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Type | interferon restricts mRNA vaccine
efficacy through suppression of antigen

uptake in cDCs

M| Check for updates

Tyson A. Lobb', Alexandria Dickson?, Wenzheng Guo', Smrithi Beeram', Javier A. Carrero', Yago Dalben’,
Richard J. DiPaolo', Elise Alspach', Longping V. Tse' & Stephen T. Ferris'

Type l interferons (IFN) are key mediators of innate immune activation, promoting upregulation of
costimulatory molecules and Major Histocompatibility Complex (MHC) I/Il on antigen-presenting cells
(APCs). However, IFN also suppress endogenous translation to restrict viral replication. Critically, IFN-
stimulated APCs lose the capacity to acquire new antigens, making the timing of IFN signaling a crucial
determinant of vaccine efficacy. Here, we show that both DC-specific loss of IFNa/ receptor (IFNaR)
and transient blockade of IFNaR before vaccination enhances vaccine uptake and expression within
DCs, improves CD8' T cell priming, and leads to superior tumor control. We also demonstrate that IFN
signaling before vaccination, triggered by prior infection or administration of a different vaccine,
impairs dendritic cell uptake of MRNA-LNP vaccines and reduces the magnitude of vaccine-specific
CD8' T cell responses. These findings highlight the dual-edged nature of IFN signaling and offer a

potential strategy for enhancing vaccine-induced immunity.

mRNA-based vaccines have revolutionized vaccinology. Beyond its
major impact in aiding to resolve the COVID-19 pandemic, the potential
of mRNA-based therapeutics is vast, with applications extending from
viruses like influenza' and human immunodeficiency virus™ to cancer*™.
Notably, mRNA-based neoantigen therapies for hard-to-treat pancreatic
cancer are already currently in clinical trials”. Therefore, it is critical to
understand the underlying immune mechanisms governing their
response and how to augment the efficacy of mRNA-lipid nanoparticle
(mRNA-LNP) vaccines. It is well established that mRNA-LNPs induce
type I interferons (IFN) (e.g., IFN-a, IFN-B) upon immunization®"". IFN
plays a critical role in antiviral immune responses by limiting viral spread
and activating innate immunity to elicit long-lasting adaptive
immunity'”. IFN signaling has been shown to be required for CD8" T cells
to develop their cytotoxic capacity’” and plays a crucial role in aug-
menting antigen-presenting cell (APC) activation and the priming of
adaptive immune responses'*"”. IFN signaling in APCs at the time of
antigen acquisition has been shown to significantly enhance the sub-
sequent adaptive immune response through upregulation of costimula-
tory molecules and promotion of inflammatory cytokine production.
Thus, IFN has canonically been thought to augment or induce immune
responses. However, multiple studies have shown that chronic IFN sig-
naling is detrimental to the overall immune response, leading to immune

suppression'“’. It has also been shown that once a conventional den-
dritic cell (¢cDC) or APC is activated and matures, it can no longer
acquire new material for presentation to the adaptive immune system”"*.
Similarly, previous research showed that migratory, or mature, DCs are
unable to acquire new cell-associated material for presentation to CD8’
T cells”. This suggests that the timing of APC activation may determine
whether IFN acts as a stimulatory or inhibitory factor in APC-mediated
antigen processing and presentation: a fully mature or activated APC is
incapable of processing and presenting new antigens. Recent studies
suggest that IFN signaling can also suppress adaptive immune responses
during viral infections. Notably, transient blockade of IFN signaling
using the IFNaR blocking antibody MAR1-5A3** (aIFNaR) has been
shown to enhance virus-specific immune responses™. Similarly, a recent
publication found that transient IFNaR blockade enhanced virus-specific
immune responses in the context of an arthritogenic alphavirus™. Still,
the underlying mechanisms remain unclear.

In the context of vaccination, transient IFNaR inhibition, as well as the
use of IFNaR-deficient mice or tissue-specific IFNaR deletion, have yielded
variable outcomes. A recent article demonstrated that blocking IFN sig-
naling reduced overall CD8" and CD4" T cell responses following mRNA-
LNP vaccination". In contrast, a separate study found that transient IFNaR
blockade during LCMV infection and vaccination enhanced the generation

"Department of Molecular Microbiology and Immunology, Saint Louis University School of Medicine, St. Louis, MO, USA. ?Department of
Immunology and Microbiology, University of Colorado Anschutz Medical Campus, Aurora, CO, USA.

e-mail: stephen.ferris@health.slu.edu

m Health

Sealy Institute for
Vaccine Sciences

npj Vaccines| (2026)11:41


http://crossmark.crossref.org/dialog/?doi=10.1038/s41541-025-01362-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41541-025-01362-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41541-025-01362-z&domain=pdf
mailto:stephen.ferris@health.slu.edu
www.nature.com/npjvaccines

https://doi.org/10.1038/s41541-025-01362-z

Article

of virus- or vaccine-specific stem cell-like memory CDS8' T cells”. Thus, the
role of IFN in vaccines, including mRNA-LNP-based vaccines, remains
unclear, with evidence supporting both inhibitory and augmentative effects.

In this study, we aimed to elucidate the role of IFN signaling during
mRNA-LNP-based vaccination by utilizing transient IFNaR blockade and
mice with DC-specific loss of IFNaR. Given the inhibitory impacts of
inflammatory cytokine signaling on DC antigen acquisition, we hypothe-
sized that early IFN signaling within DCs impairs their ability to acquire and
translate the new antigenic mRNA, thereby limiting antigen presentation
and ultimately leading to a diminished adaptive immune response.
Understanding this dynamic may provide insight into the timing and reg-
ulation of IEN signaling in optimizing vaccine efficacy.

Results

mRNA-LNP vaccine induced IFN reduces vaccine-specific
mRNA expression by DCs in vitro

To assay if IFN signaling inhibited acquisition of mRNA-LNP, we
generated bone marrow-derived DCs (BMDCs) using a novel culture
method with stem cell factor (SCF) and FMS-like tyrosine kinase 3
ligand (F1t3L)*. This protocol enhances DC output and produces
subsets of conventional DCs that closely resemble their in vivo-derived
counterparts (Supplementary Fig. 1). To assess mRNA-LNP vaccine
uptake, we incubated BMDCs with eGFP mRNA-LNP vaccines and
measured eGFP expression by flow cytometry. 16-hour pretreatment
of BMDCs with IFNa completely abrogated eGFP expression, resulting
in no increase of eGFP expression above PBS incubated controls
(Fig. 1A). This suggests that premature activation of BMDCs through
IFNoaR signaling inhibited mRNA-LNP acquisition and expression.
Given the rapid nature of IFN signaling™, we hypothesized that once a
cell senses mRNA-LNP, it produces IFN, which in turn suppresses
mRNA-LNP uptake by surrounding DCs. To test this, we blocked
IFNoR signaling at the time of mRNA-LNP administration using anti-
IFNaR blocking antibody MAR1-5A3. Blocking IFN signaling during
mRNA-LNP administration increased the proportion of DCs acquir-
ing and expressing eGFP (Fig. 1A). When assessing the DC activation
marker CD40, IFNa pretreatment and mRNA-LNP alone uniformly
activated all DCs, whereas IFNaR blockade significantly reduced CD40
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Fig. 1 | mRNA-LNP vaccine induced IFN reduces overall mRNA uptake by DCs
in vitro. A (Left) Representation flow plots of eGFP expression of BMDCs incubated
with 2.5 ug eGFP mRNA-LNP alone, with mRNA-LNP and MAR1-5A3 antibody

(aIFNaR, red), or withmRNA-LNP and 10° U/mL IFNa for 16 h (blue). (Right) eGFP
expression as a percentage of all DCs incubated with 2.5 ug eGFP mRNA-LNP alone
(white), with mRNA-LNP and MAR1-5A3 antibody (aIFNaR, red), or with mRNA-
LNP and 10° U/mL IFNa for 16 h (blue). B (Left) Representative flow plots of CD40

upregulation (Fig. 1B). These findings suggest that inhibiting pre-
mature IFN-mediated DC activation enhances mRNA-LNP uptake
and expression by DCs in vitro.

