Less than 1% cross
reactivity to human and rat IgG1 was detected. This antibody may cross react with 1gG1 from other species.” Reference: Han X et al.
2023, Nat Nanotechnol. doi: 10.1038/541565-023-01404-4.

HRP-conjugated anti-mouse 1gG2a (polyclonal, abcam, AB98698). Validation statements for the species on the manufacturer’s
website: “By immunoelectrophoresis and ELISA this antibody reacts specifically with mouse IgG2a. Cross reactivity with
immunoglobulins is less than 2%. No antibody was detected against non-immunoglobulin serum proteins. Less than 1% cross
reactivity to human and rat IgG2a was detected. This antibody may cross react with IgG2a from other species.” Reference: Nardo D
et al. 2022, Biomater Sci. doi: 10.1039/d2bm01289h.

HRP-conjugated anti-mouse 1gG2b (polyclonal, abcam, AB98703). Validation statements for the species on the manufacturer’s
website: “Target species, Mouse. Suitable for ICC, IHC-P, ELISA, WB. Ideal for western blot. Preadsorbed to minimise non-specific
binding and high background staining.” Reference: Nardo D et al. 2022, Biomater Sci. doi: 10.1039/d2bm01283h.

HRP-conjugated anti-mouse IgA (polyclonal, abcam, AB97235). Validation statements for the species on the manufacturer’s website:
By immunoelectrophoresis and ELISA this antibody reacts specifically with Mouse IgA. Cross reactivity with other immunoglobulins
and light chains is less than 0.1%. Cross reactivity to mouse IgM, 1gG1, 1gG2a, IgG2b, 1gG2c, 1gG3 and IgE is undetectable. Some
hybridoma clones may express aberrant immunoglobulin-related peptides that are improperly recognized by this antibody.”
Reference: Muranishi K et al. 2023, Vaccines, doi: 10.3390/vaccines12010005.

anti-HA (Clone #2F1A7, SinoBiological #11684-MMO03). Validation statements for the species on the manufacturer’s website:
“Specificity, HIN1 (A/Puerto Rico/8/1934) H, has cross-reactivity in ELISA with HIN1 (A/Puerto Rico/8/1934) HA Protein (Cat# 11684-
VO8H)” Reference: Yu L et al. 2024. Virol Sin. doi: 10.1016/j.virs.2024.01.003.

anti-VSV Indiana G (clone 1E9F9, Absolute Antibody, Ab01402-2.0). Validation statements for the species on the manufacturer’s
website: “Specificity: VSV-Ind glycoprotein (G) protein” Reference: Tam AB et al. 2018, Dev Cell. doi: 10.1016/j.devcel.2018.04.023.

anti-IgG1 (biotin, polyclonal, Southern Biotech, 1070-08). Validation statements for the species on the manufacturer’s website:
“Specificity Reacts with the heavy chain of mouse 1gG1” Reference: Koutsonanos DG et al. 2025, Vaccine. doi: 10.1016/
j.vaccine.2015.01.086.

anti-lgG2a (biotin, polyclonal, Southern Biotech, 1080-08). Validation statements for the species on the manufacturer’s website:
“Specificity: Reacts with the heavy chain of mouse 1gG2a” Reference: Teichmann LL et al. 2013, Immunity. doi: 10.1016/
j.immuni.2012.11.017.

anti-IgG2b (biotin, polyclonal, Southern Biotech, 1090-08). Validation statements for the species on the manufacturer’s website:
“Specificity: Reacts with the heavy chain of mouse 1gG2b” Reference: Hsu HC et al. 2007, J Immunol. doi: 10.4049/
jimmunol.178.8.5357.

anti-EEA1 (polyclonal, ThermoFisher, cat# PA1063A). Validation statements for the species on the manufacturer’s website: “Species
Reactivity Human, Mouse ” Reference: Aung KT et al. 2019, J Physiol Sci. doi: 10.1007/s12576-018-0644-2.

