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A new type of coronavirus has been identified as the causative agent underlying Middle East Respiratory
Syndrome (MERS). The MERS coronavirus (MERS-CoV) has spread in the Middle East, but cases origi-
nating in the Middle East have also occurred in the European Union and the USA. Eight hundred and
thirty-seven cases of MERS-CoV infection have been confirmed to date, including 291 deaths. MERS-CoV
has infected dromedary camel populations in the Middle East at high rates, representing an immediate
source of human infection. The MERS-CoV spike (S) protein, a characteristic structural component of the
viral envelope, is considered as a key target of vaccines against coronavirus infection. In an initial attempt
to develop a MERS-CoV vaccine to ultimately target dromedary camels, we constructed two recombinant
adenoviral vectors encoding the full-length MERS-CoV S protein (Ad5.MERS-S) and the S1 extracellular
domain of S protein (Ad5.MERS-S1). BALB/c mice were immunized with both candidate vaccines intra-
muscularly and boosted three weeks later intranasally. All the vaccinated animals had antibody responses
against spike protein, which neutralized MERS-CoV in vitro. These results show that an adenoviral-based
vaccine can induce MERS-CoV-specific immune responses in mice and hold promise for the develop-
ment of a preventive vaccine that targets the animal reservoir, which might be an effective measure to
eliminate transmission of MERS-CoV to humans.
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1. Introduction

A new type of coronavirus has been identified as the causative
agent underlying a respiratory syndrome that recently emerged
in the Middle East [1,2]. The Coronavirus Study Group of the
International Committee on Taxonomy of Viruses proposed a new
name for this novel betacoronavirus: the Middle East Respiratory
Syndrome Coronavirus (MERS-CoV). Several Middle Eastern coun-
tries have been affected by the emerging MERS-CoV epidemic,
including Jordan, Qatar, Oman, Saudi Arabia, and the United Arab
Emirates. Tunisia has reported three confirmed cases of human
infection. France, Italy, Germany, the United Kingdom, Greece, the
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Netherlands, and the USA have also reported cases directly or indi-
rectly connected to the Middle East. Eight hundred and thirty-seven
cases of MERS-CoV infection have been confirmed to date, includ-
ing 291 deaths [3]. The rapid accumulation of information about
the sequences [2]| of MERS-CoV, its genome structure, and its pro-
teins open exciting possibilities for the development of candidate
vaccines.

We and others recently provided evidence that dromedary
camels are a reservoir of MERS-CoV virus [4-7]. Both MERS-CoV
spike protein-binding antibodies and virus-neutralizing antibod-
ies have been reported in dromedary camels from different regions,
including Qatar, Saudi Arabia, Oman, and Egypt. Moreover, MERS-
CoV in dromedary camels from a farm in Qatar were linked to two
virologically confirmed human cases of the infection in October
2013 [4] and about one in five human cases have been reported to
be caused by exposure to animals [8,9]. The full MERS-CoV genome
isolated from a Qatari dromedary camel is highly similar to the
human England/Qatar 1 virus isolated in 2012 and has efficiently
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beenreplicated in human cells using human DPP4 as entry receptor,
providing further evidence for the zoonotic potential of dromedary
MERS-CoV [10]. Although, we cannot conclude whether the people
were infected by camels or vice versa or if yet another source was
responsible, increasing evidence indicates that camels represent an
important link in human infections with MERS-CoV. Intensive vac-
cine control and risk-reduction targeting dromedary camels might
be effective in eliminating the virus from the human population.

The coronavirus spike protein (S) is a class I fusion protein.
Cellular entry of the virus has been demonstrated to be medi-
ated by the S protein through the receptor binding domain (RBD)
in the N-terminal subunit (S1) and the fusion peptide in the C-
terminal subunit (S2) [11,12]. For betacoronaviruses, the S protein
has been shown to be the main antigenic component responsible
for inducing high titers of neutralizing antibodies and/or protective
immunity against infection in patients who had recovered from
SARS [13,14] and response levels correlated well with disease out-
comes [15,16]. The S protein has therefore been selected as an
important target for vaccine development [17-21]. Recent work
shows that modified vaccinia virus Ankara expressing the S protein
of MERS-CoV elicits high titers of S-specific neutralizing antibodies
in mice [22].

