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ABSTRACT Middle East respiratory syndrome coronavirus (MERS-CoV) emerged in
2012 and is a highly pathogenic respiratory virus. There are no treatment options
against MERS-CoV for humans or animals, and there are no large-scale clinical trials
for therapies against MERS-CoV. To address this need, we developed an inactivated
rabies virus (RABV) that contains the MERS-CoV spike (S) protein expressed on its
surface. Our initial recombinant vaccine, BNSP333-S, expresses a full-length wild-type
MERS-CoV S protein; however, it showed significantly reduced viral titers compared
to those of the parental RABV strain and only low-level incorporation of full-length
MERS-CoV S into RABV particles. Therefore, we developed a RABV-MERS vector that
contained the MERS-CoV S1 domain of the MERS-CoV S protein fused to the RABV G
protein C terminus (BNSP333-S1). BNSP333-S1 grew to titers similar to those of the
parental vaccine vector BNSP333, and the RABV G–MERS-CoV S1 fusion protein was
efficiently expressed and incorporated into RABV particles. When we vaccinated
mice, chemically inactivated BNSP333-S1 induced high-titer neutralizing antibodies.
Next, we challenged both vaccinated mice and control mice with MERS-CoV after
adenovirus transduction of the human dipeptidyl peptidase 4 (hDPP4) receptor and
then analyzed the ability of mice to control MERS-CoV infection. Our results demon-
strated that vaccinated mice were fully protected from the MERS-CoV challenge, as
indicated by the significantly lower MERS-CoV titers and MERS-CoV and mRNA levels
in challenged mice than those in unvaccinated controls. These data establish that an
inactivated RABV-MERS S-based vaccine may be effective for use in animals and hu-
mans in areas where MERS-CoV is endemic.

IMPORTANCE Rabies virus-based vectors have been proven to be efficient dual vac-
cines against rabies and emergent infectious diseases such as Ebola virus. Here we
show that inactivated rabies virus particles containing the MERS-CoV S1 protein in-
duce potent immune responses against MERS-CoV and RABV. This novel vaccine is
easy to produce and may be useful to protect target animals, such as camels, as
well as humans from deadly MERS-CoV and RABV infections. Our results indicate
that this vaccine approach can prevent disease, and the RABV-based vaccine plat-
form may be a valuable tool for timely vaccine development against emerging infec-
tious diseases.

KEYWORDS MERS-CoV, coronavirus, immunization, rabies, rhabdovirus

Received 14 October 2016 Accepted 30
October 2016

Accepted manuscript posted online 2
November 2016

Citation Wirblich C, Coleman CM, Kurup D,
Abraham TS, Bernbaum JG, Jahrling PB,
Hensley LE, Johnson RF, Frieman MB, Schnell
MJ. 2017. One-Health: a safe, efficient, dual-use
vaccine for humans and animals against
Middle East respiratory syndrome coronavirus
and rabies virus. J Virol 91:e02040-16. https://
doi.org/10.1128/JVI.02040-16.

Editor Adolfo García-Sastre, Icahn School of
Medicine at Mount Sinai

Copyright © 2017 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Matthias J. Schnell,
Matthias.Schnell@jefferson.edu.

VACCINES AND ANTIVIRAL AGENTS

crossm

January 2017 Volume 91 Issue 2 e02040-16 jvi.asm.org 1Journal of Virology

 on January 31, 2019 by guest
http://jvi.asm

.org/
D

ow
nloaded from

 

http://orcid.org/0000-0001-9040-9405
https://doi.org/10.1128/JVI.02040-16
https://doi.org/10.1128/JVI.02040-16
https://doi.org/10.1128/ASMCopyrightv1
mailto:Matthias.Schnell@jefferson.edu
http://crossmark.crossref.org/dialog/?doi=10.1128/JVI.02040-16&domain=pdf&date_stamp=2016-11-2
http://jvi.asm.org
http://jvi.asm.org/


Middle East respiratory syndrome coronavirus (MERS-CoV) is a recently emerged
highly pathogenic human coronavirus (1). Since its identification in 2012 (2),

MERS-CoV has caused over 1,800 infections, with a case fatality rate of �35% (3).
According to epidemiological and sequencing evidence, MERS-CoV is a zoonotic virus
that is likely transmitted to humans via the Egyptian tomb bat and one-humped
camels. A short piece of the MERS-CoV genome was found in a sample from an
Egyptian tomb bat, while several studies have found live MERS-CoV, MERS-CoV RNA,
and anti-MERS-CoV antibodies in camels in the Middle East and Africa (4–7). The spread
of MERS-CoV from animal reservoirs to humans has been epidemiologically linked, and
human-to-human spread has been observed in hospital settings in the Middle East and
the Republic of Korea (8–10). The exact mechanism of zoonotic or human-to-human
transmission has yet to be established; however, it is presumed to be transmitted by
respiratory secretions or small respiratory droplets (11).

The human disease that follows MERS-CoV infection is also poorly understood. The
most severely ill MERS patients present with fever, lower respiratory tract symptoms,
malaise, and often pneumonia. Chest X rays and computed tomography (CT) scans
provide evidence of severe lung inflammation that leads to reduced lung function and
death in �35% of cases (3). Few reports of human autopsy are available, but Ng et al.
reported that pneumocytes and epithelial cells are MERS-CoV targets in humans.
Evidence of other chronic diseases, including cardiovascular and hepatic diseases, was
also noted, further supporting the role of comorbidities in the development of MERS
(12).

Research has focused on developing MERS-CoV countermeasures, and several
groups have identified drugs, vaccines, antibodies, and other therapeutics that are
effective in vitro and in small-animal models. Recently, researchers have developed
several promising approaches for a MERS-CoV vaccine (13–15; for a review, see refer-
ences 16–19); however, no vaccines have entered clinical trials or are yet approved for
use in humans or other animals.

