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a b s t r a c t

Middle East respiratory syndrome coronavirus (MERS-CoV) has continued spreading since its emergence
in 2012 with a mortality rate of 35.6%, and is a potential pandemic threat. Prophylactics and therapies are
urgently needed to address this public health problem. We report here the efficacy of a vaccine consisting
of chimeric virus-like particles (VLP) expressing the receptor binding domain (RBD) of MERS-CoV. In this
study, a fusion of the canine parvovirus (CPV) VP2 structural protein gene with the RBD of MERS-CoV can
self-assemble into chimeric, spherical VLP (sVLP). sVLP retained certain parvovirus characteristics, such
as the ability to agglutinate pig erythrocytes, and structural morphology similar to CPV virions. Immu-
nization with sVLP induced RBD-specific humoral and cellular immune responses in mice. sVLP-specific
antisera from these animals were able to prevent pseudotyped MERS-CoV entry into susceptible cells,
with neutralizing antibody titers reaching 1: 320. IFN-g, IL-4 and IL-2 secreting cells induced by the RBD
were detected in the splenocytes of vaccinated mice by ELISpot. Furthermore, mice inoculated with sVLP
or an adjuvanted sVLP vaccine elicited T-helper 1 (Th1) and T-helper 2 (Th2) cell-mediated immunity.
Our study demonstrates that sVLP displaying the RBD of MERS-CoV are promising prophylactic candi-
dates against MERS-CoV in a potential outbreak situation.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Middle East respiratory syndrome coronavirus (MERS-CoV) in-
fections can cause severe and possibly lethal acute respiratory
disease in humans. A total of 630 deaths from 1769 cases of MERS-
CoV were reported between September 2012 to June 2016, a mor-
tality rate of 35.6%. Of considerable concern, imported cases of
MERS have been being reported in countries worldwide, which
raise concerns of a potential pandemic. Vaccination is the best
means to control and prevent disease, but a licensed prophylaxis is
not currently available against MERS-CoV.
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The surface of MERS-CoV particles is composed of the spike (S)
glycoprotein, which plays a crucial step in the viral life cycle by
interacting with the dipeptidyl peptidase 4 (DPP4) molecules on
the target cell to initiate viral docking and entry. Studies have
shown that the receptor-binding domain (RBD) is a major antigenic
determinant for the induction of neutralizing antibodies (Du et al.,
2013a, 2013b; Mou et al., 2013). Therefore, a candidate expressing
the RBD of MERS-CoV is a plausible design for an effective vaccine.

Virus-like particles (VLP) are an excellent platform for epitope
presentation because they have been shown to efficiently interact
with antigen-presenting cells and display heterologous epitopes at
high density (Barcena and Blanco, 2013). Parvovirus-like particles
expressing the major structural protein VP2 in insect cells are very
stable and highly immunogenic (Lopez de Turiso et al., 1992;
Martinez et al., 1992). Moreover, canine parvovirus (CPV) does
not cause disease in human, therefore parvovirus-like particles is a
safe expression platform. Parvovirus VLP has been successfully used
for the expression of foreign antigens and induction of robust B-, T-
cell responses (Miyamura et al., 1994; Casal et al., 1999; Lo-Man
et al., 1998; Xu et al., 2014; Rueda et al., 1999).

In this study, we evaluated the efficacy of a chimeric CPV VLP
expressing the RBD of MERS-CoV. The structural integrity of these
VLP was confirmed by electron microscopy and the immunoge-
nicity of parvovirus-like VLP was evaluated in a mouse model of
infection.

2. Methods

2.1. Construction of recombinant baculovirus

Nucleotides encoding spike glycoprotein residues 367e606 of
the MERS-CoV RBD (GenBank accession no. KF600645) were
codon-optimized for the highest expression levels possible in in-
sect cells and biochemically synthesized (Sangon Biotech, China).
Three repeat flexible linkers (Gly4Ser)3 were cloned to the C-ter-
minus of RBD. The RBD and linkers were subcloned into the SalI-
NotI sites of pFastBac1-VP2, to generate pFastBac1-RBD-VP2.
pFastBac1-RBD-VP2 was then transformed into E. coli DH10Bac
cells, and recombinant bacmids containing the RBD insert were
confirmed by PCR.