anti-LAMP1 (polyclonal, ThermoFisher, cat# PA1654A). Validation statements for the species on the manufacturer’s website: Species
Reactivity Human. Reference: (mouse and human) Donde A et al. 2019 doi: 10.1080/15548627.2019.1635379.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Murine DC2.4 cell line was obtained from Millipore Sigma (#SCC142M) the American Type Culture Collection and maintained
in Dulbecco’s modified Eagle’s medium (DMEM, Corning, #10-013-CV) supplemented with 10% fetal bovine serum (Cytivia
Hyclone, #5H30071.03), 100 U ml-1 Penicillin/Streptomycin (Gibco. #15140-122).RPMI complete media [RPMI 1640 (Gibco)
supplemented with 10% Fetal Bovine Serum (Cytivia Hyclone), and 1% Penicillin/Streptomycin (Gibco)].

Human monocyte-derived dendritic cells were generated from a healthy donor apheresis product, provided by the University
of Pennsylvania Human Immunology Core (SCR_022380). Dendritic cells were derived from monocytes using complete RPMI
complete media (Gibco, #22400-089) supplemented with human granulocyte colony stimulating factor (R&D Ssystems,
#215GMO10CF) and human IL-4 (R&D Ssystems, #2041LO10CF). Expi293F cells were obtained from Thermo Fisher Scientific
(#A14527) and maintained in Expi293™ Expression Medium (Thermo Fisher Scientific, #A1435101). Sf9 cells were obtained
from Thermo Fisher Scientific (#12659017) and maintained in Sf-900™ 11l SFM, a serum-free medium (Thermo Fisher
Scientific, #12658019), supplemented with 1x Penicillin-Streptomycin (Capricorn, 100x stock solution). High Five cells were
obtained from Thermo Fisher Scientific (#885502) and maintained in HyClone™ SFX-Insect liquid medium (Cytiva,
#SH30278.LS). 293T cells were obtained from the American Type Culture Collection (ATCC, #CRL-3216) and maintained in
DMEM (Life Technologies, #11995065) supplemented with 10% fetal bovine serum (Hyclone, #SH30071.03). VeroE6-
TMPRSS2 cells were generated in-house, selected once with blasticidin (#R21001), and maintained in DMEM (Life
Technologies, #11995065).

Human monocyte-derived dendritic cells were generated from a healthy donor apheresis product provided by the University
of Pennsylvania Human Immunology Core (SCR_022380). Monocytes were differentiated into dendritic cells using RPMI
complete medium supplemented with human granulocyte-macrophage colony-stimulating factor (GM-CSF; R&D Systems,
215-GM-010CF) and human interleukin-4 (IL-4; R&D Systems, 204-IL-010CF). Authentication was based on cellular
morphology, characterized by large, irregularly shaped cells with long dendrite-like projections, a prominent indented
nucleus, and clear cytoplasm.

The authentication of DC2.4 cells was performed by the manufacturer based on characteristic features of dendritic cells
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including cell morphology and the expression of dendritic cell-specific markers and the ability to phagocytose and present
exogenous antigens on both MHC class | and class Il molecules.

Expi293F cells (Cat# A14527, Thermo Fisher Scientific, Waltham, MA, USA):
The authentication of the Expi293F cell line was performed and documented by the manufacturer, based on morphology and
growth characteristics consistent with human HEK293-derived suspension cell lines.

Sf9 cells (Cat# 12659017), Thermo Fisher Scientific, Waltham, MA, USA): The authentication of the Sf9 cell line was
performed and documented by the manufacturer, based on morphology and growth characteristics consistent with
Spodoptera frugiperda-derived PLB-Sf-21-AE insect cell lines.

High Five cells (Cat# B85502), Thermo Fisher Scientific, Waltham, MA, USA): The authentication of the High Five cell line was
performed and documented by the manufacturer, based on morphology (large spherical cells with some granular
appearance) and growth characteristics consistent with Trichoplusia ni-derived BTI-TN-5B1-4 insect cell lines.

