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Certain messenger RNA antigens in mRNA vaccines elicit an insufficient
immune response due to challenges in cell surface translocation (CST)

of the antigens. Here we develop a modular vaccine platform (MVP) to
enhance theimmunogenicity of challenging mRNA antigens by optimizing
antigen expression and presentation. MVPs enable the modular assembly
of chimeric antigens. Our platform comprises diverse modules capable of
generating >2,500 combinations with any antigen and displaying distinct
antigen epitopes on the cell surface. We quantify the CST efficacy of various
modules using multiple antigens, including the mpox virus (MPXV) proteins
A29,MIR and A35R, and compare chimeric antigen surface expressionin
multiple cell lines. Using MPXV as a model, we identify optimal modules
that enhance the CST of multiple MPXV antigens, improving the immune
response of lipid nanoparticle mRNAs and protecting against lethal viral
challenge. With these effective CST modules, we further demonstrate the
generalizability of MVP by optimizing additional mRNA antigens, including
the human papillomavirus 16 proteins E6 and E7 and the varicella zoster
virus glycoprotein gE. This platformis applicable to any antigen of interest,
facilitating the development of mRNA vaccines against challenging targets.

Messenger RNA vaccine technology has gained attention for its
use against various diseases and pathogens, including severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) variants, human
metapneumovirus', cytomegalovirus?, Epstein-Barr virus, herpes
simplex virus®, human papillomavirus (HPV)*, human immunodefi-
ciency virus®’, mpox virus (MPXV; formally known as monkeypox virus)®,
varicella zoster virus (VZV)’, norovirus, Zika virus®, malaria, Lyme dis-
ease and cancer’. Using an antigen encoded in the mRNA sequence

accelerates manufacturing and reduces costs compared with recom-
binant protein and attenuated or inactivated virus vaccines™.
Traditional vaccines deliver antigens directly to the extracellu-
lar space, whereas mRNA vaccine antigens are expressed inside the
recipient’s cells and rely on additional mechanisms to translocate
to the extracellular space. The translocation of these antigens to the
extracellular space may pose potential challenges for mRNA vaccines
expressing certain types of antigens. Many viral antigens translocate
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totheextracellular space by forming protein complexes on viral parti-
cles". Forexample, the MPXV antigen A29 (or A29L) is a surface antigen
on the viral envelope and a well-characterized target of neutralizing
antibodies>". Immunization with the MPXV A29 protein in vivo has
been reported to elicit asubstantial neutralizing antibody response™.
However, vaccination with A29 lipid nanoparticle (LNP) mRNAledtoa
poor antibody response®”. Further analysis of the A29 sequence and
subcellular localization revealed that its sequence lacks amembrane
translocation signal, causing it to be retained in the cytosol when
expressed alone®, suggesting that its surface translocation relies on
co-localization with other viral proteins.

Additionally, a recent study indicated that synthetic peptides of
27-base polymer/oligonucleotide neoepitopes from B16F10 tumour
cellswere more likely to trigger T cell responses than mRNAs encoding
the same neoantigens'®, possibly due to a lack of translocation of the
mRNAs. The native sequences of these antigens lack potent signals for
translocation to the extracellular space, making it difficult for B cells
and antigen-presenting cells (APCs) to recognize these intracellular
antigens. Many vaccine targets resemble MPXV A29 or B16F10 neoanti-
gens, such as the protein encoded by mutated KRAS’, the proteins HPV
E7 (ref.17), HPV L1 (ref.18) and norovirus VP1 (ref.19), the Lyme disease
antigen OspA”, and the malaria antigen Pfs25 (ref. 21).

Additionally, insufficient extracellular translocation of mRNA
antigens may lead to poor immunogenicity, as isolated expression
of selected surface antigens from the viral proteome can weaken
their translocation signals. Viruses such as herpes simplex virus, VZV,
Epstein-Barr virus, MPXV and cytomegalovirus have genomes ranging
from100-300 kilobasesin length and encode approximately 100-200
proteins, whereas some other viral pathogens are much smaller. In
contrast, pathogens causing Lyme disease, malaria and tuberculosis
have genomes comprising between 1 and 30 megabases, encoding
thousands of proteins. The glycoproteins of these pathogens exist
within a network of protein complexes, and a single antigen may not
possess cell surface translocation (CST) signals as potent as those of the
SARS-CoV-2 spike protein, for which CST solely relies on its own sort-
ing signals. Improving CST signals for these mRNA antigens becomes
a crucial challenge in the development of effective mRNA vaccines
against these pathogens.

Cellular factors such as antigen subcellular localization, surface
expression, oligomerization, secretion and mRNA translation are
crucial for successful induction of effective immune responses. To
optimize these factors, we built a modular vaccine platform (MVP)
for optimized LNP mRNA immunogenicity by engineering these ele-
ments using an unbiased and rational design method. In this study,
we investigated whether enhancing an mRNA antigen’s CST would
improve its immune response. We also determined the signals that
translocate membrane proteins or antigens of interest to the cell sur-
faceand whether these CST signals can be grafted onto mRNA antigens
toincreasetheir surface expression. Inthis Article, we look at how these
signals alterimmune responses to chimeric antigens, the relationship
between antigen surface expression, antibody response and T cell
response, how to evaluate the antigen surface translocation strength
of different CST modules and whether the signal strengths of CST
modules change when they translocate different antigens to the cell
surface. We use the MVP, along with flow cytometry, enzyme-linked
immunosorbent assay (ELISA), T cell functional assays and viral chal-
lenge experiments, to comprehensively explore and optimize the sur-
face expression levels, antibody response, T cell response and overall
protection efficacy of mRNA antigens following mRNA vaccination.

Results

The MVP enhances the immune response of mpox mRNA
antigensinmice

We initiated our investigation by testing the optimal engineering of
effective LNP mRNA antigens with different modules. To determine

whether theimmune response to mRNA antigens can be enhanced by
modifying their CST sequences, we created libraries of multiple CST
modules from single-pass transmembrane proteins on the cell mem-
brane. We established the MVP to recombine antigen ectodomains with
CSTmodules and characterized the CST levels and immunogenicity of
these chimeric antigens in vivo (Fig. 1a). By systematically evaluating
the effect of these modifications, we aimed to optimize the expres-
sion and immune response of mpox mRNA antigens in mice, thereby
demonstrating the potential of the MVP platform to enhance mRNA
vaccine efficacy.

To identify CST sequences, we first analysed transmembrane
proteins using plasma membrane localization records in the Human
Proteome Atlas. We extracted their domain boundaries, secondary
structure, hydrophobicity, isoelectric point, protein sequence, size,
membrane topology and cellular localization information (Methods
and Supplementary Tables1and2). Theidentified CST sequences were
then grouped based on membrane topology into type I (amino (N)
terminusinthe extracellular space) and type Il sequences (N terminus
in the cytosol), which were further separated into several modules,
including signal peptide (SP), extracellular hinge plus transmembrane
domain (TM) and cytosolic segments (C). The parental vector we used
contains untranslated region (UTR), green fluorescent protein (GFP)
and type IIS digestion sites to enable dropout selection and rapid
one-pot assembly. Importantly, the MPXV antigens in this study were
used as model antigens, comprising three major categories of mRNA
antigens: type I/lll (N-terminal ectodomain; ESL, MIR and B6R), type Il
(C-terminal ectodomain; A35R) and soluble antigens (A29).

Using a series of constructs, we established a one-stop platform
to optimize type |, type Il and soluble mRNA antigens. Of note, the
SARS-CoV-2 spike protein, successfully targeted by the first Food and
Drug Administration-approved LNP mRNA vaccines*?*, served as
abenchmark antigen that is known to induce high antibody titres.
Additionally, MPXVac-097, expressing five MPXV antigens (A29, A33R,
ESL, MIR and B6R) developed in our previous study, was used as a
model to compare with the benchmark spike LNP mRNA®. Mice were
immunized ondays 0,14 and 28. Antibody titres in mouse plasma were
assessed at baseline, day 28 and day 33 (Fig. 1b). Before immunization
(day 0), antibody titres were at baseline levels (Supplementary Figs. 1
and2). Antibody titre plateaus (areaunder the curve (AUC) = -3) were
observed after two doses of spike wild type on day 28 and three doses
of MPXVac-097 on day 33 (Fig. 1c), indicating that mpox mRNA antigens
have additional optimization space to reach immunogenicity com-
parable to spike. Consistent with previous reports®*, immunization
with spike or MPXVac-097 elicited potent antibody responses to spike,
E8 and A35 proteins. Co-immunization with spike and MPXVac-097
induced similar levels of antibody response compared withindividual
immunizations (Fig. 1b,c and Supplementary Figs. 1b and 3a-c), sup-
porting the feasibility of concurrentimmunizations.

To evaluate the efficacy of MVP modules, we first tested whether
SPs fused to the N terminus of the antigen can enhance the antibody
response of MPXV antigens. Mice wereimmunized with MPXV antigen
LNP mRNAs with or without tissue plasminogen activator (tPA) SP
(Fig. 1d and Supplementary Fig. 4). After two immunizations, tPA SP
significantly increased antibody responses to ESL and A29 antigens.
Notably, the [tPA SP]-E8L antibody titre reached an AUC of 3 (square
brackets represent MVP modules). These datasuggested that tPASP can
significantly enhance the immunogenicity of certain MPVX antigens,
such as ESL and A29, thereby optimizing the effectiveness of mMRNA
vaccines for these challenging antigens.