Most vaccine design has focused on the major immunodominant antigen, the spike
(S) protein, located on the surface of the virion, which serves as the ligand for the
MERS-CoV receptor dipeptidyl peptidase 4 (DPP4) (also known as CD26) (20). MERS-CoV
S is a transmembrane (TM) glycoprotein that is cleaved by the furin protease into the
S1 and S2 domains (21). Virus-neutralizing antibodies (VNAs), which are produced in
response to infection or vaccination with MERS-CoV S, neutralize virus infection in vitro
and protect lungs from infection in mouse models of disease (22–25). Vaccine ap-
proaches have utilized the MERS-CoV S protein as either a full-length S protein or a
recombinant S protein from Escherichia coli or insect cells, formulated as nanoparticles
(23, 24, 26–29). Other platforms have used plasmid-based expression (25) or expression
of MERS-CoV S variants in viral vectors, such as modified vaccinia virus Ankara (MVA) or
adenoviruses (22, 30, 31). Each of these different MERS-CoV vaccine approaches comes
with individual strengths and weaknesses, such as ease of production, immunogenicity,
potential adverse effects, and residual pathogenicity. These factors must be balanced in
order to create a vaccine that is ultimately feasible for use in animals and/or humans.

A rhabdovirus-based vaccine offers a combination of features that could prove
desirable for an effective MERS-CoV vaccine. Rhabdovirus-vectored vaccine candidates
have been developed for several human pathogens (32). More recently, both rabies
virus (RABV) and vesicular stomatitis virus (VSV) have been successfully utilized as Ebola
virus (EBOV) vaccines, and both approaches are close to clinical trials (RABV) or have
already entered phase 2 clinical trials (VSV) (33, 34). Chemically inactivated RABV
vaccines are widely used and safe for humans; �15 million doses of inactivated RABV
vaccines are administered to humans every year, with few serious adverse events (35).
Both live and chemically inactivated RABV vaccines have been shown to be safe for
animals. The live RABV vaccine is widely used in wildlife animals and has successfully
eliminated rabies in Western Europe, while inactivated vaccines are used for vaccina-
tion of dogs, cats, and ferrets (36). As dual vaccines, RABV-based vectors induce
neutralizing antibodies against both RABV and the target pathogen. In a proof-of-
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concept study, both live-attenuated as well as inactivated RABV-EBOV have been
utilized successfully against EBOV (33, 37–40).

To determine if a RABV-based vaccine would be safe and effective against MERS-
CoV, we produced a RABV vector that contains the MERS-CoV S1 domains of the
MERS-CoV S gene fused to the RABV G protein C terminus. We then chemically
inactivated the virus and tested the vaccine in a mouse model of MERS-CoV infection.
The mice produced high titers of neutralizing antibodies upon vaccination, and the
RABV-MERS S-vaccinated mice were fully protected from MERS-CoV, compared to
unvaccinated controls. These data demonstrate the utility of an inactivated RABV-MERS
S-based vaccine for blocking MERS-CoV replication in vivo, suggesting that RABV-based
vaccines have the potential for use in both camels and humans in areas where
MERS-CoV is endemic.

RESULTS
Construction of an attenuated RABV expressing the MERS-CoV spike protein.

Based on our previous work in constructing a vaccine for EBOV, we chose to introduce
the MERS-CoV S protein into the cBNSP333 vector (Fig. 1). MERS-CoV S is a glycoprotein
anchored in the membrane of the MERS-CoV virions and therefore a major target for
protective antibodies. The BNSP333 vaccine vector utilized here is derived from the
attenuated RABV strain SAD-B19 (41). Several modifications were introduced into the
parent strain to increase safety and maximize the expression of foreign genes. We have
previously shown that foreign genes can be stably introduced into this vector (33,
42–45). Moreover, we showed that the expression of foreign antigens from a position
between the RABV N and P genes, as well as codon optimization for human cells of the
target gene, results in the highest expression level of the foreign antigen (33). Addi-
tionally, replacing arginine with glutamic acid at position 333 (333R¡333E) within the
RABV glycoprotein (G) further reduces the pathogenicity of the already highly attenu-
ated vector (42). We have successfully used this improved vector to generate candidate
vaccines against several emerging zoonotic viral diseases such as EBOV and henipavi-
ruses (33, 45).

Expression of full-length MERS-CoV S inhibits expression of the RABV G protein
and reduces viral titers dramatically. We recovered the recombinant BNSP333-S virus
and prepared viral stocks of BNSP333-S on Vero cells, which are one of the few cell lines
that have been approved by the FDA for the production of human vaccines. When we
analyzed the growth kinetics of the recombinant virus in one-step growth curves, we
noticed that it reached much lower titers than those of the parent vector BNSP333 (Fig.
2A). In the next step, we analyzed the expression of MERS-CoV S from BNSP333-S. For
this approach, Vero E6 cells were infected at a multiplicity of infection (MOI) of 2 with
BNSP333-S or BNSP333 as a control (Fig. 2B). Expression of the full-length MERS-CoV S

