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An mRNA vaccine candidate encoding
H5HA clade 2.3.4.4b protects mice from
clade 2.3.2.1a virus infection
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Highly pathogenic avian influenza (HPAI) H5 viruses from different clades have been circulating
globally, threatening wild/domestic birds and mammals. Given frequent spillovers and high mortality
among mammals, coupled with our inability to predict which clade of H5 virus has pandemic potential,
cross-clade protective HPAI H5 vaccines are urgently needed. Here, we demonstrate the applicability
of a lipid nanoparticle-based mRNA vaccine modality to induce cross-protective immunity against

lethal HPAI virus infection.

Highly pathogenic avian influenza (HPAI) H5 viruses first emerged in 1996
in Guangdong China. Since then, the viruses have diversified into different
antigenic clades, threatening wild and poultry birds and causing sporadic
infections in humans with high mortality'. In 2016, HPAI H5 viruses of the
clade 2.3.4.4b were first detected in Europe. The virus actively reassorted
with different neuraminidases (NA) such as N6, N8 and N1 NA and spread
globally, causing mortality among multiple species of wild and farm
mammals/birds as well as sporadic human cases'’. Meanwhile, HPAT H5
viruses of clades 2.3.2.1a and 2.3.2.1c have been circulating in poultry in
Southeast Asian countries, leading to human fatal cases’™’. Given the recent
global outbreaks of HPAI H5 viruses in wild birds and mammals, the risk of
more frequent spillover to humans has increased. The most effective
countermeasure to reduce influenza disease severity is vaccination;
accordingly, vaccines that can mount cross-protective immunity against
different clades of H5 viruses are urgently needed.

We generated a monovalent lipid nanoparticle-based mRNA (LNP-
mRNA) vaccine candidate encoding hemagglutinin (HA) from the clade
2.3.4.4b A/chicken/Ghana/AVL-76321VIR7050-39/2021 (ch/Ghana) virus
(DS8390). BALB/c mice (N = 5) were intramuscularly mock-immunized or
immunized with 1 or 10 pg of DS8390 twice with a 2-wk interval (Fig.1a). At
2 wks after the second immunization, sera and spleens were collected. HA-
binding IgG antibody titers were analyzed in an ELISA against the vaccine-
homologous ch/Ghana HA and a heterologous HA from A/India/SARI-
4571/2021 (India/S4571; H5N1 virus of clade 2.3.2.1a). India/S4571 HA has

43 amino acid substitutions compared to ch/Ghana HA (Supplementary
Fig. 1). Binding IgG antibodies against the homologous ch/Ghana HA were
significantly induced in a DS8390 dose-dependent manner (Fig. 1b),
whereas the binding titers against the heterologous HA were lower com-
pared to the homologous HA, as anticipated (Fig. 1¢). Neutralizing antibody
titers were also analyzed. Although the CPE-based neutralizing titer against
the authentic virus was below the detection threshold in the assay, possibly
due to the high replication efficiency of the virus, when we used pseudotyped
virus bearing the homologous ch/Ghana HA, neutralizing antibodies were
elicited in sera with a high dose (10 pg) of DS8390 (Table 1). We also
examined antigen-specific splenic T-cell responses. Single cell suspensions
(splenocytes) were prepared from spleens of individual animals, and were
re-stimulated with the vaccine antigen-homologous ch/Ghana recombinant
HA protein or heterologous India/S4571 HA in vitro. After a 3-day incu-
bation, the frequency of IFN-y-secreting cells were detected at equivalent
levels with homologous or heterologous HA stimulation in an ELISpot assay
(Fig. 1d, ), suggesting that T-cell responses were mounted at similar levels
against homologous and heterologous HAs.

Finally, we examined the protective effects of DS8390 against homo-
logous or heterologous HPAI H5 virus challenge. BALB/c mice were
immunized by the same vaccination regimen as used previously. Pre-
challenge sera analysis at 2 wks post-boost (Supplementary Fig. 2 and
Supplementary Table 1) showed similar results as the immunogenicity assay
(Fig. 1). At 3 wks post-boost, the mice were challenged with a lethal dose of
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Fig. 1 | Inmunogenicity of LNP-mRNA-H5HA
vaccine in mice. a Timeline of mouse immuniza-
tion. Groups of BALB/c mice (7-wk-old females;

N = 5/group) were intramuscularly (i.m.) mock-
vaccinated or vaccinated with 1 or 10 pug of DS8390
by using a prime & boost regimen. Two weeks after
the boost immunization, serum was collected and
single cell suspensions (splenocytes) were prepared
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Table 1 | Neutralizing antibody titers in pre-challenge sera
analyzed in a cytopathic effect (CPE)-based assay with
authentic virus or an assay with pseudotyped virus

