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A bivalent mRNA vaccine against
RSV infection in rodent models
Juan Liu*, Hanqing Zhao, Wenhao Wang, Binbin Yang,
Naifang Zhang, Yu Zhang, Jie Qian, Qiaofang Ma, Yankun Lu,
Huafeng Han and Yongsheng Yang*

Nucleic Acid Medicine Innovation Center, Zhejiang Haichang Biotech Co., Ltd., Hangzhou,
Zhejiang, China
Because of the higher conservation of RSV Fusion (F) protein than the

glycoprotein (G) across RSV strains and serotypes, the majority of vaccine

candidates targets to viral fusion protein (F) rather than glycoprotein to elicit a

broader range of protective neutralizing antibodies from infection. In this study,

we screened two chemically modified mRNA vaccines expressing RSV prefusion

stabilized protein (preF) targeting RSV A2 and B subtypes. After immunization, the

antigen-specific binding antibody, neutralizing antibody, and T cell-mediated

immune response were evaluated. After challenge with live RSV A2 virus in cotton

rats, the protection and safety of vaccine was further evaluated. The results

showed that the mRNA vaccine candidates elicited robust antigen-specific

binding antibody, neutralizing antibody responses and Th1-biased T-cell

responses in both mice and cotton rats. Moreover, cotton rats vaccinated with

mRNA vaccine, lung pathology and lung infectious viral loads were significantly

reduced, and no vaccine enhanced respiratory disease (VERD) happened. These

results collectively demonstrated that mRNA-based vaccine induced strong

humoral and cellular immunity, provided outstanding protection against both

RSV A2 and RSV B subtypes in rodent animals as well. Our data demonstrated that

these mRNA vaccines should be further evaluated in clinical trials.
KEYWORDS

RSV prefusion protein, mRNA vaccines, neutralizing antibody, protection, immunity
Introduction

Respiratory syncytial virus (RSV), as the Paramyxoviridae family, is a single

nonsegmented negative-stranded RNA virus with a genome encoding 11 different

proteins (1–3). RSV is divided into two major antigenic subtypes, RSV A and RSV B,

which co-circulate during seasonal epidemics, often with a predominance of one of the

subtypes in a single season (4). RSV is associated with upper and lower respiratory tract

diseases, and causes high morbidity and mortality among immunocompromised

populations, infants, and the elderly worldwide (5). Since 1960, a number of different

RSV vaccine have been developed, such as a formalin-inactivated virus vaccine (6), subunit

vaccines (3, 7–9), vectored vaccines (2, 4, 10–12), and live attenuated vaccine (13). In
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addition, some novel vaccine development including F-Fc fusion

protein vaccine (14), a nanoparticle vaccine (15), mRNA vaccine

(16), and so on, have been in clinical trial in pregnant women.

Meanwhile, two licensed monoclonal antibodies targeting the

glycoprotein F, Palivizumab and Nirsevimab, can respectively

treat high-risk premature-birth infants or healthy infants 8

months of age and younger (17, 18). Currently, three commercial

vaccines against RSV in older adults - mRESVIA (Moderna) (19),

Abrysvo (Pfizer—BioNTech) (20, 21) and Arexvy (GSK) (22) have

been approved for marketing in several countries.

The RSV F protein is a type I fusion glycoprotein and mediates

viral entry and contains important neutralizing epitopes (23). The F

protein is conserved between the RSV A and RSV B antigenic

subgroups of clinical isolates. Thus, Most of the RSV vaccines in

clinical trials are based on the F protein (24). During virus-host cell

membrane fusion, the F protein transitions from a metastable

prefusion conformation to a stable postfusion conformation. RSV

postfusion-based vaccines have shown limited or no protective

efficacy in clinical trials (25), possibly because the most potent

neutralizing antibodies bind to the prefusion conformation (26, 27).

However, the development of RSV prefusion-based vaccines has

long been hindered due to the instability of the RSV prefusion F

protein. To elicit a robust neutralizing antibody response, a few

prefusion F proteins were engineered using mutations identified by

structure-based design and have demonstrated superior efficacy and

immunogenicity in preclinical studies (10, 28, 29).

An internal ribosome entry site (IRES)-mediated system was

employed to build polycistronic transcription units in eukaryotic

cells that expressed two or more proteins by promoting internal

initiation of mRNA translation (30, 31). Previously study reported

that up to 4 genes were co-expressed via IRESs (32). In addition, 2A

peptides have been used in a very wide range of biotechnological

and biomedical applications. During translation, these 2A peptide

sequences mediate a eukaryote‐specific, self‐cleaving event with

very high efficiency and simultaneously translate a number of

proteins at an equal level in all eukaryotic systems (33). We chose

an alternative approach for co-expressing multiple genes in one

mRNA using IRES or 2A elements.

Messenger RNA (mRNA) technology has certain advantages,

and allows the versatile design of vaccine antigens for the rapid

generation of candidate antigens for preclinical evaluation, and

highly scalable and fast manufacturing as well (34). mRNA vaccines

targeting the SARS-CoV-2, Ebola, Zika, and influenza viruses, as

well as cancer, have been developed (35).