293T cells (CRL-3216), ATCC: The authentication of 293 cells was performed by the manufacturer through Short Tandem
Repeat (STR) profiling (D351358: 15,17; THO1: 7,9.3; D21S11: 28,30.2; D18S51: 17,18; Penta_E: 7,15; D55818: 8,9; D13S317:
12,14; D7S820: 11; D165539: 9,13; CSF1PO: 11,12; Penta_D: 9,10; Amelogenin: X; VWA: 16,19; D851179: 12,14; TPOX: 11;
FGA: 23; D19S433: 18.; D251338: 19.

VeroE6-TMPRSS2 cells were generated in-house, authenticated based on characteristic epithelial morphology and expected
growth behavior, including adherent, cobblestone-like appearance and consistent proliferation rate, selected once with
blasticidin (Invitrogen).

Mycoplasma contamination All cell lines were routinely tested and confirmed to be negative for mycoplasma contamination.

Commonly misidentified lines No commonly misidentified cell lines were used in the study.

(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

BALB/c mice aged 8 weeks were purchased from Charles River Laboratories. C57BL/6J (Jackson Laboratory strain #000664) and
Pmel-1 TCR/Thy1.1 transgenic mice Jackson Laboratory strain #005023) on a C57BL/6 background (aged 6—8 weeks) were purchased
from the Jackson Laboratory. Pmel-1 mice were bred and maintained at the University of California, Los Angeles (UCLA). Breeding
vivarium and utilized for experiments when reaching 8 to 12 weeks of age.

No wild animals were used in this study.

Female mice were used in this study.

No filed-collected samples were used in this study.

The investigators faithfully adhered to the “Guide for the Care and Use of Laboratory Animals” by the Committee on Care of
Laboratory Animal Resources Commission on Life Sciences, National Research Council. Mouse studies were conducted under
protocols approved by the Institutional Animal Care and Use Committees (IACUC) of the University of Pennsylvania, the University of

California, Los Angeles, and Genevant. All animals were housed and cared for according to local, state, and federal policies in an
Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC)-accredited facility.

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

Plants

Seed stocks

Novel plant genotypes

Authentication

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied-

Describe-any-atithentication-procedtures foreach seed stock-tised-or-novel-genotype-generated—Describe-any-experiments-used-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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Flow Cytometry

Plots
Confirm that:

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

|X| 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

Instrument

Software

Cell population abundance

Flow cytometry analysis of MBCs/LLPCs in mouse splenocytes and bone marrow: Splenocytes were harvested from spleens
by mechanical disruption between frosted slides and filtered through 63-micron Nitex mesh. Bone marrow was flushed from
femurs and tibia from each mouse using a 23g X %” needle and syringe into FACS buffer (PBS + 2% fetal bovine serum) and
filtered through 63-micron Nitex mesh. Red blood cells were lysed with ACK Lysing buffer (Lonza #10-548E) for 5 minutes on
ice and the reaction was stopped with ten times the volume of PBS. Five million cells were then stained with fixable live dead
aqua (Biolegend Zombie Aqua, 423101 — 1:500 in PBS) for 15 min at RT. Cells were then washed with FACS buffer and stained
with the respective dilutions of antibodies in BD Brilliant Staining Buffer (BD Biosciences, 563794) for 15 min at 4 °C. To
create fluorescently labeled RBD tetramers, recombinant RBD was biotinylated using the EZ-Link Micro Sulfo-NHS-
Biotinylation Kit (ThermoFisher). Streptavidin-conjugated Alexa PE and Alexa Flour 647 (all from Biolegend) were then added
at a 6:1 molar ratio (biotinylated-protein to streptavidin-conjugate). Specifically, after the volume of fluorochrome needed to
achieve a 6:1 molar ratio was determined, the total volume of fluorochrome was split into 10 subaliquots. These subaliquots
were then added, on ice, to the biotinylated protein and mixed by pipetting every 10 minutes (for a total of 10 additions).