Neut. titer (Authentic virus; Neut. titer
CPE-based) (pseudotyped
virus)
Group AnimalID ch/ India/ ch/Ghana (2.3.4.4b)
Ghana S$4571
(2.3.4.4b) (2.3.2.1a)
Mock- #1 <20 <20 <40
vac. #2 <20 <20 <40
#3 <20 <20 <40
#4 <20 <20 <40
#5 <20 <20 <40
1ug #6 <20 <20 40
#7 <20 <20 <40
#8 <20 <20 <40
#9 <20 <20 <40
#10 <20 <20 <40
10 pg #11 <20 <20 40
#12 <20 <20 320
#13 <20 <20 320
#14 <20 <20 80
#15 <20 <20 80

In the CPE-based neutralization assay, virus neutralization titers were determined as the reciprocal
of the highest serum dilution that completely prevented CPE. The detection limits in the assay using
authentic virus and pseudotyped virus are 20 and 40, respectively.

homologous ch/Ghana virus or heterologous India/S4571 virus (Fig. 2a).
The vaccinated animals were all protected from ch/Ghana virus, showing no
body weight loss even with the low-dose (1 pg) vaccination, whereas the
mock-vaccinated animals all died or were euthanized due to severe (> 25%)
weight loss or neurological symptoms by Day 10 post-challenge (Fig. 2b, c).
Upon challenge with the lethal dose of heterologous India/S4571 virus, the
vaccinated animals all survived regardless of whether they were vaccinated
with the high (10 pg) or low dose (1 ug) of DS8390 whereas the mock-
vaccinated animals all died by Day 10 post-challenge (Fig. 2d, e). These

results demonstrate that the LNP-mRNA-H5HA vaccine potently induced
cross-protective immunity in vivo.

Serum binding antibodies were observed at higher levels against
vaccine-homologous clade HA than heterologous HA (Fig. 1b, ), whereas
the elicited spleen T-cell responses were similar levels against homologous
and heterologous HA (Fig. 1d, e). Neutralizing antibodies titers were
detected with pseudotyped virus, but were below or around the detection
threshold with authentic homologous virus (Table 1, Supplementary Table
1), possibly due to the high replication efficiency of the virus in cells. A
previous study found that binding antibody responses were induced against
diverse H5 virus strains in vitro®. Here, we demonstrated that animals
vaccinated with DS8390 are protected from a lethal homologous or het-
erologous virus challenge (Fig. 2), which may indicate that the T-cell
immunity elicited by DS8390 is involved in protective immunity in vivo.
Recent studies by other groups also showed that T-cell immunity induced by
mRNA-based vaccine contributes to protective effects against H5 virus
infection® . Our data demonstrate that DS8390 can induce potent cross-
clade anti-HPAI H5 protective immunity against lethal infection in mice,
validating the applicability of the LNP-mRNA vaccine modality for pre-
paredness against the increasing risk of spillover events of HPAI viruses to
humans and potential transmissibility among humans.

Methods

Cells

Madin-Darby Canine Kidney (MDCK) cells were maintained in Eagle’s
minimal essential medium (MEM) containing 5% newborn calf serum
(NCS) and 1% Penicillin/streptomycin. Human embryonic kidney
293 T cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum (FBS). Lenti-X 293 T cells were main-
tained in DMEM supplemented with 10% FBS, and 1% Penicillin/strepto-
mycin. MDCK-SIAT1 cells were maintained in DMEM supplemented with
1 mg/ml G418 Geneticin, 10% FBS, and 1% Penicillin/streptomycin .

Viruses

H5N1 viruses [A/chicken/Ghana/AVL-76321VIR7050-39/2021 (H5N1;
clade 2.3.4.4b), and A/India/SARI-4571/2021 (H5N1; clade 2.3.2.1a)] were
generated by reverse genetics'' with synthesized gene fragments cloned to
pHH21 plasmids based on the sequences from GISAID, and were propa-
gated in MDCK cells in MEM containing 0.3% bovine serum albumin
(BSA) and 0.5 ug/mL N-p-Tosyl-L-phenylalanine chloromethyl ketone
(TPCK)-treated trypsin. The experiments with highly pathogenic avian
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- Homologous virus: ch/Ghana (2.3.4.4b)

Fig. 2 | Protective efficacy of LNP-mRNA-H5HA 4 Virus
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influenza viruses were performed in enhanced biosafety level 3 (BSL3)
containment laboratories at the University of Tokyo, Japan, which are
approved for such use by the Ministry of Agriculture, Forestry, and
Fisheries, Japan.