In our study, we have developed a bivalent mRNA vaccine

encoding two stabilized prefusion F proteins of RSV A2 and B and

studied the immune mechanisms of protection against RSV

infection in rodent models. Firstly, we discovered that mRNA

vaccine candidates could induce the production of RSV-specific

antibody and generate protective Th1-biased cellular immune

response in mice and cotton rats. Secondly, we further illustrated

that mRNA vaccine candidates could elicit robust neutralizing

antibody responses against RSV A2 and B and reduce viral loads

in cotton rats. Additionally, this mRNA vaccine candidate could

protect cotton rats against RSV A2 and did not develop vaccine
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enhanced respiratory disease (VERD). In summary, the data suggest

that the mRNA vaccine expressing RSV prefusion F protein could

be a safe and effective vaccine candidate for the prevention of

RSV infection.
Materials and methods

Cells, viruses and animals

Human embryonic kidney 293 cells (HEK293 cells, ATCC CRL-

3216) and HEp-2 cells (ATCC CCL-23) were maintained in

Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco, 11965092,

USA) supplemented with 10% fetal bovine serum (FBS, Gibco,

11965092, USA) and 1% penicillin-streptomycin (Gibco, 15140148,

USA). RSV strains A2 and B were obtained from Chongqing

Medleader Bio-Pharm Co., Ltd (Chongqing, China) and grown

and cultured in HEp-2 cells (ATCC CCL-23). They were used in

serum neutralization assays by HEp-2 cells-based plaque assay. RSV

strain A2 was also used for challenge study. SPF-grade of 6−8-week-

old female BALB/c mice were purchased from Beijing Vital River

Laboratory Animal Technology Co., Ltd. Female cotton rats of 7–10

weeks old were purchased from SPF (Beijing) Biotechnology Co.,

Ltd. and these animals were housed and bred under appropriate

temperature and humidity conditions. An animal care and use

application for this study was reviewed and approved by Chongqing

Bureau of Science and Technology IACUC (SYXK (Yu) 2021-0003).
mRNA and mRNA-LNP preparations

The recombinant plasmids encoding the T7 RNA polymerase

promotor fol lowed by 5 ′ untranslated region (UTR:

AGGAAATAAGAGAGAAAAGAAGAGTAAGAAGAAATATAA

GACCCCGGCGCCGCCACC), open reading frame (ORF)

containing preF sequences from RSV A2 and RSV B, 3′UTR
(GCTGGAGCCTCGGTGGCCTAGCTTCTTGCCCCTTGGGCC

TCCCCCCAGCCCCTCCTCCCCTTCCTGCACCCGTACCCCC

GTGGTCTTTGAATAAAGTCTGAGTGGGCGGC), and a 110-

base poly(A) tail were overexpressed in E. coli, extracted and

linearized by restriction endonuclease BspQ I cleavage followed

by plasmid recovery and purification. Nucleoside-modified mRNA

was synthesized by in vitro transcription (IVT). IVT reactions were

performed using linearized DNA templates, an optimized T7 RNA

polymerase mix (HZYMES biotech, HBP000330, China), ATP (100

mM), GTP (100 mM), CTP (100 mM), N1-Me-pUTP (100 mM),

and Cap GAG (m7G (5′) ppp (5′) (2′-OMeA) pG) (Glycogene, CA-

1005, China) and purified using an oligo-dT affinity column

(Thermo Fisher Scientific, A48352, USA) and Tangential Flow

Filtration (TFF, Repligen Corporation, USA). RNA integrity was

analyzed by microfluidic capillary electrophoresis (Fragment

Analyzer systems 5200, Agilent), and the concentration, pH, and

endotoxin level were also determined.

To prepare the mRNA vaccine, the purified mRNA was diluted

to the desired concentration with 50 mM citric acid buffer, pH 4.0,
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to obtain an aqueous solution. LNPs were prepared as described in

our previous study (36), and the lipids mixture containing ionizable

lipids, 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), a

polyethylene glycol-lipid and cholesterol were dissolved in

ethanol at a molar ratio. Finally, the mRNA vaccine was tested

for particle size, polymer dispersity index, mRNA encapsulation,

and endotoxin prior to injection into animals. All these parameters

were within the acceptable criteria.
Cell transfection

1×106 HEK293 cells were transfected with T2A-preF and IRES-

preF mRNA unit using the Lipofectamine™ Messenger MAX™

transfection reagent (Thermo Fisher Scientific, LMRNA008, USA)

in accordance with the manufacturer’s protocol. Briefly, 7.5 µL

Lipofectamine™ MessengerMAX™ Reagent was incubated with

125 µL Opti-MEM™ Medium for 10 minutes at room temperature

before being mixed with 5 µg of mRNA in 125 µL Opti-MEM™

Medium. After 5 minutes of incubation at room temperature, this

mRNA-lipid complex was added to HEK293 cells and incubated for

24 hours at 37°C in 6-well plates. At that point, these cells were

harvested and lysed immediately in RIPA buffer (Beyotime,

P0013B, China). Cell supernatants were also collected and stored

at −20°C until sandwich ELISA analysis.
Mouse immunizations

Six groups of 10 female BALB/c mice were immunized twice at a

3-week interval with 10 mg DS-Cav1 preF protein (SinoBiological,

11049-VNAS, China) formulated with Adju-phos® (InvivoGen,

vac-phos-250, USA) or with the 1 µg or 3 µg or 10 µg dose of

candidate mRNA vaccines T2A-preF, IRES-preF, or with saline as a

negative control. Two weeks following the second immunization,

the serum was collected for serum-specific antibody levels assays.