Gp100-specific CD8+ T cell studies: Peripheral blood was obtained from mice through retro-orbital eye bleeds under
anesthesia and collected into 1.5 ml Eppendorf tubes containing 2 ul of 0.5 M EDTA to inhibit coagulation. Blood samples
were subjected to three cycles of red blood cell lysis using 500 uL of ACK lysis buffer each cycle. Samples were resuspended
in FACS buffer (1 x PBS containing 5% FBS and 2 mM EDTA), passed through a 70 um filter to remove debris, counted, and
finally allocated for downstream flow cytometric analyses or functional assays. For Intracellular Cytokine Staining (ICS) and
Flow Cytometry analyses, PBMCs were plated at 1 x 105 cells per well in a 96-well round bottom plate and re-stimulated for
5 hours with the murine gp10025-33 epitope (EGSRNQDWL) peptide at 1 ug/mlin complete RPMI 1640 medium
(supplemented with 10% FBS, 1% penicillin/streptomycin and 55 uM B-mercaptoethanol) at 37 °C in the presence of
brefeldin-A (15 pg/ml). After 5 hours, cells were collected and stained

Infiltration and vivo cellular uptake by DCs, monocytes and macrophages in the dLNs: For DC analysis, draining LNs were
harvested, disrupted with scissors, and then digested in RPMI + 2% FBS + 20mM HEPES + 400U/mL type-1V collagenase for 30
minutes at 37 °C. LNs were then passed through a 21G x 1 syringe (BD 309624) 5 times before being filtered through a 40uM
mesh filter. Staining steps were all performed at 4°C in FACS Buffer (PBS + 2% FBS + 5mM EDTA). Prior to staining, single-cell
suspensions were Fc blocked with anti-mouse CD16/CD32 blocking antibody at 1:1000 (~7.6 pg /mL). Cells were washed and
then incubated for 30 minutes with a cocktail of viability dye and fluorescently labeled antibodies.

Innate immune cell infiltration to muscle injection site: Tissue was minced and subsequently digested using of 10 ml XMedia
[Ham’s F12 Nutruent Mix (Gibco), 10% FBS (Cytivia Hyclone), and 100 units/ml penicillin and 100 mg/ml streptomycin
(Gibco)] containing 100 units/ml collagenase, type IV (Gibco) and 1.1 units/ml dispase Il (Roche) for 30 minutes at 37 °C while
shaking. Supernatant from enzymatic digestion was filtered through a 70 um cell strainer and washed with PBS. Filtering and
PBS wash was repeated, and samples resuspended in 1 ml of XMedia. 3 million cells per sample were used for flow cytometry
staining. Samples were washed with PBS and stained with a LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Life Technologies) for
10 minutes in the dark at room temperature. Cells were subsequently incubated for 30 minutes at 4 °C with a master mix of
fluorescently labeled anti-mouse monoclonal antibodies.

Symphony A3 Lite (BD), LSR Il flow cytometer (BD Biosciences), NxT Attune flow cytometer (ThermoFisher Scientific), Aurora
(Cytek)

FlowJo analysis software v10

The average MBC abundance ranges between 21.4% and 41.1% of splenocytes. The average LLPC abundance ranges from
7.4% to 22.2% of bone marrow cells.

The average abundance of Spike-specific CD8+ IFN-y+ cells ranges from 1.5% to 3.3%, Spike-specific CD8+ TNF-a+ cells range
from 0.3% to 1.2%, and Spike-specific CD8+ TNF-a+ IFN-y+ cells range from 0.2% to 0.8% within the CD3+CD8+ population.

Within the CD3+CD4+ population, the average abundance of Spike-specific CD4+ IFN-y+ cells ranges from 0.16% to 0.17%,
CD4+ TNF-a+ cells from 0.26% to 0.3%, and CD4+ TNF-a+ IFN-y+ cells from 0.10% to 0.12%.

