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An mRNA-based broad-spectrum vaccine candidate confers cross-protection
against heterosubtypic influenza A viruses
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ABSTRACT

Influenza virus is a prominent cause of respiratory illness in humans. Current influenza vaccines offer strain-specific
immunity, while provide limited protection against drifted strains. Broad-spectrum influenza vaccines can induce
broad and long-term immunity, and thus are regarded as a future direction for the development of next-generation
influenza vaccines. In this study, we have conceptualized a novel mRNA-based multi-antigen influenza vaccine
consisting of three conserved antigens of influenza A virus, including the ectodomain of the M2 ion channel (M2e),
the long alpha helix of haemagglutinin stalk region (LAH), and nucleoprotein (NP). The vaccine design aims to
enhance its potency and promote the development of a future broad-spectrum influenza vaccine. Our mRNA-based
vaccine demonstrated potent humoral and cellular responses throughout the time points of the murine model,
inducing viral neutralizing antibodies, antibody-dependent cell cytotoxicity effect mediating antibodies and cross-
reactive CD8" T cell immune responses. The vaccine conferred broad protection against HIN1, H3N2, and HO9N2
viruses. Moreover, the single-cell transcriptional profiling of T cells in the spleens of vaccinated mice revealed that
the mRNA-based vaccine significantly promoted CD8* T cells and memory T cells by prime-boost immunization. Our
results suggest that the mRNA-based influenza vaccine encoding conserved proteins is a promising approach for

eliciting broadly protective humoral and cellular immunity against various influenza viruses.
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Introduction

Influenza viruses infect a significant proportion of the
global population annually, causing a large number of
deaths due to respiratory diseases, according to the
World Health Organization [1,2]. The development
and use of influenza vaccines are critical measures
for preventing and controlling influenza virus infec-
tions. Currently, available influenza vaccines induce
antibody responses against influenza haemagglutinin
(HA) that are limited in their ability to cross-protec-
tion against shifted and drifted viruses, as well as the
emerging zoonotic viruses, owing to antigenic shift
and/or drift of the influenza A virus. To overcome
this problem, two approaches may be applied: improv-
ing the vaccine candidate virus selection to closely
match circulating influenza viruses, and developing
broad-spectrum influenza vaccines that can provide
broadly protective efficacy against multiple strains of
the influenza virus.

Several highly conserved antigens, such as the stalk
domain of the HA protein, the ectodomain of the M2

ion channel (M2e), nucleoprotein (NP) and matrix
protein (MP), have gained much interest as potential
targets for broad-spectrum vaccines of influenza viruses
[3,4]. Our team has also been working on the feasibility
of conserved regions of influenza virus, such as HA
stalk [5], M2 [6], and NP [7,8], leading to a comprehen-
sive understanding of their significance in developing a
candidate for broad-spectrum vaccine. The long alpha
helix (LAH) domain (HA2 76-130aa), the most con-
served influenza HA stalk regions, was also explored
as a target for broad-spectrum influenza vaccines [5].
Antibodies against the stalk are generally broadly
cross-reactive and often neutralizing [4,9], and also
can help to eliminate infected cells through Fcy-
mediated effector functions like antibody-dependent
cell cytotoxicity (ADCC) [10]. M2e, the extracellular
N-terminal domain of M2, is highly conserved among
human influenza A strains [11,12], and mediated pro-
tective immunity primarily relies on Fcy-mediated
effector mechanisms, such as ADCC or antibody-
dependent cell phagocytosis [13-15]. However, as the
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low immunogenicity of M2e, previous studies have
approached M2e domain conjugate to carrier vehicles,
novel adjuvants, and multiple immunizations with
high vaccine doses [16-18]. NP, a conserved internal
antigen, is the major target recognized by cytotoxic T
lymphocytes (CTL) during influenza virus infection
[19], having been confirmed to mediate cross-protec-
tion against heterosubtypic influenza viruses [20,21].
Here we combined these three conserved domains
together to trigger more comprehensive immune
responses against a spectrum of influenza viruses.
Nucleoside-modified mRNA-lipid nanoparticle
(LNP) vaccines are increasingly promising as vaccine
strategies in the prevention of cancer and infectious
diseases [22,23]. The success of mRNA vaccines
against COVID-19 has prompted the development
of seasonal influenza vaccine candidates using this
technology, which are currently in early-stage clinical
development. mRNA-based vaccines exhibit the
advantage of not only stimulating humoral responses
that block viral expansion but also producing great
T-cell immune responses. Several influenza vaccines
based on mRNA-LNP are under development, and
most vaccines contain diverse HA antigens primarily
focusing on inducing humoral responses [24-31].
Moreover, researchers are optimistic that mRNA vac-
cines will stimulate stronger or more diverse immune
responses through a combination of conserved
influenza proteins [27,32]. Nonetheless, most broad-
spectrum vaccines are a combined mixture constituted
by separated mRNA-LNPs for each of the vaccine’s
antigens, resulting in challenges of uniformed and
consistent expression [24,27,32]. In addition, the com-
bination of variant antigens especially conserved anti-
gens is of great significance to vaccine design. In this
study, we have designed a broad-spectrum vaccine
based on a single mRNA molecule with a tandem of
multiple conserved antigens. The vaccine elicited
broadly humoral and cellular responses, demonstrat-
ing its potential as a promising candidate for the
development of a broad-spectrum vaccine.

Materials and methods
Ethics statement

All experiments involving animals were approved by
Animal Care Committee of Shanghai Institute of Bio-
logical Products, in accordance guideline for ethical
review of animal welfare.

Viruses, cells, peptides, proteins and animals

Mouse adapted influenza viruses HIN1 (A/Puerto
Rico/8/1934, A/PR/8), H3N2 (A/Guizhou/54/1989,
A/GZ), and H9N2 (A/Chicken/Jiangsu/11/2002, A/
JS), were propagated in 8-10 day-old embryonated

chicken eggs [8]. All virus aliquots were frozen and
stored at —80°C.

HEK293 T cells and Madin-Darby canine kidney
(MDCK) cells were grown in complete Dulbecco’s
modified Eagle medium (DMEM, Gibco, USA) sup-
plemented with 10% fetal bovine serum (FBS, Gibco).

