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A B S T R A C T   

Middle East respiratory syndrome coronavirus (MERS-CoV), a highly pathogenic coronavirus in the same Beta
coronavirus genus and Coronaviridae family as SARS-CoV-2, continues to post a threat to human health. Mortality 
remains high; therefore, there is a need to develop effective vaccines to prevent MERS-CoV infection. The 
receptor-binding domain (RBD) within the MERS-CoV spike (S) protein is a critical vaccine target. The latest 
mRNA technology has enabled rapid development of much-needed vaccines with high efficiency and scalable 
manufacturing capacity. Here, we designed a mRNA vaccine encoding the RBD of MERS-CoV S protein (RBD- 
mRNA) and evaluated its immunogenicity and protective efficacy in a mouse model. The data showed that 
nucleoside-modified RBD-mRNA, but not RBD-mRNA lacking the nucleoside modification, was stable and eli
cited broadly and durable neutralizing antibody and cellular immune responses, which neutralized the original 
strain and multiple MERS-CoV variants. Among all immunization routes tested, the intradermal route was 
appropriate for this RBD-mRNA to induce strong B-cell responses and the highest neutralizing antibody titers. 
Importantly, injection of nucleoside-modified RBD-mRNA through the intradermal route protected immunized 
mice against challenge with MERS-CoV. This protection correlated with serum neutralizing antibody titers. 
Overall, we have developed an effective MERS-CoV RBD-based mRNA vaccine (with potential for further 
development) that prevents infection by divergent strains of MERS-CoV.   

1. Introduction 

A highly pathogenic coronavirus, Middle East respiratory syndrome 
(MERS) coronavirus (MERS-CoV) which causes MERS disease, was first 
reported in Saudi Arabia in 2012 (Zaki et al., 2012). MERS-CoV infects 
humans with a mortality rate of approximately 36% (936/2604) (WHO, 
2023a), which is much higher than that caused by severe acute respi
ratory syndrome coronavirus (SARS-CoV) and SARS-CoV-2, two other 
highly pathogenic human coronaviruses first reported in 2002 and 2019, 

respectively (Du et al., 2009; WHO, 2023b; Zhou et al., 2020). Unlike 
SARS-CoV-2, which has high human-to-human transmissibility and 
caused a global pandemic, MERS-CoV shows limited human-to-human 
transmissibility, causing sporadic outbreaks in community and 
healthcare-related settings (Al-Tawfiq and Memish, 2019; Drosten et al., 
2014; Elkholy et al., 2020; WHO, 2023b). MERS-CoV is a zoonotic 
pathogen that infects humans via interaction with intermediate hosts 
such as dromedary camels or drinking raw camel milk (Azhar et al., 
2023; Haagmans et al., 2014; Li and Du, 2019). During the 2022 FIFA 
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World Cup in Qatar (December 2022), at least three French players were 
infected with MERS-CoV (Chowdhury, 2022; Azhar et al., 2023). A most 
recent MERS case was reported from Oman to the World Health Orga
nization (WHO) in January 2023 (WHO, 2023c). Although MERS dis
ease remains a significant threat to public health, there are no approved 
vaccines or therapeutic agents that prevent and/or treat MERS-CoV 
infection (Du et al., 2016b; Zhang et al., 2020). 

The genome of MERS-CoV encodes four major structural proteins, 
among which the surface spike (S) protein plays a critical role in viral 
infection and pathogenesis (Du et al., 2017; Zhou et al., 2019). Similar to 
the S proteins of SARS-CoV-2 and SARS-CoV, the MERS-CoV S protein 
comprises two subunits: S1 and S2. The virus binds to a cellular receptor 
through the receptor-binding domain (RBD) of the S1 subunit, followed 
by fusion between the virus and cell membranes via the S2 subunit, 
resulting in virus entry into host cells (Chen et al., 2013; Du et al., 2017; 
Lu et al., 2013). Different from SARS-CoV-2 and SARS-CoV, both of 
which utilize angiotensin-converting enzyme 2 (ACE2) for virus entry, 
MERS-CoV uses dipeptidyl peptidase 4 (DPP4) as its cellular receptor 
(Du et al., 2009; Li et al., 2005; Raj et al., 2013). Therefore, the S protein, 
particularly the RBD, is a key target for the development of vaccines 
against MERS-CoV (Du and Jiang, 2015; Du et al., 2016b; Ma et al., 
2014; Zhang et al., 2020, 2015). 

Most of the current vaccines for MERS are in preclinical develop
ment, which are based on recombinant proteins, nanoparticles, DNA, or 
viral vectors (Du and Jiang, 2015; Du et al., 2016b; Zhang et al., 2020). 
Unlike these traditional vaccine platforms, mRNA-based vaccines can be 
produced quickly, at low cost, and on a large-scale; indeed, this tech
nology enabled rapid approval of at least two mRNA vaccines to prevent 
Coronavirus Disease 2019 (COVID-19) caused by SARS-CoV-2 (U.S. 
Food and Drug Administration, 2022; Lamb, 2021; Pardi et al., 2018). 