Adenovirus 5 (Ad5)-vectored candidate vaccines induce potent
and protective immune responses against several pathogens in
humans and a variety of animals [18,23-33]. Although a trial of
a candidate DNA/rAd5 HIV-1 preventive vaccine showed lack of
efficacy [37] and the high prevalence of pre-existing anti-Ad5
immunity may have been a major limitation [38] in humans,
replication-defective adenovirus vaccines are among the most
attractive vectors for veterinary vaccine development, given the
relative speed and low cost of development and production. Most
adenoviruses infect their host through the airway epithelium and
replicate in the mucosal tissues of the respiratory tracts [39].
Because of their ability of to elicit mucosal immune responses,
adenoviruses could be an attractive vector for inducing MERS-
CoV-specific immunity in dromedary camels, the putative animal
reservoir. Interestingly, sera antibodies against adenovirus type 3
were detected in 1.3% of dromedaries in Nigeria [34] and in 43
of 120 camels in Egypt [35]. The occurrence of adenovirus type 3
respiratory infections in camels was studied in Sudan and a 90%
seroprevalence was detected [36].

Here, we describe the development of recombinant type 5 ade-
noviral vector expressing, codon-optimized MERS-S and MERS-S1
(Ad5.MERS-S and Ad5.MERS-S1) as vaccine candidates and investi-
gate their ability to induce neutralizing immune responses in mice.
Moreover, to demonstrate the feasibility of using of a human ade-
novirus 5 based vaccine in dromedary camels, we have evaluated
the infectivity and the presence of anti-adenovirus 5-neutralizing
antibodies in this animal species.

2. Materials and methods
2.1. Construction of recombinant adenovirus vectors

The MERS-S (GenBank JX869059) gene was codon-optimized
for optimal expression in mammalian cells using the UpGene
codon optimization algorithm [40] and synthesized (GenScript).
pAd/MERS-S was generated by subcloning the codon-optimized
MERS-S gene into the shuttle vector, pAdlox (GenBank U62024),
at Sall/Notl sites. The coding sequence for MERS-S1 (amino acids 1
to 725 of full-length MERS S, according to the GeneBank database)
was amplified by polymerase chain reaction and inserted into
the shuttle vector (Fig. 1A). Subsequently, replication-defective
human adenovirus serotype 5, designated as Ad5.MERS-S and

Ad5.MERS-S1, were generated by loxP homologous recombination
and purified and stored as described previously [26,41,42].

2.2. Immunocytochemistry

For detection of MERS-S protein expression in A549 cells
(human lung adenocarcinoma epithelial cell line) infected with five
multiplicity of infection (MOI) of AdW5, Ad5.MERS-S, or Ad5.MERS-
S1, cells were fixed with cold methanol 36 h following infection and
were incubated with pooled mouse sera against adenoviral vac-
cines. After washing, the cells were incubated with horseradish
peroxidase-coupled anti-mouse secondary antibody (Invitrogen)
and the MERS-S protein was visualized by Avidin/Biotin Complex
solution (Vector).

2.3. Animals and Immunization

BABL/c mice were inoculated intramuscularly (i.m.) with
1 x 10! viral particles (v.p.) of Ad5.MERS-S, Ad5.MERS-S1, or Ad¥5
control, respectively. Three weeks after the primary immunization,
mice were boosted intranasally (i.n.) with the same dose of the
respective immunogens. For the immunization study, a protocol
approved by the University of Pittsburgh Institutional Animal Care
and Use Committee was followed.