FIG 1 Schematic illustration of the MERS-CoV vaccine constructs used in this study. Spike protein cDNA
was inserted between the N and P genes of the SAD-B19-derived RABV vaccine vector BNSP333, which
contains a mutation in the glycoprotein gene that eliminates neurotropism of the parent SAD-B19 strain.
BNSP333-S contains the wild-type coding sequence of the spike protein of MERS-CoV. The BNSP333-S1-G
construct expresses a chimeric protein that contains the entire S1 domain fused to the C-terminal part
of the RABV G glycoprotein (amino acids 428 to 524), which encompasses the entire cytoplasmic domain
(CD), the TM domain, and 31 amino acids of the ectodomain (E31) of RABV G. Different structural
elements of the spike protein are indicated in the full-length construct, including the signal peptide, the
receptor-binding domain (RBD), the fusion peptide (FP), heptad repeat (HR) regions 1 and 2, the TM
domain, and the CD. Numbers indicate amino acid positions in the spike protein.
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protein of �200 kDa was detected by Western blotting at 48 h postinfection with a
monoclonal antibody directed against the S1 subunit. In addition, the antibody re-
vealed a smaller band of �120 to 130 kDa, which corresponds to the S1 subunit,
indicating that the full-length protein is proteolytically cleaved by host cell proteases.
We also verified the expression of the RABV glycoprotein. At 48 h postinfection, we
observed the typical double band of the RABV glycoprotein at around 70 kDa. However,
the expression level of G was much lower in cells infected with BNSP333-S than in cells
infected with the parental RABV strain BNSP333 (Fig. 2B). At 96 h postinfection, the
amount of the RABV glycoprotein was reduced even more, and only the shorter
full-length glycoprotein band was detectable, while an additional truncated band at

FIG 2 Characterization of BNSP333-S expressing the full-length MERS-CoV spike protein. (A) One-step growth
curves on Vero cells demonstrate decreased fitness of the full-length S protein-expressing virus. (B) Western blot
analysis of the time course of viral protein expression in Vero cells infected with the parent vector BNSP333 or
BNSP333-S demonstrating S protein expression. (C) Immunofluorescence staining of permeabilized Vero cells at 48
h postinfection. Staining of cells infected with BSNP333-S revealed the presence of fused multinucleated cells. (D)
SDS-PAGE analysis of purified virions after sucrose gradient purification. Letters indicate the positions of the RABV
L, G, N, P, and M proteins. Numbers to the left indicate the sizes of the molecular mass standards. The bottom panel
shows Western blot analysis of purified particles probed with anti-S antibody and with monoclonal antibody
against RABV G.
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around 50 to 60 kDa appeared, indicating proteolytic degradation of the RABV glyco-
protein.

To look further into the expression of the two viral glycoproteins, we performed
immunofluorescence staining of Vero E6 cells at 48 h postinfection. Both proteins were
readily detectable in cells infected with BNSP333-S, whereas only G was detectable in
cells infected with the parental virus (Fig. 2C). In terms of viral spread, the two viruses
were strikingly different. The parental virus BNSP333 gave rise to medium-sized foci of
infected cells, whereas infection with BNSP333-S resulted in mostly large clusters of
fused multinucleated cells, likely induced by the MERS-CoV S protein binding to its
receptor human DDP4 (hDDP4) (Fig. 2C). Similar observations were made with other
heterologous expression systems. When MERS-CoV S proteins were expressed on the
surface of hDDP4-expressing cells, they also led to fusion and syncytium formation with
neighboring cells expressing the cognate receptor (46).

Because the incorporation of MERS S into RABV particles is a prerequisite for the use
of this vaccine in an inactivated form, we purified virus particles from the supernatant
of infected Vero cells to analyze their protein content. The particles were concentrated
from the clarified cell culture supernatant by ultracentrifugation on sucrose cushions
and resolved on sodium dodecyl sulfate (SDS)-polyacrylamide gels. After staining with
Sypro ruby, several protein bands were detected for BNSP333, and these bands
corresponded in size to the RABV N, P, M, G, and L proteins (Fig. 2D). However, the
virions collected from the supernatants of cells infected with BNSP333-S seemed to
contain no RABV G protein or at least a greatly reduced amount. Additional bands of
the expected size for the MERS-CoV S protein (180 kDa) and the S1 subunit (110 to 120
kDa) were detectable in the BSNP333-S virion preparation. However, these bands were
rather faint. To verify the presence of the MERS-CoV spike protein as well as to confirm
the reduced level of RABV G, we performed a Western blot (WB) analysis. Using a
monoclonal antibody specific for MERS-CoV S1, we detected the 120-kDa S1 subunit in
BNSP333-S virions but no full-length S protein. As expected, no S-reactive bands were
detected in the control virus BNSP333. Using a mixture of monoclonal antibodies
directed against RABV G, we confirmed that the incorporation of RABV G is greatly
reduced in BNSP333-S virions (Fig. 2D, bottom). Collectively, these data showed that the
expression of the full-length S protein interferes with viral protein expression, in
particular the expression of RABV G, resulting in reduced particle assembly and viral
titers. The BNSP333-S construct was therefore considered unsuitable for further devel-
opment of the MERS-CoV vaccine.

Expression of S1 fused to the C-terminal part of RABV G results in strong
incorporation of the RABV G–MERS-CoV S1 fusion protein. Previous studies have
shown that the fusion domain of MERS-CoV S is located within the S2 subunit of
MERS-CoV S, whereas the S1 subunit of MERS-CoV S contains the receptor-binding
domain (RBD). Moreover, research by others indicates that antibodies directed against
the RBD can protect against disease (23, 24), and therefore, the expression of S1 might
be sufficient to induce protective immune responses against MERS-CoV. Hence, we
constructed a new vaccine vector (BNSP333-S1) expressing the N-terminal 750 amino
acids (aa) of MERS S fused to a truncated RABV glycoprotein, which comprises 31 aa of
the ectodomain (ED), the complete cytoplasmic domain (CD), and the transmembrane
domain of RABV G to allow chimeric glycoprotein incorporation into RABV virions. The
chimeric MERS-CoV S1–RABV G protein utilizes the original MERS-CoV endoplasmic
reticulum (ER) translocation sequence and was generated by PCR of codon-optimized
cDNA fragments (Fig. 1).

