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Middle East respiratory syndrome (MERS) is a threat to public health worldwide. A vaccine against the
causative agent of MERS, MERS-coronavirus (MERS-CoV), is urgently needed. We previously identified
a peptide ligand, Co4B, which can enhance antigen (Ag) delivery to the nasal mucosa and promote Ag-
specific mucosal and systemic immune responses following intranasal immunization. MERS-CoV infects
via the respiratory route; thus, we conjugated the Co4B ligand to the MERS-CoV spike protein receptor-
binding domain (S-RBD), and used this to intranasally immunize C57BL/6 and human dipeptidyl pepti-

ﬁ?j:fargs: dase 4-transgenic (hDPP4-Tg) mice. Ag-specific mucosal immunoglobulin (Ig) A and systemic IgG,
Ligand together with virus-neutralizing activities, were highly induced in mice immunized with Co4B-
MERS-CoV conjugated S-RBD (S-RBD-Co4B) compared to those immunized with unconjugated S-RBD. Ag-specific
Recombinant antigen T cell-mediated immunity was also induced in the spleen and lungs of mice intranasally immunized with
Vaccine S-RBD-Co4B. Intranasal immunization of hDPP4-Tg mice with S-RBD-Co4B reduced immune cell infiltra-

tion into the tissues of virus-challenged mice. Finally, S-RBD-Co4B-immunized mice exhibited were bet-
ter protected against infection, more likely to survive, and exhibited less body weight loss. Collectively,
our results suggest that S-RBD-Co4B could be used as an intranasal vaccine candidate against MERS-CoV
infection.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

The causative agent of Middle East respiratory syndrome
(MERS) is MERS-coronavirus (MERS-CoV). MERS is a disease that
significantly threatens human life. Outbreaks of MERS have
occurred in the Middle East since it was first identified in 2012;

Abbreviations: Ab, antibody; Ag, antigen; APC, allophycocyanin; CTL, cytotoxic T
lymphocyte; DPP4, dipeptidyl peptidase 4; E, envelope; ELISA, enzyme-linked
immunosorbent assay; ELISPOT, enzyme-linked immunosorbent spot; FBS, fetal

bovine serum; FITC, fluorescein isothiocyanate; hDPP4, human DPP4; hDPP4-Tg,
hDPP4-transgenic; IFN-vy, interferon-y; Ig, immunoglobulin; IL, interleukin; M,
membrane; M cell, microfold cell; MERS, Middle East respiratory syndrome; MERS-
CoV, MERS-coronavirus; MERS-CoV-S, MERS-CoV spike; N, nucleocapsid; PBS,
phosphate-buffered saline; PCR, polymerase chain reaction; PE, phycoerythrin; PFU,
plaque-forming unit; qRT-PCR, quantitative real-time reverse-transcription PCR;
RBD, receptor-binding domain; S, spike; SC, secreting cell; SE, standard error; S-
RBD, RBD of the S1 subunit; Th1, T helper 1; Th2, T helper 2; TNF-o, tumor necrosis
factor-o; upE, upstream E.

* Corresponding author at: Department of Molecular Biology, Jeonbuk National
University, Jeonju 54896, Korea.

E-mail address: yongsuk@jbnu.ac.kr (Y.-S. Jang).
T These two authors contributed equally to this work.

https://doi.org/10.1016/j.vaccine.2021.12.057
0264-410X/© 2021 Elsevier Ltd. All rights reserved.

however, no approved vaccine is currently available [1]. MERS-
CoV is a large, positive-sense, single-strand RNA virus that consists
of four structural proteins: membrane (M), envelope (E), nucleo-
capsid (N), and spike (S) [2-4]. The S protein forms a trimer at
the virus surface and comprises S1 and S2 subunits; it plays essen-
tial roles in viral binding, membrane fusion, and host cell entry.
The S1 subunit of the S protein has a receptor-binding domain
(RBD), which binds to the host cell receptor protein human dipep-
tidyl peptidase 4 (DPP4), and less efficiently to murine DPP4 [5,6].
The S2 subunit contains two regions, heptad repeat (HR) 1 and
HR2, which align to form a six-helix structure, enabling fusion of
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the virus to host cell membranes. The E and M proteins are present
in the viral envelope membrane, where they are required for viral
assembly, budding, and intracellular trafficking [2]. Consequently,
the RBD of the S1 subunit (S-RBD) is a major target antigen (Ag)
for vaccine development against MERS-CoV infection.

The nasal mucosa is an attractive route for vaccine administra-
tion due to its lack of secreted enzymes, weak acidity, and limited
mucosal surface area, which typically lead to relatively low Ag dose
requirements for effective vaccination [7]. Moreover, intranasal
immunization induces both mucosal and systemic immune
responses, as demonstrated in mice intranasally immunized
against tetanus and diphtheria toxins [8], influenza virus [9], and
Streptococcus mutans [10]. Animal studies have also revealed that
potent immune responses can be induced in the genital and respi-
ratory tracts following intranasal immunization due to activation
of the common mucosal immune system [11,12]. Previously, we
identified a 12-mer Co4B ligand as a targeting peptide capable of
eliciting a nasal mucosal immune response; we achieved this by
bio-panning a phage display library against an in vitro microfold
cell (M cell) co-culture system [13,14]. The targeting function of
Co4B to nasopharynx-associated lymphoid tissue M cells was con-
firmed using enhanced green fluorescence protein and Actinobacil-
lus pleuropneumoniae Ag. Additionally, intranasally immunizing
mice with Co4B ligand-conjugated Actinobacillus pleuropneumoniae
Ag induces an efficient Ag-specific response in the nasal immune
inductive site and lung tissue, as well as a systemic immune
response capable of preventing pathogenesis following bacterial
challenge [14].