Recombinant baculoviruses were generated by recombinant
bacmids transfected into Sf9 insect cells in the presence of the
Liposome 2000 transfection reagent, following the Bac-to-Bac
Expression Systems manual (Invitrogen, USA). Supernatants con-
taining recombinant baculovirus were harvested 5 days after
transfection as viral stocks, which are designated Bac-RBD-VP2. The
titers of these baculovirus stocks were determined using a rapid
titration kit (BacPakBaculovirus Rapid Titer Kit; Clontech, USA).

2.2. Indirect immunofluorescence assay

Expression of RBD-VP2 protein was confirmed by indirect
immunofluorescence as previously described (Feng et al., 2014).
Briefly, Sf9 insect cells were maintained at 27 �C in TNM-FH me-
dium supplemented with 10% FBS and infected with Bac-RBD-VP2
at a multiplicity of infection (MOI) of 3. Control cells were infec-
ted with baculovirus pFastBac1. At 48 h post infection, the culture
plates were fixed with 4% paraformaldehyde at room temperature
for 20 min, washed with PBS-0.05% Tween 20 (PBST), and then
incubated with mouse anti-MERS-S polyclonal antibody or mouse
anti-VP2 monoclonal antibody containing 1% bovine serum albu-
min at 37 �C for 1 h. After washing with PBST, the cells were stained
with FITC-tagged goat anti-mouse IgG and Evans Blue (diluted
1:500 in PBST) at 37 �C for 1 h. After washing, the cells were
examined under a fluorescent microscope.
2.3. Preparation and purification of chimeric VLP

Sf9 insect cellsweremaintained as suspension cultures in serum-
free SF900II medium (Life technologies, USA) at 27 �C, with shaking
at 120 rpm. Sf9 cells were infected with recombinant baculovirus at
a MOI of 3. Cells were harvested 96 h after infection, washed with
PBS, and lysed with 25 mM bicarbonate solution on ice for 10 min.
After centrifugation at 12,000 � g for 10 min, the cell pellet is
removed and purified chimeric VLP was obtained by a quarter vol-
ume of saturated ammonium sulfate precipitation for 20 min on ice,
and then subsequently centrifugated at 12,000 g for 20 min. The
viral pellet is resuspended in PBS and dialyzed overnight.

2.4. Western blot

Samples of purified sVLP, purified recombinant RBD proteins,
CPV VLP and lysate from pFastBac1 infected cells were transferred
onto a polyvinylidene fluoride (PVDF) membrane (Immobilin-P,
Millipore, USA) after SDS-PAGE for Western blotting with mouse
anti-RBD or -VP2 monoclonal antibodies.

2.5. Characterization by electron and immunoelectron microscopy

sVLP were loaded onto grids, kept at room temperature for
5 min, stained with 1% sodium phosphotungstate, and then
examined directly under a transmission electron microscope
(TEM). For immunoelectron microscopy (IEM), the sVLP were
loaded onto formvar-coated grids after removal of excess sample
solution and incubated with mouse anti-RBDmonoclonal antibody.
After washing with PBS, the grids were stained with gold-tagged
goat anti-mouse IgG antibody (Sigma-Aldrich, SaintLouis, MO,
USA). After another wash with PBS, the grids were observed under
the TEM.

2.6. Hemagglutination (HA) test

HA tests were carried out as previously described (Feng et al.,
2014). Briefly, 25 mL of 2-fold serial dilutions of sVLP were made
in PBS, and then an additional 25 mL of PBS was added to each well.
50 mL of 1% (V/V) pig erythrocytes were then added to each well for
1 h at 4 �C. The HA titer was determined by the highest dilution of
the sVLP that agglutinated the erythrocytes.