For virus neutralization and ELISpot assays, mice were sacrificed 3

weeks following the second immunization, and the blood and

spleens were obtained.
Sandwich enzyme linked immunosorbent
assay (ELISA)

Cell culture supernatant or precipitation lysate or mouse sera

were analyzed using the sandwich ELISA kit in accordance with the

manufacturer’s instructions (Vazyme, DD3935, China). Briefly, a

96-well ELISA plate (Corning, USA) was coated with anti-RSV pre-

F antibody F6-199 in PBS (1 µg/mL, 100 µL/well) at 4°C overnight

and incubated with 5% BSA in PBST at 37°C for 1 hour. After four

times of wash with PBST, 100 µL thawed cell supernatants or

precipitations were added to the wells at 1/5 dilutions in the block

buffer. Eight step-wise 2-fold dilutions of the standard samples

starting at 0.48 µg/mL concentration were added to the control

columns. After washing with PBST, the plate was incubated with
Frontiers in Immunology 03
horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG

(Thermo Fisher Scientific, 31437, USA) at 37°C for 1 hour and

developed by adding 100 µL tetramethylbenzidine (TMB)

(Invitrogen™, 00-4201-56, USA) for 15 minutes followed by

adding 50 µL/well of 2 M sulfuric acid. The absorbance was

measured at 450/630 nm on an ELISA microplate reader

(TECAN Infinite SPARK, USA).
Cotton rat immunizations and challenge

Nine groups of five female cotton rats were immunized twice

intramuscularly with 4 mg, 10 mg, or 25 mg mRNA vaccine or with

an intranasal administration of 1 × 106 pfu RSV A2 or with a

formalin-inactivated RSV A2 vaccine (FI-RSV, Taichu Biology) at a

3-week interval and with a naive unvaccinated group. Animals were

bled for serology before the immunization and on days 21, 28, and

35. The body weight of the rat was measured every three days before

the challenge and on a daily basis after the challenge until

humanitarian euthanasia. On day 42 (3 weeks following the

second immunization), all animals (excluding 4 mg dose groups)

in the study were challenged intranasally with 1 × 106 pfu of RSV

A2 strain delivered in a 0.1 mL volume. On day 47, all animals were

euthanized and lung tissues were isolated and trisected to process

for virus quantification of viral load, pathology, and cytokine

mRNA analysis. The cotton rat VERD study was conducted at

Chongqing Medleader Bio-Pharm Co., Ltd (Chongqing, China).

The naive unvaccinated group was challenged to serve as a control

for the pathological changes associated with natural infection.
ELISA

The level of anti-RSV preF antibody in the vaccinated serum was

determined essentially with an ELISA method as described in the

reference (16). Briefly, Ninety-six-well ELISA plates (Corning, USA)

were coated with 2 mg/mL purified preF recombinant protein and

incubated at 4°C overnight. The plates were then washed and blocked

for 1 hour at room temperature with 5% non-fat milk dissolved in

PBST. Sera from mice were serially diluted 2-fold starting at 1:12800

(1:12800, 1:25600, 1:51200, 1:102400, 1:204800, 1:409600, 1:819200,

1:1638400, 1:3276800) in the blocking buffer, or sera from cotton rats

were serially diluted 3-fold starting at 1:300 (1:300, 1:900, 1:2700,

1:8100, 1:24300, 1:72900, 1:218700, 1:656100, 1:1968300) in the

blocking buffer, transferred to each well and incubated for 2 hours at

room temperature. Following the plate wash, the plates were incubated

with HRP-conjugated rabbit anti-mouse (Thermo Fisher Scientific,

PA1-28568, USA) or chicken anti-rat IgG (Thermo Fisher Scientific,

A18727, USA) antibody, diluted at 1:100 in the block buffer for 1 hour

at room temperature. The plates were developed with TMB and the

reaction was stopped within 10 min and the absorbance was read at

450 nm on an ELISAmicroplate reader. The optical density (OD) value

of the highest dilution was 2.1 times higher than that of the negative

control at the same dilution and was employed as the serum endpoint

dilution titer. Each experiment was conducted three times.
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Serum neutralization assays

The serum neutralization assay of live RSV strains A2 and B on

HEp-2 cells was determined by 50% plaque reduction neutralization

titers (PRNT50) in both BALB/c mice and cotton rats. Similar

protocols were delineated in reference (37). Briefly, sera were

heat-inactivated and serially diluted in a 96-well plate. The sera

were mixed in a 1:1 ratio with RSV stocks and incubated for 1 hour

at 37°C. The virus-serum mixtures were then added to HEp-2 cells

in 96-well plates, incubated for 1 hour, and subsequently overlaid

with carboxymethyl cellulose and incubated for 5 days at 37°C and

5% CO2. Cells were then washed, fixed, permeabilized, and blocked.

Each well was then incubated with anti-mouse or cotton rat RSV

preF protein monoclonal antibody at 37°C for 1 hour, followed by

HRP-conjugated rabbit anti-mouse or chicken anti-rat IgG

antibody. The cells were washed and developed with TMB.

Plaques were counted with an AID ELISpot Reader Classic and

analyzed by the ELISpot 7.0 iSpot software (AID, Germany).

PRNT50 was defined as the highest reciprocal serum dilution that

inhibited more than 50% of the plaques observed in infected control

wells without serum treatment on the same plate (the mean of four

control wells per plate was used).
Enzyme-Linked ImmunoSPOT
(ELISpot) assay

Mice or cotton rats were euthanized, and their spleens were

removed under aseptic conditions. To detect specific T lymphocyte

responses, the IFN-g/IL-4 ELISpot assay was carried out using the

IFN-g/IL-4 ELISpot-plus Kit in accordance with the manufacturer’s

instructions (Dakewe, 2210004 for Mouse IFN-g Precoated ELISpot

Kit, 2210402 for Mouse IL-4 Precoated ELISpot Kit, China;

Mabtech, 3220–4APW-10 for the Rat IFN-g ELISpot-plus Kit,

Sweden). 2 × 105 splenocytes and RSV A2 full-length preF

peptide mix (0.5 mg/mL, GenScript, China) were added to 96-well

ELISpot plates precoated with IFN-g/IL-4 antibodies. After

incubation at 37°C for 20 hours, the plates were washed with

wash buffer, and biotinylated anti-mouse or rat IFN-g/IL-4
antibody was added to each well at 37°C for 1 hour, followed by

the addition of streptavidin-HRP and incubation at 37°C for 1 hour.