In this study, we investigated the effectiveness of the Co4B
ligand as an adjuvant for intranasal vaccination with the MERS-
CoV Ag, S-RBD, in mice. We found that immunization with Co4B-
conjugated Ag induced efficient Ag-specific systemic and mucosal
immune responses in mice, and that the induction of T helper 1
(Th1) cells, cytokine responses, and Ag-specific activated T cells
played important roles in protecting the mice against MERS-CoV,
especially when Co4B was applied as an adjuvant. We evaluated
the antiviral efficacy of Co4B-conjugated S-RBD (S-RBD-Co04B) by
virally challenging mice and monitoring their weight and survival
rates, and by performing histological examinations of the lung and
spleen tissues of infected mice.

2. Materials and methods
2.1. Experimental materials and animals

The female C57BL/6 mice used for this experiment were pur-
chased from Koatech Laboratory Animal Center (Pyeongtaek,
Korea) and hDPP4-transgenic (hDPP4-Tg) mice were generated as
previously reported [15]. The mice were maintained under specific
pathogen-free conditions with food and water provided ad libitum.
Five mice were used in each experimental group, and the experi-
mental timeline is depicted in Fig. 1B. The animal experiments
were approved by the Institutional Animal Care and Use Commit-
tee of Jeonbuk National University (Approval No. CBNU-2019-
00202) and the guidelines suggested by the committee were fol-
lowed. Experiments using MERS-CoV were performed in accor-
dance with the World Health Organization’s recommendations,
under biosafety level 3 conditions in a biosafety level 3 facility of
the Korea Zoonosis Research Institute at Jeonbuk National Univer-
sity (Iksan, Korea). Unless otherwise specified, the chemical and
laboratory materials used in this study were obtained from Sigma
Chemical Co. (St. Louis, MO, USA) and SPL Life Sciences (Pocheon,
Korea), respectively.
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2.2. Expression of Co4B-conjugated S-RBD Ag

The Co4B ligand (N’-HTLGFTVPTHAK-C’) was conjugated to the
C-terminus of the S-RBD (amino acid residues 291-725) [16]
(Fig. 1A) via polymerase chain reaction (PCR). The forward primer

used to amplify S-RBD and S-RBD-Co4B was 5'-GAG CTC AAG TAT
TAT TCT ATC ATT CCT-3’ (Sacl restriction site underlined). The
reverse primers used to amplify S-RBD and S-RBD-Co4B were 5’-

GGA TCC TTA CTC TAC GAA CAA AGA GGA-3' and 5-GGA TCC
TTA CTT AGC ATG AGT AGG AAC CGT AAA ACC CAG CGT ATG CTC
TAC GAA CAA AGA GGA-3/, respectively (BamHI restriction sites
are underlined; Co4B peptide ligand is italicized). The amplified
recombinant S-RBD and S-RBD-Co4B genes were cloned into a
pCold 11 Escherichia coli expression vector system (Takara Bio,
Shiga, Japan). The recombinant proteins were expressed using
BL21(DE3) E. coli cells and purified using Ni-NTA agarose (Qiagen,
Hilden, Germany). The identities of the recombinant Ags were con-
firmed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis and Western blotting using anti-6 x His tag (Qiagen)
and polyclonal anti-RBD antibodies (Abs), as described previously
[17]. The protein Ags were > 95% pure. The residual endotoxin
was removed by sterile filtration using Sartobind Q75 column (Sar-
torius, Goettinggen, Germany). The final endotoxin content
was < 0.5 EU/pg of protein, as determined by the LAL chromogenic
endotoxin quantitation kit (Thermo Fisher Scientific, Rockford, IL,
USA).

2.3. Immunization and challenge infection of mice

C57BL/6 or hDPP4-Tg mice were immunized via the intranasal
route once per week for 5 weeks, using phosphate-buffered saline
(PBS) as a negative control or 10 pg of S-RBD or S-RBD-Co4B Ag
(Fig. 1B). Fecal immunoglobulin (Ig) A and serum IgG were col-
lected from the mice 3 days after the fifth immunization. Fecal
samples were collected by placing each mouse in a metabolic or
ordinary cage for up to 30 min, and the weight of the collected
feces was measured. To prepare fecal extracts, 1 mL PBS with
0.01% sodium azide was added to 100 mg fecal samples, followed
by vortexing for 10 min at room temperature. Extracts were col-
lected by centrifugation for 10 min at 13,000 rpm at 4°C. Spleno-
cytes and lung lymphocytes were obtained 10 days after the fifth
immunization. To prepare splenocytes, mice were sacrificed and
their spleens were collected. Splenocytes were collected in RPMI-
1640 medium supplemented with 10% fetal bovine serum (FBS;
Hyclone, Logan, UT, USA) and antibiotics after removing red blood
cells by treatment with ACK lysis buffer. To prepare lung lympho-
cytes, the lungs were carefully obtained from the mice and then
minced into small fragments using scissors. The minced tissues
were digested by collagenase D, and then the lymphocytes were
collected via Percoll density gradient centrifugation. Finally, after
filtering the cells using a cell strainer (40 pm), the lung lympho-
cytes in a single cell state were prepared in RPMI-1640 medium
supplemented with 10% FBS and antibiotics.