2.7. Immunization studies

Thirty-two BALB/c mice (6-week-old, female) were randomized
into four groups. All groups were vaccinated intramuscularly (IM)
in the gastrocnemius muscle. Mice in group 2 were given 10 mg of
sVLP; mice in group 3 were given 10 mg of sVLP and mixed with
50 mg Alum adjuvant (Thermo, USA) per animal; mice in group 4
were given 10 mg of sVLP and mixed with 50 mg polyriboinosinic
acid [poly(I:C)] adjuvant (Sigma-Aldrich, Saint Louis, MO, USA), and
the mice in group 1 were given PBS as control. Identical vaccina-
tions were then repeated at 14-days after the initial administration
for all groups. Blood samples were obtained from the orbital vein of
mice on days 14 and 28 post-vaccination.

2.8. RBD-specific antibody measurement in the sera of mice

RBD-specific IgG antibodies from the sera of immunized and
control mice were measured by indirect ELISA as described previ-
ously (Wang et al., 2016). Briefly, 96-well microtiter plates (Corning
Costar, USA)were pre-coatedwith 100 mL of purified RBD antigen at
a final concentration of 1 mg/mL and incubated overnight. After the
plates were blocked with skimmedmilk for 2 h at 37 �C,100 mL of 2-
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fold serially diluted serum samples were added and incubated at
37 �C for 1 h. After washing with PBST, 100 mL of HRP-labeled goat
antibody against mouse IgG (Millipore, USA) was added (diluted
1:4000), and incubated at 37 �C for 1 h. After washing, 100 mL of the
substrate 3, 30, 3, 50-tetramethylvenzidine (TMB) (Sigma, USA) was
added to each well, incubated for 30 min, and then stopped with
50 mL of 2 M H2SO4. Optical density values were measured using a
96-wells ELISA plate reader at a wavelength of 450 nm (Bio-Rad,
USA).

2.9. Pseudotyped virus neutralization assay

The preparation of MERS-pseudotyped virus and determination
of neutralizing antibody titers were performed as described pre-
viously (Li et al., 2015). 10 mg pcDNA3.1-MERS-S plasmids and 10 mg
pNL4-3.luc.RE plasmids were co-transfected into 293 T cells. The
supernatant was harvested after 48 h, centrifuged to remove the
cell debris, and stored at �80 �C. In the neutralization assay with
MERS-pseudotyped virus, mixtures containing equal volumes of
serially diluted mice sera and 100 � TCID50 of pseudotyped virus
were incubated at 37 �C for 30 min, before incubation on Huh
7 cells. Samples were assayed in quadruplicate. After incubation for
4 h, the medium was replaced with DMEM containing 10% fetal
bovine serum. After 48 h incubation at 37 �C, the luciferase activity
of the samples were measured using Infinite M200. The 50%
neutralization dose (ND50) was calculated using Graphpad Prism.

2.10. Flow cytometry assays

One week after the second vaccination, inguinal lymph nodes
Fig. 1. Construction of fused MERS-CoV RBD with VP2 and identification of recombinan
MERS-CoV RBD is the spike glycoprotein residues 367e606, and the linker is Gly4Ser. (B, C, D
were infected with the recombinant baculoviruses in C, E, and were mock infected in B,
monoclonal antibody in D and E.
were collected from immunized mice. Cell suspensions were
stained with anti-CD11c, anti-CD80, and anti-CD86 monoclonal
antibodies (BD Biosciences, Franklin, USA) at 4 �C for 30 min. After
two washes with PBS, flow cytometery was performed on LSR-II
flow cytometer (BD Bioscience) and the data analyzed by FlowJo
software.
2.11. ELISpot assays