Inhibition of IFNaR signaling enhances dendritic cell acquisition
of mRNA-LNPs and improves vaccine-specific CD8' T cell
responses

To determine whether blocking IFNaR signaling enhances DC acquisition
of mRNA-LNPs in vivo, we first confirmed that IFN is produced following
immunization with our mRNA-LNP vaccine. IFNa 2 and 4 were found in
the serum of immunized WT C57BL/6 ] mice at 8 h and was absent by 24 h
post vaccination, in agreement with previous findings showing IFN pro-
duction is early and transient post mRNA-LNP vaccination® (Fig. 2A).
Previous studies have shown that administering 100 pg of IFNaR-blocking
antibody MAR1-5A3 reduces surface expression of IFNaR1 for five days,
with receptor expression returning by day six”’. We verified these results;
however, we saw that MARI1-5A3 antibody used at 250 pug reduced
IFNaR1 surface expression for at least 9 days post injection with expression
not returning to control WT C57BL/6 ] levels over the experimental time
course (Fig. 2B). Next, we asked whether blocking the IFNaR receptor
before immunization with an eGFP mRNA-LNP vaccine would increase
DC mRNA-LNP acquisition and translation. To test this, we blocked IFNaR
one day before immunizing mice with an eGFP mRNA-LNP vaccine.
Splenic ¢DCs (Supplementary Fig. 2A) were isolated 24h post-
immunization and analyzed for eGFP expression by flow cytometry.
IFNaR inhibition significantly increased the number of splenic DCs
expressing eGFP compared to unblocked controls (Fig. 2C). In terms of DC
activation, both eGFP and OVA mRNA-LNP vaccines induced upregula-
tion of the activation markers CD40 and CD86 on splenic DCs; however,
IFNaR blockade substantially reduced CD40 and CD86 expression com-
pared to unblocked, immunized mice. Despite this reduction, activation
levels in IFNaR-blocked, eGFP-vaccinated mice remained higher than in
PBS-immunized controls (Fig. 2D). In addition, DCs that had acquired
eGFP mRNA-LNP were activated, albeit less than unblocked controls
(Supplementary Fig. 3A). Moreover, blocking IFNaR signaling during
immunization did not alter overall DC numbers (Supplementary Fig. 3B).
Thus, inhibition of IFNaR signaling leads to an increase in DC mediated
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MFI of BMDCs incubated with 2.5 ug eGFP mRNA-LNP alone, with mRNA-LNP and
MARI-5A3 antibody (aIFNaR, red), or with mRNA-LNP and 10° U/mL IFNa for
16 h (blue). (Right) CD40 MFI of DCs incubated with 2.5 pug eGFP mRNA-LNP alone
(white), with mRNA-LNP and MAR1-5A3 antibody (aIFNaR, red), or with mRNA-
LNPand 10’ U/mLIFNa for 16 h (blue). Data represents pooled independent samples
from four independent experiments (n = 11 for empty, n = 11 for mRNA alone, n = 12
for IFNa, and 7 = 11 for aIFNaR). Data were compared using one-way ANOVA.
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mRNA-LNP acquisition and expression. With this in mind, we next asked
whether blocking the IFNaR receptor before immunization with the OVA
mRNA-LNP vaccine would increase vaccine-specific CD8' T cells. Blocking
IFNaR prior to immunization significantly increased vaccine-specific CD8"
T cells (Supplementary Figs. 2B, 3C, and Fig. 2E). In addition, vaccine-
specific CD8" T cells expressed higher surface levels of PD-1 (Fig. 2F),

potentially pointing to increased T cell receptor signaling due to increased
antigen presentation’*’". To ensure that blocking IFNaR increased mRNA-
LNP acquisition and not merely mRNA translation, we immunized mice
with mRNA-LNP incorporated with the fluorescent lipid 1,1’-dioctadecyl-
3,3,3",3-tetramethylindodicarbocyanine (DiD) which incorporates into the
endosomal membrane once acquired by cells”. IFNaR inhibition 24 h prior
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Fig. 2 | IFNaR Blockade increases vaccine-specific CD8" T cell responses. A Serum
levels of IFNa 2 and 4 at various timepoints after immunization with 2.5 ug of
mRNA-LNP from four C57BL/6] wild-type mice (WT) pooled together. B (Left)
Surface expression of IFNaR1 from mice given 250 ug of MAR1-5A3 (aIFNaR, red)
(IP), or no MAR1-5A3 (black) and compared to an IFNaR knockout mouse (blue).
(Right) Representative plot showing IFNaR1 MFI of each mouse at days 1, 3, 5, 7,
and 9 post injection of MAR1-5A3 (red, n = 5) compared to a WT mouse with no
MARI-5A3 injection (black, # = 1) or an IFNaR knockout mouse (blue, n = 1).

C (Left) Representative flow plot of splenic CD11¢"MHCII* DCs expressing eGFP
from WT mice with or without MARI-5A3. (Right) Percentage of eGFP expression
in splenic DCs 24 h post mRNA-LNP immunization (5 ug eGFP mRNA-LNP or
2.5 ug OVA mRNA-LNP IV) in WT mice (black, n = 6), or WT mice given MARI-
5A3 prior to immunization (red, n = 8). D (Left) Representative flow plot showing
CD407°CD86" splenic DCs after immunization with mRNA-LNP with or without
MARI-5A3. (Right) Percentage of CD40"CD86" splenic DCs from mice in Fig. 2C.

E (Left) Representative flow plots of SINFEKL-H2-K” (OVA) specific CD8' T cells.
(Right) Percentage of OVA specific CD8" T cells from WT mice (black, n = 8) and
WT mice given MAR1-5A3 (red, n = 11). 2.5 pg of mRNA-LNP was administered IV
24 h after MAR1-5A3. F (Left) Representative flow plot showing PD-1 expression of
OVA specific TCRB'CD8a" T cells. (Right) PD-1 expression of TCRB"CD8a*

T cells from mice in Fig. 2E. G (Left) Representative flow plot of splenic
CD11c"MHCII* DCs expressing fluorescent LNP from WT mice with or without
MARI1-5A3. (Right) Percentage of LNP expression in splenic DCs 24 h post mRNA-
LNP immunization (5 ug DiD incorporated LNP eGFP mRNA-LNP or 2.5 ug OVA
mRNA-LNP IV) in WT mice (black, # = 10), or WT mice given MAR1-5A3 prior to
immunization (red, n = 11). Error bars in (A) indicate + SD. All bars in (C)-(G)
indicate the mean. Data in (C) and (E) were compared using a Mann-Whitney test.
Data in (D) were compared with either an unpaired two-tailed students T test or a
Mann-Whitney test. Data in (F) and (G) were compared by an unpaired two-tailed
students T test.

to immunization significantly increased the number of splenic DCs that
acquired and expressed the fluorescent LNP compared to unblocked con-
trols indicating an increase in mRNA-LNP acquisition by DCs (Fig. 2G).
These findings support our hypothesis that inhibiting IFNaR signaling
prevents bystander DC activation, allowing for enhanced mRNA-LNP
uptake and subsequent adaptive immune priming.