Effects of UTR and nucleotide composition on mRNA antigens

Because of the observed improvement induced by tPA SP, we sought
to further optimize the mRNA antigen design using other modules,
suchasUTRsequences and type land Il transmembrane and cytosolic
(TM/C) domains. UTR sequences play a critical role in mRNA stability
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Fig.1| The MVP enhanced the immune response of MPXV mRNA antigens
inmice. a, Schematic of the MVP displaying distinct antigen epitopes through
TM/C modules. b,c, Antibody titre plateaus (AUC = -3) were observed after

2 doses of spike wild type (WT; b) and 3 doses of MPXVac-097 LNP mRNAs

(c), revealing space for mpox antigen optimization. No treatment group was
excluded from the statistical comparisons. d, Effect of SP on antibody titre in
mice. tPA SPs significantly enhanced antibody titres of type  ESL and cytosolic
A29. Statistical comparisons were made between groups with matching dates
or treatments. e, Effect of UTR on A35R antibody titre in mice. A35R LNP mRNA
with different 5’ and 3’ UTR pairs elicited a significant antibody response in
mice (n=3). Antibody titres on day 14 were compared with those on day O or

with BNT162b2 in the day 14 subgroup. Statistical comparisons were made
between treatment groups on day 14. f, Effect of nucleotide composition
(cap structure and pseudo-UTR abundance) on the immunogenicity of

A35R mRNA antigens (that is, the A35R antibody titre) in mice. Statistical
comparisons were made between day O and the other time points. In b-f, the
datarepresent means + s.e.m. Statistical significance (*P < 0.05; **P < 0.01;
***P < 0.001; ***P < 0.0001) was determined by pair-wise Tukey’s comparison
test (b-e) or Dunnett’s comparison test (f). D, day; term, terminal; RBD, receptor
binding domain; Mix-5, mixture of five single antigen LNP mRNAs; ¢-UTP,
pseudouridine-5’-triphosphate. Panel a (top) and mouse iconsinb and d-f
created with BioRender.com.
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and translation efficiency, whereas TM/C domainsinfluence the subcel-
lularlocalization and surface expression of antigens. To investigate the
impact of these elements, we first tested five UTR sequences derived
from UTR screen studies®? and the BNT162b2 (ref. 22) and mRNA-
1273 (ref. 23) vaccines. We fused the respective LNP mRNAs of A35R
with different UTRs and vaccinated immunocompetent C57BL/6 (B6)
mice using a two-dose intramuscular administration with aone-week
interval between doses (Fig. 1e and Supplementary Table 3). On days
0,7and 14, we collected blood samples from theimmunized mice and
analysed antibody titres against A35. Although all five UTR groups
elicited significantantibody titres, three UTRs (MRNA-1273, neoUTR3
and HBB UTR) produced stronger antibody responses in mice at day 14
post-immunization compared with the UTRs from the Food and Drug
Administration-approved SARS-CoV-2 vaccine (BNT162b2) (Fig. 1e
and Supplementary Fig. 5). These findings indicate that optimizing
UTR sequences can enhance the immunogenicity of mRNA vaccines,
leading to more robust antibody responses.

Cap structure and pseudo-UTP abundance have been shown to
influence protein transcription and immune response*?®, In addi-
tion to UTR sequences, we analysed the effects of cap structure and
pseudo-UTP abundance in combination with the BNT162b2 UTR on
A35antigen expression and immunogenicity. Antigen expression was
evaluated in HEK293T cells (Supplementary Figs. 6-8), and immuno-
genicity was assessed after two-dose immunizationsin vivo. Modifying
the nucleotide composition using 50% pseudo-UTP and a CleanCap
structure resulted in a trend of higher antibody titres and reduced
variation between samples (Fig. 1f). Based on these observations, we
selected this nucleotide composition for further experimentation.

To evaluate therelationship between antigen cellular expression
levels and immunogenicity, we tested the expression of A35R in cells
transfected with plasmid DNA or LNP mRNAs with different UTR, RNA
cap and pseudo-UTP compositions. All A35R DNA plasmids and LNP
mRNAs were strongly expressed in HEK293T cells, as indicated by the
normalized PE integral (that is, the normalized AUC value from the
fluorescence intensity histogram for the phycoerythrin-conjugated
antibody; Supplementary Fig. 6) in flow surface staining (Supplemen-
taryFigs. 6-8). The UTR, RNA cap and pseudo-UTR playimportant roles
inmRNA stability, transcriptioninitiation and immune recognition. To
investigate the effects of UTR and nucleotide modification on mRNA
stability before immunization, we measured the decay curves of differ-
ent LNP mRNAs by quantifying A35 antigen expression in HEK293T cells
transfected with LNP mRNAs stored at 4 °C for 0,9 and 16 days before
use. The antigen level exhibited alinear decay over these time points,
with decay rates shown as the slopes of linear regression (Supplemen-
tary Fig. 6¢,d). Although no significant linear correlation was found
between antigen expression levels and antibody titres (Supplementary
Fig. 6e), UTRs used in commercial vaccines exhibited high antigen
expression levels and were identified in unsupervised hierarchical
clusters (circled), where antibody titres showed positive correlations
with antigen surface expression.

The MVP enhances theimmunogenicity of type Il and
cytosolic antigens

Duetothe regional or partial correlation between an antigen’s cellular
expression and its in vivoimmunogenicity, we sought to identify TM/C
modules that can enhance antigen expression and immunogenicity.
To evaluate type Il TM/C module characteristics, we created a type Il
TM/Clibrary containing TM/C domains of A35R, three endomembrane
proteins and 34 human single-pass transmembrane proteins on the
cell membrane. These TM/C modules were recombined with A35R
ectodomain (A35Re) and expressed in 293T cells. To identify the best
type Il TM/C modifications that can enhance CST, we then performed
amini-screen of this library. Using flow cytometry, we quantified the
antigen surface expression mediated by TM/C modules (Methods and
Fig.2a). The mini-screen indicated that FIBCD1, KEL and TNFSF13B

TM/Cmodules mediated the highest A35Re surface expressioninboth
antigen-positive (PE") and high-antigen-density (PE-high) populations.
Negative controls and endomembrane chimeras exhibited minimal
cell surface signals (Fig. 2a, Extended Data Fig. 1and Supplementary
Fig.9a,b). To understand features associated with strong CST signals,
we plotted antigen expression levels (PE rate x mean fluorescence inten-
sity (MFI)) against several TM/C protein features, including RNA con-
centrationin blood, RNA concentration in single-cell transcriptomes
(Human Protein Atlas) and TM/C module sequence length (Fig. 2b and
Supplementary Fig. 9¢). Interestingly, TM/C-module-mediated antigen
expression was negatively correlated with TM/C module length and
showed no notable correlation with RNA concentrations. This suggests
that compact modules generate stronger CST signals, whereas RNA
concentration alone is not a reliable predictor of antigen expression
levels mediated by the TM/C modules.

Next, we repeated the mini-screenwith typeland I TM/C modules
toidentify the best modifications that can enhance the CST and immu-
nogenicity of cytosolic antigens. We focused on mpox A29, a typical
cytosolic model antigen whose native orientation on viral particles
remains unclear. A29 was recombined with type I (with spike SP) or type
11 TM/C modules to display different antigen epitopes, allowing us to
quantify and unify the CST strength of type I and Il TM/C modules. To
refinethetype Il TM/Ctesting set and ensure generalizability, only the
top 21 TM/C modules from the A35R screen were further evaluated in
the A29 CST screen. Using flow surface staining with anti-A29 antibody,
the mini-screen demonstrated that the best-performing type Il TM/C
domains (fibrinogen C domain-containing protein 1 (FIBCD1), kell
blood group antigen (KEL) and killer cell lectin-like receptor F1 (KLRF1))
exhibitedincreased CST compared with type I TM/C modules (chimeric
antigenreceptor (CAR), human leukocyte antigen (HLA) and the spike
ESCRT-and ALIX-binding region (EABR)*°) (Fig. 2c and Extended Data
Fig.2). Of note, KEL and FIBCD1 TM/C modules were identified as the
top-scoring candidates, remarkably enhancing the surface expression
of both A35R and A29, thereby supporting their generalizability in
promoting antigen CST.

To characterize the effect of these TM/C modules on antigen
immunogenicity, we packaged chimeric A29 selected from CST screens
into LNP mRNAs. We then analysed the antibody and T cell responses of
these LNP mRNA candidates in vivo and compared them with those of
native A29 LNP mRNA. Remarkably, all six chimeric A29 variants elicited
antibody titres two to three orders of magnitude higher than that of
native A29 (Fig. 2d and Supplementary Fig.10a). The T cell response,
asindicated by cytokine secretion after A29 peptide stimulation, was
significantly higher in chimeric A29 groups compared with native A29.
Certain candidates enhanced specific subsets of cytokines: FIBCD1,
spike and A35R TM/C domains for interferon-y (IFNy); A35R TM/C
domains for interleukin 2 (IL-2); and KEL and A35R TM/C domains for
IL-4 (Fig. 2e and Supplementary Fig. 10b,c). These findings indicate
that chimeric A29 antigens with optimized TM/C modules significantly
enhancebothantibody and T cell responses, underscoring their poten-
tial forimproving the immunogenicity of mRNA vaccines.

The MVP elevates the CST and immunogenicity of type |
antigens

Building on the promising data from type Il and cytosolic antigen opti-
mization, we then optimized the type I antigen, MIR. To evaluate the
CST strength of type I modules, we recombined type I SP and TM/C
modules with M1R ectodomain (M1Re), quantified the surface expres-
sion of chimeras and normalized their expression levels with negative
controls to minimize batch effects. We used the chimeric M1Re fused
with HLA TM/C modules to assess the signal strength of different SP
modules. Compared with the control M1Re-[HLA TM/C] (without SP),
allSPssignificantly enhanced M1Re surface expression. Among them,
spike, secrecon, Env and CD8a SP led to the highest M1Re expression
levels (Fig. 3a and Supplementary Fig. 11a). Based on this finding, we
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Fig.2|The MVP enhanced the CST and immunogenicity of type Il and
cytosolic antigens. a, Graph of the surface expression levels of A35Re fused
to type Il TM/C domains in 293T cells, quantified using flow surface staining,
asnormalized PE integrals in PE-positive (x axis) and PE-high-positive (y axis)

populations (n=3).b, Graph of the significant linear correlation between A35R
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linear regression test was used to determine significance. ¢, Effect of type l or

11 TM/Cs on A29 surface expression in 293T cells (n = 3). Dashed line highlights
the potent modules foundinaand c. d, Effect of TM/C on antibody response to

A29.LNP mRNAs of chimeric A29 selected from c elicited significantly higher

antibody responses than those of native A29 (n = 5). e, Effect of TM/Con A29 T
cellresponse on day 42. Chimeric A29 LNP mRNAs elicited higher T cell responses
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recombined Flag-tagged M1Re and untagged M1Re with the optimal SP
(spike SPand CD8aSP, respectively). Then, we tested the surface expres-
sion of the chimeric TM/C modules using these two M1Re constructs
(Fig.3band Supplementary Figs.11band 12). HLA, CAR and spike TM/C
modules significantly increased M1Re antigen surface expression.
The substantial antigen expression difference in [CD8a SP]-M1Re-
[HLATM + EPM-EABR] (where EPM-EABR represents an endocytosis

prevention motif (EPM) fused to EABR)*® and [spike SP]-M1Re-[ESL
TM + EPM-EABR] highlights the importance of selecting appropriate
combinations of CST signals for optimal antigen surface display.