M2e peptide of human type and LAH peptide
pool of A/PR/8 were custom-ordered from Nanjing
GenScript Biotech Corporation, China. LAH (HA2
76-130aa) peptide pool contained 15-amino acid-
long peptides with an overlap of 6 amino acids
spanning the entire sequence. Before use, peptides
were dissolved in sterile water, aliquoted, and stored
at —80°C.

NP protein of influenza A/PR/8 virus feature a C-
terminal hexahistidine purification tag was produced
by BL21 expression system. Proteins were then pur-
ified by affinity chromatography using nickel nitrilo-
triacetic acid agarose (QIAGEN, Germany). NP
protein was stored at —80°C.

Specific-pathogen-free (SPF) female BALB/c mice
(3-4 weeks old) were purchased from Zhejiang Vital
River Laboratory Animal Technology Co., Ltd., China.

mRNA-LNP production

Encoding M2e-LAH-NP gene was synthesized (Gen-
Script, China) and cloned into an mRNA production
plasmid. The gene construct was genetically designed
to contain a tPA signal peptide, four repeats of
influenza virus M2e sequences from human influenza
virus — SLLTEVETPIRNEWGSRSN, swine influenza
virus - SLLTEVETPTRSEWESRSSDSS (A/Califor-
nia/4/2009, HIN1), avian influenza virus type I-
SLLTEVETPTRNEWESRSSDSS  (A/Vietnam/1203/
04, H5N1) and avian influenza virus type II-SLLTE-
VETLTRNGWGCRCSDSS (A/Hong Kong/156/97,
H5N1) [33], three copies of LAH of HA2 sequences
(HA2 76-130aa) from influenza A/PR/8, H3N2 (A/
Hong Kong/1/1968) and H5N1 (A/Vietnam/1194/
2004), a NP sequence from A/PR/8 virus with mutated
the nuclear localization signals (NLSs) [34],
G°TKRSYXXM  mutated to G TAASYXXM,
K*’RTR mutated to A*’ATA, R**?V to A*2A
(Figure 1(A)). T7-driven in vitro transcription reac-
tions (Vazyme, China) using linearized plasmid tem-
plates were performed to generate mRNAs with N*
-Me-Pseudo uridine. Capping of mRNAs was per-
formed in concert with transcription through the
addition of a trinucleotide capl analog, CleanCap
(TriLink, USA). mRNAs was purified using mRNA
Capture Beads (Vazyme). mRNAs were then tested
on an agarose gel before storing at —80°C.

Purified mRNAs were formulated into LNP using a
process wherein an ethanolic lipid mixture of an ioniz-
able cationic lipid, phosphatidylcholine, cholesterol,
and polyethylene glycol lipid (AVT Pharmaceutical
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Figure 1. mRNA design and protein expression in transfected HEK293 T cells. (A) Schematic diagram of the design of MLN-mRNA
vaccine. Codon-optimized M2e, LAH and NP sequences were inserted into the region between 5'UTR and 3'UTR. SP represents
signal peptide. (B) Expression of MLN-mRNA-encoded proteins measured by immunoblotting. Samples were cell lysates from

MLN-mRNA-transfected HEK293 T cells.

Technology, China), at molar ratios of 46:10:42.5:1.5
with a microfluidic mixer (Micronano Dbiologics,
China). The average hydrodynamic diameter was
~90 nm with a polydispersity index of <0.1 as measured
by a Zetasizer Nano ZS (Malvern Instruments, UK) and
an encapsulation efficiency of ~90-95% as determined
using a RiboGreen assay (Invitrogen, USA).

Cell transfections, western blot analysis and
immunofluorescence assay of mRNA-LNPs

HEK293 T cells growing in 24 well plates were trans-
fected with mRNAs combined with lipofectamine
3000 (Invitrogen). Cells were incubated at 37°C in
5% CO, for 48 h. For Western blotting, mRNA-trans-
fected and nontransfected HEK293 T cells were col-
lected and lysed. The membrane was incubated with
the anti-M2 (rabbit polyclonal, 1:1000, Abcam, UK),
anti-HIN1 HA (rabbit polyclonal, 1:1000, Sino Bio-
logical, China), anti-NP (rabbit polyclonal, 1:1000,
Invitrogen) or anti-p-actin (1:5000, rabbit polyclonal,
Abcam) primary antibodies overnight at 4°C. Then
the membrane was incubated with the horseradish
peroxidase (HRP)-conjugated anti-rabbit (donkey
polyclonal, 1:20000, Jackson ImmunoResearch, USA)
secondary antibodies for 1 h at room temperature.
The signal was developed with the tetramethylbenzi-
dine (TMB) substrate solution (Beyotime, China)
and imaged using Azure Imaging Systems (Azure Bio-
system, USA). For Immunofluorescence assay, cells
were fixed with 3.7% paraformaldehyde, permeabi-
lized with 0.1% Triton X-100, blocked with 2% Bovine
Serum Albumin (BSA)-Phosphate buffered saline
(PBS) and then incubated with anti-NP antibodies
(rabbit polyclonal, 1:1000, Invitrogen), followed by
incubated with Alexa Fluor®488-conjugated anti-rab-
bit IgG (1:500, Jackson ImmunoResearch). DAPI
(Sangon, China) was used as nuclear stain. Cells
were then observed under immunofluorescence
microscope (Olympus, Tokyo, Japan).

mRNA vaccination and virus challenge

Specific-pathogen-free female BALB/c mice were
immunized via intramuscular injection of mRNA vac-
cine with a prime-boost strategy with a 3-week inter-
val. PBS was used for the control group.

For challenge experiments, firstly, mice (n=10)
were infected from each dose ranging from 10 to 10°
PFU in log interval to determine the 50% lethal dose
(LDsg) of each influenza virus. Mice were anesthetized
with a ketamine/xylazine mixture, and 20 pL of virus
at each dose was introduced through the intranasal
route. Weight loss was monitored for 14 days, and
mice losing 25% of their initial body weight were
humanly sacrificed. The dose at which 50% of mice
succumbed to infection was determined as the LDs
for future challenge studies. Then the immunized
mice were anesthetized and infected with 20 pL
5xLDs, of HIN1 (A/PR/8), H3N2 (A/GZ), or HON2
(A/]S) virus intranasally. The body weight and survival
rate of infected mice were monitored for 14 days, and
mice losing 25% of their initial body weight were
humanly sacrificed.