DC specific loss of IFNaR increases vaccine-specific CD8 T cell
responses

To further test the notion that IFN signaling inhibits mRNA-LNP vaccine
acquisition and antigen presentation specifically in DCs we assayed mRNA-
LNP vaccine responses in mice that lack DC-specific expression of IFNaR.
We utilized the CD1lc cre (Itgax™)” mice which have DC-specific
expression of cre recombinase crossed to mice which contain LoxP sites
flanking exon 3 of Ifnar™* (Ifnar™™) to test DC-specific deletion of IFNaR.
We immunized Itgax™ Ifnor™ (Ifnar™®) and Ifnar ™ (Ifnor™™) mice with
mRNA-LNP vaccines and assayed for eGFP expression at 24 h. DCs from
Ifnar™ mice had a significantly higher proportion of splenic DCs expres-
sing eGFP compared to Ifnar™” controls (Fig. 3A). Similarly, Ifnar™© DCs
were significantly less activated as evidenced by surface expression of CD40
and CD86 when compared to Ifnar™” controls (Fig. 3B). Similar to blocking
IFNaR signaling during immunization, DC-specific deletion of Ifnar did
not alter overall DC numbers after immunization (Supplementary Fig. 4A).
These findings support the notion that IFNaR signaling within DCs limits
mRNA-LNP uptake and expression. Next, we assayed if DC-specific loss of
IFNaR could enhance CD8' T cell responses to mRNA-LNPs. We immu-
nized Ifnar™ and Ifnar™” mice with OVA mRNA-LNP vaccines and
measured vaccine-specific CD8' T cell responses 7 days later. Ifnar™® mice
displayed a significant increase in vaccine-specific CD8" specific T cells as
compared to Ifnar"” control mice (Supplementary Fig. 4B and Fig. 3C). In
addition, Ifnar™ vaccine-specific CD8' T cells displayed an increased sur-
face expression of PD-1 as compared to Ifnar” ™ controls (Fig. 3D). Again, to
ascertain if this effect was due to an increased ability for DCs to acquire the
mRNA-LNP, we immunized Itgax™ Ifnar™ (Ifnar™®) and Ifnar ™
(Ifnar™™) mice with mRNA-LNP incorporated with a fluorescently labeled
LNP, as in Fig. 2G. Twenty four hours after immunization with fluorescently
labeled mRNA-LNP, splenic DCs from Ifnar™ mice displayed a sig-
nificantly higher expression of the fluorescent LNP compared to Ifnar™”
control DCs indicating an increased ability to acquire the mRNA-LNP (Fig.
3E). These findings resembled those observed when IFNaR was blocked
systemically by the MAR1-5A3 antibody (Fig. 2C-G). Our results show that
loss of IFNaR signaling specifically in DCs is sufficient to enhance mRNA-
LNP vaccine immune responses through increased mRNA-LNP uptake and
expression.

Inducing IFN before mRNA-LNP vaccination reduces vaccine
efficacy

Previous studies have shown that DCs cease acquiring exogenous antigens
after activation’. Based on this, we hypothesized that inducing IFN prior to

administering our OVA mRNA-LNP vaccine would suppress the OVA-
specific immune response. To test this hypothesis, we immunized mice with
PBS or with eGFP mRNA-LNP to induce transient IFN production 24 h
before administering the OVA mRNA-LNP vaccine (Fig. 4A). Immuniza-
tion with eGFP mRNA-LNP 24 h before OVA mRNA-LNP immunization
significantly reduced OVA-specific CD8' T cell responses (Fig. 4B). How-
ever, when we blocked IFNaR signaling prior to administering both mRNA-
LNP vaccines, generation of vaccine OVA-specific CD8" T cells was
restored (Fig. 4B). While surface level expression of PD-1 was not sig-
nificantly different on vaccine-specific CD8' T cells with or without MARI-
5A3 treatment, there is trend towards higher PD-1 MFI in IFNoaR blocked
mice (Fig. 4C).

To ascertain if these results were driven by IFN signaling specifically in
DCs, we immunized Ifnar™® and Ifnar” ™ mice with the eGFP mRNA-LNP
vaccine followed by immunization with our OVA mRNA-LNP vaccine (Fig.
4D). As expected, Ifnar™ " mice immunized with eGFP mRNA-LNP prior to
OVA mRNA-LNP vaccination displayed significantly reduced OVA-
specific CD8" T cell responses compared to Ifnar”” mice immunized with
OVA mRNA-LNP vaccine alone (Fig. 4E). In contrast, no decrease in CD8"
T cell response was observed in Ifnar™® mice immunized with eGFP
mRNA-LNP followed by OVA mRNA-LNP vaccines (Fig. 4E). Addition-
ally, Ifnar™ mice immunized with both eGFP mRNA-LNP and OVA
mRNA-LNP vaccines displayed a significant increase in PD-1 expression on
OVA vaccine-specific CD8" T cells compared to those from Ifnar™”
immunized with both eGFP mRNA-LNP and OVA mRNA-LNP vaccines
or OVA mRNA-LNP vaccines alone (Fig. 4F). Thus, immunizing with
mRNA-LNP vaccines when systemic IFN is present or recently induced,
either due to a prior vaccination or other IFN inducing agent, reduces the
effectiveness of the vaccine-specific CD8' T cell response. This effect is likely
due to premature DC activation.

Dendritic cells are essential for generating vaccine-specific CD8’
T cell responses to mMRNA-LNP immunization

Because we found that IFNaR signaling in DCs alters how mRNA-LNPs are
acquired and presented, we next wanted to determine whether DCs are the
primary APCs responsible for presenting mRNA-LNP-derived antigens. To
test this, we used the Itgax-HBEGF/EGFP (CD11c-DTR) mouse model,
which allows for an inducible depletion of DCs via expression of the
diphtheria toxin receptor (DTR) on CD11c¢" cells. Upon administration of
diphtheria toxin (DTX), CD11c" DCs are selectively ablated through toxin-
induced cell death (Fig. 5A). We then evaluated whether vaccine-specific
CD8' T cells could be generated in the absence of DCs. For this, we admi-
nistered DTX to CD11¢c-DTR mice one day prior to immunization with
OVA mRNA-LNPs and continued DTX treatment every other day until day
7, when we assessed CD8" T cell responses. CD11¢c-DTR mice treated with
DTX showed a marked reduction in vaccine-specific CD8" T cells com-
pared to DTX-treated WT mice and vehicle-treated CD11c-DTR mice (Fig.
5B). While we observed a slight increase in PD-1 expression on vaccine-
specific DTX-treated WT mice, PD-1 levels remained equivalent amongst
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Fig. 3 | DC specific loss of IFNaR increases vaccine-specific CD8" T cell responses.
A (Left) Representative flow plot of splenic CD11¢"MHCII* DCs expressing eGFP
from IFNaR"" or IFNaR™® mice. (Right) Percentage of eGFP expression in splenic
DCs 24 h post mRNA-LNP immunization (5 pg eGFP mRNA-LNP or 2.5 uyg OVA
mRNA-LNP IV) in IFNaR"" mice (black, # = 4), or IFNaR*° mice (red, n = 8).