2.4. Analysis of antibody response

Three weeks after prime immunization, pooled sera were
obtained from all mice and screened for MERS-S-specific anti-
bodies using fluorescence-activated cell sorter (FACS) analysis of
Human Embryonic Kidney (HEK) 293 cells transfected with either
PAd/MERS-S or pAd control using Lipofectamine 2000 (Invitro-
gen). After 24 h at 37 °C, cells were harvested, trypsinized, washed
with phosphate buffered saline (PBS), and stained with mouse anti-
serum against Ad5.MERS-S, Ad5.MERS-S1, or AdW5 followed by a
PE-conjugated anti-mouse secondary antibody (Jackson Immuno
Research). Data acquisition and analysis were performed using
LSRII (BD) and Flow]o (Tree Star) software.

Sera from the animals were collected every week and tested for
S protein-specific IgG1 and IgG2a by conventional enzyme-linked
immunosorbent assay (ELISA). Briefly, A549 cells were infected
with 10 MOI of Ad5.MERS-S1. At six hours after infection, cells
were washed three times with PBS, serum-free media was added,
and the cells were incubated for 48 h. ELISA plates were coated
with this supernatant from A549 cells infected with Ad5.MERS-
S1 overnight at 4°C in carbonate coating buffer (pH 9.5) and then
blocked with PBS containing 0.05% Tween 20 (PBS-T) and 2% bovine
serum albumin (BSA) for 1h. Mouse sera were diluted 1:50 for
IgG2a and 1:100 for IgG1 ELISA in PBS-T with 1% BSA and incu-
bated for 2 h. After the plates were washed, biotin-conjugated IgG1
and IgG2a(1:1000, eBioscience) and avidin-horseradish peroxidase
(HRP) (1:500, PharMingen) were added to each well and incubated
for 1h. The plates were washed three times and developed with
3,3'5,5'-tetramethylbenzidine, and the reaction was stopped with
1M H,S04 and absorbance at 450 nm was determined using an
ELISA reader (BIO-TEK instruments).

2.5. Virus preparation

Stocks of MERS-CoV were produced by preparing a sixth passage
of the MERS-CoV EMC isolate on Vero cells. Cells were inoculated
with virus in Dulbecco’s Modified Eagle Medium (BioWhittaker)
supplemented with 1% serum, 100U/ml penicillin, 100 mg/ml
streptomycin, and 2 mM glutamine. After inoculation, the cultures
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were incubated at 37°C in a CO, incubator and three days after
inoculation, supernatant from Vero cells was collected.

2.6. MERS-CoV neutralization assay

We tested the MERS-CoV neutralization activity of sera derived
from mice immunized with Ad5.MERS-S, Ad5.MERS-S1, or AdW¥5
vaccines. Mouse sera were obtained from the retro-orbital plexus
weekly for six weeks and tested for their ability to neutralize MERS-
CoV (EMC isolate). Briefly, virus (200 PFU) was premixed 1:1 with
serial dilutions of sera from animal groups prior to inoculation onto
Vero cells, and viral infection was monitored by the occurrence
of a cytopathic effect at 72 h post-infection. Virus neutralization
titers (VNTs) were determined as the highest serum dilutions that
showed full protection against the cytopathic effect of MERS-CoV.

2.7. Human adenovirus type 5 neutralization assay

We tested the adenovirus neutralization activity of sera from
camels [4] and humans from Qatar (healthy individuals). All pro-
cedures were performed in compliance with relevant laws and
institutional guidelines. Briefly, adenovirus expressing green flu-
orescent protein (GFP) (400 PFU) was premixed 1:1 with serial
dilutions of sera prior to inoculation onto A549 cells, and viral infec-
tion was monitored by the detection of GFP-positive cells after 48 h.
VNTs were determined as the highest serum dilution that showed
a 50% reduction in the number of adenovirus-infected cells.