Pseudotyped viruses

A pseudotyped virus bearing the HA and NA proteins from the A/chicken/
Ghana/AVL-76321VIR7050-39/2021 strain was generated in Lenti-X
293 T cells by co-transfection with four plasmids: pCAG-H5HA and
PCAG-N1NA containing the coding sequences of the H5-HA and N1-NA
proteins, respectively; the lentiviral backbone plasmid pCI-neo synHIVgp-
RRE, carrying the gag and env genes of HIV; and the pGreenFire Tran-
scriptional Reporter Lentivector, which expresses green fluorescent protein
(GFP) and the firefly luciferase reporter. Supernatants containing the
pseudotyped H5N1 virus were collected 48 h after transfection and filtered.
The TCIDs, value of the pseudotyped virus was determined in MDCK-
SIAT1 cells by measuring luciferase reporter activity.

Preparation of DS8390

T7 RNA polymerase-mediated transcription in vitro was used to
synthesize the mRNA from a linearized DNA template, in which the
open-reading frame of the human codon-optimized HA gene from A/
chicken/Ghana/AVL-76321VIR7050-39/2021(H5N1; clade 2.3.4.4b)
was flanked by 5" and 3’ untranslated regions and a poly-A tail. Mes-
senger RNA for the HA was purified and then encapsulated into lipid

nanoparticles (LNPs) composed of ionizable lipid, phospholipid,
cholesterol, and PEG-lipid.

Animal experiments

The experiments with mice were performed in accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals
of the National Institutes of Health. The protocol was approved by the
Institutional Animal Care and Use Committee at the Animal Experiment
Committee of the Institute of Medical Science, the University of Tokyo
(approval number: PA20-06). Virus inoculations were performed under
anesthesia with isoflurane, and animals were humanely euthanized by
cervical dislocation under deep anesthesia with isoflurane to minimize any
suffering after virus infection.

Mouse immunization

BALB/c mice (7-wk-old females; obtained from Japan SLC, Inc.) were
anesthetized with isoflurane and intramuscularly mock-immunized with
vehicle buffer [10 mM histidine, 300 mM sucrose (pH 7.0)] or immunized
with 1 or 10 pg of DS8390 in 20 uL twice with a 2-wk interval between
immunizations for immunogenicity analysis and for virus challenge studies.

Immunogenicity analysis in immunized mice

For the humoral immunity and T-cell response analysis, the immunized
mice were anesthetized with isoflurane 2 weeks after their second immu-
nization with DS8390, and blood was collected by cardiac puncture under
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deep anesthesia. After euthanasia by cervical dislocation, spleens were col-
lected to prepare single cell suspensions.

Micro-neutralization assay

Virus neutralizing antibody titers against H5 influenza viruses were eval-
uated in serum samples. Serum samples were treated with receptor-
destroying enzyme (RDE; Denka seiken) at 37 °C for 20 h, inactivated at
56 °C for 1 h, and diluted 1:10 in phosphate-buffered saline (PBS). Two-fold
serial dilutions of sera were prepared in MEM, and each dilution was
incubated with the same volume of virus diluent (100 TCIDs(/50 uL) in
MEM containing 1 ug/mL of TPCK-trypsin at room temperature for 1 h.
The serum/virus mixture was added to 100% confluent MDCK cells that
were plated a day prior in 96-well plates. The cells were incubated for 3 days
at 37 °C and then cytopathic effect (CPE) was microscopically assessed by
eye. Virus neutralization titers were determined as the reciprocal of the
highest serum dilution that completely prevented CPE. Each sample was
analyzed in duplicate for geometric mean titers.

Pseudotyped virus neutralization assay

Serum neutralizing activity against the pseudotyped virus bearing HA and
NA protein from H5 influenza viruses was evaluated. Sera were treated
with receptor-destroying enzyme (RDE; Denka seiken) at 37°C for
18-20 h, inactivated at 56 °C for 30 min, and diluted 1:10 in OPTI/MEM.
Two-fold serial dilutions of sera were prepared in OPTI/MEM, and each
dilution was incubated with the same volume of virus diluent (100
TCID5¢/50 uL) in OPTI/MEM at 37°C for 30 min. The serum/virus
mixture was added to 100% confluent MDCK-SIAT1 cells that were
plated a day prior in 96-well plates. The cells were incubated for 2 days at
37 °C then luciferase activity was measured by using Bright-Glo Luciferase
detection system (Promega). The luminescence signal was measured
using a plate reader (BMG Labtech). Cut-off value to determine that the
virus is not infected based was set on the value of the negative control well,
and virus neutralization titers were determined as the reciprocal of the
highest serum dilution that completely prevented. Each sample was
analyzed in duplicate for geometric mean titers.

