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MRNA-lipid nanoparticle vaccines provide
protection against lethal Nipah virus
infection
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Nipah virus (NiV) is a zoonotic pathogen that causes severe encephalitis and respiratory disease in
humans and multiple mammalian species. However, no licensed vaccines or therapeutics are
currently available against NiV infection. In this study, we developed three mRNA vaccine candidates
using a lipid nanoparticle (LNP) delivery platform: mRNA-F-LNP, comprising mRNA encoding the
fusion protein (F); mRNA-G-LNP, containing mRNA encoding the attachment glycoprotein (G); and
mMRNA-GF-LNP, in which mRNAs encoding both F and G proteins were co-encapsulated at a 1:1 molar
ratio. All three mRNA-LNPs induced robust and sustained immune responses in both mice and Syrian
hamsters. Sera from immunized Syrian hamster showed high levels of cross-neutralizing antibodies
against both NiV-Malaysia (NiV-M) and NiV-Bangladesh (NiV-B) strains. Notably, all three mRNA-
LNPs conferred complete protection against a lethal challenge with NiV-M in Syrian hamsters. These

findings demonstrate that these mMRNA-based vaccines are highly immunogenic and efficacious,
highlighting their potential as promising candidates for NiV vaccine development.

Nipah virus disease is a highly virulent zoonotic infection caused by Nipah
virus (NiV), which was firstidentified in 1998 during an outbreak among pig
farms in Malaysia'”. Fruit bats of the genus Pteropus are the main natural
reservoir of NiV’. Human infection can lead to severe disease characterized
by encephalitis and respiratory symptoms, with high case fatality rates’.
Beyond humans, other mammals, including pigs, horses, dogs and cats, are
susceptible to NiV infection™. Since its initial emergence, NiV has caused
recurrent outbreaks in several countries across Southeast and South Asia,
with a notable outbreak reported in Kerala, India, in 2024 — the sixth in that
region since 2018°. Two major strains, NiV-Malaysia (NiV-M) and NiV-
Bangladesh (NiV-B), have been reported in human outbreaks and are
associated with varying clinical severity and mortality rates™"’. Due to its
high pathogenicity and epidemic potential, NiV is classified as a Risk Group
4 (RG-4) agent and has been designated a priority pathogen by the World
Health Organization (WHO)’.

As a member of the Paramyxoviridae family", NiV encodes two
essential surface glycoproteins: the attachment glycoprotein (G) and the
fusion protein (F). The G protein mediates viral entry through binding to

highly conserved ephrin B2/B3 receptors'’, a key step that may explain
NiV’s broad host range'*". This receptor binding triggers conformational
changes in the F protein, leading to its cleavage by host proteases into F1/
F2 subunits, enabling membrane fusion and viral entry”. Given their
essential roles in the viral life cycle, surface accessibility, and strong
immunogenicity, both F and G proteins are recognized as key protective
antigens and primary targets for neutralizing antibodies and vaccine
development'®.

Current strategies for vaccine development against NiV include several
platforms: recombinant viral vectors, such as those based on vesicular sto-
matitis virus (rVSV)""™, canarypox virus (rALVAC)”, vaccinia virus®,
adeno-associated virus®, and measles virus**; subunit vaccines based on the
soluble G protein (sG) of NiV and Hendra virus (HeV)*; and nucleic acid
vaccines and immunoinformatics-designed immunogens. For example, one
study developed a structurally stabilized multi-epitope vaccine whose
immunogenicity was enhanced by computational prediction of B-cell and
T-cell epitopes™’. While numerous vaccine candidates can induce neu-
tralizing antibodies, only three have progressed to Phase I clinical trials:
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PHV02 (RVSV-Nipah Virus Vaccine Candidate), HeV-sG-V (Hendra
Virus Soluble Glycoprotein Vaccine), and mRNA-1215 (NiV mRNA
Vaccine)”.

The mRNA vaccine technology has emerged as a promising platform
against emerging pathogens, owing to its distinct advantages such as rapid
development timelines, flexible antigen design, robust induction of both
humoral and cellular immune response, and an excellent safety profile”. In
this study, we developed three mRNA-lipid nanoparticle (nRNA-LNP)
vaccine candidates: mRNA-F-LNP encoding the F protein, mRNA-G-LNP
encoding the G protein, and mRNA-GF-LNP co-expressing both F and G
proteins. These candidates were evaluated in both mice and Syrian ham-
sters. All three vaccines induced durable, high-titer antibodies with neu-
tralizing activity against NiV pseudoviruses and live viruses. Notably, all
vaccinated Syrian hamsters demonstrated 100% survival following lethal
NiV-M challenge.