Enzyme linked immunosorbent assay (ELISA)

Flat-bottom, 96-well plates were coated overnight with
M2e peptide, LAH peptides or NP protein at 2 pg/ml
(100 pl/well) at 4°C. Mice sera were diluted in a series
of 2-fold dilutions and incubated at 37°C for 2 h.
Then, the plates were washed and incubated with
HRP-conjugated anti-mouse IgG, IgGl, IgG2a,
IgG2b, IgG2c, IgA or IgM (1:1000, Southernbiotech,
USA) at 37°C for 1h. The signal was developed
using TMB as the substrate. The reaction was stopped
with sulfuric acid, and the optical density at 450 nm
(ODys50) was read on a microtitre plate reader Spectra-
Max i3x (Molecular Devices, USA). The area under
the curve (AUC) was calculated using a baseline of
the average of the control group plus 2 times the



4 (&) F.XIONGETAL.

standard error of the mean (SEM), or 0.1 if the base-
line was lower than 0.1.

Antibody-Dependent cell-mediated cytotoxicity
(ADCC) assay

MDCK cells growing in 96 well plates overnight were
added influenza virus A/PR/8 (MOI=5) and incu-
bated at 37°C in 5% CO, for 16 h. Serum samples
were serial diluted 2-fold in RPMI 1640 (Gibco) con-
taining 0.1% FBS. Medium of infected MDCK cells
was removed, followed by adding 50 upL diluted
serum samples. After incubated at 37°C in 5% CO,
for 30 min, the plates were added 25 pL Jurkat cells
expressing the mouse FcyRIV cell-surface receptor at
a concentration of 6 x 10° cells/mL, and allowed to
incubate at 37°C in 5% CO, for 6 h. 75 pL of Bio-
Glo™ Luciferase substrate (Promega, USA) were
added to each well and luminescence was immediately
read on SpectraMax i3x (Molecular Devices).

Microneutralization (MN) assay

Heat-inactivated serum was serially diluted on 96-well
plates and mixed with 100-fold 50% tissue culture infec-
tion dose (TCIDs) of virus at 37°C in 5% CO, for 1 h.
The serum/virus mixtures were transferred to plates
containing MDCK cells and incubated at 37°C in 5%
CO, for 3 days. 50 uL of the culture was mixed with
50 puL 1% fresh chicken red blood cells. The mixture
was incubated for 45 min at room temperature, after
which agglutination was observed. Each sample was
tested three times, and the results are reported as the
geometric mean titre (GMT) of the three replicates.

Single cell suspension preparation

Spleens, lungs and lymph nodes were collected from
mice and mashed through 40-micron Nylon cell strai-
ners (Corning, USA). Flow-through cells were washed
with RPMI 1640 (Gibco) containing 2% FBS and 100
U/mL penicillin-streptomycin (Gibco). Red blood
cells were lysed with Mouse Erythrocyte Lysing Kit
(R&D Systems, USA). Cells were counted by the Cel-
lometre (Nexcelom Bioscience, USA).

Enzyme-Linked immunospot (ELISpot) assay

The ELISpot assay is a sensitive tool to measure anti-
gen-specific T cell responses and antigen-specific anti-
body-secreting cells. For examining T cell responses,
Mouse IFN-y ELISpotPLUS kit (MabTech, Sweden)
was used according to the manufacturer’s protocol.
The plates were read by the ImmunoSpot reader (Cel-
lular Technology, USA).

For the identification of antigen-specific antibody-
secreting cells, M2e peptide, LAH peptide pool or

NP protein at a final concentration of 5 pg/mL was
pre-coated to MultiScreen-IP filter plates (Millipore,
USA) overnight. 5 x 10° cells isolated from spleen,
lung or lymph node were added in triplicates to plates
and then incubated at 37°C in 5% CO, for 48 h. After
washing with PBS, the plates were added HRP-conju-
gated anti-mouse IgG (1:20000, Jackson ImmunoRe-
search) at room temperature for 1h. Spots were
exposed by TMB solution and were read by the Immu-
noSpot reader (Cellular Technology).

Surface and intracellular cytokine staining

For surface staining, spleen cells were first incubated
with an anti-CD16/32 antibody (1:200, BD Bio-
sciences, USA) to block the Fc receptor. For T follicu-
lar helper (Tgy) cells, cells were incubated with PE-
conjugated anti-CD3 (1:100, Biolegend, USA), PE/
Cyanine5-conjugated anti-CD4 (1:500, Biolegend),
FITC-conjugated anti-CXCR5 (1:100, Biolegend),
APC-conjugated anti-PD-1 (Biolegend), and the yel-
low LIVE/DEAD® dye (Invitrogen). For germinal
centre (GC) B cells, cells were labeled with PE-conju-
gated anti-CD3 (1:100, Biolegend), PE/Cyanine7-con-
jugated anti-B220 (1:100, Biolegend), APC-conjugated
anti-CD95 (1:200, Biolegend), Alexa Fluor® 488-con-
jugated anti-GL7 (1:200, Biolegend), and the yellow
LIVE/DEAD® dye (1:500, Invitrogen). For central
memory T cells (Tcy) and effector memory T cells
(Tgm), cells were marked with PerCP/Cyanine5.5-
conjugated anti-CD3 (1:100, Biolegend), FITC-conju-
gated anti-CD4 (1:100, Biolegend), BV650-conjugated
anti-CD8a (1:100, Biolegend), APC/Cyanine7-conju-
gated anti-CD44 (1:100, Biolegend), PE-conjugated
anti-CD62L (1:100, Biolegend), and the yellow LIVE/
DEAD"® dye (1:500, Invitrogen). For Ty, cells were
stained with PE-conjugated anti-CD3 (1:100, Biole-
gend), PE/Cyanine5-conjugated anti-CD4 (1:500,
Biolegend), BV650-conjugated anti-CD8a (1:100, Biole-
gend), APC-conjugated anti-CD69 (1:100, Biolegend),
FITC-conjugated anti-CD103 (1:100, Biolegend), and
the yellow LIVE/DEAD® dye (1:500, Invitrogen).