Here, we designed two MERS-CoV RBD-based mRNA (RBD-mRNA) 
vaccines: one with and one without a nucleoside modification. We 
demonstrated that the RBD-mRNA vaccine with the nucleoside modifi
cation elicited a broad neutralizing antibody response that protected 
mice against challenge with MERS-CoV in a mouse model. 

2. Materials and methods 

2.1. Construction of MERS-CoV RBD for mRNA synthesis 

The RBD of MERS-CoV was constructed as described below (Shi 
et al., 2022b). Specifically, the DNA sequence of MERS-CoV RBD con
taining a N-terminal tissue plasminogen activator (tPA) signal peptide 
and a C-terminal His6 tag was amplified by PCR using a plasmid 
encoding the codon-optimized sequence of S protein of MERS-CoV 
(EMC2012 strain, GenBank accession number JX869059.2) as tem
plate. The purified PCR product was ligated into a pCAGGS-mCherry 
vector containing a N-terminal T7 promotor, 5′-untranslated region 
(UTR), and 3′- UTR for construction of the recombinant plasmid. 

2.2. Synthesis of MERS-CoV RBD-mRNA 

The RBD-mRNA of MERS-CoV was synthesized as described below 
(Tai et al., 2020; Wang et al., 2022). Specifically, the recombinant DNA 
constructed above was synthesized in vitro using MEGAscript T7 Tran
scription Kit (Thermo Fisher Scientific) according to the manufacturer’s 
instructions. The RBD-mRNA-WT (without the nucleoside modification) 
was synthesized in the presence of ATP, GTP, CTP, and UTP nucleosides, 
and the RBD-mRNA-PseudoU (with the nucleoside modification) was 
synthesized in the presence of ATP, GTP, and CTP nucleosides, as well as 
modified nucleoside pseudouridine-5′-O-triphosphate (Pseudo-UTP; 
APExBIO). To increase stability and translation efficiency, the synthe
sized mRNA was capped at the N-terminus using ScriptCap™ Cap 1 
Capping System (CELLSCRIPT) and tailed at the C-terminus with a poly 
(A) using A-Plus™ Poly(A) Polymerase Tailing Kit (CELLSCRIPT). 

2.3. Formulation of the synthesized mRNA with lipid nanoparticles 

The synthesized RBD-mRNA was encapsulated with lipid nano
particles (LNPs) as described below (Tai et al., 2020; Wang et al., 2022). 
Specifically, PNI Formulation Buffer with or without the synthesized 
mRNA was combined with GenVoy-ILM (lipid mixture) (Precision 
Nanosystems) at 3:1 ratio using NanoAssemblr Benchtop Instrument 
(Precision Nanosystems). The LNP-formulated mRNA was concentrated 
using 10 kDa Amicon Ultra-15 Centrifugal Filters (EMD Millipore) and 
stored at 4 ◦C until use. The endotoxin level (<1 EU/ml) of each 
LNP-encapsulated mRNA was measured using Chromogenic LAL Endo
toxin Assay Kit (GenScript), and related particle size was measured using 
DynaPro NanoStar II Light Scattering Detector (WYATT Technology). 

2.4. Detection of protein expression 

In vitro expression of MERS-CoV RBD protein in mRNA samples was 
detected in HEK-293T cells as described below (Tai et al., 2020; Wang 
et al., 2022). Specifically, cells were plated 24 h prior to the transfection, 
and the medium was replaced by Opti-MEM 2 h before transfection. 
Each purified mRNA (4 μg/well) was mixed with TransIT®-mRNA Re
agent (Mirus Bio), and the mixture was added to the cells. After culture 
for 48 h at 37 ◦C, the cells were collected, fixed, and sequentially stained 
with MERS-CoV RBD-specific monoclonal antibody (mAb) (Mermab1; 2 
μg/ml) and FITC-labeled anti-mouse antibody, followed by analysis by 
flow cytometry (BD LSR Fortessa 4). The percentage of FITC positive 
cells was used for evaluation of expression of LNP-encapsulated mRNA. 

2.5. Ethical statement 

Female BALB/c mice (6–8-week-old) were used in the study. The 
animal protocols were approved by our Institutional Animal Care and 
Use Committees (IACUC). The mouse-related experiments were per
formed according to the Guidelines for the Care and Use of Laboratory 
Animals of National Institutes of Health, as well as our approved 
protocols. 