Results
Preparation of mRNA vaccines
To develop an effective NiV vaccine, we optimized the codon usage of the
full-length F and G glycoprotein genes derived from the NiV-M strain and
cloned them into the pcDNA3.1 vector, generating recombinant plasmids
pcDNA3.1-F and pcDNA3.1-G. For mRNA production, the plasmids were
amplificated by PCR using a downstream primer containing a defined
poly(T) sequence to generate the poly(A) tail. The products were subse-
quently subjected to in vitro transcription and capping, yielding mRNA-F
and mRNA-G, respectively (Fig. 1a).

Following purification, the mRNAs were encapsulated into LNP using
a standard formulation (SM-102: DSPC: cholesterol: DMG-PEG2000 at
50:10:38.5:1.5 molar ratio), generating three vaccine candidates: mRNA-F-
LNP, mRNA-G-LNP, and mRNA-GF-LNP. The mRNA-GF-LNP for-
mulation was generated by co-encapsulating mRNA-F and mRNA-G at a
1:1 molar ratio within the same LNP system. This co-encapsulation
approach ensures synchronized delivery of both antigen-encoding mRNAs
to target cells, potentially enabling coordinated F and G protein expression
that may better mimic natural viral antigen presentation (Fig. 1b and c). All
LNP formulations exhibited optimal physicochemical properties. The
mRNA-F-LNP showed a size of 98.86 nm with a polydispersity index (PDI)
of 0.094, mRNA-G-LNP showed a size of 96.74 nm with a PDI 0f 0.143, and
mRNA-GF-LNP showed a size of 97.3 nm and a PDI of 0.115. These results
confirmed consistent nanoparticle formulation (size range: 80-100 nm,
PDI<0.2) across all three formulations. In vitro characterization in
HEK293T cells confirmed successful protein expression and proper
membrane localization, as validated by western blotting (WB) and immu-
nofluorescence assays (IFA) (Fig. 1d and e).

Three mRNA vaccines elicit robust immune responses in mice
To evaluate NiV-specific antibody responses, 6-8-week-old female SPF
BALB/c mice (n = 9) were immunized intramuscularly with 5 ug of mRNA-
F-LNP, mRNA-G-LNP, or mRNA-GF-LNP. A prime-boost regimen was
employed, with a booster dose administered at day 21 post-primary
immunization (Fig. 2a). Serum samples were collected weekly from day 7 to
day 42 and then biweekly until day 98 for analysis by ELISA and pseudovirus
neutralization assays.

ELISA results revealed that G-specific antibodies emerged as early as
day 7 in both the mRNA-G-LNP and mRNA-GF-LNP groups, whereas
F-specific antibodies became detectable at day 14 in the mRNA-F-LNP and
mRNA-GF-LNP groups (Fig. 2b-e). Following booster immunization,
antibody titers against both glycoproteins increased significantly, peaking
(~10°) by day 42. The mRNA-GF-LNP group elicited F- and G-specific
antibody titers comparable to those induced by the mRNA-F-LNP and
mRNA-G-LNP groups, respectively. All vaccine formulations maintained
high antibody titers through the end of the observation period (day 98).

Pseudovirus neutralization assays revealed distinct kinetic profiles
(Fig. 2f). Neutralizing antibodies were initially detected only in the mRNA-
GF-LNP group at day 7. By day 21, all vaccines elicited measurable

neutralizing antibodies, with mRNA-GF-LNP showing significantly higher
titers than mRNA-F-LNP (P<0.01) and titers equivalent to mRNA-G-
LNP. Peak neutralization titers (NT) (~10*) were achieved by day 42 across
all groups, with no significant differences observed at this time point.

To assess NiV-specific T cell responses, IFN-y ELISpot assays were
performed on splenocytes collected 21 days after the second immunization.
All three vaccines induced robust cellular immune responses. Following F
protein stimulation, the mRNA-GF-LNP group exhibited significantly
higher IFN-y production than the mRNA-F-LNP group (P<0.05). In
contrast, G protein-induced IFN-y levels were similar between the mRNA-
GF-LNP and mRNA-G-LNP groups (Fig. 2g).