After the addition of chromogenic substrate for 5 minutes at room

temperature, the reaction was halted with pure water for 2 minutes,

and the plates were dried for 30 minutes at room temperature.

Finally, the results of the ELISpot assays were evaluated using an

AID ELISpot Reader Classic and analyzed by the ELISpot 7.0 iSpot

software (AID, Germany).
Viral load

Lung samples were determined by plaque assay on HEp-2 cells.

Briefly, samples were diluted and added into 96-well plates as described

(38). The diluted samples were added into 96-well plates with confluent

HEp-2 cells monolayers for 1 hour at 37°C, and carboxymethyl
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cellulose was also added. After 3 days at 37°C, cells were further

processed as described above. Finally, viral plaques were counted with

an ELISPOT reader and analyzed using the AID ELISpot Reader

Classic and analyzed by the ELISpot 7.0 iSpot software (AID,

Germany), and virus titers were expressed as pfu/g of tissue.
Hematoxylin and eosin (H&E) staining

The right lobe of the lung tissues was dissected and inflated with

10% neutral buffered formalin to its normal volume and fixed in the

same fixative solution for 24 hours, and was cut into 4 µm tissue

sections and stained with H&E for histopathological examination.

The slides were evaluated for evidence of peribronchiolitis

(inflammatory cell infiltration around the bronchioles),

perivasculitis (inflammatory cell infiltration around the small

blood vessels), interstitial pneumonia (inflammatory cell

infiltration and thickening of alveolar walls), and alveolitis (cells

within the alveolar spaces). Slides were scored on a scale of 0

(normal) to 4 (severe). Images were captured using a Pannoramic®

250 Flash III (3D HISTECH, Hungary) and rendered using

CaseViewer V2.4.0.
QRT-PCR

The relative level of cytokine mRNA was determined via

quantitative real-time PCR (qRT-PCR). Briefly, the middle lobe of

the right lung tissue was homogenized, and total RNA was extracted

using the TRIZOL Reagent (Pufei Biotech, 3101–100, China) in

accordance with the manufacturer’s instructions. One mg of total

RNA was used to synthesize cDNA using the RevertAid First Strand

cDNA Synthesis Kit (Thermo Fisher Scientific, K1621, USA). The

qPCR reaction was performed using the ChamQ™Universal SYBR®

qPCR Master Mix (Vazyme, Q711–02, China) and a LightCycler96

real-time PCR system (Roche, Basel, Switzerland). The reaction was

performed as follows: 95°C for 300 seconds; 40 cycles of 95°C for 10

seconds and 60°C for 30 seconds; 95°C for 10 seconds, 65°C for 60

seconds and 97°C for 1 second; 37°C for 30 seconds. The relative

expression units were subsequently normalized to the level of

glyceraldehyde-3-phosphatedehydrogenase (GAPDH) mRNA

expressed in the corresponding sample. Quantitative analysis was

conducted using the LightCycler96 software with a relative

quantification method (DDCt) to assess the level of cytokine mRNA.
Bronchoalveolar lavage fluid
(BALF) analysis

BALF was collected, stained, and counted using methods

previously delineated (3, 39). Briefly, BALF was collected from

cotton rats immediately after CO2 asphyxiation by washing the lung

with 2 mL of sterile saline. The lavaged sample from each cotton rat

was kept on ice until needed. BALF was centrifuged at 300 × g for 5

minutes, and cells were separated. After centrifugation, pellets were re-
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suspended in 1mL PBS, and centrifuged at 300 × g for 5 minutes again.

Pellets were re-suspended in 0.3 mL PBS. BALF cell counts were

determined by hemocytometer, and BALF differentials were

determined on Diff-Quik (Solarbio, G1541, China). Differential cell

counting was performed using standard morphological criteria. By

using flow cytometry, the relative size and granularity for the BALF cell

were analyzed based on the side-scattering and forward-scattering.
Statistical analysis

Statistically significant differences between groups and

treatments were ascertained by two-way analysis of variance

(ANOVA), and those between groups were determined by one-

way ANOVA with the Tukey multiple comparison test and using

GraphPad Prism 8 software (GraphPad Software, Inc., La Jolla, CA,

USA). A p value of less than 0.05 was regarded as

statistically significant.
Results

mRNA antigen design and expression

The RSV fusion protein is the principal target for virus-

neutralizing antibodies, and most of the neutralizing antibodies

are directed against the preF conformation following natural

infection in humans (27). Therefore, preF becomes the antigen

targeted by the majority of RSV vaccine candidates. In our study, to

improve its expression and stabilize the desired conformation as

well, we designed 35 mRNA antigen sequences based on preF.

Among them, 23 sequences (F-1~F-23) were designed on T2A-

preF, and 12 sequences (F-24~F-35) were designed on IRES-preF.