Splenocytes harvested at two weeks after the second immuni-
zation from inoculatedmicewere plated at a density of 2� 105 cells
per well in a 96-well ELISpot plate (Mabtech AB, Sweden), which
had been pre-coated to detect IFN-g, IL-2 or IL-4 expression. Puri-
fied RBD antigenwas added at a final concentration of 10 mg/mL for
stimulating cytokine production, and the rest of the assay was
carried out according to manufacturer instructions. Spot forming
cells (SFCs) were counted using an automated ELISpot reader (AID
ELISPOT reader-iSpot, AID GmbH, GER).
2.12. Laboratory facility and ethics statement

The environment and housing facilities for mice is in accor-
dance with the National Standards of Laboratory Animal Re-
quirements of China (GB 14925-2001). Animal studies were
strictly conducted with the recommendations of the Veterinary
Institute at the Academy of Military Medical Sciences and
approved by the Animal Welfare and Ethics Committee (permit
number SCXK-2012-017).
t RBD-VP2. (A) Schematic diagram for the construction of MERS-CoV RBD and VP2, the
, E) IFA detection of expression of the chimeric baculoviruses in Sf9 infected cells. Cells
D. Cells were detected with anti-RBD monoclonal antibody in B and C, and anti-VP2
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3. Results

3.1. Expression and assembly of sVLP displaying RBD

The strategy for the design of sVLP is shown in (Fig. 1A), inwhich
MERS-RBD was fused to VP2 of CPV to generate chimeric VLPs.
Immunofluorescence assayconfirmed theexpressionof recombinant
RBD-VP2 in Sf9 cells (Fig. 1B, C, D and E), which was also detected by
Western blotting of the purified sVLP with anti-RBD monoclonal
antibody (Fig. 2A). Immunoblotting with anti-VP2 monoclonal anti-
body showed detection in CPV VLP and sVLP samples (Fig. 2B), sug-
gesting that the RBD is assembled with CPV-VP2 in the sVLP.

In order to obtain sVLP morphology, sVLP was subjected to
negative staining electron microscopy. sVLP with a diameter of
~25 nm were observed (Fig. 2C), which is slightly larger than VP2
preparations (approximately 20 nm in diameter) (Lopez de Turiso
et al., 1992). This demonstrates that RBD fused with VP2 self-
assemble into chimeric VLP (Gilbert et al., 2006). Immunoelectron
microscopywas performedwith a gold-tagged antibody against the
RBD. Results show that multiple gold particles bound to sVLP
(Fig. 2D), demonstrating that the RBD is displayed on the surface of
viral particles. Subsequently, hemagglutination of purified sVLP
was investigated, and it was shown that sVLP could hemagglutinate
pig erythrocytes and the HA titer reached as high as 1: 210 (Fig. 2E).

3.2. sVLP induce humoral immune responses in mice

To evaluate the immunogenicity of chimeric VLP, mice were
Fig. 2. Characterization and identification of sVLP. (A, B) Western blot analyses of sVLP
recombinant protein expressed in prokaryotic expression system; lane 3 purified VLP of CPV
VP2 monoclonal antibody. (C, D) TEM and IEM analysis of sVLP. (C) sVLP produced by infected
phosphotungstate. Bar ¼ 20 nm. (D) The sVLP were incubated with anti-RBD monoclona
hemagglutinates pig erythrocytes.
immunized IM with sVLP, sVLP in combination with 50 mg Alum
adjuvant, sVLP in combination with 50 mg poly(I: C) adjuvant, or
given PBS (Fig. 3A). Mouse sera were collected two weeks after
each immunization and analyzed for RBD-specific antibody re-
sponses by IgG ELISA. RBD-specific antibody responses were
detected in all sVLP vaccinated mice at two weeks after the first
injection. IgG ELISA results show that immunized mice were able
to induce a robust humoral response specific to RBD after the first
vaccination, and all mice showed enhanced antibody responses
against RBD after receiving the second immunization (Fig. 3B),
with the highest IgG antibody titer reaching 1: 640 in poly(I:C)
adjuvanted group.