All three mRNA vaccines elicit antigen-specific antibodies in
Syrian hamsters
Prior to challenge experiments, we evaluated the immunogenicity of the
three mRNA vaccines in Syrian hamsters. 5-6-week-old female Syrian
hamsters (n = 15) were randomly divided into four groups: the mRNA-F-
LNP, mRNA-G-LNP, mRNA-GF-LNP, and control groups. Syrian ham-
sters received prime immunization (10 ug each) followed by an identical
booster dose at day 21 via intramuscularly injection. The control group
received PBS (Fig. 3a). Serum samples were collected for antibody analysis.

Serological analysis showed that all vaccinated groups developed
detectable F- and G-specific antibodies by day 21 after the primary
immunization, with antibody titers reaching approximately 10°. Following
boosting immunization, we observed robust antibody responses, with
antibody titers increasing approximately 10-fold to ~ 10* by day 28. These
elevated antibody levels persisted throughout the 91-day observation period
(Fig. 3b—e). Similar to the immunogenicity patterns in mice, Syrian hamsters
exhibited consistent antibody kinetics across all vaccine formulations. All
groups showed similar antibody responses against both F and G proteins,
with synchronized peak responses following booster immunization.

Pseudovirus neutralization profiles in hamsters shared similar features
with those in mice (Fig. 3f), with early responses (day 7) in the mRNA-GF-
LNP group and delayed neutralization (day 21) detected in the mRNA-G-
LNP and mRNA-F-LNP groups. All groups reached similar neutralizing
titers by day 42. In live virus neutralization assays, sera from all vaccinated
hamsters effectively neutralized both NiV-M and NiV-B, with peak titers
reaching approximately 10°. Notably, the mRNA-GF-LNP and mRNA-G-
LNP groups induced significantly higher neutralizing antibody titers against
NiV-B than the mRNA-F-LNP group (P < 0.01 and P < 0.05, respectively)
(Fig. 3g).

Collectively, these results demonstrate that all three mRNA vaccines
elicit durable antibody responses, indicating a strong potential for long-term
protective immunity against NiV.

Three mRNA vaccines provide complete protection against
lethal NiV challenge in Syrian hamsters

To evaluate vaccine efficacy, we utilized a stringent Syrian hamster model of
NiV infection®. At 21 days post-booster immunization, Syrian hamsters
were challenged intraperitoneally with 1000 LDs, of NiV-M (Fig. 3a).
Clinical outcomes were monitored daily for 21 days post-challenge (d.p.c),
with virological analysis performed at 5 d.p.c.

All control animals exhibited progressive weight loss and clinical signs
after challenge (Fig. 4a), with mortality onsetat 5 d.p.c. (1 deaths by 5 d.p.c.,
3 by 6d.p.c,1by9dp.c, and the remaining 1 succumbing at 15 d.p.c). In
contrast, all vaccinated Syrian hamsters maintained normal body weight,
showed no clinical symptoms, and survived through the 21-day observation
period.

To assess the effect of vaccination on viral replication, we analyzed the
viralloads in spleen, lung and brain tissues collected from 6 Syrian hamsters
per group at 5 d.p.c. Control animals exhibited high viral loads (>1 x 10°
copies/g) across all examined tissues, whereas no viral RNA was detectable
in any vaccinated animals, indicating complete viral clearance. Viral titra-
tion assays confirmed these findings, with control tissues yielding titers of
1.4 x 10* TCIDs/g (lung), 2.8 x 10> TCIDs,/g (spleen), and 60.25 TCIDs/g

npj Vaccines| (2026)11:17


www.nature.com/npjvaccines

https://doi.org/10.1038/s41541-025-01336-1

Article

&
<\ 2
a S\ %8
EAES
Cap polyA tail - ety
| — T . RN
F— 5 PPP| UTR | F | HA | UTR | AAA..3 mRNA-GF-LNP
: QR g
G—— Cap polyA tail SXP ™ SXPY
— — LR = e
5 ppp‘ UTR “ G | HA ‘ UTR IAAA...3 '{/""“/g 8\*\\%% Q&Jm,é g\\\\\\v)\\.
L mRNA-F-LNP mRNA-G-LNP
Nipah Virus
b c
mRNA-F-LNP mRNA-G-LNP mRNA-GF-LNP mRNA-F-LNP mRNA-G-LNP mRNA-GF-LNP
150 4 10 1507 r1.0 150 r1.0 100 e Vs ) -
o8 o8 o8 _[ |
100 oionnt 100 96.74nm 1004 97 % |
0.6 0.6 0.6 5 50 |
£ |
0.4 ro0.4 0.4 |
50 50 50 |
000s |02 0143 o2 o115 02
== o R A\ /
0 " - 0.0 0 — Loo o - 100 100 100
LNP size PDI LNP size PDI LNP size PDI Size (nm)
d e
mRNA-F-LNP