2.8. Human adenovirus type 5 infection of dromedary camel cells

Freshly isolated camel or human peripheral blood mononuclear
cells (PBMCs) were seeded at 1-2 x 106 cells/ml in a 24-well plate
and incubated for 2 h at 37°C. Next, cells were infected with 10°
v.p. of Ad5.EGFP/ml in complete medium and incubated for 24h
at 37°C and 5% CO,. Adenovirus-infected cells were examined for
enhanced GFP expression using an inverted fluorescent microscope
(Olympus) and the percentage of Ad5.EGFP-infected cells was ana-
lyzed by measurement of mean fluorescence signal on a FACS (BD
Biosciences). EGFP-expressing cells in the monocyte populations
were analyzed by gating using Flow]o software.

The dromedary camel fibroblast cell line Dubca (ATCC® CRL-
2276™) cells were seeded at 3 x 10° cells/well in a 24-well plate
and infected with 10 MOI of Ad5.EGFP. At 24 h after infection, flow
cytometry of cells was analyzed using LSRII and Flow]Jo software.

2.9. Statistical analysis

For statistical analysis, the one-way analysis of variance and
Tukey’s test were performed using Prism software (San Diego, Cali-
fornia, USA). Results were considered statistically significant when
the p value was <0.05. Symbols *, **, *** and **** are used to indi-

cated the P values <0.05, <0.005, <0.001, <0.0001, respectively.

3. Results

3.1. Construction and characterization of recombinant
adenoviruses

E1/E3 deleted human type 5 adenoviral vector was used to
insert the full-length S and extracellular domain S1 of the codon-
optimized MERS-S open reading frames to generate Ad5.MERS-S
and Ad5.MERS-S1 adenoviral vectors (Fig. 1A).

To detect MERS S protein expression of recombinant aden-
oviral candidate vaccines, A549 cells were infected with AdW5,
Ad5.MERS-S, or Ad5.MERS-S1 and incubated with pooled day 28

sera from Ad.MERS or control immunized mice. Immunocytochem-
ical analysis showed expression of MERS S protein in A549 cells
infected with either Ad5.MERS-S or Ad5.MERS-S1, while no expres-
sion was detected in the mock and AdW5-infected cells. These same
sets of infected cells were not stained with pooled sera from mice
immunized with AdW5 (data not shown). Furthermore, cells trans-
duced with Ad5-encoding full-length MERS-S showed a plaque-like
structure, which may have resulted from syncytium formation due
to MERS full length S protein expression, while the soluble form of
MERS S1 protein, which was detected intracellularly (presumably
before secretion), showed no syncytium formation (Fig. 1B).

3.2. Detection of MERS-S-specific antibodies

Both the Ad5.MERS-S- and Ad5.MERS-S1-immunized mice
developed MERS-S-specific antibodies, measured as reactivity on
A549 cells transfected with pAd using flow cytometry, while no
specific antibody response was detected in serum samples from
control animals inoculated with AdW5 or with pre-immunized
naive mouse sera (Fig. 2). Specific response was slightly higher in
mice immunized with Ad5.MERS-S than in mice immunized with
Ad5.MERS-S1 (76.9% vs. 65.9% positive cells). These data suggest
that adenoviral vaccines expressing MERS-S and MERS-S1 were
able to induce S-specific antibodies.