MERS-CoV was propagated in Vero E6 cells and used to assess
the morbidity and mortality in hDPP4-Tg mice. The hDPP4-Tg mice
were inoculated intranasally with 10% or 10° plaque-forming units
(PFUs) of MERS-CoV in a total volume of 60 pL after the fifth immu-
nization. To test the efficacy of booster, mice were immunized with
their cognate Ag (S-RBD or S-RBD-Co4B) 28 days after the fifth
immunization. Fecal IgA and serum IgG were collected 3 days after
the boost immunization, and splenocytes and lung lymphocytes
were collected 10 days after the booster.
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Fig. 1. Recombinant antigen (Ag) structures and the mouse immunization and experimental schedule. (A) Structural diagram of Middle East respiratory syndrome-
coronavirus (MERS-CoV) receptor-binding domain (RBD) region and constructs of S-RBD and Co4B-conjugated S-RBD (S-RBD-Co4B), which were the Ags used in this study.
(B) Intranasal immunization schedule for C57BL/6 and hDPP4-Tg mice immunized with phosphate-buffered saline (PBS), S-RBD, and S-RBD-Co4B. For each vaccination group,
five mice were immunized at 7-day intervals (total of five times) with 10 pg of Ag. Fecal and serum samples were collected 3 days after the fifth immunization. Ten days after
the fifth immunization, splenocytes and lung lymphocytes were collected from two of the five mice. Then, the remaining mice were challenged with MERS-CoV (10* or 10°
plaque-forming units [PFUs]) on day 30 and booster-immunized with cognate Ags on day 56. Similarly, fecal and serum samples, and splenocytes and lung lymphocytes, were

collected 3 and 10 days after the booster immunization, respectively.

2.4. Enzyme-linked immunosorbent assay (ELISA)

Ag-specific IgA and IgG from fecal and serum samples, respec-
tively, were measured using indirect ELISAs. Briefly, 96-well ELISA
plates (MaxiSorp™ immunoplate; Thermo Fisher Scientific, Ros-
kilde, Denmark) were coated with S-RBD protein (100 ng/well) dis-
solved in 100 mM bicarbonate/carbonate buffer (pH 9.6) and
incubated overnight at 4 °C, then blocked with 5% non-fat dry milk
for 2 h at 37 °C. After adding serially diluted sample to each well,
the plates were incubated for 2 h at 37 °C, then washed with PBS
containing Tween 20. Then, the bound Abs were incubated with
alkaline phosphatase-conjugated anti-mouse IgA or IgG secondary
Ab for 2 h at 37 °C, after which p-nitrophenyl phosphate substrate
was added. The absorbance at 405 nm was read using an ELISA
plate reader (SPECTROstar Nano; BMG Labtech, Ortenberg, Ger-
many). The Ab concentrations were calculated using a standard
curve.

2.5. Ab-mediated virus inhibition assay

The Vero E6 cells used for the virus inhibition assay were cul-
tured in Dulbecco’s modified Eagle’s medium (Welgene, Gyungsan,
Korea) supplemented with 10% heat-inactivated FBS and 5% CO-, at
37 °C. To measure Ag-specific Ab-mediated inhibition of the hDPP4
receptor and MERS-CoV, virus was pre-incubated with Abs col-
lected from intranasally immunized mice for 30 min at room tem-
perature, and then applied to Vero E6 cells (5-10 x 10°/well).

The viral loads of MERS-CoV-infected Vero E6 cells were deter-
mined by measuring the level of upstream E (upE) gene transcript
via quantitative real-time reverse-transcription PCR (qRT-PCR).
Briefly, total RNA was extracted using TRI Reagent according to
the manufacturer’s instructions. RNA was converted into cDNA
using an M—MLV Reverse Transcription Kit (Promega, Madison,
WI, USA). qRT-PCR was performed using Power SYBR® Green PCR
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Master Mix (Thermo Fisher Scientific) and an Applied Biosystems
7500 RT-PCR system (software version 2.3; Applied Biosystems,
Foster City, CA, USA). The forward and reverse primer sequences
for amplifying the upE gene were 5'-GCC TCT ACA CGG GAC CCA
TA-3’ and 5’-GCA ACG CGC GAT TCA GTT-3', respectively. The for-
ward and reverse primer sequences used to amplify the internal
control gene B-actin were 5-CGT ACC ACA GGC ATT GTG A-3’
and 5'-CTC GTT GCC AAT AGT GAT GA-3/, respectively.

2.6. Enzyme-linked immunosorbent spot assay

To measure the number of IgG-secreting cells (SCs) in spleno-
cytes, an enzyme-linked immunosorbent spot assay (ELISPOT)
assay was performed. The wells of Multi-Screen filter plates (Milli-
pore, Billerica, MA, USA) were activated with 35% ethanol, pre-
coated with goat anti-mouse IgG (100 ng/well; Bethyl Laboratories,
Montgomery, TX, USA) and incubated overnight at 4 °C. Next, the
wells were blocked with RPMI-1640 medium (Welgene) contain-
ing 10% heat-inactivated FBS, and 10* cells prepared from the tis-
sues were then added to each well and incubated for 24 h at
37 °C. Horseradish peroxidase-conjugated secondary Ab was sub-
sequently added to each well and incubated for 2 h. The mem-
branes were then developed using 3-amino-9-ethyl-carbazole
substrate solution containing 5 pL/10 mL of 30% H,0,. When the
spots reached the desired intensity, the reaction was stopped by
washing the membrane with water.