130kDa—]
100kDa —

70kDa —

mRNA-G-LNP

55kDa —

40kDa —

e

GAPDH
35kDa —

Fig. 1 | Construction and characterization of three mRNA vaccines. a Schematic
illustration of mRNA-F and mRNA-G. The mRNAs encoding NiV F and G proteins
were synthesized and encapsulated into LNPs to generate three vaccine candidates:
mRNA-F-LNP, mRNA-G-LNP, and mRNA-GF-LNP. b, ¢ Particle size and PDI of
the three mRNA-LNP vaccines measured by DLS. All formulations exhibited a

uniform particle size distribution (~100 nm) with PDI values below 0.2. d Western
blot analysis of F and G protein expression in HEK293T cells 48 h post-transfection

with mRNA-F-LNP, mRNA-G-LNP or mRNA-GF-LNP. The G protein was detected
at ~66 kDa, the F protein was observed as the precursor FO (~60 kDa) and the cleaved
F1 subunit (~48 kDa). GAPDH (~36 kDa) served as a loading control. e IFA analysis
of F and G protein localization in HEK293T cells 24 h post-transfection. Top panels:
cells transfected with mRNA-F-LNP and mRNA-G-LNP, respectively. Bottom panel:
cells transfected with mRNA-GF-LNP showing expression of F (green, FITC) and G
(red, Alexa Fluor 594) proteins. Scale bar: 100 pm.

(brain) (Fig. 4b). In contrast, no infectious virus was recovered from vac-
cinated animals. These results demonstrate that all three mRNA vaccine
candidates provided complete protection against lethal NiV-M challenge.

All three mRNA vaccines prevented pathological damage after
NiV infection

To further evaluate the protective efficacy of the mRNA vaccine candidates
against NiV-induced tissue damage, we performed histopathological and
immunohistochemical (IHC) analyses of lung, spleen, and brain tissues
collected at 5 d.p.c. Histopathological analyses showed that the control
group displayed characteristic pathological manifestations of NiV infection.
Lung exhibited extensive hyperplasia, diffuse hemorrhage, alveolar collapse,

and marked thickening of alveolar septa attributable to vascular congestion,
and inflammatory infiltration; Brain showed prominent perivascular cuff-
ing, and lymphocytic infiltration; Spleen showed significant reduction in
follicular size, lymphocyte depletion in white pulp, and increased macro-
phage infiltration (Fig. 5a). In contrast, vaccinated groups showed no evi-
dent pathological alterations. Subsequent IHC analysis of NiV
nucleoprotein (N) antigen confirmed these findings. The control tissues
displayed abundant diffuse viral antigen distribution across all examined
tissues, whereas vaccinated animals showed no detectable viral antigen
(Fig. 5b).

Taken together, these data demonstrate that the mRNA-F-LNP,
mRNA-G-LNP, and mRNA-GF-LNP vaccines effectively eliminate viral
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Fig. 2 | Three mRNA vaccines induce potent immune responses in mice.

a Immunization schedule in mice. Mice received a prime (day 0) and a booster (day
21) intramuscular injection of 5 g per dose. b, ¢ The F- and G-specific antibody
titers of the sera from mice immunized with mRNA-G-LNP, mRNA-GF-LNP, or
mRNA-F-LNP at 7, 21, 42, and 98 days post immunization. d, e Kinetics of F- and
G-specific antibody titers measured by ELISA. f The neutralization antibodies in the
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0 and received a booster immunization at day 21. A lethal challenge with NiV-M was
performed at 21 days post the booster immunization. b, ¢ The F- and G-specific
antibody titers of the sera from hamster immunized with mRNA-G-LNP, mRNA-
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infection, prevent virus-induced tissue pathology damage and inflamma-
tion in critical organs, and provide complete protection against lethal NiV
challenge in Syrian hamsters.

Discussion

NiV represents a significant zoonotic threat with case fatality rates of
approximately 75% in human outbreaks across Southeast Asia**. The
lack of approved treatments or vaccines highlight the urgent need for
effective prevention strategies. mRNA technology provides advantages
for rapid response to emerging pathogens, featuring simplified production
and improved safety profiles’”. In this study, we designed mRNA vaccines
targeting the NiV F and G proteins and investigated their protective efficacy
in Syrian hamsters.