2.6. Immunization procedures and sample collection 

Three different immunizations were performed in mice. First, to 
identify vaccine-induced long-term immune responses and neutralizing 
antibodies, mice were immunized with each LNP-packaged RBD-mRNA 
(30 μg/mouse) with or without the nucleoside modification, or empty- 
LNP control (without mRNA), through the intramuscular (I.M.) route, 
and boosted twice at 4 weeks and around 7 months, respectively. Sera 
were collected before immunization and 10 days after each immuniza
tion, as well as monthly after the second immunization, to test specific 
IgG antibody responses and neutralizing antibodies. Spleens were 
collected 10 days after the last immunization to test specific T-cell re
sponses. Second, to identify an effective immunization route of 
nucleoside-modified mRNA and test its immunogenicity at a low dose, 
mice were immunized with LNP-encapsulated RBD-mRNA-PseudoU (10 
μg/mouse) or empty-LNP control through different immunization 
routes, including I.M., intranasal (I.N.), intravenous (I.V.), subcutaneous 
(S.C.), and intradermal (I.D.), and boosted once at 4 weeks. Splenocytes 
collected 10 days after the last immunization were tested for B-cell re
sponses, and sera collected 10 days post-each dose were tested for spe
cific antibody responses and neutralizing antibodies. Third, to evaluate 
protective efficacy induced by nucleoside-modified mRNA and the cor
relation between neutralizing antibodies and protective efficacy, mice 
were immunized with RBD-mRNA-PseudoU (10 μg/mouse) or empty- 
LNP control through the identified route (I.D.), and boosted twice at 4 
weeks, followed by detection of serum neutralizing antibodies and 
protection against MERS-CoV infection. 
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2.7. ELISA 

Enzyme-linked immunoassay (ELISA) was carried out to detect spe
cific antibodies in mouse sera as described below (Tai et al., 2016a). 
Specifically, ELISA plates were coated with MERS-CoV S1-His-protein 
(1 μg/ml) overnight at 4 ◦C, and blocked with 2% fat-free milk in PBST 
for 2 h at 37 ◦C. The plates were washed with PBST, and incubated 
sequentially with mouse sera at serial dilutions and horseradish perox
idase (HRP)-conjugated anti-mouse IgG (1:5000) (Invitrogen), 
anti-mouse IgG1 (1:5000) (Thermo Fisher Scientific), anti-mouse IgG2a 
(1:5000) (Thermo Fisher Scientific), and anti-mouse IgM (1:4000) 
(Invitrogen) antibodies, respectively, for 1 h at 37 ◦C. This step was 
followed by sequential incubation of the plates with TMB (3,3′,5, 
5′-tetramethylbenzidine) substrate (Sigma) and termination reagent 
(H2SO4, 1 N) to stop the reaction. Absorbance (at 450 nm) was measured 
by an ELISA plate reader (Tecan). 

2.8. Generation of MERS-CoV pseudoviruses and pseudovirus 
neutralization assay 

Pseudoviruses generation and subsequent pseudovirus neutraliza
tion assay were described below (He et al., 2019; Zhao et al., 2018). 
Specifically, a plasmid respectively expressing the S protein of wild-type 
or each mutant MERS-CoV and a plasmid encoding an Env-defective, 
luciferase-expressing HIV-1 genome (pNL4–3.luc.RE) were 
co-transfected into 293T cells using calcium phosphate transfection 
method. The medium was changed into fresh Dulbecco’s Modified Eagle 
Medium (DMEM) containing 10% FBS 6–8 h later. Packaged pseudovi
ruses were collected from culture supernatants 72 h after transfection, 
and incubated with mouse sera at serial dilutions for 1 h at 37 ◦C. The 
serum-virus mixture was added to Huh-7 cells, which were cultured at 
37 ◦C with 5% CO2, and fresh medium was added 24 h later. The cells 
were lysed in cell lysis buffer (Promega) 72 h after virus infection, 
incubated with luciferase substrate (Promega), and detected for relative 

Fig. 1. Design and characterization of MERS-CoV RBD-mRNA. (A) Schematic map of MERS-CoV spike (S) protein and design of MERS-CoV RBD-mRNA vaccines. 
Each RBD-mRNA consists of genes encoding signal peptide (tPA) and open reading frame of RBD flanked by the 5′ and 3′ untranslated regions (UTRs), a 5′ cap and a 
3′ poly(A) tail. RBD-mRNA-wild-type (WT) was synthesized in the presence of nucleosides (UTP, CTP, ATP, and GTP), and RBD-mRNA-PseudoU was constructed by 
changing the UTP to modified Pseudo-UTP during mRNA synthesis. SP, signal peptide. NTD, N-terminal domain. RBD, receptor-binding domain. TM, transmembrane; 
CT, cytoplasmic tail. The synthesized mRNA was encapsulated with lipid nanoparticles (LNPs) and used for the subsequent experiments. (B) Characterization of the 
stability of each RBD-mRNA or empty-LNP (control) at different temperatures (4 ◦C, 25 ◦C, and 37 ◦C). Each LNP-encapsulated RBD-mRNA or LNP control was stored 
for 0, 24, 48, and 72 h, respectively, at the above temperatures, and the particle size (hydrodynamic diameter: nm) was measured using a Dynamic Light Scattering. 
(C) Representative images of flow cytometry for expression of MERS-CoV RBD protein. 293T cells transfected with each RBD-mRNA were tested for expression of RBD 
protein using a MERS-CoV RBD-specific monoclonal antibody (mAb, Mersmab1). 293T cells transfected with the empty-LNP were used as control. MFI, median 
fluorescence intensity. The data are presented as mean ± standard deviation of the mean (s.e.m.) of triple wells. 
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luciferase activity using Infinite 200 PRO Luminator (Tecan). The serum 
neutralizing activity was reported as 50% pseudovirus neutralizing 
antibody titer (NT50). 