To test whether these identified modules from the TM/C screens

enhance immunogenicity in vivo, we performed immunizations with
LNP mRNA candidates of M1Re antigen, engineered with TM/C mod-
ulesidentified in CST screens. We tested several different candidates,
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Fig.3| The MVP elevated type I M1Re surface expression and improved the
immunogenicity of its LNP. a,b, SP (a) and TM/C (b) modules significantly
enhanced the cell surface expression of chimeric M1Re (Flag-tagged M1Re-[HLA
TM/Clinaand [CD8aSP]-MIReinb; n =3).c, Type TM/C modules recombined
with [CD8a SP]-M1Re significantly elevated the antibody response to chimeric
MI1Re LNP mRNA (n=5).d, Antibody titres against recombined M1Re showed
significant linear correlation with the corresponding antigen’s CST in 293T cells.
CST was quantified using the normalized PE-high integral and plotted against

(n=5)

Anti-M1R antibody titre (AUC) on D35

the anti-MIR antibody titre shownin c. All of the data points except for secreted
MiRe were analysed using the linear regression model. Simple linear regression
test was used to determine significance. The datarepresent means + s.e.m. In
a-c, Dunnett’s comparison test was used to determine the statistical significance
(*P<0.05;*P< 0.01; ***P < 0.0001) between the controls and other treatment
groups. The controls included M1Re-HLA (a) and [CD8a SP]-MIR (b and c).
Mouseiconin c created with BioRender.com.

including HLA, CAR, EPM-EABR and spike, using a three-dose vac-
cinationregimen in B6 mice. Blood samples were collected ondays O,
14, 21 and 35 after immunization (Fig. 3c and Extended Data Fig. 3a).
We found that the MIR and M1Re groups without TM/C modification
led to minimal antibody titres; in sharp contrast, the spike, HLA and
HLA + EABRTM/C groupselicited potent antibody responses. Notably,
the CAR-modified M1Re group did not show a heightened antibody
response compared with the unmodified M1R control. Antibody titres
were positively correlated with the antigen’s surface expression, as
quantified by the fluorescence integral of the PE-high population
(Fig.3d and Extended DataFig. 3b). These datademonstrated that TM/C
modifications such as spike, HLA and HLA + EABR can significantly
increase theimmunogenicity of challenging antigens such as MIR.
Toinvestigate cellular responses, we then characterized the T cell
response profiles from vaccinated mice. Plasma and peripheral blood
mononuclear cell (PBMC) samples were collected on day 35 afterimmu-
nization and their culture media were analysed by bead-based multi-
plex cytokine profiling assay for cytokine secretion. The M1Re group
(ectodomain only) showed a relatively low T cell response (Fig. 4a).

Compared with M1Re, the unmodified MIR group exhibited upregu-
lated IL-4 and IL-5 production by T cells. M1Re with selected TM/C
modifications showed enhanced cytokine production (for example,
the CAR group for IFNy, IL-5 and IL-4 production and the HLA group
for IL-10 production). Among the measured cytokines, IFNy, tumour
necrosis factor o (TNFa) and IL-2 are the main type 1T helper cell (T,;1
cell) cytokines associated with cell-mediated immunity and inflamma-
tion, whereas IL-4, IL-5 and IL-10 are classic T,2 cytokines mediating
antibody response and anti-inflammatory response-*?, Dot plots
indicating IFNyand IL-4 cytokine concentrations revealed balanced T,,1
and T2 responses in all vaccination groups induced by chimeric MIR
(Fig.4b). To evaluate the effects of TM/C moduleson T;1/T,2 balance,
we defined T,;1/T,;2 skewness as the distance to the symmetry liney =x
onatwo-dimensional plane of T,1and T,;2 cytokines. The spike TM/C
chimera elicited a stronger T,1 response after MIR peptide stimula-
tion, whereas HLA + EABR and MIR TM/C modules led to higher T,;2
responses (Fig. 4b, inset). Compared with the native A29 group, the
T,1/T,2 plot showed a consistent increase of T,1 and T,,2 responses
mediated by CST modules. The skewness data indicated that spike
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and FIBCD1TM/C modules mediated stronger T,1 responses, whereas
spike EABR and KEL TM/C modules were prone to inducing stronger
T,2 responses (Fig. 4¢).

Next, we analysed the magnitude of both T cell and antibody
responses for each TM/C chimera group. We found that the spike and
HLA + EABR groups elicited potent antibody and T cell responses.
In contrast, the CAR and MIR TM/C modules resulted in particularly
high T cell responses (Extended Data Fig. 3c), although their antibody
responses were much lower (Fig. 3c). These data demonstrated that
the selected TM/C modifications not only enhance T cell and antibody
responses, but also modulate T,;1 and T,,2 balance, highlighting their
rolesinregulating theimmunogenicity of mRNA antigens.

Analysis of the CST strength of MVP modules and dependent
factors

To systematically evaluate the CST strength of type | modules, we
recombined type I SP or TM/C modules with multiple antigen ecto-
domains, quantified the surface expression levels of chimeras and
normalized their expression levels with the maximum value in each
antigen subgroup. These normalized antigen expression levels were
designated as CST scores. We integrated CST scores from different
MPXYV antigen datasets and analysed these integrated scores, revealing
variations in the CST signals of SP and TM/C modules across multiple
antigen datasets (Fig. 5a,b, Extended Data Fig. 4 and Supplementary
Figs. 13-15). The SP modules displaying high CST scores (CST > 0.7)
and smallvariations between antigen datasetsincluded spike, albumin
and Env SP. Compared with SP modules, the integrated CST scores of
TM/C modules exhibited larger variations between TM/C groups and
antigen datasets. This analysis revealed that the HLA TM/C module is

the most robust, producing the strongest antigen surface expression
across different antigens (A29 and MIR), as measured by integrated
CST score. Additionally, CAAX, spike, CAR and HLA + EABR modules
also exhibited high integrated CST scores.

Toanalyse the signal strength of CST modulesin different cell lines,
we expressed chimeric A29-[HLA TM/C] with or without CD8a SP in
293T, B16F10, RAW264.7 and DC2.4 cells. Spike and GFP were used as
controls to separate cell-line-dependent factors such as transfection
efficiency, optimal antigen expression levels and background noise
caused by PE staining (Fig. 5c and Supplementary Fig. 16). Interest-
ingly, [CD8a SP]-A29-HLA showed ssignificantly higher surface antigen
expression levelsthan A29-HLA atall three time points for293T cells, at
late time points (24 and 48 h) for B16F10 cells and at an early time point
(10 h) for RAW264.7 cells. The RAW264.7 and DC2.4 cell lines, derived
from APCs, were notably less susceptible to lipofectamine transfection,
asevidenced by their GFP levels, which were five- to 100-fold lower than
those of 293T cells. Both RAW264.7 and DC2.4 cells showed a trend of
A29-HLAincrease (independent of CD8a SP) and a spike decrease over
time. Intrigued by the distinct antigen expression behaviours of APC
celllines, we further investigated theimpact of various SPs on A29-HLA
expression in RAW264.7 and DC2.4 cells (Fig. 5d and Supplementary
Figs.17 and 18). Consistent with our observations in Fig. 5c, most SPs led
to an expression level similar to that of A29-HLA except for secrecon
SP, which showed much higher antigen expressionin RAW264.7. Unex-
pectedly, the analysis of TM/C modulesin RAW264.7 revealed that the
increasein A29 antigen on the RAW264.7 cell surface wasindependent
of TM/C membrane anchors (Fig. 5e and Supplementary Fig. 19). This
suggests that antigen display on APC-related cells is associated with
peptide degradation and presentation events. Together, these data
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Fig. 5| The surface translocation strengths of the MVP modules fluctuated
as afunction of antigen sequence, transfection time and expression cell
line.a,b, Type ISP (a) and TM/C (b) modules led to a consistent increase in
MPVX antigen expression on 293T cell surfaces, despite ectodomain-dependent
variations. Integrated CST scores of SP (a; n = 9) and TM/C modules (b; n =15,
except for certain groups that were dropped out due to subpar performance;
detailsin Source Data Figs.1-8 and Extended Data Fig. 6) were evaluated
as normalized antigen surface expression (shown in Extended Data Fig. 4).
Statistical comparisons were made between controls and the other treatment
groups. ¢, CD8a SP signal strength was influenced by time after transfection
and expression cell type (n = 3). Only comparisons with the negative control

48 h after transfection [ spike (n=3)

or between two A29-HLA groups are shown. Negative2 represents amatched
control for GPF group that did not undergo flow staining, whereas Negative
underwent flow staining. d, Flag-tagged A29-[HLA TM/C] led to significant
antigen expression on RAW264.7 and DC2.4 cell surfaces, regardless of SPs
(n=3).e, Anti-Flag flow surface staining showed that Flag-tagged [CD8a SP]-A29
surface presentation in RAW264.7 cells did not rely on TM/C membrane anchors
(n=3). Thestatistical comparisons without brackets (asterisks or values above
plots) represent comparison with the negative control. The datarepresent
means + s.e.m. Statistical significance (*P < 0.05; **P < 0.01; ***P < 0.001;

***+p < (0.0001) was determined by Dunnett’s comparison test (aand b) or pair-
wise Tukey’s comparison test (c-e).

indicate that CST module signal strength fluctuates depending onthe
antigen sequence, expression cell line and time point.

The MVP enhances MPXV LNP mRNA effectivenessin viral
challenges

Next we investigated whether chimeric antigens with CST-enhancing
modules would provide better protection against vaccinia virus (VACV)
lethal challenge. On days 0 and 7, mice were intramuscularly vaccinated
with4 pg LNP mRNAs encoding A29, MIR or A29 + MIR, with or without
CST-modifying modules, followed by anintranasal lethal challenge of
VACV on day 21. MPXVac-097 was used as a positive protection control
that fully protected immunized mice from death, weightloss and signs
of infection. Unvaccinated mice and mice vaccinated with A29 LNP
mRNA showed evident weight loss after challenge and succumbed
to infection by day 6 after challenge (Fig. 6a—c). The percentages of

mice vaccinated with unmodified MIR or A29 + MIR LNP mRNAs that
survived until the study endpoint were 40% and 80%, respectively.
Compared with native antigen vaccination groups, the chimeric antigen
groups consistently exhibited faster weight recovery, milder disease
signs and higher survival rates (Fig. 6a—c). These results suggest that
chimeric mRNA antigens with enhanced CST provided better protec-
tion against lethal viral challenge.