For intracellular cytokine staining (ICS), the cells
isolated from spleens were stimulated with a mixture
of M2e, LAH and NP (the molar ratio is 4:3:1) at 37°
Cin 5% CO, for 6 h in the presence of Protein Trans-
port Inhibitor (BD Biosciences). After fixation with
Fixation/Permeabilization solution (BD Biosciences),
cells were first incubated with anti-CD16/32 antibody
(1:200, BD Biosciences). Half of cells were stained with
PE-conjugated anti-CD3 (1:100, Biolegend), PE/Cya-
nine5-conjugated anti-CD4  (1:500, Biolegend),
BV650-conjugated anti-CD8a (1:100, Biolegend),
FITC-conjugated anti-IFN-y (1:100, Biolegend),
Alexa Fluor® 700-conjugated anti- interleukin (IL)
—2 (1:100, BD Biosciences), BV421-conjugated anti-
TNF-a (1:100, BD Biosciences), and APC-conjugated



anti-IL-4 (1:100, Biolegend). The other half of
cells were labeled with PE/Cyanine5-conjugated
anti-CD3e  (1:100, Biolegend), FITC-conjugated
anti-CD4 (1:500, Biolegend), BV650-conjugated anti-
CD8a (1:100, Biolegend), PE-conjugated anti-IL-17A
(1:100, Biolegend), APC-conjugated anti-IL-21
(1:100, Biolegend).

Flow cytometric analysis and cell sorting were per-
formed on Attune NxT Acoustic Focusing Cytometer
(Invitrogen). The raw data collected were gated in
FlowJo™ 10.8.1 (TreeStar, USA).

Cytokine ELISA

The cells isolated from spleens were cultured and were
stimulated with a mixture of M2e, LAH and NP (the
molar ratio is 4:3:1). The culture supernatants were
harvested after 72h and secreted IFN-y and IL-4
were measured by Mouse IFN-y Precoated ELISA
Kit and Mouse IL-4 Precoated ELISA Kit (Dakewe,
China) based on the manufacturer’s instructions. All
the tests were performed in duplicates. ODys5, was
read and cytokine level was measured for each sample
based on standard curves.

Histopathology

Mice were euthanized at 3, 5 and 7 days following
influenza virus challenge. The left lung lobe of mice
were fixed with 4% paraformaldehyde, and embedded
in paraffin according to standard histological assays.
Then, lung tissues were sectioned and stained with
hematoxylin and eosin (H&E). Images were captured
using Slide Scanner Pannoramic Desk/Midi/250/
1000 (3DHISTECH, Hungary) with slide viewing soft-
ware CaseViewer2.4 (3DHISTECH, Hungary)

Viral load determination

The right lung lobe of mice were frozen and homogen-
ized for determining level of viral load, granzyme B and
perforin. All homogenate samples were stored at —80°
C. For viral load determination, MDCK cells were
grown in 96 well plates overnight. The lung homogen-
ates were 10-fold serially diluted from 1:10 in DMEM
(Gibco) supplemented with 2 pg/mL N-tosyl-L-phenyl-
alanine chloromethyl ketone (TPCK)-trypsin (Sigma-
Aldrich, USA) and 100 U/mL penicillin-streptomycin,
and inoculated in MDCK cells for 3 days at 37°C in 5%
CO,. 50 pL of the culture was mixed with 50 uL 1%
fresh chicken red blood cells. The mixture was incu-
bated for 45 min at room temperature, after which
agglutination was observed. The virus titre was calcu-
lated by the Reed-Muench method, expressed as
TCIDsy. The virus titre was represented as the mean
+ SEM of the virus titre per ml of specimens from
five mice in each group.
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Granzyme B and perforin ELISA

Granzyme B and Perforin of homogenate samples
above were measured by Mouse Granzyme B ELISA
Kit (MultiSciences Biotech, China) and Mouse Per-
forin 1 (PF1) ELISA Kit (Jianglai Biological, China)
according to the manufacturers’ instructions. All the
tests were performed in duplicates. ODyso was read
and cytokine level was measured for each sample
based on standard curves.

T cell depletion experiments

mRNA vaccinated mice were intraperitoneally
injected with 1 mg anti-CD4 (clone GK1.5, BD Bio-
sciences) and 500 pg anti-CD8 (clone 2.43, BD Bio-
sciences) depletion antibodies, respectively, at 2 days
before infection and 1 d after A/PR/8 virus infection.
Control mice received 500 pg mouse IgG2a produced
in our lab.

Single-Cell RNA-Seq (scRNA-seq)

The fresh spleen tissues were stored in the sCelLive™
Tissue Preservation Solution (Singleron, China) on ice
after the surgery within 30 min, and then digested
with 3 mL sCelLive™ Tissue Dissociation Solution
(Singleron) by PythoN™ Tissue Dissociation System
(Singleron) at 37 °C for 15 min. The cell suspension
was collected and filtered through a 40-micron sterile
strainer. Afterwards, the red blood cell lysis buffer
(RCLB, Singleron) was added and incubated at room
temperature for 5-8 min. The mixture was then centri-
fuged to remove supernatant and suspended softly
with PBS.

Single-cell suspensions (2 x 10 cells/mL) with PBS
were loaded onto a microwell chip using the Matrix®
Single Cell Processing System (Singleron). Barcoding
beads are subsequently collected from the microwell
chip, followed by reverse transcription of the mRNA
captured by the beads to obtain ¢cDNA for PCR
amplification. The amplified cDNA is then fragmen-
ted and ligated with sequencing adapters. The
scRNA-seq libraries were constructed according to
the protocol of the Single Cell RNA Library Kits (Sin-
gleron). Individual libraries were diluted to 4 nM,
pooled, and sequenced on an Illumina Novaseq 6000
(Illumina, USA) instrument with a 150 bp paired-
end format. Full identified sequencing data are avail-
able in the gene expression omnibus (GEO) under
accession number GSE234756.

Single-cell data processing

Cells were filtered by gene counts below 200 and the
top 2% gene counts and the top 2% unique molecular
identifier (UMI) counts. Cells with over 20%
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mitochondrial content were removed. We used func-
tions from Seurat v3.1.2 [35] for dimension-reduction
and clustering. Then we normalized and scaled all
gene expression, and selected the top 2000 variable
genes for principal component analysis (PCA).
Using the top 20 principle components, we separated
cells into multiple clusters with FindClusters. Batch
effect between samples was removed by Harmony
[36]. Finally, uniform manifold approximation and
projection (UMAP) algorithm was applied to visualize
cells in a two-dimensional space. FindAllMarkers was
used to identify marker genes for each cluster, and cell
types were manually annotated based on these marker
genes. For gene set variation analysis (GSVA) pathway
enrichment analysis, the average gene expression of
each cell type was used as input data using the
GSVA package.