2.9. Detection of cellular immune responses 

B-cell responses and antigen-specific T-cell responses were deter
mined as described below (Tai et al., 2020). For T-cell responses, sple
nocytes (1.0 × 106) were isolated from homogenized spleens of 
immunized or control mice, and stimulated with overlapping peptides 
covering the RBD of MERS-CoV (Genscript) for 3 days at 37 ◦C. Brefeldin 
A (BioLegend) was added to cells 6 h before staining. After stimulation, 
the cells were stained with Fixable Viability Dye eFluor 780 (Thermo 
Fisher Scientific) to distinguish live and dead cells. Cell surface markers 
were stained with FITC anti-mouse-CD4 and PerCP-Cy5.5 anti-
mouse-CD8 antibodies (BioLegend). For intracellular cytokine staining, 
the cells were fixed and permed using Cytofix/Cytoperm reagent (BD 
Biosciences), and stained with BV 605 anti-mouse TNF-α, PE anti-mouse 
IFN-γ, and BV 711 anti-mouse IL-4 antibodies (BioLegend). For B-cell 
responses, isolated splenocytes were stained with Fixable Viability Dye 
eFluor 780 to distinguish live and dead cells as described above. The 
B-cells were then stained with PerCP-Cy5.5 anti-mouse-B220, BV421 
anti-mouse-CD27, PE anti-mouse-CD138, and FITC anti-mouse-IgG an
tibodies (BioLegend). The stained cells were collected using BD 
LSRFortessa 4 Flow Cytometer. Flow cytometry data were analyzed 
using FlowJo Software (Tree Star Inc). 

2.10. Challenge of mice with MERS-CoV 

MERS-CoV challenge and subsequent sample collection were per
formed as described below (Channappanavar et al., 2015). Specifically, 
one month after last immunization, BALB/c mice were anesthetized with 
isoflurane, and intranasally transduced with 2.5 × 108 focus-forming 
unit (FFU) of adenovirus 5-human DPP4 (Ad5/hDPP4) in 75 μl of 

DMEM (Zhao et al., 2014). Five days post-transduction, mice were 
intranasally infected with authentic MERS-CoV (EMC2012 strain; 5 ×
103 plaque-forming unit (PFU), a dose that caused efficient infection and 
lung viral replication in our preliminary studies) in 50 μl of DMEM and 
monitored daily. Mouse lungs were collected three days after infection, 
and measured for viral titer as described below. All work with authentic 
MERS-CoV was conducted in the Biosafety Level 3 Laboratories. 

2.11. MERS-CoV plaque assay 

Lung homogenate supernatants were serially diluted in DMEM, and 
inoculated into Vero 81 cells pre-plated in 12-well plates, which were 
cultured for 1 h at 37 ◦C and 5% CO2 with gentle rocking every 15 min. 
After removing the inocula, the plates were overlaid with 0.6% agarose 
containing 2% FBS. The agarose overlays were removed after a three- 
day incubation, and plaques were visualized after staining with 0.1% 
crystal violet (Tai et al., 2016a). Viral titer was calculated as PFU/g of 
tissues. 

2.12. Statistical analysis 

Statistical significance among different groups was calculated using 
GraphPad Prism statistical software. Statistical significance of neutral
izing antibody responses or viral titer between RBD-mRNA-PseudoU and 
other groups was calculated by two-tailed Student’s t-test. Antibody and 
neutralizing antibody responses via various immunization routes, as 
well as T-cell and B-cell responses, among different groups were calcu
lated using Ordinary one-way ANOVA. Asterisks in figures indicate 
statistical significance among indicated groups (*, **, and *** denote P 
< 0.05, P < 0.01, and P < 0.001, respectively). 

Fig. 2. Immunization and challenge schedules. Mice were immunized with MERS-CoV RBD-mRNA-PseudoU, RBD-mRNA-WT, or empty-LNP (control) according to 
the three procedures described in Protocols 1–3 (A-C). Sera were collected to detect specific IgG antibodies (Abs), subtype (IgG1 and IgG2a) Abs, or neutralizing Abs 
against single or multiple strains of pseudotyped MERS-CoV. Splenocytes were collected to test specific T-cell or B-cell responses. Immunized mice were also 
challenged with MERS-CoV to evaluate protective efficacy of RBD-mRNA-PseudoU vaccine. I.M., intramuscular; I.N., intranasal; I.V., intravenous; S.C., subcutaneous; 
I.D., intradermal. 
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3. Results 