B (Left) Representative flow plot showing CD40*CD86" splenic DCs after immu-
nization with mRNA-LNP. (Right) Percentage of CD40"CD86" splenic DCs from
mice in Fig. 3A. C (Left) Representative flow plots of SIINFEKL-H2-K® (OVA)
specific CD8' T cells. (Right) Percentage of OVA specific CD8" T cells from IFNaR""
mice (black, # = 17) and IFNaR™° mice (red, 7 =9). 2.5 pg of mRNA-LNP was

administered IV. D (Left) Representative flow plot showing PD-1 expression of
OVA specific TCRB"CD8a* T cells. (Right) PD-1 expression of TCRB*CD8a*

T cells from mice in Fig. 3C. E (Left) Representative flow plot of splenic
CD11c¢"MHCII* DCs expressing fluorescent LNP from IFNaR"" or IFNaR™° mice.
(Right) Percentage of fluorescent LNP expression in splenic DCs 24 h post mRNA-
LNP immunization (5 ug DiD incorporated LNP eGFP mRNA-LNP or 2.5 ug OVA
mRNA-LNP IV) in IFNaR"" mice (black, 7 = 4), or IFNaR™ mice (red, n = 7). All
barsin (A)-(E) indicate mean. Data from (A), (B), (D), and (E) were compared using
an unpaired two-tailed students T test. Data from (C) was compared by a
Mann-Whitney test.
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Fig. 4 | Inducing IFN before mRNA-LNP vaccination reduces vaccine efficacy.
A Experimental timeline for (B) and (C). Mice were injected IP with MAR1-5A3
antibody or PBS on Day —2. On Day —1, mice were immunized eGFP mRNA-LNP
or PBS. The following day mice were immunized with OVA mRNA-LNP. Seven
days later mouse spleens were analyzed for SIINFEKL-H2-K" specific CD8" T cells.
B (Left) Representative flow plots of SIINFEKL-H2-K® (OVA) specific CD8' T cells.
(Right) Percentage of OVA specific CD8" T cells from C57BL/6] wild-type mice
(WT) given only OVA mRNA-LNP (black, # = 5), eGFP mRNA-LNP then 24 h later
given OVA mRNA-LNP (E.O) (blue, n = 6), or MAR1-5A3 then 24 h later given
eGFP mRNA-LNP followed by OVA mRNA-LNP 24 h after eGFP (red, n = 6)
(M.E.O). 2.5 pg of mRNA-LNP was administered IV and 250 pg of MAR1-5A3 was
administered IP. C (Left) Representative flow plot showing PD-1 expression of OVA
specific TCRB"CD8a" T cells. (Right) PD-1 expression of TCRp*CD8a " T cells from

mice in Fig. 4B. D Experimental timeline for (E) and (F). Mice were injected with
eGFP mRNA-LNP or PBS on Day —1. The following day mice were immunized with
OVA mRNA-LNP. Seven days later mouse spleens were analyzed for SIINFEKL-
H2-K" specific CD8" T cells. E (Left) Representative flow plots of OVA specific CD8"
T cells. (Right) Percentage of OVA specific CD8' T cells from IFNaR"" mice given
just OVA mRNA-LNP (black, 7 = 6), IFNaR"" mice given eGFP mRNA-LNP then
24 h later given OVA mRNA-LNP (blue, 7 = 6), and IFNaR™*° mice given eGFP
mRNA-LNP then 24 h later given OVA mRNA-LNP (red, n=6). F (Left) Repre-
sentative flow plot showing PD-1 expression of OVA specific TCRB*CD8a* T cells.
(Right) PD-1 expression of TCRE"CD8a™ T cells from mice in Fig. 4E. All bars in
(B), (C), (E), and (F) indicate mean. Data from (B) and (E) were compared using an
unpaired two-tailed students T test. Data in (C) and (F) were compared with either
an unpaired two-tailed students T test or a Mann-Whitney test.
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Fig. 5 | DCs are required to produce a CD8" T cell response to mRNA vaccines.
A (Left) Representative flow plots of splenic MHCII"CD11c" cells. (Right) Per-
centage of splenic MHCII"CD11c" cells in C57BL/6] wild-type mice (WT) not given
diphtheria toxin (black, n=5), WT mice given diphtheria toxin (purple, n=7),
CD11c DTR mice not given diphtheria toxin (blue, n =4), and CD11c DTR mice
given diphtheria toxin (red, n = 7). B (Left) Representative flow plots of SIINFEKL-
H2-K® (OVA) specific CD8" T cells. (Right) Percentage of OVA specific CD8' T cells
from WT mice not given diphtheria toxin mice (black, n =7), WT mice given
diphtheria toxin (purple, n = 7), CD11c DTR mice not given diphtheria toxin (blue,

n=8), and CD11c DTR mice given diphtheria toxin (red, n = 7). Diphtheria toxin
was administered on days —1, 1, 3, and 5 of mRNA-LNP administration at 4 ng per
gram of mouse. Mice were immunized with 2.5 ug of either eGFP or OVA mRNA-
LNP and CD8' T cell were measured 7 days later. C (Left) Representative flow plot
showing PD-1 expression of OVA specific TCRB"CD8a" T cells. (Right) PD-1
expression of TCRB*CD8a" T cells from mice in Fig. 5B. All bars in (A-C) indicate
mean. Data was compared in (A) with an unpaired two-tailed students T test. Data
from (B) and (C) were compared with either an unpaired two-tailed students T test
or a Mann-Whitney test.

the experimental groups (Fig. 5C). These results demonstrate that DCs are
essential for the mRNA-LNP vaccine response in our model and are critical
for eliciting vaccine-specific CD8' T cell responses.

cDC1s are the major DC subset priming the CD8’ T cell mRNA-
LNP vaccine immune response

We next wanted to determine if a specific subset of cDC was the major
antigen-presenting cell to create OVA vaccine-specific CD8" cells. To assay
this, we used an Irf8 + 32 enhancer knockout mouse (A32) which lack the
conventional dendritic cell type 1 (cDC1) subset” and the Zeb2 triple
enhancer knockout mouse (Al + 2 + 3) which lack the conventional den-
dritic cell type 2 (cDC2) subset (Fig. 6A, B)*. We immunized A32 and
Al + 2+ 3 mice with OVA mRNA-LNP vaccines and assayed vaccine-
specific CD8' T cell responses 7 days later. At 7 days post immunization, A32
mice had an almost complete loss in the ability to produce vaccine-specific

CD8' T cells (Fig. 6C). While priming of vaccine-specific CD8" specific
T cells was nearly absent in A32 mice, Al + 2 + 3 mice displayed a striking
increase in vaccine-specific CD8" T cells compared to WT controls (Fig.
6C). We also found that the few vaccine-specific CD8" T cells produced in
A32 mice displayed significantly lower surface expression of PD-1 com-
pared to both vaccine-induced CD8" T cells from WT and Al + 2 + 3 mice
(Fig. 6D). In summary, our data indicate that the cDC1 subset is largely
responsible for driving mRNA-LNP vaccine immune responses.

Virus induced responses reduces mRNA-vaccine efficacy

Because IFN inhibits mRNA-LNP vaccine efficacy, we asked if IFN induced
during viral infection could inhibit subsequent mRNA-LNP vaccine efficacy.
To test this, we used a non-lethal viral infection model of mouse adapted
Dengue virus (D220). Although D220 infection in C57BL/6] mice does not
lead to weight loss, mice that are infected with this virus can still induce
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Fig. 6 | cDCls are the major DC subset priming the CD8" T cell nRNA-LNP
vaccine immune response. A Representative flow plots of the cDC1 population
indicated by XCR1"Sirpa” and the cDC2 population indicated by XCR1 Sirpa” in
C57BL/6] wild-type (WT) mice (black), A1 + 2 + 3 mice (blue), and A32 mice (red).
B (Left) Data showing the percentage of cDCI cells in WT, Al + 2 + 3, or A32 mice.
(Right) Data showing the percentage of cDC2 cells in WT, Al + 2 + 3, or A32 mice.
All cells are quantified by gating strategies used in Fig. 6A. C (Left) Representative
flow plot of SIINFEKL-H2-K® (OVA) specific CD8" T cells. (Right) Percentage of