Briefly, the mRNA construct encompassed a 5′ cap structure, a 5′
UTR, one open reading frame (ORF) including the A2 preF and B

preF sequence connected by the T2A or IRES sequence, a 3′ UTR,
and a poly(A) tail. The ORF in this study encoded the prefusion

protein of the RSV A2 strain (GenBank: KT992094) and RSV B

strain (GenBank: AF013254) (Figure 1A). Sequence optimization

on these 35 mRNA constructs was necessary for cellular preF

protein expression. All parameters of these mRNA qualities were

within the acceptable criteria. We then compared the antigen

expression induced by these optimized mRNA constructs in cell

transfection. Sandwich ELISA analysis disclosed that the expression

of the constructs F-7 or F-30 was the highest in the cell culture

supernatant among these constructs (Figures 1B, C). To further

investigate the expression of the constructs F-7 or F-30, we explored

the preF expression in cell precipitation and culture supernatant by

the same method. The results revealed that the expression of the

preF protein induced by F-7 mRNA in cell precipitation was 1.5-

fold higher than that induced by F-30 mRNA. However, compared

with F-30 mRNA, the expression of the preF protein in the cell

culture supernatant induced by F-7 mRNA decreased by 1.3 folds.

Of note, the expression of the total preF in the F-7 mRNA group

was 1.1-fold lower than that in the F-30 mRNA group, and the
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expression of the preF protein induced by F-7 or F-30 mRNA in the

cell culture supernatant was 2.1 or 4.2-fold higher than that in cell

precipitation, respectively (Figure 1D). In addition, we selected 11

constructs with high antigen expression from the 23 constructs of

T2A-preF and conducted a mouse vaccination experiment. After

serum collection at 24 hours, the antigen expression of preF in vivo

was detected. Consistent with the in vitro data, the in vivo results

also indicated that only the construct F7 was the group with the

optimal antigen expression (Supplementary Figure S1). We

designated the two constructs, F-7 and F-30, as T2A-preF and

IRES-preF mRNA, respectively. In conclusion, the mRNA

sequences with high expression that we screened from 35

sequences lay a foundation for further research on the

immunogenicity of the mRNA vaccine.
mRNA vaccines elicit robust humoral and
cellular immune responses in mice

To evaluate the immunogenicity of the RSV mRNA vaccine in

mice, BALB/c mice were intramuscularly immunized twice with

T2A-preF (1 µg, 3 µg, or 10 µg) or IRES-preF (1 µg or 3 µg) mRNA

vaccine at 3-week intervals. Immunization with 10 mg of the DS-

Cav1 protein (preF) antigen formulated with an aluminum

phosphate-based adjuvant was added as a positive control, and

the naive group (saline, nonvaccination group) was served as a

negative control. Sera were collected at the indicated time points

and tested for antigen-specific IgG levels by ELISA and the viral

neutralization antibody against RSV A2 by serum neutralization

assay (Figure 2A). The results demonstrated that the mRNA vaccine

induced high levels of RSV F protein-specific IgG and serum

neutralizing antibody titers compared to the control. For the

T2A-preF mRNA vaccine, the serological immune responses were

2.3–4.1-fold higher than vaccinations using the aluminum

adjuvanted DS-Cav1 protein (Figures 2B, C).

Three weeks after the boost immunization with the T2A-preF

mRNA vaccine, the mice were sacrificed, and the splenocytes were

harvested and analyzed by enzyme-linked immunospot assay

(ELISpot). As shown in Figure 2D, ELISpot results showed that the

IFN-g secretion by T lymphocytes from spleens was significantly

higher in the 1 µg or 3 µg groups compared to the control. Notably,

no differences in IL-4 secretion by T lymphocytes from spleens were

observed in all immunizedmice compared to the control (Figure 2D).

In summary, the RSV mRNA vaccine successfully induces both

humoral and Th1-biased cellular immune responses in mice,

making it an ideal candidate for RSV mRNA vaccine development.
mRNA vaccines elicit strong humoral and
cellular immune responses in cotton rats

To further explore vaccine immunogenicity in cotton rats, the

T2A-preF or IRES-preF mRNA vaccine (4 µg, 10 µg, or 25 µg) or FI-

RSV were intramuscularly vaccinated twice to cotton rats 3 weeks

apart. Groups of cotton rats were intranasally immunized once with
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RSV A2 as a positive control and with PBS as a negative control.

Sera were collected at various times following the second

immunization and tested for the binding antibody titer against

the prefusion F protein by ELISA, and for the neutralization of RSV

A2 or RSV B (Figure 3A). The results indicated that all mRNA

vaccines elicited elevated levels of serum antibodies to RSV F

proteins along with serum neutralizing antibody titers.

Irrespective of the dose, the antibody titer induced by the T2A-

preF mRNA vaccine reached a peak at day 28 and declined

significantly at day 35, yet remained higher than those at day 21,

and the same trend was witnessed in the IRES-preF mRNA vaccine

group (Figure 3B, Supplementary Figure S2).

The mRNA antigens utilized in this study were designed based

on RSV A2 and RSV B sequences. Although the F protein is

conserved between RSV A2 and RSV B genotypes, the

neutralizing antibody titers against the two genotypes should be

demonstrated. All of the mRNA vaccines elicited significantly
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higher neutralizing antibody titers against RSV A2 or RSV B

strain compared with FI-RSV, the naive, or RSV A2 groups.

Nevertheless, there was no dose dependency (Figure 3C).