First, the full-length F and G protein sequences were cloned into
plasmids containing the 5 and 3’ UTRs. After in vitro transcription and
capping, mRNA-G and mRNA-F were obtained. These mRNAs were
encapsulated into LNPs containing SM-102 lipid, known to promote effi-
cient cellular uptake and endosomal escape™ ™. Following LNP encapsu-
lation, mRNA-G-LNP and mRNA-F-LNP were prepared. A previous study
has shown that chimeric F/G constructs enhanced neutralizing antibody
titers*'. To potentially mimicking natural viral antigen presentation, nRNA-
G and mRNA-F were co-encapsulated into LNP, generating mRNA-GF-
LNP. Three mRNA vaccine candidates were expressed in HEK293T cells.

Immunogenicity evaluation showed distinct response patterns between
the glycoproteins. All three vaccine formulations induced similar antigen-
specific antibody titers in mice and Syrian hamsters, with no immunogenicity
advantage for the co-formulated vaccine. This phenomenon may be dose-

dependent, as 5 ug vaccination dose falls within the 1-10 pg range where
mRNA vaccines often show minimal differences in humoral responses™*.
Previous studies suggest that immunogenicity differences become more
pronounced at lower doses (<0.1 pg), indicating that dose optimization might
reveal advantages of the mRNA-GF-LNP**. These results align with prior
vaccinia virus-vectored vaccine study (VV-NiV.G and VV-NiV.F) where co-
immunization failed to enhance antibody responses compared to individual
immunization”.

Notably, F-specific antibodies (from mRNA-F-LNP and mRNA-GF-
LNP) became detectable at 14 d.p.i., reaching approximately 10° by day 21.
In contrast, G-specific antibodies (from mRNA-G-LNP and mRNA-GF-
LNP) achieved titers of approximately 10* as early as 7 d.p.i. Previous
research has also shown that prefusion-based mRNA vaccine exhibited
higher neutralizing activity than post-fusion versions®, suggesting protein
stability, pre-fusion conformation maintenance, and neutralizing epitope
preservation may critically influence immunogenicity. This delayed
F-specific antibodies might be caused by this reason or its relatively lower
expression levels. Despite these differences, all formulations ultimately
produced strong and sustained antibody titers (~10°) throughout the 98-day
observation period. Additionally, all three candidates elicited strong
antigen-specific T-cell responses in mice. Notably, mRNA-GF-LNP trig-
gered significantly higher IFN-y production than mRNA-F-LNP upon F
protein stimulation, whereas G-specific T-cell responses were comparable
between mRNA-GF-LNP and mRNA-G-LNP.

Pseudovirus neutralization assays revealed the advantage of mRNA-
GF-LNP, generating detectable neutralization by 7 d.p.i. and significantly
higher titers than mRNA-F-LNP at 21 d.p.i,, suggesting the synergistic

npj Vaccines| (2026)11:17


www.nature.com/npjvaccines

https://doi.org/10.1038/s41541-025-01336-1

Article

a

mRNA-G-LNP

mRNA-F-LNP

mRNA-GF-LNP

7

mRNA-G-LNP

Lung

IHC
Spleen

Brain
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deposits. No NiV antigen was detected in vaccinated groups, whereas diffuse viral
antigen was observed in lung, spleen, and brain tissues of control animals. Magni-
fication: 5% (scale bar: 100 um), 20x (scale bar: 20 pm).

effects between G and F proteins. After boosting, all vaccines achieved
similar neutralization titers (~10*). In live virus neutralization assays, sera
from allimmunized Syrian hamsters neutralized NiV-M and NiV-B viruses.
Challenge studies showed Syrian hamsters immunized with any of the three
mRNA vaccine candidates were completely protected against lethal NiV-M
challenge. Control group showed significant weight loss by 5 d.p.c. and
ultimately succumbed, all vaccinated Syrian hamsters maintained normal
weight and survived. Pathological and THC analyses revealed no detectable
lesions or viral antigen in brain, lung, or spleen tissues from immunized
groups.

Although this study demonstrates the protective efficacy of the mRNA-
LNP candidates against NiV challenge in hamsters, several limitations
should be acknowledged. The protective efficacy of these vaccines remains
to be evaluated in other susceptible species, such as pigs and non-human
primates, which is essential for assessing their broad applicability. While the
vaccine dose used in this study provided complete protection, dose-ranging
studies are needed to determine the optimal immunization regimen for
future development.