3.1. Rational design and characterization of RBD-mRNA of MERS-CoV 

The RBD-mRNA comprised the codon-optimized RBD of the original 
MERS-CoV strain, a N-terminal tPA signal peptide, and a C-terminal His6 
tag. Two forms of the RBD-mRNA were synthesized: 1) RBD-mRNA- 
wild-type (WT) lacking a nucleoside modification, which contains 
ATP, GTP, CTP, and UTP, and 2) RBD-mRNA-PseudoU harboring the 
nucleoside modification, which contains ATP, GTP, CTP, and Pseudo- 
UTP (100% of the UTP was replaced with Pseudo-UTP during mRNA 
synthesis). Each RBD-mRNA contained a 5′-Cap, a 5′-UTR, a 3′-UTR, and 
a poly(A) tail, and was encapsulated by LNPs to form mRNA-LNPs for 
delivery (Fig. 1A). As expected, the size of the LNP-encapsulated RBD- 
mRNA-PseudoU particles at 25 and 37 ◦C was similar to that at 4 ◦C 
when stored for a period of 72 h. By contrast, the size of the RBD-mRNA- 
WT particles at 25 and 37 ◦C was different from that at 4 ◦C, particularly 
when stored for 72 h (Fig. 1B). LNP-formulated RBD-mRNA-PseudoU 
maintained strong integrity without obvious degradation after 72 h of 
storage at 4 and 25 ◦C, whereas significant degradation was shown in 
LNP-encapsulated RBD-mRNA-WT when stored at 4, 25 and 37 ◦C for 72 
h (Fig. S1). Flow cytometry analysis revealed stronger fluorescent sig
nals in cells incubated with RBD-mRNA-PseudoU than in cells incubated 
with RBD-mRNA-WT, whereas cells incubated with the empty-LNP 
control generated no fluorescent signals (Fig. 1C). These data demon
strate that the nucleoside-modified RBD-mRNA is more stable than the 
RBD-mRNA lacking the nucleoside modification, and that nucleoside- 
modified RBD-mRNA is expressed at higher levels than the RBD- 
mRNA without the nucleoside modification. 

3.2. Nucleoside-modified RBD-mRNA elicited potent, broadly, and 
durable neutralizing antibodies 

Immunization schedules were summarized in Fig. 2. To evaluate the 
ability of MERS-CoV RBD-mRNA with or without the nucleoside modi
fication to elicit specific humoral immune responses, mice were immu
nized I.M. with each RBD-mRNA (30 μg/mouse) and then boosted twice 
(at 4 weeks and around 7 months). Serum samples were collected at 
different times after immunization, and levels of IgG antibodies specific 
for the S protein and neutralizing antibodies against pseudotyped MERS- 
CoV encoding the S protein of multiple strains were measured (Fig. 2A). 
Mice receiving RBD-mRNA-PseudoU generated high-titer MERS-CoV S1- 
specific IgG antibodies (Fig. 3A) and neutralizing antibodies against the 
original strain of MERS-CoV (EMC2012) (Fig. 3B), which were main
tained for at least 6 months after the second immunization. Mice 
receiving RBD-mRNA-WT generated much lower IgG and neutralizing 
antibody titers (Fig. 3A and B). Notably, RBD-mRNA-PseudoU-induced 
antibodies neutralized multiple strains of pseudotyped MERS-CoV 
much more efficiently than those induced by RBD-mRNA-WT 
(Fig. 3C). By contrast, only background levels of IgG antibodies and 
neutralizing antibodies were detected in mice injected with the LNP 
control (Fig. 3). These data indicate that nucleoside-modified RBD- 
mRNA, rather than RBD-mRNA without the nucleoside modification, 
elicited a highly potent and durable neutralizing antibody response, 
with broad-spectrum activity against different MERS-CoV strains. 

3.3. Nucleoside-modified RBD-mRNA elicited specific T-cell responses 

To evaluate the ability of MERS-CoV RBD-mRNA with or without the 
nucleoside modification to elicit specific T-cell responses, mice were 