Infectious virus was recovered as described above. One-step growth curves showed
that the new virus expressing only S1 grew to titers of roughly 108 focus-forming units
(FFU)/ml, which were similar to those of the control virus BNSP333 on Vero cells (Fig.
3A). To verify the expression of the chimeric S1-G glycoprotein, we infected Vero cells
at an MOI of 2 and collected the cell lysate over a period of 4 days. Western blot analysis
of the cell lysate indicated the presence of a strong double band of approximately 120
to 150 kDa in cells infected with BNSP333-S1, which reacted strongly with antibodies
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specific for the S1 subunit of MERS-CoV S and was absent in cells infected with the
control virus BNSP333, confirming the expression of the S1-G fusion protein (Fig. 3B). In
contrast to the virus expressing full-length S, no difference in the expression of the
RABV glycoprotein was detectable between cells infected with BNSP333-S1 and cells
infected with the parent virus BNSP333. Finally, immunofluorescence analysis showed
that Vero E6 cells infected with BNSP333-S1 coexpress RABV G and the S1-G chimera
and do not form the multinucleated syncytia that we observed when cells were
infected with BNSP333-S (Fig. 3C).

To analyze the incorporation of the chimeric glycoprotein into RABV particles, Vero
cells were infected with BNSP333 or BNSP333-S1, and virus particles were purified.
SDS-PAGE analysis of the purified virions revealed a strong band of �150 kDa in the
supernatant of Vero cells infected with BNSP333-S1 (Fig. 3D), which reacted strongly

FIG 3 Characterization of BNSP333-S1 expressing a chimeric S1-G fusion protein. (A) One-step growth curves on
Vero cells. (B) Time course of protein expression in infected Vero cells. (C) Immunofluorescence staining of
permeabilized Vero cells at 48 h postinfection labeled for either the RABV G protein or the MERS-CoV S protein.
(D) SDS-PAGE analysis of purified virions after sucrose gradient purification. Letters indicate the positions of the
RABV L, G, N, P, and M proteins. Numbers to the left indicate the sizes of the molecular mass standards. The bottom
panel shows Western blotting of purified particles probed with anti-S antibody.
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with antibodies specific for the S1 subunit of MERS-CoV S and was absent in the control
virus, indicating the efficient incorporation of the S1-G fusion protein into BNSP333-S1
particles (Fig. 3D, bottom). Both the control virus BNSP333 and the BNSP333-S1 virus
preparations contained similar amounts of RABV G. To confirm that the S1-G protein is
indeed incorporated into RABV particles and does not merely copurify with RABV
virions containing only G, we sedimented virions on a linear sucrose density gradient.
The gradient was fractionated and analyzed for protein content by Western blotting. As
shown in Fig. 4, we observed a small amount of S-reactive material at the top of the
gradient. However, most of the S1 signal peaked in fraction 17 at the same density as
the RABV G, N, and P proteins, which strongly suggests that the S1-G chimeric protein
is indeed incorporated into RABV virions. To provide further evidence for this conclu-
sion, we performed immunogold labeling of Vero E6 cells infected with BNSP333-S1
(Fig. 5). Virions labeled with antibodies specific for the S1 (Fig. 5, large dots) and RABV
G (small dots) proteins were observed budding from infected cells, clearly showing that
both proteins are incorporated into RABV particles. Collectively, these data showed that
the S1-G protein that lacks the S2 subunit no longer interferes with RABV G expression
and particle assembly and most importantly is efficiently expressed and incorporated
into virions, thus making BNSP333-S1 a suitable vaccine candidate.

BNSP333-S1 is immunogenic in mice and protects against challenge with
MERS-CoV. To analyze the immunogenicity of BNSP333-S1, we immunized 4 groups of
BALB/c mice (5 mice per group) with 10 �g of BNSP333-GP (group 1), 10 �g of
BNSP333-S1 (groups 2 and 3), or phosphate-buffered saline (PBS) (group 4) at days 0,

FIG 4 The S1-G chimera is incorporated into virions. Particles collected from the supernatant of infected
Vero E6 cells were centrifuged on a 15 to 65% linear sucrose gradient. Viral proteins were detected in the
collected fractions by Western blotting with the indicated antibodies. MERS-CoV S peaked in fraction 17,
as did the RABV G, N, and P proteins. The rightmost lane shows particles pelleted from the supernatant
of infected Vero cells. Numbers at the bottom show the sucrose concentrations in the collected fractions.

FIG 5 Immunoelectron microscopy of Vero E6 cells infected with BNSP333-S1. Filled arrowheads pointing
to small gold particles indicate labeling with monoclonal antibody specific for RABV G. Large gold
particles indicate staining with anti-S polyclonal rabbit serum.
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7, and 21 postinoculation. We monitored the immune response against RABV G and
MERS-CoV S by antigen-specific enzyme-linked immunosorbent assays (ELISAs). The
antigen-specific IgG responses increased over time and after each immunization; they
reached high antibody levels against both RABV G and MERS-CoV S after the third
inoculations. MERS-CoV S-specific immune responses were detected only in groups 2
and 3, but RABV G-specific IgG was detected in groups 1 to 3 (Fig. 6). None of the
animals of group 4, which were mock immunized, demonstrated immune responses
against the RABV G or MERS-COV S protein, confirming the specificity of the ELISAs.
Whereas RABV G-specific ELISA titers are known to predict protection against RABV
challenge (47–49), the protective abilities of the MERS-CoV S-directed antibodies are
unknown. We therefore performed VNA assays against MERS-CoV using sera collected
on day 35 postimmunization from mice of all four groups (Fig. 7). We detected low
levels of MERS-CoV-neutralizing antibodies in the sera of mice from group 1 (BNSP333-
GP) or mock (PBS)-immunized mice (group 4), but the sera of mice immunized with
BNSP333-S1 (groups 2 and 3) neutralized MERS-CoV at serum dilutions of between
1:1,280 and 1:5,120. This demonstrates that high levels of anti-MERS-CoV-neutralizing
antibody were produced in the BNSP333-S1-vaccinated mice.