Statistical analysis

Statistical analyses were performed using the Prism 9.4
program (GraphPad, San Diego, CA, USA). Single-cell
data were performed using the R program. For com-
paring two groups, P-values were determined using
Student’s t-tests (two-tailed). For comparing more
than two groups, one-way ANOVAs followed by
Tukey’s test were applied. All results are expressed
as means £+ SEM. All P values of <0.05 were con-
sidered statistically significant. Asterisk markers for
significance levels: * for P <0.05, ** for P <0.01, ***
for P<0.001, and **** for P <0.0001.

Results
The design of MLN-mRNA vaccine

In this study, we sought to enhance the design of an
mRNA vaccine for influenza by employing a tran-
script encoding tandem repeats of highly conserved
protein domains present in various influenza A
strains. Specifically, we utilized M2e (M2e4x)
derived from human, swine, avian 1 and avian 2
influenza viruses respectively, LAH (LAH3x) derived
from H1, H3, H5 strains, and the NP protein of A/
PR/8 strain (HIN1) (Figure 1(A)). Subsequently, we
conducted codon optimization, selecting L04, which
exhibited the highest in vitro expression level after
preliminary screening, as the vaccine prototype
(Supplementary Figure 1(A)). Immunoblotting
analysis was employed to confirm the expression of
each of the vaccine’s antigens (Figure 1(B)). Further-
more, to enable the conducive secretion of this
fusion protein, we replaced the NLSs in NP
[34,37-39], allowing for cytoplasmic localization,
which was confirmed by immunofluorescence (Sup-
plementary Figure 1(B)).

In addition, we compared the efficacy of our multi-
antigen-based mRNA (MLN-mRNA) with single-
antigen-based mRNAs (namely, M2e4x-mRNA,
LAH3x-mRNA, and NP-mRNA, Supplementary
Figure 2(A)). We intramuscularly immunized BALB/
¢ mice with equimolar ratio of these vaccines and chal-
lenged them with A/PR/8 virus. Despite similar IgG
response seen in mice immunized with MLN-mRNA
and single-antigen vaccines (Supplementary Figure 2
(B)-(D)), our MLN-mRNA vaccine provided the
best protection with up to 80% survival rate and less
body weight loss (Supplementary Figure 2(E)-(H)).
These results suggest the potential of our MLN-
mRNA vaccine prototype.

MLN-mRNA vaccine elicited humoral immune
responses

We utilized a prime-boost strategy to immunize
BALB/c mice at three-week intervals to assess the
humoral immune response elicited by the MLN-
mRNA vaccine against influenza virus (Figure 2
(A)). After determining the best sub-optimal dose
for subsequent experiments (Supplementary Figure
3), we found that the vaccine induced IgGs reactive
to M2e, LAH peptides, or NP proteins, with a sig-
nificant dose-dependency (Figure 2(B)). While the
prime alone induced higher levels of IgM, it was
not sufficient to increase IgA or IgG levels, unlike
the boost procedure, which significantly and sys-
temically increased IgGl, IgG2a, and IgG2b (Figure
2(C), Supplementary Figure 4). We observed a posi-
tive correlation between the increase in M2e/LAH/
NP-specific antibody levels and the number of anti-
body-secreting spleen B cells induced by the vaccine
after both prime and boost procedures (Figure 2
(D)). Similar results were obtained for lungs and
lymph nodes after the boost procedure (Figure 2
(E)).

Given that antibodies against M2e and LAH can
elicit Fc-mediated effector functions [10,13-15], we
evaluated the ADCC effect of the serum derived
from vaccine immunized mice and found that it
demonstrated a strong antibody-mediated cytotox-
icity against cells infected with A/PR/8 virus, par-
ticularly at the highest dose (20 ug) (Figure 2(F)).
Additionally, we used a MN assay to evaluate the
neutralization activity of antibodies induced by the
mRNA vaccines. Our results revealed that the
mRNA vaccine containing LAH peptides displayed
neutralizing activity against A/PR/8 virus, whereas
vaccines containing only M2e peptides or NP exhib-
ited negligible activity (Supplementary Figure 5). In
addition to serological responses, we also examined
GC formation in spleens by measuring the pro-
portion of GC B cells (GL7 "CD95") and CD4"
Try cells (CD4 *PD1 * CXCR5") which were critical
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Figure 2. MLN-mRNA vaccination elicited humoral immune responses. (A) Schematic of the immunization, virus challenge and
sampling strategy. BALB/c mice were immunized intramuscularly with MLN-mRNA vaccine (5, 10, 20 pg) following a prime-
boost program, followed by viral challenge and tissue sample collection. (B) Measurement of M2e-/LAH-/NP- specific I1gG anti-
bodies post-prime or boost. IgG levels against M2e/LAH peptides or NP protein in mice serum were analysed by ELISA. (C) Isotypes
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specific antibody-secreting cells were analysed by B-cell ELISpot assay. Spot-counting for M2e-/LAH-/NP-specific antibody-secret-
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boost. Statistical significance was calculated by one-way ANOVA; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Data rep-
resents mean value and error bars for SEM.
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to antibody production (Supplementary Figure 6).
We observed that the MLN-mRNA vaccine elicited
higher levels of induction for GC B cells and Tgy
cells after boost injections, while such an effect was
less pronounced after prime injections, consistent
with previous reports that nucleoside-modified
mRNA vaccines generate stronger GC B cell reac-
tions [40] (Figure 2(G) and (H)). In conclusion,
our study demonstrated that the MLN-mRNA vac-
cine can elicit robust humoral immune responses
against influenza viruses.

MLN-mRNA vaccine induced strong cellular
immune responses

To assess the cellular-based immune response elicited
by the MLN-mRNA vaccine, we measured the
secretion profiles of IFN-y and IL-4 in splenic cells
treated with MLN-mRNA-encoding peptides as a
stimulant. Our findings indicated that these peptides
induced CD4" T helper type 1 (Ty1)-biased cellular
immunity, as demonstrated by a high IFN-y/IL-4
ratio (Figure 3(A)—(C)). Furthermore, we observed a
robust dose-dependent increase in IFN-y-secreting
cells in spleens, lungs, and lymph nodes when stimu-
lated with M2e and NP, but not with LAH (Figure 3
(D)). This indicates a lack of T cell epitopes on the
LAH peptide, which was similar to the data from the
Immune Epitope Database (www.iedb.org).