The average abundance of Gp100-specific CD8+ Thy1.1+ IFN-y+ cells ranges from 73% to 76%, Gp100-specific CD8+ Thy1.1+
TNF-a+ cells range from 22% to 29%, and Gp100-specific CD8+ Thy1.1+ IFN-y+ TNF-a+ cells range from 21% to 28% within
the CD8+ Thy1.1+ T cell population following a prime and bolus immunization regimen.
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The average abundance of Gp100-specific CD8+ Thy1.1+ IFN-y+ cells ranges from 86% to 87%, Gp100-specific CD8+ Thy1.1+
TNF-a+ cells range from 43% to 48%, and Gp100-specific CD8+ Thy1.1+ IFN-y+ TNF-a+ cells range from 27% to 34% within
the CD8+ Thy1.1+ T cell population. Gp100-specific CD8+ Thy1.1+ KLRG1+ CD127- cells range from 7.4% to 10% within the
CD3+CD8+ Thy1.1+ population following extended prime immunization regimen.

The average absolute number (x10%) in the LN of total DCs ranges from 2.6 to 5.0, dermal DCs range from 0.4 to 1.17, cDC1
cells range from 0.1 to 0.5, cDC2 cells range from 0.5 to 1.7, pDCs range from 0.8 to 2.6, inflammatory monocytes range from
0.3 to 3.2, and macrophages range from 1.6 to 3.2.

The average abundance of EGFP+ Dil+ dermal DCs ranges from 2.5% to 5.4%, EGFP+ Dil+ cDC1s from 5.9% to 13.6%, EGFP+
Dil+ cDC2s from 8.5% to 16.1%, EGFP+ Dil+ pDCs from 0.3% to 1.3%, EGFP+ Dil+ inflammatory monocytes from 0.1% to 0.3%,
and EGFP+ Dil+ macrophages from 0.2% to 0.6%.

The average abundance in the injection site muscle of neutrophils ranges from 1.9% to 19.4%, DCs from 0.8% to 6.5%,
macrophages from 0.1% to 2.8%, and monocytes from 0.4% to 5.6% within the CD45+ cell population.
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Gating strategy Flow Cytometric Gating Strategy for the Investigation of MBC: (IgD-Dump[CD4,CD8a,Ter-119, F4/80]-CD19+B220+CD38+GL7
-RBD-AF647+/RBD-PE+), Antigen-specific LLPCs (IgD-Dump[CD4, CD8a, Ter-119, F4/80]-B220-CD138+RBD-AF647+/RBD-PE+)

Flow Cytometric Gating Strategy for the Investigation of spike-specific CD4+ and CD8+ T cell responses: Singlets cells were
first selected (FSC-H x FSC-A), then live cells (LD-), lymphocytes were selected based on size and granularity (FSC x SSC), and
the cytokine production was evaluated inside the CD3+CD4+ and CD3+CD8+ populations.

Flow cytometric gating strategy for the investigation of gp100-specific CD8+ T cell responses: Singlets cells were first selected
(FSC-H x FSC-A), then live cells (LD-), and the cytokine production (TNFa+ and/or IFNg+) was evaluated in the T cells CD8+
Thyl.1+. Singlets cells were first selected (FSC-H x FSC-A/ SSC-H x SSC-A), then live cells (LD-), and cytotoxic profile was
evaluated in CD3+CD8+ Thy1.1+ cells based on KLRG1 and CD127 markers expression.

Flow cytometric gating strategy for assessing the cellular populations and mRNA-LNP uptake in dLNs: Single cells were
selected based on size and granularity (FSC x SSC), then live cells (LD-), and then DCs subsets were defined: cDC1s (CD11b
+MHCII+EpCAM-CD103+), cDC2s (CD11b+MHCII+EpCAM-CD11b+) and pDCs (CD11b-PDCA1+). From CD11b+ cells,
Monocytes subset (Ly-6G- SiglecF- Ly6C+) and Macrofages subset (Ly-6G- SiglecF- Ly6C-) were also defined.

Flow cytometric gating strategy for assessing innate cell populations in injection site muscle of immunized mice: Single cells
were selected based on size and granularity (FSC x SSC), then live cells (LD-) and in Leykocytes (CD45+) subset, innate cells
were defined as neutrophils (Ly6G+), Macrophages (Ly6G-CD11b+SSChiCD64+), Dendritics cells (Ly6G-CD11c+MHC+CD24+)
and Monocytes (Ly6G-CD11b+MHC-F4/80+)

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