Efficacy testing of the RABV-MERS vaccine was performed by using the adenovirus-
hDPP4-transduced mouse model (50). All four groups of mice were transduced, and
after 5 days, mice in groups 1, 2, and 4 were challenged intranasally (i.n.) with
MERS-CoV at 1 � 105 PFU/mouse (strain Jordan-n3/2012). Four days after challenge, the
mice were euthanized, and their lungs were dissected, homogenized, and assayed for
viral loads by reverse transcription-quantitative PCR (qRT-PCR) and a viral plaque assay.
For BNSP333-S1-immunized mice, levels of both genomic RNA and mRNA were re-
duced to background levels similar to those found in mice not transduced by adeno-
virus 5 (Ad5) expressing hDPP4 (Table 1). Moreover, immunization with BNSP333-S1
reduced the viral load in the lungs to a level below the limit of detection of the assay
(2.5 � 102 PFU/g of lung) (Table 2).

DISCUSSION

In this study, we describe a novel RABV-based vaccine expressing the MERS-CoV S1
protein as a potential vaccine against MERS-CoV. Similar to our previous vaccine
approaches, we expressed the target antigen for the vaccine (MERS-CoV S) from the
highly attenuated RABV vector BNSP333 (42). For our initial BNSP333-S candidate, we
observed that MERS-CoV S expression dramatically reduced the expression of RABV G
and incorporation into virions. Furthermore, RABV virions contained only a small
amount of MERS-CoV S. Similar findings were observed with a VSV vector, where again
the expression of MERS-CoV S from the genome led to low levels of VSV G in the virions
(data not shown).

Therefore, based on our previous work in which we successfully expressed different
viral glycoproteins from RABV-based vectors and noticed only modest effects on viral
replication kinetics and final titers (33, 38, 44, 45, 51–53), we hypothesized that the
retention of the MERS-CoV S protein in the ER may have a detrimental effect on the
expression and processing of RABV G in the ER and/or Golgi apparatus. We excluded
another hypothesis, that the heavy glycosylation of MERS-CoV S was responsible, based
on the fact that both the HIV-1 glycoprotein gp160 and Ebola virus GP are heavily
glycosylated but also well expressed from RABV, and they are incorporated into virions
without inhibiting RABV G incorporation (38, 44, 54).

We took an alternative approach to the expression of the full-length MERS-CoV S
protein by focusing on the expression of MERS-CoV S1, which contains the RBD; the
RBD has been shown to be sufficient to induce VNA against MERS-CoV (23, 24, 29).
Because the MERS-CoV S1 protein is secreted due to the lack of a membrane anchor
(55–57), we fused S1 to the C-terminal part of RABV G to direct MERS-CoV S1 into
budding RABV virions. The use of the part of the RABV G extracellular domain
containing the potential trimerization domain, in addition to the RABV G TM domain
and CD, proved useful for the highly efficient incorporation of foreign glycoproteins

Wirblich et al. Journal of Virology

January 2017 Volume 91 Issue 2 e02040-16 jvi.asm.org 8

 on January 31, 2019 by guest
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org
http://jvi.asm.org/


into rhabdoviruses (43, 51). In contrast to MERS-CoV S, the MERS-CoV S1–RABV G fusion
protein was efficiently incorporated into the RABV virions.

A good animal model is essential for vaccine research. MERS-CoV can cause transient
lower respiratory tract infection in rhesus macaques, but the disease is mild compared

FIG 6 Analysis of the immune response to BNSP333-S1 in mice. BALB/c mice were immunized three times (days 0, 7, and 21) with 10 �g
chemically inactivated particles of BNSP333-S1 (groups B and C) (n � 10) or BNSP333-GP (BNSP333 expressing Zaire ebolavirus GP) (group
A) (n � 5) or mock immunized with PBS (group D, n � 5). Serum was collected from each mouse at day 35 for analysis by a MERS-CoV
S-specific ELISA. All mice immunized with BNSP333-S1 developed a strong humoral immune response to the S1 subunit and RABV G. No
response above background levels was detected in unvaccinated control mice (PBS group). OD, optical density.
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to MERS-CoV infection in humans, and the animals do not succumb to infection
(58–60). Additionally, because of ethical considerations, lower costs, and easier han-
dling, mouse models are preferable over nonhuman primate (NHP) models for initial
testing of vaccine candidates (61). MERS-CoV does not normally replicate in mice (62)
due to species-specific differences in the DPP4 receptor; however, a mouse model using
an adenovirus vector expressing hDPP4 has been created (50). This model relies on
recombinant adenoviruses to transiently express hDPP4 in the lungs of normal or
immunocompromised mice, which is followed by infection with MERS-CoV 5 days later.
When we used this model to test vaccination with inactivated RABV virions containing
MERS-CoV S1, our results demonstrated that vaccination was highly effective: it induced
a strong antibody response against RABV G as well as MERS-CoV. Vaccination with the
recombinant rabies virus vaccine reduced the viral titer of MERS-CoV in the lungs of
vaccinated animals below detection levels.

The impact of the cellular immune response on protection against MERS-CoV is less
clear, but previous studies have shown that vaccination with DNA or recombinant MVA
expressing severe acute respiratory syndrome coronavirus (SARS-CoV) S induces strong
cellular responses (22, 25). However, only adaptive-transfer experiments with specific
cellular populations will allow a final conclusion on the effect of cellular immune
responses against MERS-CoV infection.