In conclusion, we designed mRNA-F and mRNA-G targeting NiV F
and G proteins. Through individual and combined LNP encapsulation, we
developed three mRNA vaccines candidates: mRNA-F-LNP, mRNA-G-
LNP, and mRNA-GF-LNP. All three vaccines induced high-titer specific

and neutralizing antibodies in mice and Syrian hamsters. In challenge
experiments, all vaccines provided complete protection against lethal NiV-
M infection in Syrian hamsters, demonstrating their potential utility for NiV
prevention.

Methods

Cells and viruses

HEK293T and Vero cells were cultured in complete DMEM (contain 10%
fetal bovine serum (FBS) (PAN-Biotech). Cells were cultured at 37 °C in a
5% CO, atmosphere. The NiV-M and NiV-B used in this study was pro-
vided and handled by the National Virus Resource Center, Wuhan Institute
of Virology, Chinese Academy of Sciences.

Preparation of NiV mRNA vaccines

The F and G gene sequences of the NiV-M (GenBank: AJ627196.1) were
retrieved from NCBI and codon-optimized. Following optimization,
the sequences were flanked with 5° and 3> UTRs and cloned into the
pcDNA3.1 vector downstream of the T7 promoter (Sangon Biotech,
Shanghai). For mRNA production, template DNA was amplified by
PCR using 2x KeyPo SE Master Mix (Vazyme) with primers containing
T7 promoter sequence (forward) and poly(T) plus partial 5° UTR
sequence (reverse). Following gel purification, the amplification
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product was subjected to in vitro transcription using T7 RNA poly-
merase, followed by the addition of the Capl Analog (APExBIO, USA).
mRNA was then purified using the MEGAclear™ Kit (Thermo Fisher),
yielding final mRNA-F and mRNA-G products.

LNP encapsulation of NiV mRNA vaccines

The mRNA-F and mRNA-G were encapsulated into LNPs using the fol-
lowing standardized protocol: the aqueous phase was prepared by diluting
mRNA solution with nuclease-free water to 180 pg/mL, followed by addi-
tion of citrate buffer (10 mM, pH 3.0) to achieve a final mRNA con-
centration of 90ug/mL; and the lipid phase consisted of SM-102
(MedChemExpress), 1,2-DSPC (MedChemExpress), cholesterol, and
DMG-PEG (2000) (MedChemExpress) dissolved in ethanol (Sinopharm
Chemical Reagent Co., Ltd) at a molar ratio of 50:10:38.5:1.5. The two
phases were mixed at a 1:3 using a microfluidic chip device (Micro&Nano
Co., Ltd) to generate three formulations: mRNA-F-LNP, mRNA-G-LNP,
and mRNA-GF-LNP (co-encapsulating both mRNAs at 1:1 molar ratio).
LNP characteristics were assessed by dynamic light scattering (DLS).

Western blot analysis

HEK293T cells were cultured in 6-well plates (NEST) and incubated with
2 pg of mRNA-F-LNP, mRNA-G-LNP, or mRNA-GF-LNP. The samples
were collected after 48 h, denatured in 5x SDS loading buffer at 70 °C for
10 min, and then resolved by 10% SDS-PAGE, the proteins were transferred
to a membrane, which was blocked prior to antibody incubation: anti-HA-
Tag (6E2) mouse monoclonal antibody (1:1000) (Cell Signaling Technol-
ogy, CST) and anti-GAPDH polyclonal antibody (1:5000) (Proteintech)
conducted at 4 °C for 16-18 h. The membranes were washed with PBST and
incubated with HRP-conjugated secondary antibody (CST) (1:5000, 1 h at
room tempurature (RT)). Protein bands were developed using chemilu-
minescent substrate (Yeasen Biotechnology) and visualized by UVP
Chemsolo Auto (Analytik Jena). Uncropped and unprocessed original scans
are provided in Supplementary Fig. 1.