Additionally, ELISpot results indicated that the IFN-g secretion

by T lymphocytes from spleens was significantly higher in the 10 µg

T2A-preF or 25 µg IRES-preF mRNA groups compared to the naive

or FI-RSV groups, which was consistent with the observation in

mice (Figure 3D). Collectively, these results demonstrated that the

RSV mRNA vaccine induced a strong humoral and Th1-biased

cellular immune response in cotton rats.
mRNA vaccines protect cotton rats against
RSV A2 challenge

To assess the ability of candidate vaccines to provide protection

against RSV A2 challenge, cotton rats immunized with T2A-preF or
FIGURE 1

The design of mRNA antigen and expression. (A) Structure of RSV mRNA Vaccine. UTR: untranslated region; preF: prefusion F protein; the coding
domain sequence is composed of A2 preF and B preF and connected by T2A or IRES. (B-D) The expression of mRNA constructs in HEK293 cells was
analyzed by sandwich ELISA (n = 5). The data are presented as the mean ± standard error of the mean (SEM). All the data are representative of three
independent experiments. A one-way (B, C) or two-way (D) ANOVA with Tukey’s multiple comparisons test was conducted, ****p < 0.0001.
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IRES-preF mRNA vaccine were challenged with RSV A2 following

two immunizations, in contrast to RSV A2 infected, naive

unimmunized, or FI-RSV immunized animals (Figure 4A). The

body weight of cotton rats was measured every 3 days, and the

results showed that the body weight generally increased over time.
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Meanwhile, the body weight change after the challenge was also

tested, and the results showed that the rats in all the mRNA vaccine

groups except the IRES-preF mRNA vaccine group showed varying

degrees of body weight increase one day after the challenge,

suggesting that the mRNA vaccines were safe to a certain extent
FIGURE 2

Mouse immunogenicity. (A) Immunization Schedule. Groups of 6- to 8-week-old female naive BALB/c mice (n = 10) were vaccinated via
intramuscular injection with the indicated doses of RSV mRNA vaccine at 3-week intervals. Blood collection and spleen extraction were performed
at the predefined time points after immunization. (B) The preF protein-specific IgG levels were quantified by ELISA (n = 5). (C) Neutralization assays
of the live RSV A2 were quantified (n = 5). (D) Protein-specific T cell ELISpot assay results. Splenocytes were stimulated with overlapping peptide
pools spanning the RSV A2 full-length F protein at a final concentration of 0.5 mg/mL (n = 10). The data are presented as the mean ± SEM. The
horizontal dashed line indicates the lower limit of quantification. All the data are representative of three independent experiments. A one-way (B, C)
or two-way (D) ANOVA with Tukey’s multiple comparisons test was conducted, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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(Figures 4B, C). Besides the body weight, we also evaluated the virus

load in cotton rat lungs on day 5 after the challenge. The viral loads

in the mRNA vaccine groups were significantly reduced compared

with that in the FI-RSV immunized group (Figure 4D).

To further observe the pathological changes in the lungs after

RSV A2 challenge, we selected the animals immunized with 25 µg

IRES-preF mRNA vaccine for H&E staining and the animals with

RSV A2 infected, naive unimmunized, or FI-RSV immunized as
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controls. Consistently, no significant pathological changes in the

lungs of cotton rats were observed in the IRES-preF mRNA vaccine

group, while alveolar damage, inflammatory cellular infiltration,

and hemorrhage were observed in the alveolar space of animals

immunized with these controls (Figure 4E). In addition to

histological inflammation, we also examined the proportion of

inflammatory cells in the airways of BALF 5 days after RSV A2

challenge. The Diff-Quik assay results showed that mRNA vaccine
FIGURE 3

Cotton rat immunogenicity. (A) Immunization Schedule. Groups of 7- to 10-week-old female naive Cotton rats (n = 5) were vaccinated via
intramuscular injection with the indicated doses of the RSV mRNA vaccine at 3-week intervals. Blood collection and spleen extraction were
performed at the predefined time points after immunization. (B) The preF protein-specific IgG levels were quantified by ELISA (n = 5).
(C) Neutralization assays of the live RSV A2 and RSV B virus were quantified (n = 5). (D) Protein-specific T cell ELISpot assay results. Splenocytes were
stimulated with overlapping peptide pools spanning the RSV A2 full-length F protein protein at a final concentration of 0.5 mg/mL (n = 5). The data
are presented as the mean ± SEM. The horizontal dashed line indicates the lower limit of quantification. All data are representative of three
independent experiments. A one-way (D) or two-way (B, C) ANOVA with Tukey’s multiple comparisons test was conducted, *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001.
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FIGURE 4

Evaluation of the immune protection provided by RSV mRNA vaccine during in vivo challenge. (A) Immunization and Challenge Schedule. 7- to 10-
week-old female cotton rats were immunized with two doses of the vaccines via the intramuscular route at 3-week intervals (n = 5). Subsequently,
all animals were challenged with live RSV A2 at 42 days post-vaccination, and the lung tissues were collected at day 47 after immunization.
(B, C) The body weights of the cotton rats were monitored and documented before and after the challenge (n = 5). The mice were euthanized after
observation. (D) Viral loads in the lung tissues of challenged rats were measured with qRT-PCR at day 47 (n = 5). (E) H&E staining was performed to
assess pathological changes in the lungs of cotton rats (n = 5). (F) The proportion of lymphocytes, eosinophils, basophils, neutrophils and
macrophages in the BALF was analyzed by Diff-Quik assay (n = 5). The data are presented as the mean ± SEM. The horizontal dashed line indicates
the lower limit of quantification. All the data are representative of three independent experiments. A one-way (D) or two-way (B, C, F) ANOVA with
Tukey’s multiple comparisons test was conducted, *p < 0.05; **p < 0.01; ****p < 0.0001.
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stimulation significantly increased the proportion of lymphocytes in

the BALF compared to the FI-RSV group. While administration of

the mRNA vaccine significantly reduced the eosinophils

proportion, no significant differences were observed on basophils,

macrophages, and neutrophils cell proportions (Figure 4F).