OVA specific CD8' T cells from WT mice immunized with OVA mRNA-LNP
(black, n=9), A1 + 2 + 3 mice immunized with OVA mRNA-LNP (blue, n=7),
and A32 mice immunized with OVA mRNA-LNP (red, n = 6) measured 7 days post
vaccination. All mice were immunized with 2.5 ug of mRNA-LNP IV. D (Left)
Representative flow plot showing PD-1 expression of OVA specific TCRp"CD8a*
T cells. (Right) PD-1 expression of TCRB*CD8a* T cells from mice in Fig. 6C. All
bars in (B-D) indicate mean. Data from (B) to (D) were compared using either an
unpaired two-tailed students T test or a Mann-Whitney test.

inflammatory cytokines including type I and II interferons as well as
TNFa”. WT B6 mice were injected with MAR1-5A3 antibody or PBS one
day prior to inoculation with D220 virus. On the following day (Day 0), mice
were immunized with either OVA mRNA-LNP or control eGFP mRNA-
LNP. Seven days post-immunization, vaccine-specific CD8" T cell responses
were assessed (Fig. 7A). We tracked weight of these mice throughout the
experiment and saw no changes between mock infected and infected mice
(Fig. 7B). We found that mice infected with D220, had a significant reduction
in vaccine-specific CD8' T cells populations compared to mock infected mice
(Fig. 7C). Mice injected with MAR1-5A3 antibody had equivalent vaccine-
specific CD8' T cell populations when compared to unblocked mice (Fig. 7C).
However, IFNaR blockade in D220-infected mice resulted in increased PD-1
expression compared to both uninfected mice and unblocked D220-infected
mice (Fig. 7D). Dengue infection is known to produce other inflammatory
cytokines such as TNFaq, IL-6, and IL-13"* which can activate DCs and
decrease their ability to acquire the mRNA-LNP vaccine. Thus, inhibiting
IFNaR signaling alone in an infection model may not be sufficient to restore
the response. However, in contexts where IFN is produced in isolation, such
as with mRNA-based vaccines, IFNaR blockade can be effective.

Vaccine-specific CD8' T cells produced in setting of IFNaR
blockade display increased ability to control tumors

It has been shown that lack of IFNaR expression on CD8' T cells abrogates
their cytolytic ability”’. Therefore, while we see an increase in vaccine-

specific CD8" T cells, it is possible that IFNaR blockade could inhibit their
cytolytic capacity. To assess whether IFNaR inhibition altered CD8' T cell
function, we used an in vivo T cell cytotoxicity assay that monitored the
capacity of naturally arising CTLs to kill peptide-pulsed splenocytes labeled
with cell trace violet (CTV). WT C57BL/6]J IFNaR blocked and unblocked
mice immunized with OVA mRNA-LNP vaccines equivalently killed
CTV"-labelled SIINFEKL peptide-pulsed splenocytes but not CTV™*-
labelled irrelevant peptide-pulsed splenocytes 10 days following immuni-
zation (Fig. 8A). In contrast, WT C57BL/6] mice immunized with eGFP
mRNA-LNP were incapable of eliminating both CTV""labelled STINFEKL
peptide-pulsed splenocytes and CTV"-labelled irrelevant peptide-pulsed
splenocytes (Fig. 8A). Next, we tested if IFNaR blockade influenced
inflammatory cytokine production. We found that blocking IFNaR prior to
immunization did not alter production of IFNy in vaccine-specific CD8'
T cells (Fig. 8B). Thus, IFNaR blockade did not diminish the effector
capacity of vaccine-elicited CD8" T cells.

To further investigate the function of vaccine-induced CD8" T cells
generated when IFNaR is inhibited, we used the B16F10 melanoma model
engineered to express membrane-bound ovalbumin (B16 mOVA, Supple-
mentary Fig. 5)*. WT B6 mice were injected intraperitoneally with MAR1-
5A3 antibody or PBS and then immunized with either OVA or eGFP
mRNA-LNP vaccines the following day. Fourteen days later, Bl6-mOVA
tumor cells were implanted subcutaneously into the flank and were followed
for tumor growth (Fig. 8C). As expected, mice immunized with the control

npj Vaccines| (2026)11:41


www.nature.com/npjvaccines

https://doi.org/10.1038/s41541-025-01362-z

Article

"R =

D2 Dl DO D7
alFNoR DENV mRNA-LNP Tetramer
or PBS
110+
Q
2
m1004,%
L
o
z
o
3 9004
= EY -8~ OVA
o -@- OVA DENV
$ 80
& -@- OVA alFNaR DENV
T T T 1
0 2 4 6 8
Days Post Infection
C D
0.035
eGFP 0 02786 Tet- <0.0001
- 3 27 R — OVA 1500 _<00001
3 0.0012 — OVA DENV
1] — 830
ovA + — OVA alFNoR DENV —e”
GQ 21.5+ ° °%
o %10007 00 ©
E e
& -
0.23|5 14 S o o by o %
OVA T ° 2 °®
DENV ) O |2 e g 500
X & 0.5+
N ™ ) _@®
o E o z %g0
S Zle 0435 S o
OVA |& 25 : f 0L e ee® o ; .
| by Wl 2 T T 1 I & 3 " s -
uéFEl\’L%ROO 5 o |L[2 0 ° eGFP OVA OVA OvA 19 0 100 107 19 OVA OVA OVA
Qlg 244 2|21 © DENV alFNaR  PD-1 DENV aIFNoR
T10°010%10* 10° ~ T1030103 104 10° DENV DENV

TCRb SIINFEKL-H2K?

Fig. 7 | Vaccination during infection reduces CD8' T cell response and cannot be
rescued by IFNaR blockade. A Experimental timeline for infectious challenge.
Mice were injected IP with MAR1-5A3 antibody (aIFNaR) or PBS on Day —2.On
Day —1, mice were inoculated with D220 virus. The following day mice were
immunized with control eGFP mRNA-LNP or OVA mRNA-LNP. Seven days
later mouse spleens were analyzed for SIINFEKL-H2-K" specific CD8' T cells.

B Percent weight change of C57BL/6] wild-type mice (WT) either only given
mRNA-LNP (black), nRNA-LNP after being infected with Dengue virus (blue),
or given MAR1-5A3 24 h before infection with Dengue virus then immunized
with mRNA-LNP a day later (red). C (Left) Representative flow plot of SINFEKL-
H2-K® (OVA) specific CD8" T cells. (Right) Percentage of OVA specific CD§’

T cells from WT mice given OVA mRNA-LNP only (black, n = 4), Dengue
infected mice given OVA mRNA-LNP (blue, n = 8), or mice given MAR1-5A3
24 h prior to infection with Dengue virus then immunized with OVA mRNA-LNP
aday later (red, n = 8). D (Left) Representative flow plot showing PD-1 expression
of OVA specific TCRB*CD8a* T cells. (Right) PD-1 expression of TCRB*CD8a*
T cells from mice in Fig. 7C. MAR1-5A3 was administered at 250 pg IP, mRNA-
LNP was administered at 2.5 pg IV, and mice were infected with Dengue virus with
6.5 x 10° FFU IM. Error bars in (B) indicate + SD. All bars in (C, D) indicate mean.
Data in (C) was compared using either an unpaired two-tailed students T test or a
Mann-Whitney test. Data in (D) was compared using an unpaired two-tailed
students T test.

eGFP mRNA-LNP failed to reject tumors (Fig. 8D). Mice immunized with
OVA mRNA-LNP alone displayed delayed outgrowth; some tumors pro-
gressed indicating that the vaccine-induced CD8" T cell response was
insufficient to maintain tumor control. In contrast, mice treated with
IFNaR-blocking antibody showed sustained control of B16-mOVA tumors
over the course of the experiment, suggesting that CD8" T cells generated in
the absence of IFNaR signaling had an enhanced capacity to control tumor
growth (Fig. 8D).