2.7. Ab-mediated virus inhibition assay using MERS-CoV spike
pseudovirus

Retroviruses pseudotyped with MERS-CoV spike (MERS-CoV-S)
and B-galactosidase (Lac Z) reporter genes were produced in
GP2-293 cells and immediately used for the inhibition assay.
Briefly, 100-fold diluted mouse immune serum samples or fecal
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extracts were incubated for 1 h at room temperature with 50 puL of
MERS-CoV-S pseudovirus-containing supernatants and transferred
to Vero E6 cells (1.5 x 10° cells/well) grown in a 6-well tissue cul-
ture plate. After 24 h of incubation, total RNA was extracted and
subjected to qRT-PCR using specific primers for B-galactosidase
(5'-GGG TTG TTA CTC GCT CAC ATT-3’ and 5-CGG TTIT ATG CAG
CAA CGA G-3') and Vero E6 B-actin (5'-ATC GTG CGT GAC ATT
AAG GAG-3’ and 5'-AGG AAG GAA GGC TGG AAG AG-3') genes to
measure the relative B-galactosidase gene expression mediated
by MERS-CoV-S pseudovirus infection. The relative expression
level of the B-galactosidase gene was normalized to the expression
level of the endogenous control gene, B-actin, and calculated in
terms of the fold difference using CFX Maestro software (Bio-Rad
Laboratories, Hercules, CA, USA). The level in the PBS-treated sam-
ple was used as the reference (i.e., value of 1).

2.8. Abs and flow cytometry

The expression markers of lymphocytes harvested from spleen
and lung tissues (performed as described previously [18]) were
examined via flow cytometry. The following Abs against mouse
lymphocyte expression markers were purchased from Miltenyi
Biotec Inc. (Bergisch Gladbach, Germany): anti-CD3-fluorescein
isothiocyanate (FITC), anti-CD4-PC5.5, anti-CD8-phycoerythrin
(PE), anti-interferon-y (IFN-y)-allophycocyanin (APC), and anti-
CD107a-APC. REA Control Ab S-FITC, REA Control Ab S-PC5.5, REA
Control Ab S-PE and REA Control Ab I-APC were used as isotype
controls. For intracellular staining of IFN-y and CD107a, the lym-
phocytes were fixed/permeabilized using the Cytofix/Cytoperm™
Plus Fixation/Permeabilization Kit with BD GolgiStop™ protein
transport inhibitor (containing monensin; BD Life Sciences, San
Jose, CA, USA), according to the manufacturer’s protocol. Flow cyto-
metric analysis was performed using a Cytoflex flow cytometer
(Beckman Coulter, Inc., Brea, CA, USA) and data analyses were per-
formed using CytExpert software (Beckman Coulter, Inc.).

2.9. Measuring cytokine expression

To analyze cytokine production, harvested spleen and lung cells
(5-10 x 10°) were distributed into each well of a 24-well plate and
stimulated with S-RBD protein (1 pg/well) for 1 or 2 days. The cul-
ture medium was collected after stimulation and the expression
levels of mouse interleukin (IL)-10, IFN-y, and tumor necrosis
factor-ot (TNF-o) were quantified using a Cytometric Bead Array
kit (BD Biosciences, Franklin Lakes, NJ, USA) according to the man-
ufacturer’s recommendations. Briefly, Ab-coated beads for each
cytokine were mixed and incubated with the culture medium,
and then incubated for 2 h at room temperature with PE-
conjugated detection Abs. After washing, flow cytometric analysis
was performed using a Cytoflex flow cytometer (Beckman Coulter,
Inc.) and data analysis was performed using FCAP Array™ software
(BD Biosciences). Cytokine concentrations were calculated using a
standard curve generated using cytokine standards.

2.10. Histopathology

Spleen and lung tissue obtained from MERS-CoV- and sham-
infected hDPP4-Tg mice at the time points indicated above were
immediately fixed in 10% neutral-buffered formalin, transferred
to 70% ethanol, and paraffin-embedded. Histopathological evalua-
tion was performed using deparaffinized tissue sections stained
with hematoxylin and eosin. We examined the MERS-CoV-
infected tissues for signs of pathology, such as denatured or col-
lapsed cell/tissue organization, hemorrhage in the interstitial
space, infiltration of inflammatory monocytes, and changes in the
alveolar septa.
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2.11. Statistical analysis

Statistical analyses were performed using Prism 7 software
(GraphPad Software Inc., San Diego, CA, USA). Results are pre-
sented as mean = standard error (SE) of the independent replicates.
Unpaired Student’s t-tests were used to compare groups. Compar-
isons among groups regarding survival rate were analyzed by the
log-rank test. The significance of differences between the groups
was tested at p < 0.05, p < 0.01, and p < 0.001.

3. Results

3.1. Intranasal immunization with Co4B-conjugated S-RBD enhanced
the induction of S-RBD-specific mucosal and systemic immune
responses in C57BL/6 mice

We first evaluated the induction of S-RBD-specific fecal IgA and
serum IgG Abs in C57BL/6 mice immunized intranasally with S-
RBD or S-RBD-Co4B (Fig. 2A). The levels of S-RBD-specific fecal
IgA (left) and serum IgG (right) were significantly higher
(p < 0.01) in the mice immunized with S-RBD-Co4B compared to
those immunized with S-RBD, suggesting that intranasal immu-
nization with S-RBD-Co4B induced stronger mucosal and systemic
immune responses than with unconjugated S-RBD. We next exam-
ined the ability of the S-RBD-specific Abs to prevent MERS-CoV
infection in hDPP4 receptor-expressing Vero E6 cells [3] (Fig. 2B).
We pre-incubated 100-fold diluted fecal samples with MERS-CoV
(10% PFUs) and used the mixture to infect Vero E6 cells; MERS-
CoV upE gene expression was significantly lower in Vero E6 cells
infected with the S-RBD-Co4B-immunized mouse fecal sample
compared to those infected with the PBS control samples
(p < 0.01, 79%) and S-RBD-immunized samples (p < 0.05) (Fig. 2B,
left). Serum samples from S-RBD-Co4B-immunized mice also
inhibited upE gene expression to a significantly greater extent
compared to PBS control (p < 0.001) and S-RBD-immunized
(p < 0.01) mouse serum samples (Fig. 2B, right). These results indi-
cate that Abs induced by intranasal immunization of S-RBD-Co4B
effectively prevented MERS-CoV infection, possibly by inhibiting
interactions between the virus and its cognate receptor.