Likewise, we also used flow cytometry to find that the proportion

of only lymphocytes was enhanced and granulocytes was decreased

in the mRNA vaccine groups compared with the FI-RSV group

(Supplementary Figure S3). Therefore, these results suggested that

mRNA vaccine immunization does not cause pulmonary

histopathology and eosinophilia upon RSV challenge.
mRNA vaccine immunization does not
cause VERD and upregulation of Th2
cytokines in cotton rat

To determine pulmonary histopathology, lung tissue was

evaluated for evidence of peribronchiolitis, perivasculitis,

interstitial pneumonia, or alveolitis as well as the mean pathology

scores on a scale of 0–4 according to diagnostic criteria (Figure 5A).

Cotton rats vaccinated with the FI-RSV vaccine showed the highest

pathology scores among all four pathologies, and animals

vaccinated with T2A-preF mRNA or with IRES-preF mRNA

vaccine showed lower severity score levels compared with the FI-

RSV vaccine. However, no obvious differences in pathology scores

were observed between the naive group and the other four mRNA

vaccine immunized groups.

Previous studies have reported that VERD is attributed to the

biased Th2 type of CD4 cells induced by FI-RSV vaccination in

mouse models (39, 40), so the cytokine expression in lung tissue

obtained from cotton rats was evaluated in the study. The mRNA

from the lung of the cotton rat was extracted and evaluated for the

expression of Th1 (IFN-g, TNF-a, IL-2) and Th2 (IL-4, IL-5, and

IL-13) -associated cytokines. As expected, the expression of mRNA

for IFN-g, TNF-a, IL-2, IL-4, IL-5, and IL-13 was the highest in the

group vaccinated with the FI-RSV vaccine, while only IFN-gmRNA

expression in animals immunized with T2A-preF or IRES-preF

mRNA vaccine was significantly lower compared to the naive group

(Figure 5B). These results indicated that mRNA vaccine vaccination

was safe and did not lead to the upregulation of Th2 cytokines

following the challenge.
Discussion

RSV is a major cause of severe respiratory disease in infants and

the elderly globally. A safe and effective RSV vaccine is a major

unmet medical need. Here, we have evaluated mRNA vaccines

expressing two constructs of RSV F in mouse and cotton rat models.

Two-dose immunization of T2A-preF or IRES-preF mRNA vaccine

was capable of inducing the neutralizing antibodies against the RSV

A2 or B strain in mice or cotton rats. ELISpot analysis demonstrated

that T2A-preF or IRES-preF mRNA vaccine could induce RSV-
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specific T cell immunities and Th1 activation in mice and cotton

rats. T2A-preF or IRES-preF mRNA vaccine could significantly

reduce the viral loads of RSV A2 in the lung tissue and prevent the

lung histopathology induced by RSV A2 infection in cotton rats.

Finally, the mRNA vaccine did not lead to VERD in cotton rats.

Based on these data, it can be concluded that the T2A-preF or IRES-

preF mRNA vaccine is capable of eliciting significant humoral and

cellular immune responses against RSV.

The use of IRES and/or the 2A peptide to generate such

multicistronic vectors has become the norm for tagging

endogenous genes with reporter or recombinase proteins (41–43).

Hence, we designed two mRNA vaccine candidates that were fused

with RSV A2 preF and RSV B preF linked by IRES or T2A to assess

their expression. The results revealed a significant difference

between T2A-preF and IRES-preF constructs and a lower

expression level of the IRES-preF construct in cell precipitation.

One possible explanation was the lower efficiency of IRES-driven

translation caused by the considerable length of the natural IRES.

However, the expression of T2A-preF in the supernatant is lower

than that of IRES-preF, and one reason could be mainly due to

incomplete cleavage of the 2A peptide, which is consistent with the

previous study (44).

Current research indicates that RSV mRNA vaccine induces

both cellular and humoral immunities (16). Antibody production is

also one of the most important components of the adaptive immune

response. An adjuvanted recombinant RSV-F subunit vaccine

induced higher or comparable IgG antibody (~106) and

neutralizing antibody levels (~28) (45). An RSV A-based

monovalent Ad26/preF protein vaccine induced IgG antibody

(~104) and neutralizing antibodies (~215), as well as protection

against both RSV A and RSV B subtypes in animals (4). mRNA

vaccine candidates expressing either prefusion stabilized or native

forms of RSV F protein elicited robust IgG antibody (~107) and

neutralizing antibody (~104) responses in both mice and cotton

rats. Another mRNA vaccine, mRNA-1345 from Moderna, also

elicited RSV neutralizing antibody titers (~104) (46). In our study, a

novel bivalent mRNA vaccine could induce a high level of IgG

antibody (~106) and neutralizing antibody (~29) in mice, and a

comparable level of IgG antibody (~106) and neutralizing antibody

(~215) in cotton rats. In comparison with other studies, our study

demonstrated antibody titers that were marginally lower than those

of Moderna but significantly higher than those of other vaccines. Of

note, in terms of determining neutralizing antibody titer, we

observed that the levels of neutralizing antibodies against subtype

B were higher than those against subtype A2. This difference may be

attributed to variations in the viral dosage used for neutralizing

antibody assessment. Besides antibody, a Th1-biased cellular

immune response is preferred for the development of the RSV

vaccine (24, 47). As for the cellular immune response, a robust

CD4+ and CD8+ T cell response to RSV F peptides was observed in

all mice immunized with mRNA expressing forms of RSV F (16). In

our study, the ELISpot assay demonstrated that the T2A-preF

mRNA vaccine could induce RSV-specific T cell response and

Th1 activation in mice or cotton rats, despite the absence of IL-4

in cotton rats due to antibody indiscriminability.
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Safety for the development of RSV vaccines is another major