Fig. 3. Nucleoside-modified RBD-mRNA induced potent and durable antibody responses with broadly neutralizing activity. Mice were immunized I.M. with LNP- 
encapsulated RBD-mRNA with or without the nucleoside modification (30 μg/mouse), or empty-LNP control, boosted twice at 4 weeks and around 7 months, 
respectively, and sera were collected for the tests described below. (A) Mouse sera from different time points were detected for IgG antibodies (Abs) by ELISA. ELISA 
plates were coated with MERS-CoV S1 protein, and the Ab titer was determined based on the endpoint serum dilution that remained positively detectable. (B) Mouse 
sera from different time points were measured for neutralizing Abs against infection of pseudotyped MERS-CoV encoding S protein of the original virus strain 
(EMC2012). (C) Mouse sera from the last immunization were measured for cross-neutralizing antibodies against multiple variants of pseudotyped MERS-CoV-2. NT50 
was calculated as 50% neutralizing Ab titer against infection of the respective MERS-CoV pseudovirus in Huh-7 cells. The data are presented as mean ± s.e.m. of 
duplicate wells from five mice in each group. *** (P < 0.001) indicates significant difference between RBD-mRNA-PseudoU and other groups. The experiments were 
repeated twice, resulting in similar results. 
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immunized I.M. with each RBD-mRNA (30 μg/mouse) and boosted twice 
(at 4 weeks and around 7 months) prior to measurement of IFN-γ, TNF-α, 
and IL-4 cytokines secreted by CD4+ and CD8+ T cells within the sple
nocyte population collected after the final immunization (Fig. 2A). RBD- 
mRNA-PseudoU induced both CD4+ (Fig. 4A) and CD8+ (Fig. 4B) T-cell 
responses, resulting in secretion of MERS-CoV RBD-specific IFN-γ, TNF- 
α, and IL-4. The levels of these cytokines induced by RBD-mRNA-WT 
were significantly lower than those induced by RBD-mRNA-PseudoU 
(Fig. 4A-B). By contrast, the empty-LNP control elicited only 
background-level CD4+ and CD8+ T-cell responses (Fig. 4). These data 
demonstrate that nucleoside-modified RBD-mRNA elicited stronger T- 
cell responses than unmodified RBD-mRNA in mice. 

3.4. An effective route and dosage for nucleoside-modified RBD-mRNA to 
elicit strong antibody and B-cell responses, as well as high-titer neutralizing 
antibodies 

Next, we asked whether nucleoside-modified RBD-mRNA elicited 
effective neutralizing antibody responses when used at a low dose; we 
also identified an effective route for immunization to elicit strong B-cell 
responses and neutralizing antibodies. Mice were immunized with RBD- 
mRNA-PseudoU (10 μg/mouse) via different routes and then boosted 
once at 4 weeks with the same dose. We then assessed B-cell responses in 
splenocytes and measured serum IgG and IgM antibodies, subtype an
tibodies (IgG1 and IgG2a) and neutralizing antibodies against the orig
inal MERS-CoV (EMC2012) strain (Fig. 2B). We found that RBD-mRNA- 

PseudoU through the I.D. route significantly increased the production of 
B cells than other routes in the immunized splenocytes (Fig. 5). In 
addition, a single dose of RBD-mRNA-PseudoU was unable to induce 
effective IgG1 and IgG2a antibodies specific for the MERS-CoV-2 S1 
protein, or relatively low titers of IgG and neutralizing antibodies 
against pseudotyped MERS-CoV (Fig. 6A–D); however, the boost dose 
caused a marked increase in production of these antibodies, regardless 
of the route of administration (Fig. 6E–H). Overall, the I.D. route of this 
RBD-mRNA elicited the highest titers of IgG, IgG1, IgG2a, and neutral
izing antibodies, followed by the I.M. route (Fig. 6E–H). Notably, the I.D. 
route elicited higher, or significantly higher, IgG, IgG1 and IgG2a anti
body levels and anti-MERS-CoV pseudovirus neutralizing antibody titers 
than the I.M., I.N., I.V. and S.C. routes (Fig. 6E–H). Notably, I.D. injec
tion of RBD-mRNA-PseudoU induced a higher level of S1-specific IgM 
antibodies after the first dose than the boost dose (Fig. 6I and J). By 
contrast, the empty-LNP control induced only background IgG, IgM, 
IgG1 and IgG2a antibody responses, as well as neutralizing antibody and 
B-cell responses (Figs. 5 and 6). These data indicate that a low dose of 
nucleoside-modified RBD-mRNA delivered via the I.D. route elicited 
strong antibody and B-cell responses, as well as high-titer neutralizing 
antibodies against MERS-CoV. 

3.5. Nucleoside-modified RBD-mRNA completely protected mice from 
MERS-CoV challenge 

Finally, we further evaluated the ability of nucleoside-modified RBD- 

Fig. 4. Nucleoside-modified RBD-mRNA induced effective T-cell responses. Mice were immunized I.M. with LNP-encapsulated RBD-mRNA with or without the 
nucleoside modification (30 μg/mouse), or empty-LNP control, and boosted twice at 4 weeks and around 7 months, respectively. Splenocytes from the last im
munization were analyzed for SARS-CoV-2 RBD-specific T-cell responses by flow cytometry. IFN-γ, TNF-α, and IL-4-secreting CD4+ (A) or CD8+ (B) T cells were 
stained for each cell surface marker or cytokine. The data are presented as mean ± s.e.m. of duplicate wells from five mice in each group. * (P < 0.05), ** (P < 0.01), 
and *** (P < 0.001) indicate significant difference between RBD-mRNA-PseudoU and other groups. The experiments were repeated twice, resulting in similar results. 
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mRNA, delivered at a low dose via the I.D. route, to protect mice against 
challenge with MERS-CoV. BALB/c mice were I.D. immunized with 
RBD-mRNA-PseudoU (10 μg/mouse) and boosted twice with the same 
dose at 4-week intervals. Serum was collected, and antibody responses 
and neutralizing antibody titers against the original MERS-CoV 
(EMC2012 stain) were measured. Then, mice were challenged with 
MERS-CoV (EMC2012 strain) after transduction with Ad5/hDPP4, and 
viral titers were measured in the lungs. Compared with the first boost 
(Fig. 6), the second boost of RBD-mRNA-PseudoU induced higher levels 
of IgG antibodies and a similar level of neutralizing antibodies against 
infection of pseudotyped MERS-CoV (Fig. 7A and B). The data from 
challenge studies showed that no virus was detected in the lungs of mice 
immunized with RBD-mRNA-PseudoU, which generated high-titer anti- 
MERS-CoV neutralizing antibodies (Fig. 7B and C). However, mice 
receiving the empty-LNP control had high titers of MERS-CoV and no 
detectable neutralizing antibodies (Fig. 7B and C). These data indicate 
that nucleoside-modified RBD-mRNA via the I.D. route completely 
protected mice from MERS-CoV challenge, and that the level of pro
tection correlated with the neutralizing antibody titer. 