To examine cytokine-secreting CD4" and CD8" T
cell responses independently, we utilized an ICS
assay to measure the proportion of IFN-y, TNF-a,
IL-4, IL-2, IL-17A, and IL-21 on cells (Supplementary
Figure 7). Mice were immunized with 20 pg of MLN-
mRNA vaccine via prime or boost immunization, and
their splenocytes were collected and cytokine
expression was measured after stimulation with M2e
peptides and NP for 6 h. While prime immunization
elicited limited but detectable antigen-specific CD4"
and CD8" T cell responses, boost immunization had
a pronounced effect. Consistent with our previous
results, CD4" T cell responses were primarily Tyl-
type, with less induction of IL-4 response. There
were increases in IFN-y", TNF-a’, and IL-2" cyto-
kine-secreting CD4" T cells, as well as IFN-y", IL-4%,
IL7AY, and IL-21" CD8" T cells in spleens after
boost vaccinations (Figure 3(E) and 3(F), Supplemen-
tary Figure 8 and 9), and multifunctional CD4" and
CD8" T cells producing both IFN-y and IL-4 were
also stimulated. These results demonstrate that the
MLN-mRNA vaccine produces a robust cellular
response, which promotes combating influenza
infection.

Moreover, we characterized the long-living mem-
ory T cells induced by the MLN-mRNA vaccine (Sup-
plementary Figure 10). CD8" T cells were extensively
mobilized and recruited into spleens upon antigen

re-exposure by booster injection (Figure 3(G)).
Long-living memory cells can be classified into two
classes: Tcy and Tgy [41]. Tem exhibits significant
proliferative potential upon re-infection, develops
into protective Tgy;, and confers long-lasting protec-
tive immunity against infection [42], while the preven-
tion of local infection is governed by tissue-resident
memory T cells (Try) [43,44]. Our results showed
that re-immunization with MLN-mRNA vaccine sig-
nificantly induced both Tcy and Tgy in CD8" T
cells (Figure 3(H)) and caused a significant expansion
of CD8" Try cells marked by CD69" and CD103"
within spleen tissue (Figure 3(I)). Thus, the MLN-
mRNA vaccine promotes various long-living memory
T cells in the spleen.

Protective efficacy of MLN-mRNA vaccine
against influenza virus challenge in mice

We aimed to evaluate the protective efficacy of the
MLN-mRNA vaccine against influenza virus challenge
in vivo. To this end, we immunized mice intramuscu-
larly with varying doses of the MLN-mRNA vaccine
(5, 10, or 20 pg) and challenged them with three differ-
ent strains of influenza A virus (A/PR/8 (HIN1), A/
GZ (H3N2) and A/]JS (HON2)). Weight loss was mon-
itored for 14 days post-infection. The control group
exhibited severe sickness after the HIN1 (A/PR/8)
virus challenge, resulting in significant weight loss
(approximately 25%) and euthanasia at day 7-9
(Figure 4(A)). In contrast, all mice vaccinated with
MLN-mRNA were protected from infection, with
the 20 pg dose showing the best efficacy, and no mor-
tality observed. The same trend was observed in mice
challenged with H3N2 (A/GZ) and HIN2 (A/]S)
viruses, except for the development of visible morbid-
ity after the challenge (Figure 4(B) and 4(C)). We also
measured residual viral load in the lungs of mice post-
challenge with A/PR/8 virus by TCIDs5, and found that
MLN-mRNA-immunized mice had significantly lower
viral titres on day 5 or 7 post-challenge compared to
the control cohort, where the viral load peaked on
day 5 and then decreased (Figure 4(D)).

Since it is well-established that M2e/LAH-specific
antibodies induced by MLN-mRNA vaccine are
involved in cross-protection via ADCC or antigen
neutralization [27], to delve deeper into the mechan-
ism of immune response underlying the protective
effect of MLN-mRNA vaccine we investigated the
functions of T cells during this process. We examined
the levels of granzyme B and perforin 1 which were the
main factors in T cells anti-virus cytotoxicity in the
lungs of mice post-challenge, to investigate the mech-
anism underlying the protective effect of MLN-mRNA
vaccine (Figure 4(E) and (F)). We found a significant
increase in the levels of granzyme B and sustained per-
forin 1 levels in the lungs only in mice within the 20 pg
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Figure 3. MLN-mRNA vaccination induced cellular immunity. (A to C) Splenic lymphocytes were collected 21 days post boost,
followed by re-stimulation using a mixture of M2e, LAH and NP (4:3:1, molar ratio). IFN-y (A) and IL-4 (B) in the conditional
media were detected using ELISA. (C) Ratio between IFN-y and IL-4 level is used to represent Ty1-biased immune response.
(D) Quantification of re-stimulated IFN-y-secreting T cells by ELISpot assay in spleens, lungs, lymph nodes 21 days post boost
after a two-day-stimulation with M2e-LAH-NP mixture. (E and F) Multifunctional cytokine analysis of CD4* and CD8" T cells in
spleens of immunized mice on day 7 post-prime or boost in the high dosage group (20 ug). After stimulated by M2e-LAH-NP
mixture for 6 h, spleen cells were stained for intracellular cytokines and analysed by flow cytometry. (G to I) T cell memory induced
by MLN-mRNA vaccine. The proportion of CD4* and CD8" T cells (G), CD8" Tcy (CD8 * CD44 * CD62L") and CD8* Tgy, (CD8 * CD44 *
€D62L) (H), CD4 * Ty (CD4 *CD69 T CD103*) and CD8 * Tay (CD8 ¥ CD69 * CD103™) cells (1) at days 7 post-prime or boost in splenic
lymphocytes. Statistical significance was calculated by one-way ANOVA; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Data
represents mean value and error bars for SEM.