Discussion

Type I interferons are produced upon sensing of viral products such as viral
RNA or DNA and induce many antiviral interferon-stimulated genes
(ISGs)". For instance, IFN activate Protein Kinase R (PKR), which phos-
phorylates eukaryotic initiation factor 2a (eIF2a). This phosphorylation
halts cap-dependent translation, leading to a global shutdown of protein
synthesis in infected and neighboring cells to prevent viral replication*.
Additionally, IFN signaling induces 2’,5-oligoadenylate synthetase (OAS)
and RNase L, which degrade cellular and viral RNA, further suppressing
translation®’. In addition, it has been shown that an activated DC loses its
ability to acquire new material’**’. Because IFN activates DCs and induces a

myriad of ISGs inhibiting transcription and translation, APCs that sense
IEN could be blunted in their ability to acquire and/or translate mRNA-
LNPs. Indeed, APCs that were activated before exposure to FITC-dextran
were unable to internalize it”'. Similarly, systemic malaria infection severely
inhibited antigen cross-presentation by DCs, in agreement with our
hypothesis™. On the other hand, when DCs are stimulated by IFN, they
upregulate several co-stimulatory molecules that enhance T cell activation.
Key costimulatory molecules such as CD80 (B7-1), CD86 (B7-2), and CD40
promote T cell priming, expansion, and cytokine production. Additionally,
IFN stimulation increases the expression of MHC class I and II, enhancing
antigen presentation to CD8" and CD4’ T cells, respectively'>'>**. Together,
these co-stimulatory molecules enhance T cell priming and activation,
linking innate immune sensing with adaptive immune responses. These
contrasting roles of IFN are possibly why many studies seem to show
opposing effects on the adaptive immune response when IFN is present. We
propose that IFN primarily evolved as a mechanism to inhibit viral repli-
cation and dissemination and secondarily within APCs to enhance adaptive
immunity. However, the timing of IFN sensing is critical in determining its
impact on immune responses. IFN signaling in APCs during antigen
acquisition can help limit viral replication while still allowing the APCs to
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Fig. 8 | Vaccine-specific CD8" T cells produced in the setting of IFNaR blockade
are functional. A (Left) Representative flow plot showing CTV low (100 nM) labeled
cells pulsed with an irrelevant peptide (IAPYYEAL; 1 uM) and CTV high (1 uM) labeled
cells pulsed with OVA peptide (SIINFEKL; 1 uM) that were administered 10 days post
mRNA-LNP immunization. One million of each CTV labeled cell population was
injected IV. C57BL/6] wild-type mice (WT) were given MAR1-5A3 (aIFNaR, red) or
not (black) 24 h before immunization with eGFP or OVA mRNA-LNP. MAR1-5A3 was
administered at 250 pg IP and mRNA-LNP was administered at 2.5 pg IV. (Right)
Percentage of the CTV high labeled population pulsed with OVA in WT mice given
MARI1-5A3 (red, n = 5) or not (black, n = 6). B Percentage of IFNy producing vaccine-
specific CD8" T cells from mice immunized with 2.5 ug of eGFP mRNA-LNP (white,
n=1and 2), OVA mRNA-LNP with MAR1-5A3 24 h prior to mRNA-LNP (red n =4

+SIINFEKL-H-2K®

and 8), or not (black, = 4 and 8). Spleens were isolated 7 days post immunization and
cells were stimulated with STINFEKL-H2-K® peptide (10 M) for 5 h (right), or irrele-
vant peptide as control (left). C Experimental timeline for tumor vaccination in (D).
Mice were injected IP with MAR1-5A3 antibody or PBS on Day —1. The following day
mice were immunized with control eGFP mRNA-LNP or OVA mRNA-LNP. Fourteen
days later mice were implanted with B16-mOV A and followed for tumor growth.

D Tumor growth curves of B16-mOVA C57BL/6] WT mice given MAR1-5A3 (red line,
n=38) or not (black line, n = 7) 24 h before immunization with OVA mRNA-LNP.
Control mice were administered eGFP mRNA-LNP (dotted line, # = 5). Tumor mea-
surements in (D) are pooled. All bars in (A) and (B) indicate mean. Data in (A) was
compared usinga Mann-Whitney test. Error bars in (D) indicate S.E.M. Data in (D) was
compared using a Two-way ANOVA followed by a Tukey’s multiple comparisons test.

acquire and present antigens. If IFN signaling occurs during antigen uptake,
APCs can effectively process and present viral antigens while simulta-
neously initiating antiviral defenses. However, if IFN is sensed after a period
before the virus or antigen is acquired, the APC diverts to inhibiting viral
dissemination. This is accomplished by inhibiting additional antigen uptake
and shutting down translation ensuring the DC presents material already
acquired, thereby preventing the virus from replicating and spreading sys-
temically. Thus, IFN functions in a delicate balance between antiviral
defense and immune activation, with its timing shaping the overall effec-
tiveness of the innate antigen presentation response. During vaccination, the
primary goal is to maximize the spread and uptake of the vaccine by as many
APCs as possible. In this context, IFN signaling within APCs can be detri-
mental, as it may suppress antigen acquisition and/or mRNA-LNP trans-
lation. Here we show that inhibiting IFN signaling enhances the ability of
more APCs to take up, translate, and process the vaccine, leading to a more
effective immune response. Since mRNA-LNPs are already potent stimu-
lators of APCs through pattern recognition receptor (PRR) activation®'’, the
additional immune stimulation provided by IFN signaling is unnecessary
and hinders optimal vaccine efficacy as we have shown herein.

We have demonstrated when mRNA-LNPs are targeted to APCs, IFN
signaling inhibits adaptive immune responses. However, it should be noted
that different formulations of LNPs could potentially target different cell
types and locations. Indeed, it has been shown that altering the cationic ratio
of mRNA to LNP, targets LNPs to different organs’. Our mRNA-LNP
targets the spleen and to APCs in particular. Therefore, inhibiting IFN
signaling allows for more mRNA-LNP acquisition. If an mRNA-LNP
vaccine were designed to exclusively target fibroblasts or epithelial cells, IFN
signaling within DCs may be necessary for recognizing the vaccine as for-
eign. In this scenario, since DCs would not be directly activated through
PRR signaling, they might rely on IFN signaling from mRNA-LNP
expressing cells to enhance antigen presentation and stimulate the adaptive
immune response. Given that mRNA-LNP vaccines are still a relatively new

technology, it is essential to investigate how different LNP formulations are
distributed and sensed across various cell types. Understanding this dis-
tribution could help refine strategies for modulating IFN signaling, poten-
tially identifying opportunities to inhibit IFN where it may be detrimental or
leverage it where it is beneficial.