The MVP is generalizable to the optimization of diverse mRNA
antigens

To demonstrate the generalizability of the MVP, we went on to optimize
additional type I transmembrane and nuclear antigens from VZV and
HPV using a set of the most effective MVP modules. Type I VZV gly-
coprotein E (gE) and soluble HPV16 E6 and E7 are well-characterized
vaccine targets and their LNP mRNAs have shown evident efficacy in

Nature Biomedical Engineering


http://www.nature.com/natbiomedeng

Article

https://doi.org/10.1038/s41551-025-01478-6

a Body weight b Signs of infection c Survival rate
120 LNP mRNA vaccination 59 LNP mRNA vaccination 100 rosrmees L LNP mRNA vaccination
I PBS unchallenged o 44 e koA ok PBS unchallenged - 75 —————— PBS unchallenged
X A -u- PBS challenged <] - & 7
S . 3, -4~ PBS challenged & === PBS challenged
3 3 = -
~ %) MPXVac-097 = MPXVac-097 g 50 - MPXVac-097
é g = MIR L 24 = MR = e v v MR
£ ~— MIR-[spike] 3 1 -+ MIR-[spike] ] @ 25 - MIR-spike]
g (n=5) L =5 (n=5)
[} 0 === i T 0 T T 1
o [¢] 5 10 15 [¢] 5 10 15
£ % KN 3
s N, Days after challenge N Days after challenge KN
s 5 100 »
o
2 -v- A29 o 44 Forimmemnmory Ly A29 = e A29 ]
~ : 3
HES -« [FIBCD]-A29 8 4 < -+ [FIBCD]-A29 }]“** g R , = [FBCDl-A20 %%
3| £ - A29-[spike] = & N o A29-[spike] S 50 A -4 A29-[spike]
g 'g = A29+MIR £ 24 X = A29+MIR = -+ A29+ MIR
Z £ \ , | [spi
A29-[spike] 3 14 A29-[spike] _|** ° % b
+ M1R-[spike] +M1R-[spike] (-5
60 T T 1 (n=5) o T —= 1 (n=5) o T T | n=
o 5 10 15 o 5 10 15 0 5 10 15

Days after challenge

Fig. 6| MVP-modified MPXV LNP mRNA showed better protection efficacy
than native antigens in lethal VACV challenges. Mice were vaccinated with

4 pg LNP mRNA of each antigen on days 0 and 7, followed by intranasal lethal
challenge with VACV (Western Reserve strain) on day 21 (also referred to as day O
after challenge; n = 5). a-c, Mice vaccinated with MVP-modified mRNA antigens
showed faster body weight recovery (a), milder disease signs (b) and a higher
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post-challenge survival rate (c). Mice with >30% weight loss were sacrificed.
The datarepresent means + s.e.m. Statistical significance (*P < 0.05; **P < 0.01;
P < (0.0001) was determined by pair-wise Tukey’s comparison test (aand b)
orlog-rank test (c). Only comparisons between the native antigen and modified
antigen groups are shown. Mouse icons created with BioRender.com.

preclinical studies*””**, However, comprehensive comparisons of the
effects of membrane-targeting modules on mRNA antigen expres-
sion and immunogenicity remain to be explored. Here we sought to
investigate whether the effective CST modulesidentified using MPXV
antigens could be applied to the optimization of mRNA antigens from
other pathogens.

ForVZV gE, werecombined its ectodomain with spike SP, as well as
spike TM/C or HLATM/C. Compared with full-length g, HLA chimera
not only showed much higher surface expression levels in 293T cells,
but also led to a significant increase in antibody titres in LNP mRNA
vaccination models (Fig. 7a,b). VZV gE 1-573 Y569A was reported in
previous studies” and used as an additional control. In addition to
the antibody response, the antigen-stimulated T cells from the HLA
chimeragroup showed higher activation-induced markers (AIMs) and
differential cytokine secretion patterns (Fig. 7c-e, Extended Data Fig. 5
and Supplementary Figs. 21-23). In the first 10 h of antigen stimulation,
T cells of the full-length gE group produced more IL-2 than other vac-
cination groups. However, cytokine levels became more comparable
between full-length gk and HLA chimera after 30 h of stimulation.
Overall, several of the TM/C-modified chimeric VZV gE vaccines pro-
duced astronger antibody response and non-inferior T cell response.

For HPV16 E6 and E7, we fused non-oncogenic variants with rep-
resentative typelorllmodules (Supplementary Table 5). Asexpected,
MVP modules significantly enhanced the surface translocation of
antigen E7 in 293T cells (Fig. 8a). Despite the background in ELISA
(Supplementary Fig. 20), spike TM/C LNP mRNAs elicited significantly
increased antibody titres compared with those of the unmodified ver-
sion against HPV E6 and E7 in animal vaccination models (Fig. 8b). In
addition, after E6 + E7 peptide stimulation, T cells from the spike and
FIBCD1 chimera groups showed consistently elevated AIM, cytokine
productionand secretion compared with unmodified E6 + E7 control
vaccination (Fig. 8c-e and Supplementary Figs. 24 and 25). LNP mRNAs
of spike and FIBCD1 chimerasignificantly boosted T cell killing ability
against E6 + E7 peptide-pulsed B16 target cells, regardless of whether
they were transduced with HPV16 wild-type E6 and E7 (Fig. 8f, Extended
DataFig. 6 and Supplementary Fig. 26).

Discussion
We have systemically compiled and evaluated CST modules for the
purpose of mRNA antigen optimization. This enables rapid antigen

assembly and provides a one-stop platform with which to optimize
typeland Iltransmembrane antigens and soluble antigens, including
nuclear® (E6 and E7) and cytosolic antigens (A29). We established a
quantitative metric—the CST score—with which to evaluate the surface
translocation strength of different CST modules. Using this CST score,
we evaluated the CST strength of type I and Il modules using multi-
ple antigens and identified recurring modules that greatly enhanced
the CST of multiple antigens. Distinct from pooled next-generation
sequencing screens, every chimeric antigen sequence in our CST
screens was confirmed through Sanger sequencing to ensure high
fidelity of antigen sequences and CST signals. Furthermore, we quan-
tified and unified the CST strength of type I and Il modules using the
A29 cytosolic antigen.

Inaddition, we characterized the effects of tPASP on theimmuno-
genicity of five mpox antigen LNP mRNAs. We found that this enhanced
the antibody responses of A29 and ESL but did notincrease responses
to other antigens. Common SPs are located at the N terminus of type |
transmembrane or secretory proteins. They are cleavable type Il trans-
membrane domains evolved to adapt to typel transmembrane protein
topology. Naturally, one would expect them to be more effective on
soluble proteins and type I transmembrane proteins without native
SPs, such as A29 and ESL (Supplementary Discussion).

The MVP offers diverse type I and Il CST libraries for the dis-
play of distinct epitopes of soluble antigens and the induction of
desired antibodies targeting different antigen regions. The MVP
increased antigen surface expression levels by 100- to 10,000-fold,
antibody titres by >200-fold and T cell responses by 2- to 20-fold.
These data of antigen surface expression, antibody response and
T cell response revealed a positive correlation between chimeric
antigen surface expression and antibody response, whereas no obvi-
ous correlation was found between T cell response and antigen sur-
face expression level. Chimeric antigen expression in APC cell lines
showed an evident degradation of GFP and spike over time, as well
asamembrane-anchor-independent display of Flag peptides on the
cell surface, suggesting that the presentation of afolded or degraded
antigenis dependent onthe expression cell line and associated with
antibody and T cell responses.

Unlike traditional antigens directly delivered to extracellular space,
mRNA antigens originate from the cytosol of recipient cells, including
cellsaroundinjectionsites and draining lymphnodes®. These antigens
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Fig.7| The MVP enhanced antibody and T cell responses to chimeric VZV

gE LNP mRNA in animal models. a, MVP modules significantly increased VZV

gE surface expression levelsin293T cells. VZV gE1-573 Y569A was reported in
previous studies and used as a control. b, MVP-modified gE LNP mRNAs mediated
higher antibody responses than WT controls in the animal vaccination model.

¢, T cells collected on day 28 from mice vaccinated with modified gE LNP

mRNAs showed higher AIM levels after gE antigen stimulation for 30 h.

d,e, MVP-modified gE groups showed comparable cytokine secretion, or a trend
of higher secretion, from T cells 30 h after antigen stimulation (d), whereas T cells

ofthe VZV gE WT group displayed higher IL-2 production ~10 h after stimulation,
asdetermined by intracellular cytokine staining assay (e). The datarepresent
means + s.e.m. Ina-e, Dunnett’s comparison test was used to determine the
statistical significance (*P < 0.05; **P < 0.01; **P < 0.001; ***P < 0.0001) between
the VZV full-length gk (WT) group and the other treatment groups. The PMA/
ionomycin group was excluded from the comparisons. The sample number

for the vaccination groups was 5, except for PMA/ionomycin, of which sample
number was 3. Mouse icons in b-e created with BioRender.com.

needtotranslocate to the extracellular space before they are recognized
by immune cells. T cells recognize the antigen fragments degraded
in APCs and presented by major histocompatibility complex (MHC)
molecules, whereas B cells can recognize the intact antigens®**. CST
modulesinfluence antigen presentation by regulating MHC class land Il
pathways, which play keyrolesin T cell response and antibody response”.

The data from soluble antigens, including M1Re, A29 and E6 + E7,
suggested thatenhancement of antigen CST via optimal modules often
boosts both antibody and T cell responses (optimal modules in Source
Data Figs.1-8 and Extended Data Fig. 6). Our data from type l antigens,
includingMIR and gE, show that enhancing CST by replacing native TM/C
modules boosts the antibody response and alters the T cell responsein
less predictable ways. For MIR, MVP modules (except for CAR TM/C)
lowered the T cell response. For VZV gE, the HLA TM/C increased T cell
activation and shifted cytokine secretion patterns compared with
full-length gE. These data highlight an intricate relationship between
membrane-targeting sequences, antibody response and T cell response.
Itis worth noting that the chimeric antigen LNP mRNA with enhanced
CST universally led to better protection against lethal VACV challenge
compared with native antigen LNP mRNAs, confirming the overall benefit
of optimizing viral mRNA antigens and improving their CST.

Several case studies have shown that antigen presentation can
be increased by coupling mRNA antigens to membrane-targeting
sequences***°, highlighting the importance of enhancing the mem-
brane trafficking of mRNA antigens for T cell and antibody responses.