Recombinant protein expression and purification

To construct expression plasmids for soluble-form recombinant HAs (rHA)
of A/chicken/Ghana/AVL-76321VIR7050-39/2021 or A/India/SARI-4571/
2021, the HA signal peptide and ectodomain (amino acid residues HA1-
1-HA2-176) with stabilizing mutations to form disulfide bonds (HA1-
M30C and HA2-K51C) and a detoxified cleavage site (KRRKR/G was
substituted with A/G; the slash indicates the cleavage site), followed by a T4
foldon trimerization domain and a hexa-histidine tag at the C-terminus,
were cloned into pCAGGS plasmids. Proteins were expressed in Expi293F
cells (Thermo Fisher Scientific) and purified by using TALON metal affinity
resin (TaKaRa Clontech).

Enzyme-linked immunosorbent assay (ELISA)

The ELISA was performed using rHAs for mouse sera. The ELISA
plates were coated overnight at 4 °C with 50 pl of the antigen protein at
a concentration of 2 ug/ml in PBS. After blocking with PBS containing
1% BSA, the plates with incubated in triplicate with heat-inactivated
(56 °C for 30 minutes) serum that was 5-fold serially diluted in PBS
containing 0.5% BSA and 0.05% Tween 20 (PBS-BT). After a 1-h
incubation at room temperature, the plates were washed with PBS
containing 0.1% Tween 20 (PBS-T) four times and then incubated with
anti-mouse IgG (H + L) secondary antibody conjugated with horse-
radish peroxidase (1:20,000 dilution in PBS-BT) at room temperature
for 1h. Then, the plates were washed four times with PBS-T, and
developed with 1-Step Ultra TMB-ELISA Substrate Solution (Thermo
Scientific). After a 10-minute incubation, the reaction was stopped
with the addition of 1 N sulfuric acid. The absorbance was measured
immediately at a wavelength of 450 nm.

Enzyme-linked immunospot (ELISpot) assay

Multiscreen 96-well plates with PVDF membrane (Millipore) were coated with
anti-mouse IFN-y capture antibody at 4 °C for overnight, and blocked in RPMI
1640 media containing 10% FCS for 2 h. To prepare single cell suspensions
from spleen, the spleen of each mouse was individually cut into 2-3 mm pieces,
incubated with collagenase D in Hanks’ Balanced Salt Solution (HBSS) at 37 °C
for 30 mins, and gently mushed on a 70-pm cell strainer (BD Falcon). The
dissociated cells were centrifuged, treated in 1X RBC lysis buffer (eBioscience)
for 2 mins, and washed in HBSS. The cells were then re-suspended in RPMI
1640 containing 10% FCS, 1X MEM non-essential amino acid solution
(Gibco), 1 mM Sodium Pyruvate (Gibco), and 0.05 mM 2-mercaptoethanol.
Live cell numbers were determined by using trypan blue staining. Then, 2 x 10°
live cells/well from each animal were plated in the pre-coated assay plates with
3 pg of the homologous ch/Ghana rHA or heterologous India/S4571 rHA
protein in 120 uL of RPMI media and cultured at 37 °C for 3 days. The plates
were then washed in water and processed to stain spots by using the mouse
IFN-gamma ELISpot kit (BD) according to the manufacturer’s instructions.
Stained spots were counted by use of an ImmunoSpot analyzer (CTL).

Virus challenge of immunized mice

For virus challenge studies, blood was collected from the immunized ani-
mals via the submandibular vein under anesthesia with isoflurane at 2 weeks
after the second immunization. At 3 weeks after the second immunization,
the mice were intranasally infected with 10 mouse median lethal dose
(MLDs) of A/chicken/Ghana/AVL-76321VIR7050-39/2021 (H5N1; clade
2.3.4.4b), or A/India/SARI-4571/2021 (H5N1; clade 2.3.2.1a). Body weights
and survival rates were monitored daily for 14 days. Mice with more than
25% body weight loss or with neurological symptoms were euthanized by
cervical dislocation under deep anesthesia with isoflurane.

Data availability
All data generated or analyzed during this study are included in this
manuscript. All relevant data are available upon reasonable request from the
corresponding author.
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