Sera from mice collected every week after i.n. boosting with
1x10'" v.p. of Ad5.MERS-S, Ad5.MERS-S1, or control Ad¥5
respectively, were tested for S protein-specific IgG2a and IgG1
immunoglobulin isotypes, indicating a Th1- or Th2-like response,
respectively, by ELISA. Both IgG1 and IgG2a were detected as soon
as one week after the first immunization. The induction of MERS-
S-specific IgG1 and IgG2a antibodies were comparable between
immunized groups. As shown in Fig. 3A, more significantly dif-
ferent IgG1 responses (Th-2) were observed in the sera of mice
vaccinated with Ad5.MERS-S1 (**P<0.005 at week 2; ***P<0.001
at weeks 3, 4, 5, and 6) than Ad5.MERS-S when compared with the
sera of mice vaccinated with AdWS5. In fact, IgG1 levels in the sera
of mice vaccinated with Ad5.MERS-S showed a less significant dif-
ference (*P<0.05 at weeks 2, 3, and 4; **P<0.005 at week 5 and 6).
In contrast, a highly significant difference in IgG2a response (Th-1)
was observed in the sera of mice vaccinated with both Ad5.MERS-
S and Ad5.MERS-S1 (****P<0.0001 at weeks 2, 3, 4, 5, and 6)
(Fig. 3B). Interestingly, MERS-S induced an earlier IgG2a response
than MERS-S1 (*P<0.05 vs. no significance at week 1), with IgG2a
titers significantly higher at week 2 (P=0.0005), but not after week
3. No MERS-S or -S1 specific serum antibody responses could be
detected within the seven week period in mice immunized with
the control adenovirus, AdW5. These data indicate that Ad5.MERS-S
and Ad5.MERS-S1 can induce both Th1 and Th2 immune responses.

3.3. Induction of neutralizing antibodies to Ad5.MERS-S and
Ad5.MERS-S1

Mouse sera were also tested for their ability to neutral-
ize MERS-CoV (EMC isolate). Even a single immunization with
adenoviral-based MERS vaccines induced detectable levels of
MERS-CoV-neutralizing antibodies in all animals tested. After week
3 of booster immunization, animals developed robust levels of neu-
tralizing antibodies, while control animals inoculated with AdW5
did not (Fig. 4). In some mice immunized with Ad5.MERS-S1, the
highest neutralizing titers were observed as compared to mice
immunized with Ad5.MERS-S, although no significant differences
between the groups were noted. This result might suggest that
Ad5.MERS-S1 expressing secreted S proteins induced a stronger
Th2-polarized response, which led to a better antibody-mediated
neutralizing activity when compared with Ad5.MERS-S (Fig. 3A).



5978

E. Kim et al. / Vaccine 32 (2014) 5975-5982

pAd/MERS-S1

[ —fi{ows )

Ad¥5

mock

Ad5.MERS-S1
TN BETN]

Y )

Ad5.MERS-S

Fig. 1. Construction of adenoviral vector vaccines. (A) A shuttle vector carrying the codon-optimized MERS-S gene encoding full-length protein (1-1353) or MERS-S1 gene
encoding the soluble form (1-725) was designated, as shown in the diagram. The positions of the RBD (small dots) and transmembrane domain (stripes) are indicated and S is
divided into two subdomains, S1 and S2, at position 751 [46]. The vector was used to generate recombinant replication-deficient adenoviruses by homologous recombination
with the adenoviral genomic DNA. (B) Detection of the MERS-S protein by immunocytochemical staining of A549 cells infected with Ad5.MERS-S or Ad5.MERS-S1 (5 MOI)
using sera from mice obtained at three weeks after the second Ad5.MERS-S1 boost. As a negative control, mock or AdW5-infected cells were treated the same.
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Fig. 2. Antibodies in sera of mice immunized with Ad5.MERS-S or Ad5.MERS-S1 bind to MERS-S-expressing cells. HEK 293 cells were transfected with control pAd (black
line) or with pAd/MERS-S (gray shaded area). At 36 h post-transfection, MERS-S expressions at the cell surface were analyzed with pooled murine sera obtained after the first
intramuscular immunization with Ad5.MERS-S, Ad5.MERS-S1, AdW5, or pre-immunized naive mouse sera as a control followed by staining with PE-conjugated anti-mouse
IgG and flow cytometric analysis. Numbers represent the percentage of cells positive for spike proteins.