dose group after 5 days of immunization, indicating  perforin/granzyme pathway in CD8" T cells.
the role of CD8" T cell homing to the lungs post  Additionally, we performed lung histopathology
virus infection and the clearance of viruses by  analysis on days 3, 5, and 7 post-challenge, and
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Figure 4. MLN-mRNA vaccination protected mice from influenza virus challenge. (A to C) Body weight measurement and survival
curves of mice. Adult mice (n = 10) were immunized twice with 5, 10, 20 pg of the MLN-mRNA vaccine and were challenged after 4
weeks post boost injection with a lethal doses (5XLDso) of HIN1 (A/PR/8), H3N2 (A/GZ), or HIN2 (A/JS) virus. Body weight was
monitored daily for 14 days post-infection. Statistical significance was calculated by Student'’s t-tests (two-tailed). (D) Mice (n=5)
were euthanized at days 3, 5 and 7 post-challenge with HIN1 (A/PR/8), and their lungs were harvested and homogenized for viral
titre determination by TCIDs,. The homogenates were also used for determination of granzyme B (E) and perforin 1 (F) by ELISA.
(G) Hematoxylin and eosin (H&E) staining of the lung sections. Lungs were collected 3, 5 and 7 days post-infection. (H and I) Mice
(n=10) were immunized twice with 20 pg of the MLN-mRNA vaccine and were intraperitoneally received with control, CD4- or
CD8-depleting antibodies at —2 days and +1 d of challenge. All mice were challenged with a lethal dose (5XLDs,) of HIN1 (A/PR/
8). Body weight, survival curves for mice (H), and lung viral titres (I) at day 5 post-infection. Statistical significance was calculated
by one-way ANOVA; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Data represents mean value and error bars for SEM.



observed thickening of the alveolar septa surrounded
by a mixed inflammatory cell population, diffused
perivascular necrosis with neutrophils/macrophages,
necrotic cell fragments, and bronchiolar, peribronch-
iolar, and perivascular inflammations in samples
from the control group (Figure G). Meanwhile, a vis-
ible reduction in inflammation surrounding the
bronchi and arterioles was seen in the samples from
the 20 ug MLN-mRNA-treated group. These results
indicated a potent protective effect against influenza
viruses by the MLN-mRNA vaccine in murine model.

To further validate the role of T cell immune
response in MLN-mRNA vaccine induced protection
to influenza infection. We administered CD4- and
CD8-depleting antibodies or control IgG to MLN-
mRNA vaccinated mice before and during the chal-
lenge with A/PR/8 virus. Following the confirmation
of CD4" and CD8" T cells depletion (Supplementary
Figure 11), we observed a significant rescue effect for
mice administered with MLN-mRNA vaccine, which
was dependent on the presence of CD4" and CD8"
T cells (Figure 4(H)). CD4" T cells are important for
class switching of B cells and therefore the develop-
ment of anti-influenza antibody responses, while
CD8" T cells was the major contributor to clearance
of influenza demonstrated by the measurement of
viral titre in the lung (Figure 4(I)). These results
suggest that the MLN-mRNA vaccine induces not
only ADCC or neutralizing antibodies, but also robust
T cell responses to achieve protective efficacy against
influenza virus.

The impact of the MLN-mRNA vaccine on T cell
transcriptome

To delve deeper into the intricate interplay between
the vaccine and T cell subpopulations, we conducted
single-cell sequencing analysis of CD3" T cells
obtained from the spleen. Our analysis comprised of
140,000 cells from each of the three experimental
groups, the results of which revealed that CD8"
(37%) and CD4" (33%) T cells constituted the
majority of the analysed population (Figure 5(A)).
Our findings are consistent with prior observations,
demonstrating that the proportion of CD8" T cells
was substantially higher in the prime-boost group
compared to the prime-alone group (46% vs. 32%, P
=0.007), whereas the converse held for CD4" T cells
(35%, prime-boost vs. 28% prime-alone, P=0.01).
Further, we categorized CD8" T cells into nine sub-
types based on CD8" T cell marker expression levels
(Figure 5(B)). We noted that three CD8" T cell sub-
types, namely Tgy CD8" T cells (13% vs. 4%, P=
0.03), Gzma- effect memory CD8" T cells (18% vs.
9%, P=0.02), and Gzma" effect memory CD8" T
cells (10% vs. 6%, P =0.04, Figure 5(C)) were signifi-
cantly increased in the prime-boost group compared
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to the prime-alone group. Our analysis of effector
gene expression patterns for these cells demonstrated
significantly increased expression of Ccl3, Ccl4, Ccl5,
Gzmk, and Gzma for Tgy cells and Cxcr6 for Try
cells in the prime-boost group (Figure 5(D)). More-
over, GSVA demonstrated that immune activity-regu-
lating gene sets, such as cytokine-cytokine receptor
interaction, NOD-like receptor signaling pathway,
chemokine signaling pathway, cytosolic DNA-sensing
pathway, and antigen processing/presentation path-
way, were enriched in CD8" T cells from the prime-
boost group, while ribosome and spliceosome-related
pathways were less enriched (Figure 5(E)). These
results support our hypothesis that the MLN-mRNA
vaccine enhances immune activity during reinfection
by promoting the maturation of Tgy and Try CD8*
cells.

MLN-mRNA vaccine induced sustained antigen-
specific antibody responses

To ascertain the duration of antigen-specific antibody
responses induced by the MLN-mRNA vaccine, we
conducted a study to measure IgG titres against
M2e, LAH and NP in vaccinated mice from varying
age cohorts. As presented in Figure 6, consistent
anti-M2e, -LAH, and -NP IgG levels were observed
in all age groups at six months after the prime immu-
nization. Correspondingly, similar kinetics profiles for
serum IgG titres were noticed, whereby the IgG level
peaked at 42 days and maintained a relatively high
level thereafter. Besides adult mice, we also evaluated
the efficiency of the MLN-mRNA vaccine immuniz-
ation in aged (8-month-old) and juvenile (3 or 4-
week-old) mice, as the elderly and the young individ-
uals are usually considered vulnerable groups with
sub-optimal immune responses to infection and vacci-
nation [45]. In order to simulate real-life conditions,
where elderly people are likely to be exposed to multiple
influenza infections over their lifetime, we pre-exposed
the aged mice to a sub-lethal dose of influenza virus (A/
PR/8) before vaccination. Our findings revealed that the
MLN-mRNA vaccine was capable of effectively eliciting
potent immune responses in both age groups, which
were comparable to those of adult mice. This suggested
that the MLN-mRNA vaccine has the potential to
induce long-lasting antigen-specific antibody responses
across all human age groups.