consideration. Early research indicated that FI-RSV has led to

VERD mainly due to low neutralizing antibody responses and

Th2-biased T cell responses (48). Cotton rats are more prone to

RSV infection than mice throughout their lifespan and have been
Frontiers in Immunology 11
widely utilized to assess candidate vaccines for efficacy and safety

before clinical testing (49–51). In our studies, cotton rats

immunized with FI-RSV exhibited the most severe lung

inflammation in all disease parameters, including lung pathology

scores around the peribronchiolitis, perivasculitis, interstitial
FIGURE 5

Histopathological changes of cotton rat lungs after RSV challenge. (A) Lung tissue sections stained with H&E were scored for peribronchiolitis,
perivasculitis, interstitial pneumonia, and alveolitis from 0 (no pathology) to 4 (severe pathology) in accordance with diagnostic criteria (n = 5).
(B) The expression of cytokine genes IFN-g, IL-2, TNF-a, IL-4, IL-5, and IL-13 in the lung tissue was determined by qRT-PCR (n = 5). The data are
presented as the mean ± SEM. All the data are representative of three independent experiments. A one-way (B) or two-way (A) ANOVA with Tukey’s
multiple comparisons test was conducted, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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pneumonia, and alveolitis. Additionally, FI-RSV vaccination

induced the highest proportion of eosinophil cells among these

leukocytes after RSV challenge. Live RSV A2 -infected cotton rats

presented histopathology similar to the naive group with RSV

infection. Cotton rats vaccinated with T2A-preF or IRES-preF

mRNA vaccine had lung pathology scores, but was not

significantly different from unimmunized animals after RSV

challenge. More importantly, these scores were significantly lower

than those from cotton rats immunized with FI-RSV, which was

consistent with the previous study (3, 16).

In addition, we evaluated cytokine gene expression in the

lungs of the vaccinated or unvaccinated animals after RSV

challenge. IFN-g-producing T cells were shown to contribute to

RSV protection as well as disease, and high levels of IFN-g might

contribute to RSV vaccine-enhanced disease and inflammation

(52). We observed that IFN-g was upregulated in naive

unvaccinated animals and those vaccinated with FI-RSV

following RSV challenge, and the expression of the Th2-

associated cytokines IL-4, IL-5, and IL-13 was upregulated in

animals vaccinated with FI-RSV, but not in naive unvaccinated

controls. In contrast, only IFN-g was expressed in the lung of

cotton rats vaccinated with T2A-preF or IRES-preF mRNA

vaccine after RSV challenge, which was significantly reduced

compared with naive unvaccinated animals. The findings in this

study suggest that both mRNA vaccines are able to protect cotton

rats from RSV infection and prevent the accompanying

inflammatory response associated with infection as well.

Currently, there are some potential risks associated with age-

specific or long-term safe RSV vaccines in clinical trials, particularly

rare adverse reactions that may occur over the course of long-term

use (53–56). Although no obvious safety problems were observed in

our animal experiments, its safety for long-term use needs further

study and monitoring.

In conclusion, our results collectively demonstrate that our

mRNA vaccines expressing RSV preF protein could induce

neutralizing antibodies and provide protection against both RSV

A2 and RSV B subtypes. Further research will assess the protective

mechanism of mRNA vaccines, including the functional subsets of

CD4+ T cells and tissue resident memory T cells in the lungs before

and after the challenge, and the evaluation of the ability of these

vaccine candidates to enhance the immune response to RSV in

previously exposed animals as a model for adult vaccination. Our

findings provide valuable information regarding mRNA vaccines in

the design and clinical transformation. This implies that these

vaccine candidates can confer protective clinical efficacy against

both RSV subtypes.
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SUPPLEMENTARY FIGURE 1

The RSV preF protein expression of mRNA constructs in vivo. Mice were
intramuscularly immunized with different mRNA vaccines based on T2A-preF

(3 mg and 10 mg), and 24 hours later, the sera were collected for antigen

expression analysis by sandwich ELISA (n = 5). The data are presented as the
mean ± standard error of the mean (SEM). All the data are representative of

three independent experiments.
Frontiers in Immunology 13
SUPPLEMENTARY FIGURE 2

The preF protein-specific IgG level was quantified by ELISA (n = 5). The data

are presented as the mean ± SEM. The horizontal dashed line indicates the

lower limit of quantification. All the data are representative of three
independent experiments. A two-way ANOVA with Tukey’s multiple

comparisons test was conducted, *p < 0.05; **p < 0.01; ***p < 0.001; ****p
< 0.0001.
SUPPLEMENTARY FIGURE 3

The proportion of lymphocytes, granulocytes and macrophages in the BALF

was analyzed by flow cytometry (n = 5). The data are presented as the mean ±
SEM. All the data are representative of three independent experiments. A two-

way ANOVA with Tukey’s multiple comparisons test was conducted,
*p < 0.05; **p < 0.01.
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