Immunofluorescence analysis

When HEK293T cells achieved 70-80% confluency in 96-well plates, they
were transfected with mRNA-F-LNP, mRNA-G-LNP, or mRNA-GE-LNP
(100 ng per well). Following 24 h transfection, the cells were fixed with
anhydrous ethanol (15 min at RT). Following fixation, the cells were blocked
with 5% skim milk (1 h at 37 °C). For mRNA-F-LNP or mRNA-G-LNP
expression, the cells were incubated with mouse polyclonal antisera specific
to F or G protein (1:500, 37 °C for 1 h). After washing with PBST, the cells
were incubated with FITC-conjugated anti-mouse IgG secondary antibody
(1:2000) (BioLegend) (37 °C for 1 h). Nuclei were then counterstained with
DAPI (1:10,000) (Beyotime) (15 min, RT). For mRNA-GF-LNP expression,
after blocking and washing, sequential incubations were performed: first
with mouse anti-F polyclonal serum (1:500, 37 °C, 1 h), followed by PBST
washes, the cells were incubated with pig anti-G polyclonal serum (1:500, 1 h
at 37°). Following a wash step, the cells were probed with FITC-conjugated
anti-mouse IgG antibody (1:2000) and AF594-conjugated goat anti-pig IgG
(HL) antibody (1:500; Abmart), respectively (1 h at 37 °C). Finally, cells were
counterstained with DAPI as described above. Expression of G and F
proteins were examined using a fluorescence microscope (ZEISS).

Animal experiments

Thirty-six female BALB/c mice (aged 6-8 weeks) were randomly divided
into four groups (n=9) (SiPeiFu (Suzhou)). Animals received intramus-
cular immunization with 5 pg of either nRNA-GF-LNP, mRNA-F-LNP, or
mRNA-G-LNP, and the control group were injected with 100 uL PBS. All
animals were immunized twice with a 21-day interval between doses. Serum
samples were collected weekly starting at day 7 post-primary immunization
through day 98 for serum antibody monitoring. Mice were anesthetized
using 4% isoflurane (RWD Life Science) before blood sampling. Upon
completion of the experimental procedures, all mice were euthanized
humanely using carbon dioxide inhalation followed by cervical dislocation.

Carbon dioxide was introduced into a sealed chamber at a flow rate that
displaced 30% of the chamber volume per minute.

Four experimental groups (n = 15; a total of sixty) were established by
randomly assigning SPF female Syrian hamsters (5-6 weeks old, Beijing
Vital River Laboratory Animal Technology Co., Ltd). Three immunization
groups received 10 ug of mRNA-GF-LNP, mRNA-F-LNP, or mRNA-G-
LNP intramuscularly, while controls received 200 pL of PBS. Following two
immunizations (21-day interval), randomly selected animals (n=12 per
group) were transferred to ABSL-4 facilities and challenged with 1000 LDs,
of NiV-M via intraperitoneal route. Six per group were euthanized at
5 d.p.c,, lung, spleen, and brain tissues were collected for subsequent viral
load quantification and histopathological analysis. The remaining six
hamsters per group were monitored for body weight changes through 14
d.p.c. and survival through 21 d.p.c. An additional three hamsters per group
were maintained for extended antibody monitoring until day 91. At the end
of the experiment, all hamsters were euthanized by carbon dioxide inha-
lation. All animal studies follow the ARRIVE guidelines™.

ELISA

Antibody levels in mouse and hamster serum samples were detected by an
indirect ELISA. Briefly, 96-well microplates (NEST) were coated with either
NiV Pre-Fusion glycoprotein (ACRO Biosystems) or NiV G Protein
(Novoprotein). The blocked plates were incubated with serially diluted
serum samples (starting at 1:100, 1 h at 37 °C). After further PBST washes,
species-specific HRP-conjugated secondary antibodies: anti-mouse IgG-
HRP (1:5000) (CST) or goat anti-hamster IgG-HRP (1:10,000) (Abcam)
were added and incubated at 37 °C for 45 min. Plates were washed again and
developed with TMB substrate solution (TTANGEN) (37 °C, 15 min) in the
dark. The reactions were stopped with 2 M H,SO,, and optical density at
450 nm (OD4so) was measured using a microplate reader (Biotek).

Enzyme-linked immune absorbent spot (ELISpot) assay
Splenocytes were adjusted to appropriate density in serum-free medium and
plated at 5x 10° cells per well in 100 uL onto pre-coated mouse IFN-y
ELISpot plates (Mabtech). The cells were stimulated with 5 pg/mL of either
G or F protein. Concanavalin A (ConA, 5 pg/mL) and serum-free medium
were used as positive and negative controls, respectively. Following incu-
bation, spot-forming units (SFU) were quantified as counts per million cells
using AT-Spot™ ELISpot Image Analysis System (Antai Yongxin Tech
(Guangzhou) Co., Ltd).