Currently, several different vaccines against MERS-CoV are in development, but none of
them are available for use. As for all vaccines, major considerations for their use include
cost, safety, and immunogenicity. Viral vectors have been shown to be highly effective, but
there are safety concerns. For instance, although different adenoviruses expressing MERS-

TABLE 1 RT-PCR for genomic RNA and mRNA after challenge with MERS-CoV

Group/immunization
MERS-CoV
challenge

UpE RNA level mRNA level

Mean
Standard
deviation Mean

Standard
deviation

1/FILORAB1 Yes 17,871.24 12,935.90 506.73 353.30
2/BNSP333-S1 Yes 46.03 41.91 3.57 2.88
3/BNSP333-S1 No 23.52 25.97 1.83 2.17
4/PBS Yes 12,047.57 3,833.46 357.89 116.37

FIG 7 Sera from BNSP333-S1-vaccinated mice neutralize MERS-CoV. Sera collected on day 35 were
assayed in neutralization assays against MERS-CoV on Vero E6 cells. The dilution at which 50% of the cells
showed cytopathic effect was averaged across 5 mice and graphed as the geometric mean titer for each
vaccination group described in the legend of Fig. 6. * denotes a P value of �0.5. LOD, limit of detection.
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CoV S or S1 have been found to be immunogenic in mice, concerns include preexisting
immunity and the longevity of the induced immune responses (30, 31). Preexisting immu-
nity is not a major concern for MVA-based vectors, which are replication deficient in
humans, but they may not be effective without multiple inoculations (22). DNA vaccines or
recombinant MERS-CoV S protein-based vaccines are safest for immunocompromised
individuals. DNA vaccines require relatively large amounts of DNA (e.g., 0.5 to 2 mg) and
multiple inoculations in order to induce potent immune responses in mice and rhesus
macaques (25). Other approaches with a recombinant S protein or subunits thereof have
also been successfully studied as MERS-CoV vaccines. Finally, DNA vaccination followed by
boosting with a recombinant protein is protective against MERS-CoV infection in rhesus
macaques (16). Whereas all of these approaches have shown encouraging results, it
remains to be seen whether they translate to a human MERS-CoV vaccine.

How does the current RABV-based MERS vaccine compare to other MERS-CoV vaccine
approaches? Live RABV-based vaccines will probably not be considered for human use.
Their proven efficacy in wildlife immunizations and their excellent safety record in different
animal species do, however, make them good candidate animal vaccines. We are currently
pursuing this approach using a dual vaccine against RABV and EBOV for apes, with
encouraging results so far (P. D. Walsh, personal communication) (33). Based on our study,
the inactivated rabies virus vaccine incorporating MERS-CoV S1 has efficacy in the
adenovirus-DPP4 mouse model of MERS-CoV infection and appears to be promising for
further MERS-CoV vaccine studies. The RABV vector itself has an excellent safety record, and
more than 20 million individuals have been immunized against RABV. A similar inactivated
vaccine is currently advancing to a phase 1 study for Ebola virus disease, FILORAB1, so
additional safety data will become available in the near future.

MATERIALS AND METHODS
Cells and antibodies. Vero (ATCC CCL-81), Vero E6 (ATCC CRL-1586), and BSR (baby hamster kidney

clone) cells were grown in Dulbecco modified Eagle medium (DMEM) supplemented with 5% (vol/vol)
fetal bovine serum (FBS) and 1% (vol/vol) penicillin-streptomycin. Large virus stocks were prepared in
Vero cells grown in serum-free Optipro medium (Invitrogen) supplemented with 20 mM glutamine and
1% (vol/vol) penicillin-streptomycin. Monoclonal antibody against the MERS-CoV spike protein was
purchased from Alpha Diagnostics. Rabbit polyclonal antiserum against MERS-CoV S was purchased from
Sinobiologicals. Monoclonal antibodies against rabies virus G were provided by Scott Dessain (Lankenau
Medical Research Institute [LIMR], Wynnewood, PA). Monoclonal antibody against RABV phosphoprotein
was a kind gift of Daniel Blondel (CNRS, Gif-Y-Survette, France).

cDNA construction of vaccine vectors. The vaccine vector BNSP333 was described previously (42).
Full-length MERS-CoV spike protein cDNA and fragments of S with C-terminal truncations were amplified
from a wild-type MERS-CoV cDNA clone provided by the Armed Forces Health Surveillance Center
Division of Global Emerging Infections Surveillance and Response System. Primers were designed to
include a BsiWI site at the 5= end and an SpeI site at the 3= end to allow insertion into BNSP333. The
S1-RABV G chimera was assembled from codon-optimized cDNA encoding amino acids 1 to 750 of
MERS-CoV S (Sinobiologicals) and codon-optimized cDNA encoding amino acids 428 to 524 of the RABV
SAD-B19 glycoprotein (GenScript) by using overlap extension PCR. Recombinant clones were verified by
DNA sequencing and used to recover infectious virus as described previously (45). Codons 18 to 750 of
the spike protein gene were amplified by using codon-optimized cDNA as the template to generate the
expression plasmid for the production of soluble S1. The PCR product was digested with BglII and NotI
and cloned into the pDISPLAY vector (Invitrogen, Inc.).

Virus purification and inactivation. Recombinant RABVs were recovered as described previously
(63). For large-scale purification of virus particles, 2-stack cell culture chambers were seeded with Vero
cells (ATCC CCL-81) in DMEM supplemented with 5% fetal calf serum (FCS). Prior to the addition of virus,
the cells were washed with PBS (Corning, Manassas, VA) and then infected at a low multiplicity of