Discussion

The successful of the mRNA vaccines for COVID-19
pandemic has prompted numerous clinical trials of
seasonal influenza vaccines utilizing the same plat-
form, most of which encoded influenza virus HA anti-
gens [24,2529]. However, HA antigen often
undergoes antigenic drift and/or shift, resulting in
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Figure 5. Single-cell sequencing analysis of spleen CD3"* T cells. (A) UMAP clustering of sequenced splenic cells. (B) Clustering of
CD8" T cell subtypes within each group. CD8"* T cells are classified into nine subtypes as indicated. (C) Histogram showing the
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memory CD8" T cell markers being significantly upregulated in the prime-boost group. (E) Heatmap showing the pathways that
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antigenic mismatches between vaccine strains and cir- In the pursuit of a broad-spectrum influenza vac-
culating strains, which poses a challenge to the current  cine, several conserved influenza proteins such as the
production and application of influenza vaccines, and ~ stalk of HA, NP, M2, M1, and polymerase basic
thus an influenza vaccine with broad-spectrum pro-  protein 1 (PB1) have been subjected to various vaccine
tection against different influenza viruses is urgently  designs including adjuvanted recombinant protein-
needed [46]. based vaccines, viral vector and nucleic acid vaccines,
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Figure 6. Immunogenicity of MLN-mRNA vaccine in adult, aged and juvenile mice. Adult (6-8 weeks old, upper panel, n=5) or
juvenile (3-4 weeks old, lower panel, n = 5) were immunized twice as indicated with 20 pg of MLN-mRNA. Aged mice (8 months
old, middle panel, n = 5) were exposed to sublethal dosage of A/PR/8 infections one month before the primary immunization and
then vaccinated with 20 pg MLN-mRNA twice as indicated. Anti-M2e/LAH/NP antibody titres were monitored by ELISA for 6

months.

with promising results in animal models and early
clinical trials [4,5,27,33,47]. Aiming to enhance both
the potency and breadth of protection, our approach,
like that of several other research groups, employed
multi-targeting vaccines to elicit comprehensive
immune responses [24,25,27,31,32]. We observed
that combinations of antigens consistently yielded
superior protection against different subtypes of
influenza A viruses, while vaccines utilizing single
antigens delivered suboptimal protection. This
finding is in concordance with the previous studies,
underscoring the essential role of a combinatorial
approach in influenza vaccine design. For instance,
Nachbagauer et al. developed a universal influenza
vaccine candidate using four mRNA-LNPs targeting
specific segments of HA, NA, M2, and NP, and
demonstrated robust immune responses in mice and
protection against pandemic HIN1 [27]. Similarly,
De Jonge et al. crafted a three-component mRNA-
LNP universal vaccine from NP, M1, and PB1 of an

HIN1 strain, which enhanced T cell immune
responses and protection against H7N9 influenza in
a ferret model [32]. Furthermore, Hensley et al. engin-
eered a multivalent mRNA-LNP vaccine encoding
twenty different HA antigens, spanning nearly all
influenza virus subtypes and eliciting high levels of
cross-reactive and subtype-specific antibodies in
both mice and ferrets [24]. However, the use of mix-
tures of multiple mRNA-LNPs in these studies may
pose a challenge in large-scale production, thus may
limit their application. Our vaccine, distinct in its
design, introduces a fusion protein consisting of tan-
dem repeats that link the most promising influenza
antigens, streamlining both production and quality
control processes.

Our evaluation efforts showed that this vaccine
design preserved the immunogenicity of the antigens
and elicited strong protective efficacy primarily via
ADCC, neutralization and CD8" T cell immune
responses [19], in line with the function of the M2e,
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LAH, and NP domains (Supplementary Figure 12)
[10,13-15]. Additionally, the MLN-mRNA vaccine
induced a strong Tyl-driven T cell response leading
to the secretion of type-1 cytokines, such as IFN-y
and IL-2, that activated CD8" T cell-mediated
immune responses [48]. Moreover, we found that
the proportion of Try in CD47/8" T cells and Tcy/
Tem cells in CD8" T cells conferred long-lasting pro-
tective immunity against viral infections.

Specific cellular immune responses targeting con-
servative internal antigens of the influenza virus are
widely recognized as the primary mechanisms mediat-
ing cross-protection against influenza infection [49].
NP-specific CTLs, for instance, can rapidly proliferate,
differentiate, and be recruited to sites of infection fol-
lowing viral exposure. Single-cell RNA-seq analyses
provided more insights into the underlying mechan-
ism involved in cellular immune responses. Some
immune processes, such as cytokine-cytokine receptor
interaction, NOD-like receptor signaling pathway,
chemokine signaling pathway, cytosolic DNA-sensing
pathway and antigen processing/presentation path-
way, were disturbed in mice immunized with MLN-
mRNA vaccine. Moreover, the expression levels of
genes related to chemokine ligand (e.g. Ccl3, Ccl4
and Ccl5), chemokine receptor (e.g. Cxcr6) and gran-
zyme (e.g. Gzmk and Gzma) in CD8" T cells were sig-
nificantly increased, which indicated that the
enhancement of protection activity was promoted by
the activation and cytotoxic activity of T cells.

However, relying solely on cellular immune
responses for protection against viral diseases can be
limiting since their effect is restricted to infected
cells. Therefore, vaccines that are capable of producing
virus-neutralizing antibodies are preferred to prevent
viral infections at earlier stages of the disease. It is
noteworthy that our LAH-containing vaccine, which
promotes virus-neutralizing antibodies, including
IgG1 and IgG2a, has been able to reduce viral load
efficiently [15,50]. A robust Tgy response on GC B
cells driven by the MLN-mRNA vaccine led to this
outcome. The synergy between vaccine-induced cellu-
lar and humoral immune responses by MLN-mRNA
has been seen in our study, which showed a strong
vaccine potency. These results indicate that our design
could serve as a starting point for the development of a
future broad-spectrum influenza vaccine that can be
tested with more viral strains for cross-reactivity.

In conclusion, our proof-of-concept model has
shown that the MLN-mRNA vaccine, a nucleoside-
modified mRNA-LNP vaccine encoding a fusion
protein of multiple influenza virus antigens, has
great potential to deliver comprehensive immune
responses and provide cross-protection against distal
influenza virus strains, presenting a promising strategy
for developing a broad-spectrum influenza vaccine
candidate.
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