Pseudovirus neutralization assay
Neutralizing antibody responses were evaluated using a pseudotyped virus
system. Pseudoviruses were generated by co-transfecting HEK293T cells
(70% confluency in T75 flasks) with the following plasmids at optimized
ratio (6:11:1:2): pLOV-CMV-GFP, pSPAX2, pcDNA3.1-F, and pcDNA3.1-
G. The total DNA mixture (35 pg) was incubated with 70 uL PEI trans-
fection reagent for 20 min at RT and then added to cells. Following 48 h
transfection, the supernatant was harvested and centrifuged at 300 x g for
5 min. The clarified supernatant, designated as the pseudotyped virus, was
aliquoted and stored at —80 °C.

After inactivation (56 °C, 30 min), the serum was first diluted 1:20, and
a threefold serial dilution was subsequently performed. Sera were mixed
with 200 TCIDs, of pseudovirus and incubated at 37 °C for 1.5h. The
mixtures (100 pL) were then added to HEK293T cells. After 48 h incubation,
GFP-positive wells were counted, and neutralizing antibody titers (NT)
were calculated using the Reed-Muench method.

Live virus neutralization assay

Serum from Syrian hamsters collected at 14 days post-second immunization
have been inactivated (56 °C, 30 min). Using DMEM supplemented with
2% EBS, the serum was subjected to three-fold serial dilutions starting from
1:20. The diluted serum was mixed with 100 TCIDs, of NiV-M or NiV-B
and incubated at 37 °C for 1 h. The mixture was inoculated onto Vero E6
cells (four replicates per dilution). After 1h incubation at 37°C, the
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inoculum was replaced with complete DMEM and the cells were cultured
for 5 days. Cytopathic effect (CPE) was recorded daily. The neutralizing
antibody titer was calculated (the highest serum dilution that provided
complete protection to 50% of the cell monolayers).

qRT-PCR

qRT-PCR was performed to quantify the viral loads in hamster tissues as
previously described”. Briefly, lung, spleen, and brain tissues were collected
from Syrian hamsters at 5 d.p.c. for RNA extraction. The NiV N gene was
amplified using a TagMan probe-based assay on a CFX96 Real-Time Sys-
tem (Bio-Rad) with the HiScript IT One Step qRT-PCR Probe Kit (Vazyme).
The used primers and probe were: forward primer: 5-AACATCAGCAG-
GAAGGCAAGA-3’, reverse primer: 5-GCCACTCTGTTCTATAGGT
TCTTC-3’, and probe: FAM-5-TTGCTGCAGGAGGTGTGCTC-BHQ1-
3’. A standard curve was generated to calculate the N gene copy number.

Virus titration assay

Tissue homogenates were subjected tol10-fold serial dilutions in DMEM
supplemented with 2% FBS, and 100 pL of each dilution were then applied
to Vero E6 cell monolayers and incubated at 37 °C under 5% CO, for 1 h, the
culture was removed, and the cells were maintained in DMEM containing
2% FBS for 5 days, and final CPE scoring at day 5 was used to calculate viral
titers (log10 TCIDsy/g) using the Reed-Muench method.

Histopathological and immunohistochemical analysis

Following challenge infection, the lung, brain, and spleen from Syrian
hamsters were collected and fixed in 10% paraformaldehyde solution for
7 days. After embedding in paraffin, tissue samples were sectioned at a
thickness of 4 pm and subsequently stained with H&E. For IHC analysis, an
in-house developed monoclonal antibody specific for NiV N protein was
used. The sections were scanned using a Pannoramic MIDI system (ZEISS).

Statistical analysis

All data were analyzed using GraphPad Prism software (version 10.4) and
presented as mean + SEM. Statistical differences were assessed using one-
way analysis of variance (ANOVA) and Student’s two-tailed t-test. Statis-
tical significance was set at P < 0.05. ns, not significant, *P < 0.05, **P < 0.01.

Ethic statement

The immunization studies in mice and hamsters complied with the ethical
guidelines approved by the Animal Ethics Committee of the Shanghai
Veterinary Research Institute, Chinese Academy of Agricultural Sciences
(Approval Nos.: SV-20240607-03 and SV-20241018-01). All NiV challenge
experiments were performed under Animal Biosafety Level 4 (ABSL-4)
facility at the National Biosafety Laboratory (Wuhan), Chinese Academy of
Sciences, with protocols approved by the Institutional Animal Care and Use
Committee (Approval No.: WIVA21202402).

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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