We then evaluated the mouse sera for the ability to inhibit
MERS-pseudotyped virus entry into Huh7 cells (Zhao et al., 2013;
Perera et al., 2013). Sera from the control group did not show any
neutralization activity, whereas sera from sVLP and groups with
Alum and poly(I:C) adjuvant-immunized mice were neutralizing
after the first vaccination and the neutralization activity was
boosted after the second immunization (Fig. 3C). The neutralizing
antibody titer was highest in mice injected with poly(I:C) adju-
vanted sVLP at a titer of 1: 320.

3.3. Immunization with sVLP activates more DCs

To determine whether sVLP is able to stimulate cytokine
secretion by dendritic cells (DCs), the percentages of DCs in lymph
nodes were analyzed by flow cytometry. A greater number of DCs
were detected in all three immunized groups compared with the
. Lane 1 lysate from pFastBac1 infected cells served as a control; lane 2 purified RBD
VP2; lane 4 sVLP, analyzed byWB using (A) anti-RBD monoclonal antibody and (B) anti-
Sf9 cells and purified by ammonium sulfate precipitationwere stained with 1% sodium
l antibody and probed using a gold-labeled goat anti-mouse IgG antibody. (E) sVLP



Fig. 3. Mice immunization procedure, RBD-specific antibody and neutralizing antibodies against MERS-CoV infection. (A) BALB/c (n ¼ 8) were vaccinated IM with 10 mg of
sVLP, 10 mg of sVLP and 50 mg of Alum, or 10 mg of sVLP and 50 mg of poly(I:C) adjuvant and the control group was treated with PBS. Blood samples were collected from the orbital
vein of mice before immunization and two weeks after each immunization. (B) ELISA results show that immunized mice were able to induce a robust humoral response specific to
RBD, with serum IgG titers reaching 1:640 after the second immunization. (C) Immunized mice serum titrations were determined with MERS-pseudotyped virus on Huh 7 cells. The
titers were determined as the highest serum dilutions giving a 50% reduction of luciferase activity and are expressed as meansþ/-SD.
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control (Fig. 4). In addition to CD11cþ and CD80þ (Fig. 4A), the
percentage of CD11cþ and CD86þ (Fig. 4B) were considerably
higher in mice injected with poly(I:C) adjuvanted sVLP, suggesting
that poly(I:C) is able to activate more DCs in lymph nodes to
generate a robust immune response.
3.4. sVLP induce cell-mediated immune responses in mice

The cell-mediated immune responses were evaluated with
mouse splenocytes using IFN-g, IL-2 and IL-4 ELISpot assays. The
poly(I:C) adjuvanted sVLP group had substantially higher numbers
of IFN-g, IL-2 and IL-4 secreting cells when compared with other
groups. Immunization with sVLP resulted in increased IL-2
secreting cells only. However, spot-forming cells (SFCs) produced
from immunization with sVLP in combination with Alum adjuvant
does not appear to have a difference with the control group (Fig. 5).
Fig. 4. Flow cytometry for recruitment and/or activation of DCs in lymph nodes from im
the second immunization and were stained with mouse anti-CD11c, anti-CD80, and anti-C
cells were plotted. The data represent the meansþ/-standard deviation (SD) of double-positi
way ANOVA (*p < 0.05, **p < 0.01).
4. Discussion

Previous approaches to MERS-CoV vaccine candidates included
recombinant viral vectors, DNA vaccines, as well as protein-based
platforms. A DNA vaccine, which was developed by expressing
the synthetic consensus anti-spike protein has shown immunoge-
nicity inmice, nonhumanprimates (NHPs) and camels (Muthumani
et al., 2015), and another DNA plasmid vaccine that expresses the
MERS-CoV S glycoprotein has entered Phase I clinical trials (Clinical
Trials.gov, 2016). Additionally, delivery of the S antigen by way of
DNA vaccination, nanoparticles, recombinant viral vectors such as
modified vaccinia Ankara or adenovirus or RBD-based subunit
vaccines have shown immunogenicity and efficacy in mice and/or
NHPs against MERS-CoV challenge (Du et al., 2013b; Muthumani
et al., 2015; Wang et al., 2015; Coleman et al., 2014; Song et al.,
2013; Volz et al., 2015; Kim et al., 2014; Lan et al., 2014, 2015).