TABLE 2 MERS-CoV recovered from lungs of immunized mice

Group/immunization
MERS-CoV
challenge

Titer of recovered MERS-CoVa

Mean
Standard
deviation

1/FILORAB1 Yes 7.65 � 106 4.04 � 102

2/BNSP333-S1 Yes ND
3/BNSP333-S1 No ND
4/PBS Yes 7.65 � 106 2.09 � 102

aND, not detected (the assay detection limit is 2.5 � 102 PFU/g of lung).
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infection (0.01 to 0.05) in serum-free medium at 34°C. The supernatant was collected at 3- to 4-day
intervals and replaced with fresh serum-free medium. Cell culture media were centrifuged at low speed
for 10 min to remove debris and filtered through 0.45-�m polyethersulfone (PES) membrane filters
(Nalgene). The filtered supernatant was then concentrated by tangential-flow filtration in modified
polyethersulfone (mPES) hollow-fiber cartridges (SpectrumLabs), followed by ultracentrifugation on 20%
sucrose cushions in an SW32Ti rotor (Beckman) for 2 h at 25,000 rpm (106,000 � g). Pelleted virus was
resuspended in PBS, and the protein content was measured by using a bicinchoninic acid (BCA) protein
assay kit (Pierce) according to the manufacturer’s instructions. Following the addition of PBS to adjust the
protein concentration to 1 mg/ml, beta-propiolactone (BPL) was added at a concentration of 0.05%
(vol/vol) to inactivate the virus. After overnight incubation at 4°C, inactivated particles were incubated at
37°C for 30 min and subsequently frozen in aliquots at �80°C. To verify the complete inactivation/
absence of infectious virus, 10 �g of inactivated virus was inoculated into a flask seeded with BSR cells
(baby hamster kidney cell clone). Four days after inoculation, 1/10 of the supernatant was passaged on
fresh BSR cells. At 4 days postinoculation, the cells were fixed and stained with fluorescein isothiocyanate
(FITC)-labeled monoclonal antibody against RABV nucleoprotein (Fujirebio).

One-step growth curves. Vero cell monolayers in T25 flasks were infected at an MOI of 5 for 1 h in
Opti-MEM (Invitrogen, Carlsbad, CA). The inoculum was then removed, the monolayers were washed
three times with serum-free medium to remove unadsorbed virus, and the medium was replaced with
5 ml DMEM containing 1% FCS. Samples of 200 �l were harvested from cell supernatants at the times
indicated, and titers were determined in triplicate on Vero cells.

Protein gel analysis and Western blotting. Purified virus particles were denatured in urea buffer
(125 mM Tris-HCl [pH 6.8], 8 M urea, 4% SDS, 5% beta-mercaptoethanol, 0.02% bromophenol blue) at
95°C for 5 min. Three micrograms of protein was then resolved on a 10% SDS-polyacrylamide gel and
thereafter stained overnight with Sypro ruby (Lonza, Walkersville, MD) for total protein analysis or
transferred onto a nitrocellulose membrane in Towbin buffer (192 mM glycine, 25 mM Tris, 20%
methanol) for Western blot analysis. The nitrocellulose membrane was then blocked in Tris-buffered
saline–Tween (TBST) (100 mM Tris-HCl [pH 7.9], 150 mM NaCl, 0.01% Tween 20) containing 5% (wt/vol)
nonfat dried milk (AppliChem) at room temperature (RT) for 1 h. After blocking, the membrane was
incubated overnight with a mixture of monoclonal antibodies 4C12, 4H3, and 8C5, specific for the RABV
glycoprotein (kindly provided by Scott Dessain, Lankenau Medical Research Institute), or monoclonal
antibody against the S1 subunit of MERS-CoV S (Alpha Diagnostics, Burlingame, CA) at a dilution of
1:1,000 in PBS containing 5% bovine serum albumin (BSA; Fisher Scientific). After washing, the blot was
incubated for 1 h with the appropriate secondary antibody conjugated to horseradish peroxidase (HRP;
Jackson ImmunoResearch) and diluted 1:20,000 in blocking buffer. Bands were developed with the
SuperSignal West Dura chemiluminescent substrate (Pierce). Images were captured by using a
FluorChem M charge-coupled-device (CCD) imaging system (ProteinSimple). A PageRuler prestained
protein ladder (Thermo Scientific) was used for molecular weight determination.

Immunofluorescence. Vero E6 cells were seeded onto coverslips and infected the following day with
MERS S-expressing RABV or control RABV in Opti-MEM at 34°C for 1 h. After the removal of the inoculum
and the addition of fresh DMEM containing 5% FCS, the cells were incubated at 34°C for 48 h. At the end
of the incubation, the cells were washed with PBS, fixed in 2% paraformaldehyde (PFA; Sigma) for 10 min,
permeabilized in ice-cold methanol for 10 min at �20°C, washed with PBS, and blocked with PBS
containing 5% BSA. The cells were then stained with mouse monoclonal antibody against MERS-CoV S1
(4 �g/ml in PBS containing 5% BSA) and Dylight488-conjugated monoclonal antibody 4C12 against the
RABV glycoprotein for 1 to 2 h at RT. Following washing with PBS and incubation with Cy3-conjugated
anti-mouse IgG secondary antibody (Jackson ImmunoResearch) (1:250 in PBS containing 5% BSA), the
cells were mounted in Vectashield antifade solution (Vector Laboratories, Burlingame, CA). Images were
acquired by using a Nikon C1 confocal microscope equipped with a 63� objective and a cooled CCD
camera. Composite images were prepared by using ImageJ (64).

Sucrose density gradient analysis. BPL-inactivated particles were layered on top of a 16-ml linear 15
to 65% (wt/vol) sucrose gradient prepared by using a manual gradient maker (Jule, Inc., Milford, CT) in 16- by
102-mm centrifuge tubes. Brilliant Blue FCF was added to the 65% (wt/vol) sucrose solution to allow
measurement of the sucrose concentration after fractionation. The gradient was centrifuged for 2 h at 106,000
� g in an SW32 rotor (Beckman), and 0.5-ml fractions were collected from the bottom of the tube. To
precipitate proteins, 350 �l of each fraction was diluted with 1 ml water and mixed with 100 �l 100% (wt/vol)
trichloroacetic acid. After incubation on ice for 1 h, the tubes were spun at 16,000 � g for 5 min. The
supernatant was aspirated, and the pellets washed with acetone and resuspended in protein sample buffer
(62.5 mM Tris-HCl [pH 6.8], 6 M urea, 2% [wt/vol] SDS, 5% [vol/vol] beta-mercaptoethanol, 0.01% [wt/vol]
bromophenol blue) after brief drying at RT. Solubilized proteins were resolved by SDS-PAGE and subjected to
Western blot analysis as described above by using rabbit polyclonal antiserum against RABV N and mono-
clonal antibodies against RABV G, RABV P, and MERS-CoV S1.