Greater S-RBD-specific mucosal and systemic immune
responses were also detected in fecal and serum samples collected
3 days after a booster immunization, 28 days after the fifth immu-
nization, from mice immunized with S-RBD-Co4B compared to
those immunized with unconjugated S-RBD (Fig. 2C). The levels
of S-RBD-specific fecal IgA and serum IgG were higher in S-RBD-
Co4B-immunized mice compared to mice immunized with uncon-
jugated S-RBD. We also found a significantly higher number of S-
RBD-specific  IgG-secreting  splenocytes in  S-RBD-Co4B-
immunized mice compared to S-RBD-immunized mice (p < 0.01;
Fig. 2D). In addition, we performed the virus inhibition assay in
Vero E6 cells with a MERS-CoV-S pseudovirus to confirm the neu-
tralizing activity of the serum samples and fecal extracts prepared
from booster-immunized mice (Fig. S1). We measured the tran-
scription level of the B-galactosidase gene in Vero E6 cells infected
with MERS-CoV-S pseudovirus, which had been pre-incubated
with serum samples or fecal extracts via qRT-PCR. The fecal
extracts (left) and serum samples (right) prepared from S-RBD-
Co4B-immunized mice showed significantly (p < 0.01 and 0.05,
respectively) higher inhibition of the B-galactosidase gene expres-
sion compared to mice immunized with either PBS or S-RBD alone.
Collectively, these results suggest that S-RBD-specific mucosal IgA
and systemic IgG responses were more efficiently induced in mice
intranasally immunized with S-RBD-Co4B compared to unconju-
gated S-RBD, leading to more effective inhibition of MERS-CoV
infection.
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Fig. 2. Intranasal immunization with S-RBD-Co4B induces S-RBD-specific mucosal and systemic antibody (Ab) responses, together with Ab-mediated virus inhibition, in
C57BL/6 mice. (A) Concentrations of fecal immunoglobulin (Ig) A (left) and serum IgG (right) in samples collected from C57BL/6 mice 3 days after the fifth immunization with
indicated Ags, as determined by enzyme linked immunosorbent assay (ELISA). (B) Fecal and serum samples were pre-incubated with MERS-CoV (10* PFUs). Ab-mediated
inhibition of MERS-CoV infection in Vero E6 cells was determined by measuring upstream E (upE) gene expression levels relative to f-actin (internal control) gene expression
levels via quantitative real-time polymerase chain reaction (QRT-PCR). Data are expressed as relative quantitation with the level of PBS set as 1. (C) Concentrations of fecal IgA
(left) and serum IgG (right) in samples collected from C57BL/6 mice 3 days after booster immunization with indicated Ags, as determined by ELISA. (D) Splenocytes were
stimulated with 1 pg of S-RBD Ag, and the number of S-RBD-specific IgG-secreting cells per 10* splenocytes was determined by enzyme-linked immunosorbent spot assay.
The experiments were repeated three times and representative results are presented. *p < 0.05, **p < 0.01, and ***p < 0.001.
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3.2. Intranasal immunization with S-RBD-Co4B enhanced the
stimulation of S-RBD-specific effector cytotoxic T lymphocytes (CTLs)
in mucosal and systemic immune compartments of C57BL/6 mice

CTLs are the major cells involved in the removal of coronavirus
infections, such as mouse hepatitis virus [19,20]. They are charac-
terized by the production of Th1 cytokines, such as IFN-vy, and the
expression of CD107a degranulation marker [21]. In addition, CD4*
CTLs that secrete IFN-y only, or IFN-y with TNF-o0 and IL-2, can
secrete cytotoxic granules containing granzyme B and Kkill target
cells in an Ag-specific manner upon direct contact [22-24]. To
assess the induction of CTL activity by intranasal immunization
with Ags, splenocytes and lung lymphocytes collected from immu-
nized mice were stimulated with S-RBD, and their expression of
cell surface markers and cytokines were analyzed (Fig. 3). After
17 h of S-RBD stimulation, the frequency of IFN-y-producing
CD4" and CD8" CTLs was significantly higher in the splenocyte pool
of mice immunized with S-RBD-Co4B compared to those immu-
nized with unconjugated S-RBD (p < 0.05; Fig. 3A). The cytotoxic
potential was relatively high in splenocytes collected from S-
RBD-Co4B-immunized mice, as shown by the high intracellular
expression levels of CD107a (Fig. 3B). Furthermore, effector CD4*
and CD8" CTL stimulation was significantly higher in lung lympho-
cytes collected from mice immunized with S-RBD-C04B compared
to those immunized with unconjugated S-RBD (p < 0.01) (Fig. 3C).
Likewise, the cytotoxic potential was significantly higher in both
CD4" and CD8" lung lymphocytes harvested from mice immunized
with S-RBD-Co4B compared to unconjugated S-RBD (p < 0.05)
(Fig. 3D).

Next, we characterized the effects of intranasal immunization
with Co4B-conjugated Ag on immune stimulation, by analyzing
Th1 cytokine expression in splenocytes and lung lymphocytes that
had been stimulated for 48 h with S-RBD (Fig. 3E). The expression
levels of IL-10, IFN-y, and TNF-a were remarkably enhanced in
both splenocytes and lung lymphocytes harvested from S-RBD-
Co4B-immunized mice compared to mice immunized with uncon-
jugated S-RBD. In particular, IFN-y expression in splenocytes and
lung lymphocytes following S-RBD stimulation was greatly
enhanced in S-RBD-Co4B-immunized mice. Collectively, these
results suggest that intranasal immunization with Co4B-
conjugated Ag efficiently induces Th1-type immune stimulation,
promoting CD4* and CD8" effector CTL activity.