The incorporation of foreign epitopes into the wild-type VLP can
result in excellent immunity and are safe for human use (Grgacic
munized mice. Inguinal lymph nodes were isolated from mice each group 7 days after
D86 monoclonal antibodies. Double-positive (A) CD11cþCD80þ, and (B) CD11cþCD86þ

ve cell percentages. Statistical analysis between the four groups were analyzed by one-



Fig. 5. Enzyme-linked immunospot assays of IFN-g, IL-4 and IL-2 secretion in immunized mice. Splenocytes were isolated from mice and stimulated with purified RBD.
Splenocytes secreting (A) IFN-g or (B) IL-4 and (C) IL-2 were quantitated using ELISpot assay. The data represent the meansþ/-standard deviation (SD), with units of SFCs per million
splenocytes. Statistical analysis between the four groups were analyzed by one-way ANOVA (*p < 0.05, ***p < 0.001, ****p < 0.0001).
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and Anderson, 2006). VLP derived from hepatitis B virus (Ye et al.,
2013), Newcastle disease virus (Schmidt et al., 2014; Cullen et al.,
2015), and parvovirus (Gilbert et al., 2004, 2006) have been
shown to be suitable candidates for the expression of foreign epi-
topes. In the present study, we demonstrated that the recombinant
CPV VP2 linked to MERS RBD results in self-assembly into sVLP
which display the RBD on the surface, and showed that this vaccine
candidate is able to induce robust B- and T-cell responses in mice.

The lack of an animal model that recapitulates the symptoms of
human infections with MERS-CoV constitutes a challenge in eval-
uating the efficacy of vaccines against MERS-CoV (Modjarrad, 2016;
van Doremalen and Munster, 2015), and current animal models
(including Ad5-DPP4 transgenic mice or nonhuman primate
models) are too costly to obtain. We therefore decided to first test
our vaccine candidate and regimens for immunogenicity and safety
in the readily available BALB/c mouse model to assess specific im-
mune responses before advancing the best-performing candidate
into a suitable animal model for MERS-CoV.

Both specific humoral and cell-mediated immunity is essential
for effective vaccination against many pathogens (Slifka and
Amanna, 2014). In our study, mice that received sVLP produced a
Th1-biased response with high levels of IL-2 secretion, whereas
mice immunized with sVLPþ poly(I:C) produced substantial IFN-g,
IL-2 and IL-4 responses, representing mixed Th1 and Th2 re-
sponses. In contrast, mice that received sVLP þ Alum did not result
in a detectable cellular immune response, likely because Alum is
known to be a poor cellular immune response inducer (Maughan
et al., 2015). In contrast, poly(I:C) is a double-stranded RNA poly-
mer that acts as a molecular mimic of viral infection and is recog-
nized by Toll-like receptor 3, resulting in expression of IFN-a/b and
Th1- and Th2- related cytokines (Ichinohe et al., 2005). Further-
more, poly(I:C) has been used in many clinical trials with good
results (Okada et al., 2011; Rahimian et al., 2015). The percentage of
CD11c and CD86, CD11c and CD80 double-positive cells was notably
increased in mice received regimes containing sVLP, which sug-
gested that sVLP could efficiently recruit or activate DCs in lymph
nodes, which is important for effective stimulation of the innate
immune response and as a link to the adaptive immune response
(Grgacic and Anderson, 2006). In addition to CD11cþ and CD80þ,
CD11cþ and CD86þ were highest in mice injected with poly(I:C)
adjuvanted sVLP, the IgG levels was highest in the poly(I:C) adju-
vanted group. In summary, poly(I:C) adjuvanted sVLP is a promising
vaccine regimens for the next stage of pre-clinical testing in larger
animal models, and the dosage, route of administration and in-
tervals of immunization will need to be further evaluated and
optimized to maximize chances of a successful vaccination.
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