Electron microscopy. For sample evaluation by immunogold labeling, Vero E6 cells infected with
RABV-MERS S1 were fixed in situ for 10 min (1.0% paraformaldehyde in Millonig’s buffer; Tousimis Research,
Rockville, MD). Fixed cells were incubated with rabbit polyclonal antiserum specific for MERS-CoV spike
protein (Sinobiologicals) for 3 h at RT. The cells were washed with Cellgro Complete medium (Mediatech, Inc.,
Manassas, VA), incubated with goat anti-rabbit 15-nm colloidal gold (EM Sciences, Hatfield, PA) for 2 h at RT,
washed, and incubated with human 4C12 anti-rabies virus primary antibody for 3 h at RT. Cells were washed
again, incubated with goat anti-human 5-nm colloidal gold (EM Sciences) for 2 h at RT, washed, fixed for 2
h in 2.5% glutaraldehyde in Millonig’s sodium phosphate buffer (Tousimis Research), scraped, and pelleted.
Following fixation and staining, cells were washed by using Millonig’s buffer, incubated for 2 h in 1.0%
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osmium tetroxide, rinsed with ultrapure water, and en bloc stained with 2.0% uranyl acetate, and the samples
were dehydrated in a series of graded ethanols, infiltrated, and embedded in DER-736 plastic resin. Embedded
blocks were sectioned by using a Reichert-Jung Ultracut E ultramicrotome. Sections of 50 to 70 nm were
collected on 200-mesh copper grids and poststained with Reynolds’ lead citrate. Electron microscopy (EM)
specimens were examined in an FEI Tecnai Spirit Twin transmission electron microscope operating at 80 kV.

Animal ethics statement. This study was carried out in strict accordance with recommendations
described in the Guide for the Care and Use of Laboratory Animals (65) and by the Office of Animal Welfare
and the U.S. Department of Agriculture. All animal work was approved by the Institutional Animal Care
and Use Committees (IACUCs) at Thomas Jefferson University and at the University of Maryland School
of Medicine. Mice were housed in cages in groups of five, under controlled humidity, temperature, and
light (12-h light/12-h dark cycles) conditions. Food and water were available ad libitum.

Immunizations. Six- to eight-week-old female BALB/c mice were purchased from the Jackson Labora-
tory. Ten mice were inoculated intramuscularly with 10 �g of chemically inactivated BNSP333-S1-G particles
in 100 �l PBS and boosted twice with the same amount of virus on day 7 and day 21, respectively. Groups
of five mice were immunized with BNSP333-GP, BNSP333, or PBS as controls according to the same
immunization schedule. Blood samples were collected by retro-orbital bleed immediately prior to the first
immunization and at weekly intervals thereafter until day 35 postimmunization.

ELISA. Humoral responses to the RABV G and EBOV GP proteins were measured by an indirect ELISA
as described previously (33). To determine antibody responses to the S protein of MERS-CoV, an indirect
ELISA was developed by utilizing the purified S1 protein. The soluble S1 protein was produced by
transfecting HEK293T cells with a plasmid that expresses a secreted S1 ectodomain (aa 18 to 750) fused
to an N-terminal hemagglutinin (HA) tag. Purification of the HA-tagged protein from the supernatant of
transfected cells was carried out as described previously (45). MaxiSorp 4 HBX 96-well plates (Nunc) were
coated with 100 �l of purified S1 (0.5 �g/ml) in 50 mM carbonate buffer (pH 9.6) at 4°C overnight.
Following washing with PBS containing 0.05% (wt/vol) Tween 20 (PBST) and blocking with PBST
containing 5% dried milk, the plates were incubated overnight with 3-fold serial dilutions of mouse sera
in PBS containing 0.5% (wt/vol) BSA. This was followed by three wash cycles, incubation with HRP-
conjugated goat anti-mouse IgG secondary antibody (Jackson ImmunoResearch) (1:10,000 in PBST) for 2
h at RT, three more wash cycles, and the addition of the OPD (o-phenylenediamine dihydrochloride)
substrate (Sigma-Aldrich). Color development was stopped by the addition of 50 �l of 3 M H2SO4 per
well, and the optical density was measured at 490 nm by using an ELX800 plate reader (BioTek). Data
were analyzed with GraphPad Prism (version 6.0), using 4-parameter nonlinear regression.

Infection and analysis of MERS-CoV replication in vaccinated mice. Vaccinated mice were trans-
duced with an adenovirus vector by intranasal inoculation and left for 4 days to ensure the expression of
DPP4, as described previously (50). Transduced mice were then infected with MERS-CoV (Jordan) as described
previously (66), except that mice were inoculated with 2.5 � 103 PFU of MERS-CoV (Jordan) in a 50-�l total
volume. At 4 days postinfection, MERS-CoV (Jordan) titers were determined by a plaque assay as described
previously (66). MERS-CoV RNA levels were determined by PCR as described previously (66), except that the
endogenous control was mouse transferrin receptor protein 1 (TFRC), using forward primer ATGACGTTGAA
TTGAACCTGGACTA, reverse primer GTCTCCACGAGCGGAATACAG, and probe ABY-ATCAGGGATATGGGTCTA
AGTCTACAGTGG-QSY in triplex with the previously described MERS-CoV primer/probe sets for the membrane
(M) protein mRNA and an area upstream of the E gene (UpE) (67).

MERS-CoV neutralization assays. Sera from vaccinated mice were assessed for MERS-CoV neutral-
ization activity as described previously (26).

Accession number(s). The GenBank accession numbers for BNSP333-S and BNSP333-S1 are
KU696640 and KU696644, respectively.
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