Our results also suggest that immunization during an ongoing immune
response is detrimental. We found that administering a vaccine too soon,
either during an ongoing infection or shortly after a different vaccination,
significantly diminished the immune response to the new vaccine. In the
case of two mRNA-LNP vaccines administered just one day apart, the
diminished immune response appeared to be at least partially due to pre-
mature IFN activation of DCs, impairing their ability to acquire and express
the second vaccine. This was supported by our finding that transient IFNaR
blockade rescued the adaptive immune response. However, when Dengue
virus infection was followed the next day by mRNA-LNP vaccination, the
reduction in vaccine-specific immunity could not be rescued by IFNaR
blockade. This suggests that mRNA-LNP immunizations following an
infection cannot be rescued by inhibiting IFN signaling alone. Indeed, it has
been shown that dengue infection induces a low but systemic TNFa
response’’, which could activate DCs and prevent them from effectively
processing the subsequent mRNA-LNP vaccine. These findings highlight
the importance of timing in vaccination strategies and describe a mechan-
istic hypothesis for the reduced response to vaccines when infected.
Administering vaccines too closely together or during an ongoing infection,
even if asymptomatic, can significantly impair vaccine efficacy by disrupting
antigen presentation and adaptive immune priming. While our results are
primarily focused on the CD8 T cell response, we identified minor changes
in the CD4" T cell response. MAR1-5A3 administration did improve CD4*
T cell response by percentage of TCRB*CD4"CXCR5"PD-1"B220" T fol-
licular helper (Tfh) cells (Supplementary Fig. 6). Our model proved to
mainly be a CD8" T cell effect which still demonstrates an important effect
that can be used for mRNA-LNP vaccine development.
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Finally, our results demonstrate that transient blockade of IFNaR
signaling does not compromise, but enhances, the cytotoxic capacity of the
vaccine-specific CD8" T cell response, contrary to previously published
reports'®”. When vaccinated mice were injected with vaccine-specific
peptide-pulsed splenocytes, they exhibited cytotoxic T cell responses that
were comparable to those of controls. Additionally, IFNaR blocked vaccine-
specific CD8" T cells displayed enhanced protection against tumor out-
growth. Thus, in the context of mRNA-LNP vaccination against patient-
specific neoantigens, inhibiting IFNaR signaling transiently could poten-
tially augment neoantigen-elicited CD8" T cell responses and lead to better
tumor control. Altogether, our findings reveal that IFN signaling plays a
context and timing-dependent role in shaping the immune response to
mRNA-LNP vaccines. These insights provide a compelling rationale for
optimizing vaccine schedules and formulation strategies to transiently
modulate innate signaling pathways, particularly IFNaR, to maximize
antigen acquisition, mRNA expression, T cell priming, and therapeutic
efficacy.

Methods

Study design

This study aimed to determine the role of type I interferon signaling on DCs
in the process of creating an adaptive immune response to mRNA-LNP
vaccines. We hypothesized that early IFN signaling within DCs impairs their
ability to acquire new antigenic material, thereby limiting antigen pre-
sentation and ultimately leading to a diminished adaptive immune
response. We used a combination of in vitro experiments using bone
marrow-derived dendritic cells as well as in vivo experiments using a variety
of mouse models that are described in each respective results section. We
inhibited type I interferon signaling in various ways as well as administering
mRNA-LNP to cells and mice to then measure adaptive immune responses
by flow cytometry. This was used to determine the ability to acquire mRNA-
LNP and create a strong adaptive immune response to the antigen in
question. No randomization was done, and blinding was not necessary as
most data was quantified by objective readouts by flow cytometry. Sample
sizes were determined by previous experiments, and the number of biolo-
gical replicates are indicated by “n” in each figure legend. Each experiment
was replicated at least once with consistent results. Outliers were defined by
a ROUT test with Q = 1%. One outlier was determined and excluded in the
study under Fig. 4 within the OVA group.

Mice

WT C57BL/6] (Jax stock no. 000664), CD11c¢“ mice (stock no. 008068),
IFNaR" mice (stock no. 028256), Zeb2 triple enhancer mutant mice (A 1,2,
3; stock no. 037704), and CD11c DTR mice (stock no. 004509) were pur-
chased from The Jackson Laboratory and bred in-house. Irf8+327 (A32)
mice, which are homozygous for the deletion of a downstream enhancer
element of Irf8, were gifted by Dr. Kenneth Murphy at Washington Uni-
versity in St. Louis and described previously™. All mice were housed under a
12-h dark/light cycle, and housing was maintained at an ambient tem-
perature of 72 °F. Mice were age-matched and sex-matched and between 8
and 16 weeks of age when used for experiments. Mice were humanely
euthanized by CO, anesthesia followed by cervical dislocation in accordance
with the Guide for the Care and Use of Laboratory Animals of the NIH under
approval by the Institutional Animal Care and Use Committee (IACUC) at
Saint Louis University School of Medicine (Assurance Number: D16-00141).

mRNA and LNP generation

The DNA plasmid used for in vitro transcription was based on a previously
published Zika virus vaccine design (PMC5388441). Briefly, the gene of
interest (GOI) was flanked by a 5’ untranslated region (UTR; 5'-
GGGAAATAAGAGAGAAAAGAAGAGTAAGAAGAAATATAAGAG
CCACC-3') and a 3’ UTR (5-TAATAGGCTGGAGCCTCGGTGGCCAT
GCTTCTTGCCCCTTGGGCCTCCCCCCAGCCCCTCCTCCCCTTCC-
TGCACCCGTACCCCCGTGGTCTTTGAATAAAGTCTGA-3),  fol-
lowed by a poly(A) tail consisting of 120 adenosines with a single guanosine

interruption in the middle. The GOI was cloned into a multiple cloning site
without a secretion signal sequence. The expression vector includes the T7
Promoter, 5 and 3’ untranslated region (UTR) flanking the ZsGreenl,
eGFP, or cytosolic Ovalbumin (OVA), and the AG CleanCap nucleotide
sequence after the TATA box sequence for downstream in vitro mRNA
transcription. The plasmid was transformed into DH5a competent E. coli
cells (NEB Cat No. C2988]) and plated onto Ampicillin agar plates for
resistant colonies to grow. Colonies were harvested and checked for correct
insert size by colony PCR and sequenced. Correct plasmids were grown in
250 mL LB ampicillin cultures and purified via endotoxin free plasmid maxi
kits (Qiagen Cat No. 12362).

After plasmid purification, the plasmid was digested using the
restriction enzymes BglII and Xhol at 37 °C overnight. The insert was iso-
lated via gel purification using Gel/PCR DNA fragments extraction kits (IBI
Scientific cat 1B47020). These fragments were used for in vitro mRNA
transcription via mRNA Kit with CleanCap Reagent AG (NEB Cat No.
E2080S) utilizing CleanCap for the 5 cap and pseudo-uridine in place of
uridine as per manufacturers protocol, and left overnight at 37 °C. Encap-
sulation of the mRNA was performed on a NanoAssemblr Ignite Instru-
ment (Cat No. NIN0001). The mRNA was dissolved in PNI Formulation
Buffer (Cat No. NWWO0043) and run through a NanoAssemblr Ignite
NxGen Cartridge (Cat No. NIN0061) with the lipid nanoparticle GenVoy
ILM or GenVoy-ILM with Dye formulations (Cat No. NWW0042) at a flow
ratio of 3:1 and a total flow rate of 12mL/min to generate the LNP
encapsulated mRNA vaccines. For downflow processing, the size of the LNP
particles was determined by polydispersity index (PDI) by Dynamic Light
Scattering (DLS). The mRNA-LNPs were subsequently concentrated and
purified by diluting the samples in PBS and filtrating via centrifugal filtration
using a filtration tube (Millipore Sigma Amicon Ultra-15 Cat No. C7715).
Measurement of the mRNA concentration within the LNP and encapsu-
lation efficiency was performed using a Quant-IT RiboGreen Assay
(Thermo Fisher Scientific Cat No. R11490).

In vitro DC cultures

Bone marrow (BM) was harvested from femurs and tibias from WT C57BL/
6] mice. Bones were crushed with a mortar and pestle in Iscove’s modified
Dulbecco’s media (IMDM) supplemented with 10% FCS (Gibco) and were
passed through 70-um filters. Red blood cells were lysed using ammonium
chloride-potassium bicarbonate (ACK) buffer. After RBC lysis, cells were
brought up in I10F, counted via the Countess-3 (Fisher) cell counter. Cells
were then plated at 10° cells/mL in I10F supplemented with 10% SCF
conditioned media for 3 days. Cells were then washed in I10F and replated
and cultured in T10F supplemented with 5% Flt3L-Fc conditioned media for
8 days. On day 6 of FIt3L-Fc culture, some DCs were cultured with
recombinant IFNa at 10° U/mL for 16 h prior to receivingmRNA-LNP. On
Day 7, DCs were cultured with 2.5 pg ZsGreen or e GFP mRNA-LNP with or
without 10 ug MAR1-5A3 anti-IFNaR blocking antibody and cultured for
24 h. At 24 h following mRNA-LNP addition, cells were harvested and
stained with fluorescently labeled antibodies at 4 °C in magnetic-activated
cell-sorting (MACS) buffer (PBS + 0.5% BSA + 2 mM EDTA) in the pre-
sence of 10% Fc block supernatant from 2.4G2 cells and analyzed via flow

cytometry.