3.3. The Co4B ligand enhances mucosal and systemic immune
responses in hDPP4-Tg mice

Next, we examined the effects of intranasal immunization with
S-RBD-Co04B on the induction of S-RBD-specific mucosal and sys-
temic immune responses in hDPP4-Tg mice, because mice express-
ing murine DPP4 only are not susceptible to MERS-CoV infection
[25]. We evaluated the induction of S-RBD-specific fecal IgA and
serum IgG in hDPP4-Tg mice that were intranasally immunized
with S-RBD or S-RBD-Co4B (Fig. 4A). The levels of S-RBD-specific
fecal IgA (left) and serum IgG (right) were higher in mice immu-
nized with S-RBD-Co4B compared to S-RBD, and the difference
was statistically significant for the serum samples. This suggests
that intranasal immunization with S-RBD-Co4B induces higher
mucosal and systemic immune responses than immunization with
unconjugated S-RBD. Then, we confirmed that the Abs could inhi-
bit MERS-CoV infections in hDPP4 receptor-expressing Vero E6
cells (Fig. 4B). We pre-incubated 100-fold diluted fecal samples
with MERS-CoV (10* PFUs) and used the samples to infect Vero
E6 cells; MERS-CoV upE gene expression was significantly lower
in Vero E6 cells infected with fecal samples collected from S-
RBD-Co4B-immunized mice compared to those immunized with
PBS (p < 0.01) and unconjugated S-RBD (p < 0.05) (Fig. 4B, left).
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Serum samples collected from S-RBD-Co4B-immunized mice also
exhibited significantly stronger upE gene expression inhibition
compared to those collected from the PBS control (p < 0.01) and
S-RBD-immunized mice (p < 0.05; Fig. 4B, right). These results indi-
cate that Abs induced by intranasal immunization with S-RBD-
Co4B efficiently inhibited MERS-CoV infection in hDPP4-Tg mice.
Next, we analyzed Th1 cytokine expression in splenocytes and
lung lymphocytes that had been collected from mice intranasally
immunized with Co4B-conjugated Ag, and then stimulated with
S-RBD for 48 h (Fig. 4C). Similar to the results from the experi-
ments with C57BL/6 mice, the expression of IL-10, IFN-y, and
TNF-a was significantly higher in both splenocytes (p < 0.05) and
lung lymphocytes (p < 0.001) collected hDPP4-Tg mice immunized
with from S-RBD-Co4B compared to unconjugated S-RBD-
immunized hDPP4-Tg mice. Taken together, these results suggest
that intranasal immunization with Co4B-conjugated Ag efficiently
induced Th1-type immune stimulation capable of promoting CD4"
and CD8" effector CTL activity in both C57BL/6 and hDPP4-Tg mice.

3.4. Intranasal immunization with S-RBD-Co4B elicits potent
protective immunity and prevents lung damage in hDPP4-Tg mice
challenged with MERS-CoV

In our previous study, we found that hDPP4-Tg mice challenged
with 10* or 10° PFUs MERS-CoV exhibited body weight loss and
mortality of 60% and 100% at 12 days post infection, respectively
[15]. To determine whether intranasal immunization with S-RBD-
Co4B could effectively protect hDPP4-Tg mice challenged with
MERS-CoV, we monitored the body weight, survival, and tissue
damage of the mice following intranasal challenge infection with
MERS-CoV (Fig. 5). Following inoculation of hDPP4-Tg mice with
10* PFUs of MERS-CoV, there was no significant difference in body
weight between the mice immunized with conjugated and uncon-
jugated Ags (Fig. 5A, left); however, the survival rate was signifi-
cantly higher in hDPP4-Tg mice immunized with S-RBD-Co4B
compared to the control at 14 days after challenge infection
(p < 0.05) (Fig. 5A, right). This protective effect was more promi-
nent following infection with 10> PFUs of MERS-CoV (Fig. 5B). Body
weight loss and death began to occur at 6 days after the challenge
infection with 10°> PFUs of MERS-CoV (Fig. 5B, left); the survival
rate was significantly higher in mice immunized with S-RBD-
Co4B (40%) compared to those immunized with PBS control and
unconjugated S-RBD (p < 0.05; Fig. 5B, right).

We collected mouse lung and spleen tissues from the mice
7 days after MERS-CoV infection for histological analysis. We found
no prominent differences in the histology of the liver, brain, or
small intestine among the immunization groups (data not shown).
However, the dissected lung and spleen tissues collected from
hDPP4-Tg mice immunized with PBS and challenged with MERS-
CoV (10° PFUs) exhibited marked histopathologic changes, such
as inflammatory immune cell infiltration (arrows), local bronchial
wall thickening, and severe lung tissue damage due to airspace
expansion (arrow heads) (Fig. 5C). Although the lungs of all mice
challenged with MERS-CoV displayed squamous metaplasia and
epithelial hypertrophy, S-RBD-Co4B-immunized mice exhibited
reduced lung tissue lesion formation compared to PBS- and S-
RBD-immunized mice (Fig. 5C, upper panels). White pulp thicken-
ing, as well as marginal zone and red pulp border collapse, were
observed in the spleens of MERS-CoV-challenged mice, while mar-
ginal zone expansion and white pulp widening were detected in
the spleens of S-RBD-Co4B-immunized mice. Moreover, the red
pulp and marginal zone borders were clearly identifiable in the
spleens of S-RBD-Co4B-immunized mice (Fig. 5C, lower panels).
These results suggest that intranasally immunizing hDPP4-Tg mice
with S-RBD-Co4B protected lung and spleen tissues against dam-
age due to MERS-CoV infection.
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Fig. 3. Intranasal immunization with S-RBD-Co4B enhanced S-RBD-specific effector cytotoxic T lymphocyte (CTL) stimulation in splenocytes and lung lymphocytes in C57BL/
6 mice. Splenocytes and lung lymphocytes were collected 10 days after the fifth immunization with the indicated Ag, and then stimulated with S-RBD (1 pg) for up to 48 h. (A)
The expression of IFN-y in CD4" (left) and CD8" (right) cells in splenocytes after stimulation with S-RBD for 17 h was analyzed by flow cytometry. (B) Expression of CD107a in
CD4" (left) and CD8" (right) cells in splenocytes after stimulation with S-RBD for 24 h was analyzed by flow cytometry. (C) Expression of IFN-y in CD4" (left) and CD8" (right)
cells in lung lymphocytes after stimulation with S-RBD for 17 h was analyzed by flow cytometry. (D) Expression of CD107a in CD4" (left) and CD8" (right) cells in lung
lymphocytes after stimulation with S-RBD for 24 h was analyzed by flow cytometry. (E) Cytokine concentrations in the culture supernatants collected from splenocytes (left
panels) and lung lymphocytes (right panels) that had been stimulated with S-RBD (1 ng) for 48 h, as determined by cytometric bead array. Experiments were repeated three