Compared with previous studies that used a single membrane-targeting
sequence on a sporadic vaccine antigen, our study systematically
screened, compared and unified CST strength of 60 type land Il mod-
ules. Our unbiased screen and individual testing identified and validated
multiple high-ranked effective modules that were previously un- or
underused, including type ITM/C modules (HLA and spike TM/C mod-
ules), type ISPs (spike, Envand albumin SPs) and type Il TM/C modules
(FIBCD1 and KEL TM/C modules) (optimal modules in Source Data
Figs. 1-8 and Extended Data Fig. 6). For example, FIBCD1 TM/C rep-
resents an optimal module of a new category of membrane-targeting
sequences that has not been applied in mRNA vaccines before. This
showed comparable or superior performance tothe typel optimalmod-
ule (spike TM/C) inthe optimization of soluble antigens, including MPXV
A29 and HPVE6 and E7. Using these modules as well as parental vectors
with different UTRs, our current MVP version can generate ~2,500 and
~200typeland Il CST signal combinations, respectively, withany single
antigen. Moreover, this system can be scaled up easily by harnessing the
entire proteome of type l and Il transmembrane proteins.
Importantly, we have demonstrated the robustness and univer-
sality of our MVP by applying the most effective MVP modules to the
optimization of multiple antigens from different pathogens, includ-
ing MPXV, VZV and HPV. The antigen and CST module libraries can be
expanded easily to incorporate additional vaccine antigens and CST
modules for the engineering of highly immunogenic LNP mRNA vac-
cines that mount potent Band T cell responses against specific antigens
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Fig. 8| The MVP enhanced antibody and T cell responses to chimeric E6

and E7 LNP mRNA of HPV16 in mouse vaccination models. a, MVP type I and
Ilmodules boosted the expression levels of HPV16 E7 on 293T cell surfaces.

b, LNP mRNA of E6 and E7 recombined with spike TM/C elicited significantly
higher antibody titres than WT controls in mouse models. Blood samples were
collected from mice vaccinated with 2 pg LNP mRNA to evaluate antibody and
T cell responses (n = 5). ¢, Compared with the unmodified E6 + E7 vaccination
group, higher AIM levels were observed in T cells collected on day 28 from

mice vaccinated with MVP-modified mRNA antigens. Activation markers were
surface stained in PBMCs, which were stimulated by E6 and E7 scanning peptide
pools for 30 h.d,e, MVP-modified E6 + E7 LNP mRNA led to stronger cytokine
secretion (d) and production (e) from T cells stimulated with E6 and E7 peptides
for30 h (d) or10 h (e). For e, Brefeldin A was added to the media to block

cytokine secretion inintracellular cytokine staining. f, Compared with control
groups, T cells collected on day 35 from mice vaccinated with MVP-modified
E6/E7 mRNA antigens led to higher cytolysis of BL6F10 target cells pulsed with
E6 and E7 peptides. To minimize variations from sample reading, two technical
replicates of five biological samples were included in the target cell killing
assay. The datarepresent means + s.e.m. Ina-f, Dunnett’s comparison test was
used to determine the statistical significance (*P < 0.05; **P < 0.01; ***P < 0.001;
****p < (0.0001) between the HPV16 E6 + E7 group and the other treatment groups.
The PMA/ionomycin group was excluded from the comparisons. The number
of biological samples in each vaccination group was 5, except for the PMA/
ionomycin and target cell groups, of which sample number was 3. Panel fand
mouse icons in b-e created with BioRender.com.

and/or pathogens. This versatile platform can be repurposed to display
diverse proteins of interest on cell surfacestoinduce antibodies target-
ing distinctepitopes. It also enhances our pandemic preparedness by
facilitating mRNA vaccine development for other diseases. Inaddition,
our MVP can potentially be applied to other areas, such as neoantigen
mRNA vaccines, which have become a promising direction for person-
alized cancer therapy* ™.

In summary, we established an MVP that provides a one-stop
strategy for enhancing the CST of type I and Il transmembrane anti-
gens and soluble antigens. This platform can be used to enhance the

immunogenicity of mRNA vaccines in terms of antigen cell surface
expression, antibody titres, T cell responses and protection against
infection, thereby providing abroadly applicable method forimprov-
ing vaccine performance.

Methods

Institutional approval

Both recombinant DNA and biosafety work were conducted following
the guidelines of the Yale Environmental Health and Safety Commit-
tee with approved protocols (Chen 18-45,20-18 and 20-26). All of
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the animal experiments were carried out following the guidelines of
the Yale University Institutional Animal Care and Use Committee with
approved protocols (Chen 2020-20358, Chen 2021-20068 and Lucas
2021-20375). This study did not involve human participants.

Plasmid cloning

The MPXV antigen sequences were cloned from the genome of a
confirmed mpox case in the USA in 2022, as previously described®.
VZV gE (strain Oka vaccine; UniProt ID Q9J3M8) and VZV gE 1-573
Y569A"**, HPV16 non-oncogenic E6 (UniProt ID P03126; C63G and
Al111-115, which corresponds to the deleted sequence CPEEK*) and
HPV16 non-oncogenic E7 variant (UniProt ID P03129; C24G and E26G*)
sequencesare provided in Supplementary Table 5. The CST amino acid
sequences were extracted from corresponding studies or UniProt as
indicated inSupplementary Tables1and 2. They were codon optimized
and synthesized at Integrated DNA Technologies, theninserted to the
parental vector with 5’ and 3’ UTRs. Five UTR pairs were chosen based
on the optimal sequences in clinical COVID-19 mRNA vaccines?* or
UTR screen studies® % (Supplementary Table 1). Based on the in vivo
immunization results of A35R LNP mRNA, HBB UTR pairs were used
for all following plasmid cloning unless mentioned otherwise. The
parental vector contained BsmBI-v2 digestion sites and GFP to enable
rapid golden gate assembly (E1602L; New England Biolabs (NEB)) and
dropout selection, respectively. GFP expression in Escherichia coli is
drivenby aprokaryotic promoter (BBa_23100). Every chimeric antigen
sequencein the CST screens was confirmed by Sanger sequencing.

CST sequence selection

The CST sequences were cloned fromartificial constructs or single-pass
transmembrane proteins localized on the plasma membrane in the
human or viral proteome. The artificial constructs included secrecon
SP*,EPM-EABR*’ and CAR*’. The typeland Il CST sequencesarelisted in
Supplementary Tables1and 2, respectively. Toidentify CST sequences,
transmembrane proteins with a plasmamembrane localization record
in the Human Proteome Atlas were analysed. Their domain bound-
ary, secondary structure, hydrophobicity, isoelectric point, protein
sequence, size, membrane topology and cellular localization informa-
tion was extracted (Supplementary Tables1and 2). Single-pass trans-
membrane proteins were the primary focus of this analysis because of
their simple topology and compact signal sequences. Based on domain
boundary and secondary structures, each transmembrane protein was
dividedinto the following modules: SP (if any), ectodomain, extracel-
lular hinge, transmembrane domain and cytosolic segment. Because
of the drastic difference in surface charge between the plasma mem-
brane and endomembrane, plasma membrane contacting sequences
(extracellular hinge, transmembrane domain and cytosolic segment)
would accommodate this unique charge property and contribute tothe
plasmamembrane’s specific localization. Therefore, the extracellular
hinge, transmembrane domain, cytosolic segment and SP were identi-
fied as CST sequences and extracted from analysed transmembrane
proteins. The CST modules are defined by their cleave sites (for SP),
domainboundaries, secondary structures and hydrophobicity.

The typel CST library comprises nine SP, six TM domain and nine
Csegment constructs, which can give rise to approximately 500 com-
binations of type I CST signals. The type Il CST library comprises the
TM/C of A35R as an internal reference, three nuclear membrane or
endomembrane proteins as negative controls (TMX4, SEC11A and
POMI21) and 34 type Il single-pass transmembrane proteins on plasma
membrane in the human proteome. The CST modules are defined by
domain boundaries, secondary structures and hydrophobicity. The
type I modules were selected based on the protein’s popularity in the
literature or industrial application. The type Ilmodules were selected
from the human proteome based on membrane topology and protein
length. In total, 306 type | and 41 type Il single-pass transmembrane
proteins with plasma membrane localizationrecorded in UniProt or the

Human Protein Atlas were identified in the human proteome. Out of 41
typell candidates, 34 were successfully cloned with compact module
lengths, whereasthe type Imodules were selected based on the preva-
lence of the sequences in the literature and/or industrial application.

In vitro transcription of mRNA

The mRNA was in vitro transcribed from a linearized DNA template
with different 5’ and 3’ UTR pairs using the HiScribe T7 ARCA mRNA
kit (E2060; NEB) or the HiScribe T7 mRNA Kit with CleanCap Reagent
AG (E2080; NEB). Either 50 or 100% N'-methyl-pseudouridine (N-1081-
5; TriLink) was incorporated during transcription. The transcribed
mRNA was purified using a Monarch RNA Cleanup kit (T2040L; NEB)
and keptat-20 °C.

LNP preparation

The mRNA was mixed with lipid mixture using a NanoAssemblr Ignite
instrument as previously described®. The formulated LNP mRNA was
diluted with phosphate-buffered saline (PBS) and buffer exchanged
using a 100-kDa Amicon filter (89131-992; Macrosep Centrifugal
Devices 100K). The mRNA encapsulation rate and mRNA concentra-
tion were determined by Quant-iT RiboGreen RNA Assay (R11490;
Thermo Fisher Scientific). 8% sucrose (J21938; Affymetrix) was added
to the final LNP mRNA sample before storing itat -80 °Cin afreezer.

Cell culture

HEK293T (CRL-3216; ATCC), B16F10 (CRL-6475; ATCC) and RAW264.7
(TIB-71; ATCC) cells were maintained in Dulbecco’s modified Eagle’s
medium (Thermo Fisher Scientific) with 10% heat-inactivated foetal
bovine serum (FBS; HyClone), whereas DC2.4 cells were maintained
in RPMI 1640 medium (Thermo Fisher Scientific) with 10% FBS. The
DC2.4 cell line was a generous gift from L. Chen’s laboratory at Yale
University. Cells were passaged every two or three days at a split ratio
of 1:3 or when confluency reaches over 95%. All of the cell lines tested
negative for contamination with Mycoplasma.

Cell transfection with DNA plasmids or LNP mRNAs of MPXV
antigens

293T cells were seeded to 24- or 48-well plates one day before trans-
fection and were transfected with 1.0 or 0.5 pg plasmid DNA using a
Lipofectamine 3000 transfection system (L3000015; Thermo Fisher
Scientific). Two days after transfection, the cells were trypsinized
and harvested for flow cytometry surface staining. Transfection was
performed according to the manufacturer’s protocol. For LNP mRNA
transfection, 0.5 or 1.0 pg LNP mRNA was directly added to the cells
one day after seeding and cells were collected after 20-24 h. Unless
mentioned otherwise, most of the cell assay used DNA plasmid and
Lipofectamine 3000 for transfection. In Fig. 5c, GFP was used to quan-
tify the transfection efficiency of different cell lines. The GFP expres-
sion level in 293T cells at 10 h after transfection was normalized to 1.
The SARS-CoV-2 spike served as a positive control antigen with known
high enrichment on the cell surface.

Surface staining and quantification of MPXV antigens

After trypsinization, 293T cells overexpressing Flag-tagged MPXV
antigens recombined with either SP or TM/C modules were washed
once with MACS buffer (0.5% BSA and 2 Mm EDTA in PBS pH 7.4) and
surface stained with PE anti-Flag antibody (637310; BioLegend; 1:100
dilution) onice for 20 min.