CDS8' T cell tetramer staining

Spleens were harvested at different timepoints indicated by each experi-
ment, respectively. Whole spleens were mashed and digested in collagenase
B (250 pg/mL) and DNase (10 ug/mL) in Iscove’s modified Dulbecco’s
media (IMDM) supplemented with 10% FCS (Gibco) for 45 min at 37 °C
with shaking. Red blood cells were lysed with ammonium
chloride—potassium bicarbonate (ACK) lysis buffer. Cells were subsequently
counted with a Countess 3 (Invitrogen). SIINFEKL-H2-K" biotinylated
monomers were purchased from the NIH. Then, the peptide-MHC mul-
timers were incubated with PE- and APC-conjugated streptavidin (SA) ata
concentration of 1:9 for 30 min at 4 °C protected from light in separate
reactions. SA-labelled tetramers were then incubated with 25 uM D-biotin
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for 20 min at 4 °C protected from light to quench free fluorochrome-labelled
SA. 3 x 10° splenocytes were incubated in MACS buffer containing the Fc-
blocking antibody produced from the 2.4G2 cell line for 5min at 4 °C.
Fluorochrome-conjugated tetramers were added to the splenocytes at a
concentration of 1:100 and incubated at 4 °C for 30 min. Surface antibodies
were added without washing at a final concentration of 1:200 and stained for
another 30 min at 4 °C.

Antibodies and flow cytometry

Flow cytometry was completed on a FACS Cantoll (BD) and analyzed using
FlowJo analysis software (Tree Star). Staining was performed at 4 °C in the
presence of Fc block (10% 2.4G2 supernatant) in MACS buffer. The fol-
lowing antibodies were used; from Biolegend: KLRGI (clone: 2F1/KLRG1),
CD45.1 (clone: A20), MHCII (clone: M5/114.15.2), IFNaR (clone: MARI1-
5A3), CD40 (clone: FGK45), Va2 (clone: B20.1), Sirpa (clone: P84), CD45.2
(clone: 104), TCRP (clone: H57-597), PD-1 (clone: 29F.1A12), CD86 (clone:
GL-1), Ly6C (clone: HK1.4), CD4 (clone: Rm4-5), CD44 (clone: IM7),
CD11c (clone: N418), XCR1 (clone: ZET), B220 (clone: RA3-6B2), CD8a
(clone: 53-6.7), IL-7Ra (clone: A7R34), F4/80 (clone: BMS), IENYy (clone:
XMG1.2), CXCRS5 (clone: L138D7), PE streptavidin (cat: 405204), and APC
streptavidin (cat: 405207). The anti-OVA antibody was purchased from
Millipore (Millipore AB1225).

Mice immunizations

The blocking alFNaR antibody (MARI1-5A3; Leinco) was administered to
mice at 250 ug intraperitoneally (IP). Blocking IFNaR with MAR1-5A3
occurred one day before immunizing with mRNA-LNP. OVA mRNA-LNP
was immunized in mice at 2.5 pg intravenously (IV) through the tail vein.
ZsGreen or eGFP mRNA-LNP was immunized at either 5ug or 2.5 g
intravenously through the tail vein indicated by each experiment, respec-
tively. We labeled all experiments that used ZsGreen or eGFP mRNA-LNP
as just eGFP mRNA-LNP to conserve space. There was no difference seen
between these different constructs.

ELISA

For IFNa ELISA, whole serum was isolated from mice at hour 0 before
immunization as well as hours 8 and 24 post mRNA-LNP vaccination.
Whole serum was stored at —80 °C and was analyzed for IFNa 2 and 4 with
an IFN alpha ELISA KIT (Invitrogen: Cat. BMS6027).

Dengue infection

WT C57BL/6] mice were used in the Dengue infection studies. Mice were
administered with 250 pg MAR1-5A3 antibody intraperitoneally, one day
before being infected with a mouse adapted dengue virus strain grown in
C6/26 cells (D220, a gift from Eva Harris, UC Berkeley)“. Infections were
performed intramuscularly into the hind leg of the mouse with 6.5 x 10°
FFU per mouse. One day post-infection, mice were immunized with
mRNA-LNP at 2.5 pg intravenously. Body weight was recorded every other
day until the mice were sacrificed on day 7 post mRNA-LNP immunization.

Tumor line and growth experiment

The tumor line used was the BI6F10 melanoma membrane expressing
ovalbumin (B16-mOVA). The B16-mOVA line was engineered to
express membrane ovalbumin (mOVA) using a MSCV-mOVA-IRES-
Thyl.1 vector as previously described. BI6F10 tumor cells were
retrovirally transduced with a pMSCV vector expressing mOVA
(B16mOVA; Fig. 8). Clone 2 was selected by expression of surface
OVA (Millipore AB1225) using flow cytometry. WT C57BL/6] mice
were either given 250 ug MAR1-5A3 antibody intraperitoneally or PBS
then immunized with 2.5 ug of OVA mRNA-LNP intravenously a day
later. Control mice were immunized with 2.5 pug of e GFP mRNA-LNP.
Fourteen days post immunization, mice were subcutaneously injected
with 10° B16mOVA tumor cells into the flank. Tumor growth was
measured with a caliper, and tumor area was calculated by the mul-
tiplication of two perpendicular diameters. Growth measurements

were taken on days 0, 4, 7, 11, 14, 18, and 21 post inoculation. In
accordance with our IACUC-approved protocol, maximal tumor
diameter was 20 mm in one direction, and in no experiments was this
limit exceeded.

Intracellular interferon gamma stain

Spleens were harvested 7 days post mRNA-LNP immunization. Whole
spleens were mashed and digested in collagenase B (250 ug/mL) and DNase
(10 pg/mL) in Iscove’s modified Dulbecco’s media (IMDM) supplemented
with 10% FCS (Gibco) for 45 min at 37 °C with shaking. Red blood cells were
lysed with ammonium chloride-potassium bicarbonate (ACK) lysis buffer.
Cells were subsequently counted with a Countess 3 (Invitrogen). Cells were
then incubated with Brefeldin A (BFA) (10 ug/mL) and SIINFEKL-H2-K®
(10 uM), or BFA with irrelevant peptide for 5 h at 37 °C. Cells were then
stained normally at 4 °C for 30 min for surface antibodies. Cells were then
washed before being fixed with the FoxP3 Fix/Perm Buffer set (Biolegend
421403) for 20 min at room temperature. Then cells were stained with
intracellular antibody IFNy in perm buffer at 4 °C for 1 h. Cells were then
washed once with perm buffer and once with MACS buffer before being
used for flow cytometry.

Statistical analysis

Statistical analysis was performed using GraphPad Prism software
version 10. Unless otherwise noted, a one-way ANOVA, Unpaired two-
tailed Students T test, or Mann-Whitney test was used to determine
significant differences between samples, and all center values corre-
spond to the mean. P <0.05 was considered statistically significant.
Investigators were blinded to the treatments of the mice during sample
preparation and data collection.

Data availability
All data generated or analyzed during this study are included in this pub-
lished article and its supplementary information files.
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