4. Discussion and conclusions 

mRNA vaccines have advantages over traditional vaccines. Unlike 
DNA, mRNA does not integrate into the cell genome and cause muta
tions, and unlike viral vectors, mRNA does not induce anti-vector im
mune responses (Du et al., 2022). Indeed, mRNA has a good safety 
profile since it does not contain any infectious components, and its 
stability can be improved by encapsulating it in carrier molecules such 
as LNPs (Du et al., 2022; Uddin and Roni, 2021). However, mRNA-based 
vaccines still present some challenges. For example, unmodified mRNA 
is recognized by germline-encoded pattern-recognition receptors such as 
retinoic acid–inducible gene-I-like receptors, 2′ − 5′-oligoadenylate syn
thetase, and RNA-dependent protein kinase, resulting in activation of 
the innate immune system and unwanted immune responses, or secre
tion of pro-inflammatory cytokines or chemokines (Chen and Xu, 2022; 

Pardi et al., 2018). Activation of innate immune sensors can be abro
gated by incorporating naturally occurring, chemically modified nu
cleosides such as pseudouridine, 2-thiouridine, 5-methylcytidine, and 
5-methoxyuridine, during the mRNA synthesis (Granados-Riveron and 
Aquino-Jarquin, 2021; Nance and Meier, 2021). Indeed, we showed that 
unmodified MERS-CoV RBD-mRNA triggers production of IL-6, IFN-α, 
and TNF-α, whereas replacement of the nucleoside UTP in the 
RBD-mRNA by 100% pseudouridine abrogated cytokine production 
significantly (Tai et al., 2021). 

Because MERS-CoV continues to infect humans with a high fatality 
rate, we need to develop effective vaccines to prevent infection and 
reduce threats to global health. The S protein, including its RBD, is an 
important target for development of effective vaccines against MERS- 
CoV and other highly pathogenic coronaviruses such as SARS-CoV-2 
and SARS-CoV (Du et al., 2009, 2016a; Tai et al., 2020; Zhou et al., 
2019). SARS-CoV-2 rapidly accumulates mutations in the S protein, 
especially the RBD, resulting in emergence of multiple variants of 
concern (WHO, 2023d). The RBD or S protein of SARS-CoV-2 variants 
contains more than 15 or 30 amino acid mutations when compared with 
the original RBD or S protein. Accordingly, vaccines based on the RBD or 
S protein of the original SARS-CoV-2 strain may induce neutralizing 
antibodies with reduced titers against variants, particularly Omicron 
variant and its subvariants, or vice versa (Lyke et al., 2022; Shi et al., 
2022a; Sievers et al., 2022). Different from SARS-CoV-2, MERS-CoV 
harbors fewer mutations being identified in the S protein, including the 
RBD. Therefore, vaccines based on the original RBD of MERS-CoV still 
elicit broad and potent neutralizing antibodies against MERS-CoV 
mutant strains (Tai et al., 2016a). Thus, it is feasible to design effec
tive MERS vaccines that target the original RBD yet still induce 
broad-spectrum neutralizing activity against various MERS-CoV 
mutants. 

Despite the number of MERS vaccines based on proteins, viral vec
tors, and DNAs, few mRNA-based MERS vaccines have been developed 
(Tai et al., 2021; Zhang et al., 2020). Here, we designed a MERS-CoV 
mRNA vaccine (RBD-mRNA) with or without a nucleoside modifica
tion in the mRNA component, which was based on the original RBD 
sequence, and then compared the ability of both vaccines to induce 
cellular immune responses and neutralizing antibodies against various 
MERS-CoV strains. We also identified an effective immunization route 
and antigen dosage required to elicit high neutralizing antibody titers 
and demonstrated protective efficacy against MERS-CoV infection. 