The 293T cells overexpressing untagged MPXV antigens (A35R,
M1R or A29) recombined with SP or TM/C modules were surface stained
with anti-A35R (40886-M0026-100; Sino Biological), anti-M1R (IMSA-
VACVLIR7D11C100UG (Innovative Research) or RVV13901B (Cell Sci-
ences)) or anti-A29 (40891-M0032-100; Sino Biological) antibody
(1:100 dilution; onice for 20 min), washed once with MACS buffer and
stained with PE anti-mouse secondary antibody (P-852; Fisher; 1:100
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dilution on ice for 20 min). For the HPV and VZV antigen expression
experiments, anti-VZV gE antibody (40907-MM12; Sino Biological),
anti-HPV16/18 E6 with FITC fluorophore (sc-460 FITC; Santa Cruz Bio-
technology) and anti-HPV16 E7 with PE fluorophore (sc-6981 PE; Santa
Cruz Biotechnology) were used to detect antigen expression levels.
After final staining, the cells were washed once with MACS buffer, and
PE or PE-high positive cells were identified by flow cytometer (Attune
NXT Software version 3.1or BD FACSArialll Cell Sorter). FlowJo version
10.9.0 was used for flow cytometry data analysis. The antigen expres-
sion level on the cell surface was quantified by the PE-positive rate,
the MFlin the PE-positive population and the PE-positive integral or
normalized PE-positive integral. The PE-positive integral is the positive
population MFI multiplied by the positive cell count. The normalized
PE-positive integral is the positive integral over the gated cell count,
which is the average integral per gated cell. It is equal to the positive
MFI multiplied by the positive cell count divided by the total gated
cell count, which is equivalent to the positive MFI multiplied by the
PE-positive rate (normalized PE integral).

For the antigen surface expression mediated by TM/C modules,
two PE thresholds were used to define PE and PE-high cell populations,
because of potential changesin surface antigen density caused by TM/C
modules. Different from UTRs or SPs, TM/C modules persistin antigen
sequences and may influence antigen clustering and organization on
the cell surface.

The antigen surface expression levels were further normalized by
the maximum values within the subgroups. This normalization step
enables comparisons between antigen datasets, represents the signal
strength of themodules andis denoted asthe CST score. The integrated
CSTscoreis calculated by averaging CST scores from multiple datasets
and reflects the generalizable signal strength of modules and varia-
tions between antigens. For example, the CST scores or normalized
antigen surface expression levels were derived from the normalization
of datasets. The integrated CST scores in Fig. 5a,b were merged with
the CST scores of Extended Data Fig. 4e,f to estimate the average CST
strength of the modules and variations across different antigen sets.

Integrated CST score calculation

Theuniversal CST score represents the strength of asignal sequence to
translocate antigens or proteins to the cell surface. Itis calculated from
the average normalized surface expression of multiple antigens. Two
consecutive normalization processes were performed on the PE-high
positive rate x positive MFl ratio relative to the background, which was
first normalized with the no-signal (no-SP or no-TM/C) control to obtain
the expression fold change due to the SP or TM/C signal sequence and
then further normalized with the maximum value in the signal sequence
group. Calculation details can be found in Source Data Figs. 1-8 and
Extended DataFig. 6.

Mouse immunization

Female C57BL/6Ncr mice aged 8-10 weeks from Charles River Labo-
ratories wereimmunized with two or three doses of LNP mRNA of dif-
ferent antigens on days 0,14 and 28 or days 0, 7 and 21. The mice were
maintained at 40-60% humidity under ambient room temperature
and a 14 h day/10 h night cycle. Retro-orbital blood was drawn using
Drummond capillary tubes (503020; Thermo Fisher Scientific) and
collected in Eppendorf tubes with 10 ul 50 mM EDTA (pH 8) at the
indicated time points. In Fig. 1b,c, the third immunization of spike on
day28used 0.5 pgwild-type + 0.5 pg BA.5 spike LNP mRNAs.

Isolation of PBMCs from blood

The collected blood samples were diluted with an equal volume of 2%
FBS and added to Lymphoprep Density Gradient Medium in SepMate-15
tubes (STEMCELL Technologies). The red blood cells, PBMCs and
plasma were isolated from blood by centrifugation at 1,200g for
20 min. After centrifugation, approximately 200 pl diluted plasma

was collected from the surface layer and the PBMCs in the remaining
solution in the top layer were poured into a new tube. The separated
PBMCs were washed with 2% FBS and the remaining red blood cells were
lysed with ACK lysis buffer (A1049201; Gibco). ACK lysis of PBMCs was
stopped with 2% FBS in PBS and the cell number was counted using an
automated Corning cell counter (6749; Corning).

Functional T cell response assay

Approximately 0.3-0.5 million PBMCs from each mouse were cultured
ina96-well U-bottom platein 200 pl complete RPMI medium with10%
FBS, 50 pM 2-mercaptoethanol, 1 ug ml™ LEAF Purified anti-mouse
CD28 Antibody (102116; BioLegend), Non-Essential Amino Acids
(11140050; Gibco), GlutaMAX (35050061; Gibco), 1 mM sodium pyru-
vate (11360070; Gibco) and penicillin-streptomycin (15140122; Gibco).
The positive control samples were stimulated with eBioscience Cell
Stimulation Cocktail (500%; 00-4970-93; Thermo Fisher Scientific;
PMA and ionomycin). Custom scanning peptide pools of mpox MIR
and A29 (GenScript), commercial scanning peptide pools of HPV16
E6 (130-095-997) and E7 (130-095-999) (both Miltenyi Biotec) or VZV
gE recombinant protein (GLE-V52H3-100ug; ACROBiosystems) were
added atafinal concentration of 2 ug ml™ to PBMCs from vaccinated or
unvaccinated mice (PBS control). PBMCs were cultured overnightinthe
presence of stimulating peptides or protein antigens. The supernatant
was collected at the indicated time points and secreted cytokines in
media were quantified using a mouse T,1/T,2 8-plex LEGENDplex kit
(741054; BioLegend) following the manufacturer’s instructions. The
stimulated PBMCs were used for AIM assays.

AIM assay

The AIM assays were performed following established protocols
described previously***, Quantification of activated T cells was deter-
mined by assessing the proportion of AIM* T cellsincluding CD4" T cells
that were also CD25" or OX40* CD137" and CD8' T cells that were also
CD25"or CD69* CD137" after a30-hantigen stimulation. Briefly, PBMCs
were isolated, cultured and stimulated according to the protocols
described in the sections above. For surface staining, 0.3-0.5 x 10°
PBMCs were resuspended in PBS, stained with LIVE/DEAD Aqua Dead
Cell Stain (Thermo Fisher Scientific; 1,000x in PBS) on ice for 20 min
and thenrinsed with PBS. Subsequently, the remaining surface antibod-
iesin MACS buffer were added to the cells and incubated for 30 min at
4 °Cinthedark. After surface staining, the cells were washed once with
MACS buffer containing2 mM EDTA and 0.5% BSA. The cells were imme-
diately acquired using a BD FACSAria Il Cell Sorter (BD Biosciences).
The antibodies employed in this panel were CD3 PE/Cy7 (clone 17A2;
BioLegend; 1:100), CD8a BV421 (clone QA17A07; BioLegend; 1:100),
CD4 FITC (clone GK1.5; BioLegend; 1:100), CD25 BV650 (clone PC61;
BiolLegend, 1:100), CD69 APC/Cy7 (clone H1.2F3; BioLegend; 1:100),
CD137PE (clone17B5; BioLegend; 1:50) and CD134 PerCP/Cy5.5 (0X40,
clone OX-86; BioLegend; 1:50).

Intracellular cytokine staining

Brefeldin A (BioLegend) was added to PBMC culture media simul-
taneously with the HPV scanning peptide pools or VZV gE antigens
(GLE-V52H3-100ug; ACROBiosystems). After 8-10 h of antigen stimu-
lation, cells were stained with LIVE/DEAD Fixable Near-IR Dead Cell
Stain (Invitrogen; 1:1,000 in PBS) for 20 min on ice. Samples were
washed with MACS buffer (D-PBS with 2 mM EDTA and 0.5% BSA) and
stained with surface stain cocktail containing the following antibod-
ies*’: CD3 PE/Cy7 (clone 17A2; BioLegend, 1:100), CD8a BV421 (clone
QA17A07; BioLegend; 1:100) and CD4 FITC (clone GK1.5; BioLegend;
1:100) in MACS buffer on ice for 30 min. After surface staining, cells
were washed with MACS buffer then fixed and permeabilized using the
BD Cytofix/Cytopermsolutionkit (554714; BD Biosciences) according
to the manufacturer’s instructions. Permeabilized cells were washed
once and stained with intracellular cytokine stain cocktail containing
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the following antibodies: IFNy PE (clone W18272D; BioLegend; 1:100),
TNFa Percp-Cy5.5 (clone MP6-XT22; BioLegend; 1:100), IL-2 BV510
(clone JES6-5H4; BioLegend; 1:100), IL-4 BV605 (clone 11B11; BioLeg-
end; 1:100) and IL-5APC (clone TRFKS5; BioLegend; 1:100) for 30 minat
4 °C.Finally, cells were washed with MACS buffer and resuspended in
200 pl MACS buffer before running on aBD FACSAriall Cell Sorter (BD
Biosciences). Analysis was performed using FlowJo software.

Lentivirus production

One day before transfection, HEK293T cells were seeded in 15-cm
dishes toachieve 60-80% confluence at the time of transfection. One
hour before transfection, culture media (Dulbecco’s modified Eagle’s
medium with 10% FBS; D10) was replaced with 12 ml pre-warmed
Opti-MEM medium (Invitrogen). For each dish, 450 pl Opti-MEM was
mixed with 20 mg pXD023 plasmid (puromycin-luciferase plasmid;
192203; Addgene)*°, 15 mg psPAX2 (12260; Addgene), 10 mg pMD2.G
(12259; Addgene) and 130 pl polyethylenimine (1 mg ml™). After abrief
vortex, the mixture was incubated at room temperature for 15 min and
thenadded dropwise to cells. At 3 h after transfection, Opti-MEM media
was replaced with 20 ml pre-warmed D10 media. Viral supernatant
was collected at 72 h after transfection, filtered using 0.45-mm filters
(Fisher/VWR) toremove cell debris and then concentrated from20 to
5 ml using Amicon Ultra 30 kD ultracentrifugation units (Millipore).
The virus was then aliquoted and stored at -80 °C.