times and representative results are presented. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Fig. 3 (continued)

4. Discussion

Several MERS-CoV outbreaks have occurred since the first one
in Saudi Arabia in 2012. It is crucial to develop prophylactic mea-
sures for MERS-CoV infection; in this respect, vaccines play an
important role. Four types of MERS-CoV vaccines are currently
being developed: inactivated virus, live-attenuated, DNA, and
recombinant vaccines. However, no vaccine for MERS-CoV has
been licensed to date [26]. Regarding the recombinant vaccine, var-
ious S-RBD fragments have been considered for use as the main
target Ags, including amino acid residues 358-588, 367-588,
377-588, and 367-606 [27-29]|. The fragment of the MERS-CoV
S-RBD containing residues 377-588 is a critical neutralizing
domain; it induces the strongest humoral immune response with
neutralizing Abs in immunized animals, especially when fused
with Fc region of human IgG [16]. Vaccination of BALB/c mice with
the S-RBD residues 377-588 fused with Fc and the adjuvant MF59
elicited strong humoral and cellular immune responses at low
doses [30]. Interestingly, intranasal administration of MERS-CoV
S-RBD led to a more powerful local mucosal immune response in
the lung tissue compared to subcutaneous immunization [27].
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MERS-CoV infects the lower respiratory tract, leading to severe
pneumonia and occasionally digestive symptoms such as diarrhea
and nausea/vomiting; thus, mucosal membranes appear to be
appropriate targets for vaccination against MERS-CoV infection
[2,31]. We therefore aimed to develop a vaccine candidate using
S-RBD (291-725) conjugated to the Co4B ligand, which was iden-
tified as a strong inducer of immune responses against conjugated
Ags after intranasal administration (Fig. 1) [14].

The role of mucosal immunity in the lungs has not been widely
studied, despite the respiratory mucosa being the main site of
infection for numerous pathogens, including MERS-CoV. Intranasal
immunization confers greater protective immunity against MERS-
CoV infection compared to intramuscular immunization in hDPP4-
Tg mice, so the development of an intranasal vaccine against
MERS-CoV infection is important [15]. Typically, vaccinations con-
tain specific Ags, and an adjuvant, to increase the immunogenicity
of the Ags and their ability to induce specific adaptive immunity
[32]. Here, we confirmed the adjuvant effect of the Co4B ligand
on the induction of antiviral and Ag-specific immune responses
to the recombinant Ag of MERS-CoV. The 12-mer Co4B ligand
was previously identified by bio-panning a phage display library
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Fig. 4. Intranasal immunization with S-RBD-Co4B induces S-RBD-specific mucosal and systemic Ab responses, together with Ab-mediated virus inhibition, in hDPP4-Tg mice.
(A) Concentrations of fecal IgA (left) and serum IgG (right) in samples collected from hDPP4-Tg mice 3 days after the fifth immunization with the indicated Ag, as determined
by ELISA. (B) Fecal and serum samples were pre-incubated with MERS-CoV (10* PFUs), and Ab-mediated inhibition of MERS-CoV infection in Vero E6 cells was determined by
measuring the level of upE gene expression via qRT-PCR. UpE gene expression levels were compared to those of the internal control p-actin to calculate the relative
expression. Data are expressed as relative quantitation with the level of PBS set as 1. (C) Cytokine concentrations in culture supernatants collected from splenocytes (left
panels) and lung lymphocytes (right panels) following stimulation with S-RBD (1 pg) for 48 h, as determined by cytometric bead array. Experiments were repeated three

times and representative results are presented. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Fig. 5. Intranasal immunization with Co4B-conjugated S-RBD elicits potent protective immunity and prevents lung and spleen damage in hDPP4-Tg mice following MERS-
CoV challenge infection. Mice were intranasally immunized with the indicated Ags and challenged intranasally with (A) 10* or (B) 10° PFUs of MERS-CoV. Body weight
changes (left panels) and survival rates (right panels) of the mice (n = 5) were monitored every 2 days for 2 weeks. (C) Histological changes in the lung and spleen tissues of
hDPP4-Tg mice immunized with indicated Ags (10 pg) and challenged with MERS-CoV (10° PFUs). Tissues were prepared 7 days after the challenge infection. Arrows indicate
inflammatory immune cell infiltration, and arrow heads indicate airspace. RP, red pulp; WP, white pulp; MZ, marginal zone. Scale bars = 100 um. *p < 0.05. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