Unlike the RBD-mRNA without the nucleoside modification (RBD- 
mRNA-WT), MERS-CoV RBD-mRNA with the Pseudo-UTP modification 
elicited long-term IgG antibodies with potent neutralizing activity and 
T-cell immune responses (lasting for at least 6 months). Part of the 
reasons for RBD-mRNA-WT in failing to induce effective immune re
sponses might be due to its instability which potentially reduces its 
potency. No obvious adverse effects were noted during the injection and 
observation periods of the mRNA vaccine. Similar to neutralizing anti
bodies induced by MERS-CoV RBD proteins, neutralizing antibodies 
induced by the nucleoside-modified RBD-mRNA maintained broadly 
neutralizing activity and potency against the wild-type strain, as well as 
at least ten variant MERS-CoV strains. Different from RBD-based MERS- 
CoV subunit vaccines that generate optimal responses when delivered 
via S.C. or I.M. injection (Ma et al., 2014; Nyon et al., 2018; Tai et al., 
2016b), we found that MERS-CoV RBD-mRNA-PseudoU delivered via 
the I.D. route elicited the highest neutralizing antibody titer. Of note, 
one or two low-dose boosts generated effective neutralizing antibody 
titers that protected immunized mice from MERS-CoV infection, and the 
level of protection correlated positively with the serum neutralizing 
antibody titer. Contrary to IgG antibodies, which showed an increased 
trend after boosts, there was a relatively higher level of IgM antibodies 
after the first dose than the boost. MERS-CoV-specific IgA antibodies 
were not detected in the immunized mouse sera (data not shown). 
Future studies will identify mucosal immunity of RBD-mRNA-PseudoU 
via various immunization routes, and compare the induced secretory 

Fig. 5. An effective immunization route and antigen dose for nucleoside- 
modified RBD-mRNA to induce strong B-cell responses. Mice were immunized 
with LNP-encapsulated nucleoside modified RBD-mRNA (10 μg/mouse) or 
empty-LNP control at different routes, and boosted at 4 weeks. Splenocytes 
from the last immunization were analyzed for B-cell responses by flow 
cytometry. The cells were stained for B220+-CD27+-CD138+-IgG+ cells. The 
data are presented as mean ± s.e.m. of duplicate wells from five mice in each 
group. ** (P < 0.01) indicates significant difference between RBD-mRNA- 
PseudoU and other groups. The experiments were repeated twice, resulting in 
similar results. 
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Fig. 6. An effective immunization route and antigen dose for nucleoside-modified RBD-mRNA to induce potent antibodies with neutralizing activity. Mice were 
immunized with LNP-encapsulated nucleoside modified RBD-mRNA (10 μg/mouse) or empty-LNP control at different routes, including I.M., I.N., I.V., S.C., and I.D., 
and boosted as described in Fig. 5. Sera from the first and second immunizations were detected for antibodies (Abs) and neutralizing Abs against MERS-CoV. MERS- 
CoV S1-specific IgG (A), IgG1 (B), IgG2a (C) Abs, and anti-MERS-CoV neutralizing Abs (D) 10 days after the first immunization, as well as MERS-CoV S1-specific IgG 
(E), IgG1 (F), IgG2a (G) Abs, and anti-MERS-CoV neutralizing Abs (H) 10 days after the second immunization, were evaluated by ELISA and pseudovirus 
neutralization assays, respectively. MERS-CoV S1-specific IgM Abs were tested by ELISA in the sera of I.D.-immunized mice from the 1st and 2nd doses (I-J). ELISA 
plates were coated with MERS-CoV S1 protein, and the Ab titer was determined based on the endpoint serum dilution that remained positively detectable. 
Neutralizing antibody activity was reported as 50% neutralizing Ab titer (NT50) against infection of pseudotyped MERS-CoV (EMC2012 strain) in Huh-7 cells. The 
data are presented as mean ± s.e.m. of duplicate wells from five mice in each group. ** (P < 0.01) and *** (P < 0.001) indicate significant difference of RBD-mRNA- 
PseudoU injected via the I.D. route and other routes. The experiments were repeated twice, resulting in similar results. 
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IgA antibodies in the bronchoalveolar lavage. In this study, protection of 
the nucleoside-modified RBD-mRNA vaccine was evaluated in 
Ad5/hDPP4-transduced mice, with undetectable viral titers in the lungs. 
In the future, hDPP4-knock-in mice will be infected with mouse adapted 
MERS-CoV to evaluate protective efficacy of the vaccine against severe 
disease. 

Overall, our data show that a nucleoside-modified mRNA encoding 
the original RBD of MERS-CoV (RBD-mRNA), but not an RBD-mRNA 
lacking the nucleoside modification, induced durable and potent 
neutralizing antibody responses that protected against MERS-CoV 
infection. Importantly, the vaccine elicited neutralizing antibodies 
with broad-spectrum neutralizing activity against multiple MERS-CoV 
strains. In conclusion, this RBD-mRNA vaccine has great potential for 
further development and use as a safe and effective method of pre
venting infection by diverse MERS-CoV strains as well as MERS-related 
coronaviruses that may emerge in the future. 
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