Target cell killing assay

B16F10 untransduced cells or cells transduced with wild-type HPV16 E6
and E7 were seeded in six-well plates and transduced with1 ml concen-
trated puromycin-luciferaselentivirus atavirus-to-media volume ratio
of 1:1. Two days after transduction, stable B16 cell lines were established
by puromycin selection at 10 pg ml™ concentration and maintained
in 2 pug ml™ puromycin media. One day before PBMCs were isolated
fromtheblood of vaccinated mice, puromycin-luciferase target cells
were seeded in white opaque 96-well plates (2 x 104 cells per well).
The next day, target cells were incubated with 0.2-1.0 pg ml”* HPV16
E6 plus E7 scanning peptide pools for 2-6 h. Then, the D10 media of
target cells was removed and approximately 3-5 x 10° PBMCs (20-40%
CD3'T cells) freshly isolated on day 35 were added to the target cells.
The target cells and PBMCs were cultured in complete RPMI media
supplemented with 2 ng mI™ mouse IL-2 (212-12-20UG; PeproTech),
2 ng ml™ mouse IL-12p70 (210-12-10UG; PeproTech), 10% FBS, 50 uM
2-mercaptoethanol, 1 pg mI™ LEAF Purified anti-mouse CD28 antibody
(102116; BioLegend), Non-Essential Amino Acids (11140050; Gibco),
GlutaMAX (35050061; Gibco), 1 mM sodium pyruvate (11360070;
Gibco) and penicillin-streptomycin (15140122; Gibco). At ~-18 h after
co-culture, PBMCs were gently resuspended in RPMImedia and trans-
ferred to V-bottom plates. The culture media and PBMCs were sepa-
rated by centrifugation and used for secreted cytokine assay and AIM
assay, respectively. The target cell cytolysis was measured by adding
200 pl PBS with150 pg ml™ p-luciferin (PerkinElmer) to each well. The
luciferase intensity was measured using a Plate Reader (PerkinElmer).
Target cells without PBMCs were used as 0% cytolysis controls, whereas
target cellsincubated with PMA/ionomycin-treated PBMCs were used
as100% cytolysis controls.

ELISA

The commercial MPXV antigens used in the ELISA included A35R
(40886-VO8H; Sino Biological), MIR (40904-VO7H; Sino Biological),
A29 (A2L-M52H3 (ACROBiosystems) and 40891-VOSE (Sino Biological)),
ESL (E8L-M52H3; ACROBiosystems) and B6R (40902-VO8H; Sino Bio-
logical). The A29 antigen from Sino Biological (40891-VOS8E) was found
associated with higher background in ELISA and was replaced with A29
antigen from ACROBiosystems. Commercial VZV and HPV antigens
used in the ELISA included VZV gE (GLE-V52H3-100ug; ACROBiosys-
tems), HPVE6 (40963-VO7E; Sino Biological) and HPVE7 (40965-VO7E;

Sino Biological). Antigens in PBS were coated at 3 pg ml™ on a384-well
microplate (07-000-877; Fisher Scientific) inacold room overnight. For
HPVELISA, 3 pg mI™E6 and 3 pg mI™ E7 were simultaneously coated on
the microplates. The next day, the plate was washed three times with
PBST (0.05% Tween-20 diluted from 10x PBST stock; IBB-171; Boston
BioProducts) ona50 TS microplate washer (NC0611021; Fisher Scien-
tific) and was blocked with 0.5% BSA (BP1600-100; Fisher Scientific) in
PBST atroom temperature for1 h. Plasma was fourfold serially diluted
with PBS atastarting dilution of1:500. Then, 30 pl plasmadiluent was
added to the plate and incubated at room temperature for 1 h. After
washing with PBST five times, the plate was incubated with anti-mouse
IgG (H + L) secondary antibody (A16072; Thermo Fisher Scientific) for
1hatroomtemperature. The secondary antibody with horse radish per-
oxidase was1:2,500 diluted in 0.5% BSA blocking buffer before adding
tothemicroplate. The plate was washed five times with PBST and devel-
oped withtetramethylbenzidine substrate (421101; BioLegend). After
shaking for 20 min at room temperature, the reaction was stopped
with 1M phosphoric acid and the optical density at a wavelength of
450 nm (OD,5,) was measured by multimode microplate reader (Perki-
nElmer EnVision 2105; Envision Manager version 1.13.3009.1401). A
relatively high background was observed in some ELISA results, espe-
cially those of A29 and HPV E6 and E7. To reduce this background in
the analysed data, we applied a dilution-dependent AUC to represent
the antibody titresin Figs. 1d, 6 and 7. The dilution-dependent AUC is
adose-response AUC subtracted from the baseline AUC. The baseline
AUC was a product of the log,, dilution span (6.91-2.70 = 4.21) and
baseline OD,s,, which was determined by the average OD,;, at the
past two dilution points (log,, dilutions 6.31 and 6.91). An example
of dilution-dependent AUC calculation is provided in the HPV ELISA
sections of Source Data Figs. 1-8 and Extended Data Fig. 6, as well as
Fig. 7b and Supplementary Fig. 20. Details on antibody titres or AUC
values, as well as dilution-dependent AUCs, are summarized in Source
DataFigs.1-8 and Extended DataFig. 6.

SARS-CoV-2 pseudovirus neutralization assay

A pseudovirus neutralization assay was performed to determine
neutralizing antibody titres®. Specifically, 1 x 10* 293T-hACE2 cells
were seeded in each well of a 96-well plate 1d before infection. The
next day, plasma collected from mice was serially diluted threefold
with complete growth medium at a starting dilution of 1:50. Diluted
plasma (55 pl) was mixed with the same volume of SARS-CoV-2 Omi-
cron BA.2.75 or BA.5 variant pseudovirus and incubated at 37 °C for
1h. After the incubation, 100-pl mixtures were added to 293T-hACE2
cells. The plates were incubated at 37 °C for 20-24 h. Then, cells were
trypsinized, washed with MACS buffer once and lysed with Luciferase
Cell Culture Lysis (E1531; Promega). The infected cells were quantified
using a Nano-Glo Luciferase Assay System (N1120; Promega).

Vaccinia virus lethal challenge experiment in mice

In the lethal challenge experiments, age-matched 8-week-old female
BALB/c mice were intramuscularly immunized with two doses of 4 ug
MPXVac-097, native or modified A29 and/or MIR LNP mRNAs on days
0and 7. Vaccinia virus (1 x 10° plaque-forming units; Western Reserve
strain) was intranasally inoculated into each mouse 2 weeks after the
second immunization (day 21; labelled as day O after VACV challenge).
The mice were monitored every day after challenge for13 d and the viral
infection severity was evaluated by survival rate, weight loss percentage
andinfectionsigns. The maximum body weightin the first 3 d after viral
challenge was used to normalize the body weight change. The disease
score of mice was assigned based on the following criteria: lethargy
(score 1); ruffled hair and hunched posture (score 2); weight loss of
>10% (score 3); and death or weight loss of 230% (score 4). Mice were
euthanized if they had >30% body weight loss. The experiments were
conducted in compliance with protocols approved by the Institutional
Animal Care and Use Committee at Yale University.
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Statistics and reproducibility

Standard statistical methods were applied to the experimental data
and are described in the main text, figure captions and Source Data
Figs.1-8 and Extended Data Fig. 6. The datain the dot-bar plots rep-
resent means + s.e.m. and include individual data points. Statistical
significance for grouped and ungrouped datasets was determined
by two-way analysis of variance with Tukey’s or Dunnett’s multiple
comparisons test and ordinary one-way analysis of variance with
Dunnett multiple comparison test, respectively. Incertain situations,
a pair-wise Tukey’s multiple comparison test—the default statistical
method in our manuscript—would generate too many asterisks in
the graph. To address this issue and highlight the comparisons of
interest, such as native antigen versus modified antigens, we used
Dunnett’s multiple comparison test to determine statistical signifi-
cance between the control and the other treatment groupsin certain
plots. The default setting in Prism and two-tailed, unpaired statistical
tests were used. No additional adjustments were made for multi-
ple comparisons, unless otherwise stated. Statistically significant
comparisons in the figures are respresented by asterisks (*P < 0.05;
**P < 0.01; **P < 0.001; ****P < 0.0001). Non-significant comparisons
are generally not labelled, but in some instances are denoted by NS.
Exact P values are provided in Source Data Figs. 1-8 and Extended
Data Fig. 6. Sample numbers are designated as n from biologically
independent samples, unless otherwise stated. Sample sizes were
determined according to the laboratory’s previous work or similar
studies in the field®*". Prism (version 10.1.0; GraphPad Software) was
used for these analyses.

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

Data availability

The primary datarelated to the results of this study can be found within
the paper and its Supplementary Information. Source dataare provided
with this paper.

Code availability
The code used for protein sequence analysis in this study is available
on GitHub (https://github.com/fangzhe3/MVP_code)*.
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Extended Data Fig. 1| Flow cytometry gating strategy to select A35R-positive theinternal control. The A35R ectodomains withendomembrane protein TM/
293T cells which overexpressed A35R ectodomain recombined with various Cs, suchas TMX4, SEC11A, PM121, served as TM/C negative controls. The TM/C

N-term type Il TM/Cs and were surface stained with PE anti-A35R antibody. modules that outperformed A35R TM/C (orange) are highlighted in red or purple
The 293T cells were gated at low and high threshold to define PE and PE-high (color based on their located quadrants in Fig. 2a). Schematic (top right) created
populations, respectively (n = 3). The A35R TM/C + A35R ectodomain served as with BioRender.com.
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Extended Data Fig. 2| See next page for caption.
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Extended DataFig. 2 | Representative flow plots showing the gating protein type I TM/Cs, including TMX4 and SEC11A, served as TM/C negative
strategies to define PE or PE-high positive 293T cells that overexpressed A29 controls. The TM/C modules that outperformed A35R TM/C (orange) are
with or without either [Spike SP] + type I TM/Cs (bottom panel) or Type I TM/ highlighted in red or purple (color based on their typel or type Il topology).
Cs (top panel) and were surface stained with PE anti-A29 antibody. The A35R Schematic (top right) created with BioRender.com.