against an in vitro M—like cell culture system, and its ability to tar-
get conjugated Ags to nasal-associated lymphoid tissue M cells, to
induce Ag-specific immune responses, has been demonstrated
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[13,14]. We also confirmed that S-RBD-Co4B can bind to
nasopharynx-associated lymphoid tissue M cells (data not shown).
Mucosal IgA in the respiratory tissue, together with systemic IgG,
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plays important roles in host defense against respiratory virus
infection [33]. Therefore, we examined the ability of Co4B to act
as an adjuvant, to induce mucosal and systemic immune responses
specific to MERS-CoV S-RBD, in C57BL/6 and hDPP4-Tg mice
(Fig. 2A and Fig. 4A). Additionally, we confirmed that the mucosal
and systemic Abs induced by S-RBD-Co4B inhibited the interaction
of MERS-CoV with DPP4 to a greater extent than unconjugated S-
RBD in both C57BL/6 and hDPP4-Tg mice (Fig. 2B and Fig. 4B).

Similar to cytotoxic CD8" T cells, functional CD4" T cells have
cytolytic characteristics and exert protective effect against influ-
enza virus infection [34]. Effector cells that produce IFN-vy in the
lung also play a protective role at the site of infection [35]. The fre-
quency of IFN-y- and CD107a-expressing CD4" and CD8" T cells in
splenocytes and lung lymphocytes collected from S-RBD-Co4B-
immunized mice was higher than in those harvested from S-
RBD-immunized mice, which suggests that Ag-specific effector
CTL cells were stimulated by intranasal immunization with S-
RBD-Co4B (Fig. 3). In addition, the efficient stimulation of Th1-
type cytokines such as IL-10, IFN-y, and TNF-a implies that effec-
tive cell-mediated immunity was induced by intranasal immuniza-
tion with S-RBD-Co04B in both C57BL/6 and hDPP4-Tg mice (Fig. 3E
and Fig. 4C). Notably, IFN-v, which is a type II IFN, plays essential
roles in controlling various viral infections and promoting viral
clearance by adaptive immune cells [26]. The induction of pro-
inflammatory cytokines and other IFNs is delayed following
MERS-CoV infection, which has adverse effects on the host [36].
Therefore, efficient induction of IFN-y by intranasal immunization
with S-RBD-Co4B may be critical for protective immunity in MERS-
CoV infection.

In previous studies, vaccine development against MERS-CoV
and severe acute respiratory syndrome coronavirus has raised con-
cerns regarding pulmonary immunopathology due to the aberrant
levels of the T helper 2 (Th2) response, as vaccination of inacti-
vated MERS-CoV into a mouse model showed an enhanced Th2
response compared to that before vaccination, as well as
immunopathologic responses [37,38]. Although further research
is needed to confirm the correlation, the immunopathologic
response might be partly attributed to vaccination [39]. In addition
to the level of Th1 responses (Fig. 3E and Fig. 4C), we also con-
firmed that Th2 and Th17 responses were higher in S-RBD-Co4B-
immunized mice compared to mice immunized with PBS (data
not shown). Many studies using murine vaccine models have
shown that Th17-mediated protective responses involve IL-17-
driven Th1 immune response [40]. The roles of Th17 cells have
been documented in regulating B-cell Ab generation, formation
of the germinal center, and inducible bronchus-associated lym-
phoid tissue. Therefore, mucosal vaccination can induce robust
Th17 responses, which are considered useful targets for mucosal
vaccination. However, Th17-mediated inflammatory responses
have also been shown to be responsible for the immunopathology
seen in the pathogenesis of COVID-19 pneumonia and edema [41].
These Th17 responses include the release of cytokines, including
IL-17 and granulocyte-macrophage colony-stimulating factor,
downregulating regulatory T cells, and promoting neutrophil
recruitment, but simultaneously inducing Th2 immune responses.
However, our observation of the increase in IgG2a/IgG1 in the sera
of immunized mice (Fig. S2). along with the level of Th1 responses
(Fig. 3E and Fig. 4C) suggest that Th1 responses are dominant in S-
RBD-Co4B-immunized mice.

The hDPP4 receptor, which is recognized and used for entry by
MERS-CoV, is not present in the tissues of mice, meaning that they
are not susceptible to MERS-CoV infection; this has hampered
MERS-CoV research. Moreover, respiratory infection and patholog-
ical lung damage are key features of severe human disease caused
by MERS-CoV infection. Therefore, a transgenic animal model with
consistent hDPP4 expression and pulmonary pathology is needed.
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Previously, we generated hDPP4-Tg mice that express hDPP4 at
high levels, which enabled MERS-CoV to develop (reflected in sig-
nificantly higher viral RNA levels in the brain, lung, liver, spleen,
and intestinal tissues) [15]. MERS-CoV infection in the respiratory
tract causes fibrotic lung disease symptoms including alveolar cell
damage, inflammation, fibroblast proliferation, and extracellular
matrix deposition [5]. In the present study, we detected
histopathologic changes in the lung (e.g., pulmonary fibrosis),
which is the initial infection site, and in the spleen, a representa-
tive tissue of systemic immunity, after MERS-CoV infection in
hDPP4-Tg mice (Fig. 5C). Importantly, intranasal immunization
with S-RBD-Co4B prevented histopathological changes in the lung
and spleen, thus confirming the efficacy of the vaccine histologi-
cally (Fig. 5C). Moreover, mice immunized intranasally with S-
RBD-Co04B showed superior survival rates following infection with
MERS-CoV compared to the other groups (Fig. 5A and Fig. 5B). Col-
lectively, our findings demonstrate that S-RBD-Co04B is a promising
candidate for an intranasal recombinant vaccine against MERS-CoV
infection, which is capable of inducing efficient humoral and cell-
mediated immunity.
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