TM/C + A29 served as the internal control, while the A29 with endomembrane
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Extended DataFig. 5| T cells from mice vaccinated with MVP-modified
mRNA antigens showed higher cytokine secretion after VZV or HPV antigen
stimulation. PBMCs were collected on day 28 from mice vaccinated different
LNP mRNAs and stimulated with VZV gE antigen or HPV E6, E7 peptides for 18
and 30 hours. The secreted cytokines in media were measured by beads-based
immunoassays (seen methods). a, Cytokine secretion of T cells stimulated with
VZV gE antigen for 18 h (top) and 30 h (bottom). b, Cytokine secretion of T cells

stimulated with HPV E6 and E7 scanning peptide pools for 18 h (top) and30 h

-2 IL-4 IL-5 IL-6 TNF-a L-10 13

(bottom). All statistics were derived from Dunnett’s multiple comparison test
between controls (VZV gE full length or HPV16 E6 + E7) and other treatment
groups. PMA/lonomycin group was excluded from comparisons. Sample number
of vaccination groups (except for PMA/lonomycin) is 5. Data are presented

as mean + SEM. Dunnett’s comparison test was used to determine statistical
significance between WT antigens and modified antigen groups. * p < 0.05,
**p<0.01,***p<0.001,***p <0.0001. Mouse icons created with BioRender.com.
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Extended DataFig. 6| Comparedto E6 + E7 vaccination control, T cells
collected on day 35 from mice vaccinated with MVP-modified E6 and E7
mRNA antigens showed higher target cell killing activity (a), activation
induced markers (b) and cytokine secretion (c) after 18-hour co-culture with
B16F10 target cells transduced with HPV16 wild-type E6 + E7 and pulsed
withE6, E7 peptides. a, T cells from mice vaccinated with MVP-modified E6, E7
mRNA antigens led to higher cytolysis of BI6F10 target cells (n = 5). b, Activation
induced markers were surface stained in T cells from different LNP mRNA
vaccination groups after co-culture with target cells (n = 5). ¢, Cytokine secretion
of T cells co-cultured with target cells for 18 hours (n = 5). The secreted cytokines

IL-2 ILI-5
inmedia were measured by beads-based immunoassays (seen methods). Target
cellalone showed baseline levels of cytokines in media. Additional cytokines,
suchasIL-2and IL-12 were added to media to maintain effector function of

T cells. All statistics were derived from Dunnett’s multiple comparison test
between HPV16 E6 + E7 and other treatment groups. PMA/lonomycin group was
excluded from comparisons. Sample number of vaccination groups is 5, except
for PMA/lonomycin and target cell. Data are presented as mean + SEM. Dunnett’s
comparison test was used to determine statistical significance between WT
antigens and modified antigen groups. * p < 0.05,** p < 0.01,**p < 0.001,

**** p <0.0001. Panelaand insets inb and c created with BioRender.com.
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Sample size For most cases, each group has at least three biologically independent samples unless otherwise noted. Details on sample size for each
experiment were indicated in methods and figure legends. Sample size was determined according to the lab's prior work or similar studies in
the field.

Data exclusions  No data were excluded in this study.
Replication Biological replicates of mice and flow cytometry samples were collected in each experiment.

Randomization  Mice were randomly allocated into experimental or control groups. For all experiments not involving mice, sample allocation into
experimental groups was performed based on predefined experimental conditions rather than by randomization. In cases where
randomization was not feasible, we ensured balance across key covariates (e.g., treatment duration, transfection plasmid amount) by evenly
distributing samples based on these factors to minimize potential confounding. For studies where group allocation was not applicable, the
question of allocation did not arise and is therefore not relevant.

Blinding Blinding was not used in this study. Blinding was not employed in this study because the experimental procedures and data analyses were

conducted using quantitative readouts and standardized protocols (e.g., flow cytometry, ELISA) that are not subject to or have minimal risk of
observer bias.
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12. Anti-CD4 FITC (Biolegend, Clone GK1.5, 1:100 dilution)

13. Anti-CD25 BV650 (Biolegend, Clone PC61, 1:100 dilution)

14. Anti-CD69 APC/Cy7 (Biolegend, Clone H1.2F3, 1:100 dilution)

15. Anti-CD137 PE (Biolegend, Clone 17B5, 1:50 dilution)

16. Anti-CD134 PerCP/Cy5.5 (OX40, Biolegend, Clone OX-86, 1:50 dilution)

17. Anti-IFN-y PE (Biolegend, Clone W18272D,1:100 dilution)

18. Anti-TNF-a Percp-Cy5.5 (Biolegend, Clone MP6-XT22, 1:100 dilution)

Antibodies used
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19. Anti-IL-2 BV510 (Biolegend, Clone JES6-5H4, 1:100 dilution)
20. Anti-IL-4 BV605 (Biolegend, Clone 11B11,1:100 dilution)
21. Anti-IL-5 APC(Biolegend, Clone TRFKS5,1:100 dilution)

Validation Commercial antibodies were validated by the vendors, and re-validated in house as appropriate through antigen-specific
experiments. Commercial antibody info and validation info where applicable:
1. HRP-conjugated anti-mouse 1gG (H+L) antibody (Fisher, Cat. No. A16072, 1:2500 dilution): Goat anti-Mouse I1gG (H+L) Cross-
Adsorbed, HRP (A16072) (thermofisher.com)
2. PE-conjugated anti-mouse IgG (H+L) antibody (Fisher, Cat. No. P-852, 1:100 dilution): Goat anti-Mouse I1gG (H+L) Cross-
Adsorbed, PE (P-852) (thermofisher.com)
3. PE-conjugated anti-flag antibody (BioLegend, 637310): https://www.biolegend.com/nl-nl/products/pe-anti-dykddddk-tag-
antibody-9383?GrouplD=GROUP26
4. Anti-A35R antibody (Sino Biological, 40886-M0026-100): https://www.sinobiological.com/antibodies/protein-a35-40886-
m0026
5. Anti-M1R antibody (Cell Sciences RVV13901B or Innovative Research IMSAVACVL1R7D11C100UG): https://
www.cellsciences.com/mouse-anti-vaccinia-l1r-protein-l1-antibody-7d11
6. Anti-A29L antibody (Sino Biological 40891-M0032-100): https://www.sinobiological.com/antibodies/protein-a29-40891-
m0032
7. Anti-VZV gE antibody (Sino Biological, 40907-MM12): https://www.sinobiological.com/antibodies/ge-40907-mm12
8. Anti-HPV16/18 E6 with FITC fluorophore (Santa Cruz biotechnology, sc-460 FITC): https://www.scbt.com/p/hpv16-e6-18-e6-
antibody-c1p5?srsltid=AfmBOop3TBSPTztjsvQ3lkyy_eLMIJRNAOrtV1VD6aJCAEQ)_yylZPHex
9. AAnti-HPV16 E7 with PE fluorophore (Santa Cruz biotechnology, sc-6981 PE): https://www.scbt.com/p/hpv16-e7-antibody-
ed17?srsltid=AfmBOopnjrAjMSV3iSWETnGHKRME7iZ8VwIOpzQZtL1dpyyTxEcbqGbS
10. Anti-CD3 PE/Cy7 (Biolegend, Clone 17A2, 1:100 dilution): https://www.biolegend.com/en-ie/products/pe-cyanine7-anti-
mouse-cd3-antibody-6060
11. Anti-CD8a BV421 (Biolegend, Clone QA17A07, 1:100 dilution): https://www.biolegend.com/nl-nl/products/brilliant-
violet-421-anti-mouse-cd8a-recombinant-antibody-18186
12. Anti-CD4 FITC (Biolegend, Clone GK1.5, 1:100 dilution): https://www.biolegend.com/fr-lu/products/fitc-anti-mouse-cd4-
antibody-248
13. Anti-CD25 BV650 (Biolegend, Clone PC61, 1:100 dilution): https://www.biolegend.com/nl-be/products/brilliant-violet-650-
anti-mouse-cd25-antibody-7640
14. Anti-CD69 APC/Cy7 (Biolegend, Clone H1.2F3, 1:100 dilution): https://www.biolegend.com/en-gb/products/apc-cyanine7-
anti-mouse-cd69-antibody-6986?GrouplD=BLG10536
15. Anti-CD137 PE (Biolegend, Clone 17B5, 1:50 dilution): https://www.biolegend.com/ja-jp/products/pe-anti-mouse-cd137-
antibody-51
16. Anti-CD134 PerCP/Cy5.5 (OX40, Biolegend, Clone OX-86, 1:50 dilution): https://www.biolegend.com/fr-ch/products/percp-
cyanine5-5-anti-mouse-cd134-ox-40-antibody-14846
17. Anti-IFN-y PE (Biolegend, Clone W18272D,1:100): https://www.biolegend.com/fr-ch/products/pe-anti-mouse-ifn-gamma-
antibody-20614
18. Anti-TNF-a Percp-Cy5.5 (Biolegend, Clone MP6-XT22, 1:100): https://www.biolegend.com/en-ie/products/percp-cyanine5-5-
anti-mouse-tnf-alpha-antibody-4438
19. Anti-IL-2 BV510 (Biolegend, Clone JES6-5H4, 1:100): https://www.biolegend.com/fr-ch/products/brilliant-violet-510-anti-
mouse-il-2-antibody-9274
20. Anti-IL-4 BV605 (Biolegend, Clone 11B11,1:100): https://www.biolegend.com/en-gb/products/brilliant-violet-605-anti-
mouse-il-4-antibody-8534
21. Anti-IL-5 APC (Biolegend, Clone TRFK5,1:100): https://www.biolegend.com/en-gb/products/apc-anti-mouse-human-il-5-
antibody-989
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Commercial cell lines HEK293T (CRL-3216), RAW264.7 (TIB-71) and B16F10 (CRL-6475) were originally acquired from ATCC
and maintained by members in Chen lab. The DC2.4 cell line was a generous gift from Dr. Lieping Chen lab at Yale University.

Authentication Cell lines were authenticated by original vendors, and re-validated in lab as appropriate by morphology.
Mycoplasma contamination All cell lines were tested negative for mycoplasma contamination.

Commonly misidentified lines  No misidentified cell lines were used in the study.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals C57BL/6Ncr (B6) mice and BALB/c mice, female 7-10 week mice were purchased from Charles River.
Wild animals No wild animals were used in the study.
Field-collected samples No field collected samples were used in the study.

Ethics oversight Both recombinant DNA (rDNA) and biosafety work were conducted following the guidelines of Yale Environment, Health and




Ethics oversight Safety (EHS) Committee with approved protocols (Chen 18-45, 20-18, and 20-26). All animal experiments were carried out
following the guidelines of Yale University Institutional Animal Care and Use Committee (IACUC) with approved protocols (Chen
2020-20358; Chen 2021-20068; Lucas 2021-20375). This study does not involve human subjects.

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

Flow Cytometry

Plots

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

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

IZI A numerical value for number of cells or percentage (with statistics) is provided.
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Methodology
Sample preparation Various sample prep details are provided in the Methods section
Instrument Flow cytometry data were collected on Attune focusing cytometer (Attune NXT Software v3.1) or BD FACSAria Ill Cell Sorter.
Software FlowJo v.10.9.0 was used for flow cytometry data analysis.

Cell population abundance  No sorting was performed in this study. Lentivirus transduced cells were enriched using puromycin. Two days after transduction,
stable B16 cell lines were established by puromycin selection at 10 ug/ml concentration and maintained in 2 pug/ml puromycin
media.

Gating strategy Cells were gated by FSC/SSC plot. To distinguish between positive and negative boundaries of the stained cells, negative control
samples were analyzed and utilized as background.

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