3.4. Anti-adenovirus type 5 neutralizing immunity in dromedary
camel sera

Notably, one of the main limitations for the use of adenoviral-
based vaccine in humans would be the presence of anti-adenoviral
neutralizing immunity in a large percentage of camel popula-
tions. Thus, to demonstrate the potential of the proposed use
of the Ad5.MERS candidate vaccines to be deployed as a veteri-
nary vaccine in dromedary camels, we evaluated the presence
of anti-human adenovirus type 5 neutralizing antibodies in this
species. As shown in Fig. 5, no neutralization was detected in 12
sera from dromedary camels, which is an encouraging first indi-
cation of the potential of this candidate vaccine for dromedary
camels.

3.5. Invitro infectivity of recombinant adenovirus type 5 of
dromedary camel PBMCs and fibroblasts

To provide further evidence for the potential use of Ad5.MERS-
S1 as a vaccine in dromedary camels, we determined the
susceptibility of dromedary camel cells to be infected by the human
adenovirus serotype 5. Human or dromedary camel PBMC cells
were transduced with recombinant adenovirus expressing EGFP
and evaluated by flow cytometry analysis for EGFP expression. As
shown in Fig. 6, both human as well as dromedary camel PBMCs
were successfully infected with Ad5.EGFP. Moreover, a large per-
centage of the dromedary camel fibroblast cell line, Dubca, were
infected by Ad5.EGFP, indicating that the human adenovirus type
5 can indeed efficiently infect camel cells (Fig. 6E and F).
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Fig. 3. Characterization of MERS-S1-specific immune responses induced by adenoviral vector vaccines. BALB/c mice were immunized intramuscularly with 1 x 10! viral
particles of AdWS5 (C), Ad5.MERS-S (S), or Ad5.MERS-S1 (S1), respectively, and boosted intranasally with the same amount of each virus three weeks later. MERS-S1-specific
IgG1 (A) and IgG2a (B) antibody levels were measured at the indicated time points by ELISA. Statically significant differences (Tukey's test) are marked by bars and asterisks.

*P<0.05; **P<0.005; ***P<0.001; ****P<0.0001.
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Fig. 5. Presence of anti-adenovirus type 5-neutralizing immunity in dromedary
camel sera. Twelve human and 12 dromedary camel sera were tested for the
presence of anti-adenovirus neutralizing antibodies using standard adenoviral neu-
tralization assay.

4. Discussion

Our results show that an adenoviral-based vaccine that
expresses full-length or the S1 subunits of the S protein can
induce MERS-CoV-specific neutralizing antibody responses in mice.

It will be important to demonstrate whether dromedary camels
vaccinated with these candidate vaccines or convalescing from
MERS-CoV infection have similar responses and will be protected
from MERS-CoV challenge, since this may indicate whether such
vaccine-induced responses are indeed protective and future use
of the Ad5.MERS-S vaccine as a veterinary vaccine in dromedary
camels would be possible.

Previous studies have shown that RBDs of SARS-CoV presenting
in the S1 subunit strongly react with antisera from SARS patients in
the convalescent phase, and depletion of RBD-specific antibodies
from SARS patients results in significant elimination of the neu-
tralizing activity [43]. The RBD is the main domain that induces
neutralizing antibody and T-cell immune responses against SARS-
CoV infection [44]. A truncated RBD of MERS-CoV S protein was
recently reported to potently inhibit viral infection and induce
strong neutralizing antibody responses [45,46]. SARS-CoV S and
S2, but neither S1 nor other structural proteins, can induce apopto-
sis in Vero E6 cells [47,48] and no histopathological changes were
observed in various tissues of rats immunized with a recombinant
adenovirus containing a truncated S1 fragment of the SARS-CoV
[49]. In contrast, vaccination with recombinant modified MVA
expressing SARS-CoV S protein is associated with enhanced hep-
atitis after challenge with SARS-CoV [50,51] and SARS-CoV has
been shown to infect hepatocytes and cause hepatitis in some
human cases [51-53], raising concerns about the safety of a vac-
cine that contains the full-length SARS-CoV S protein. A causal
relationship between the induction of hepatitis and the full-length
nature of the S protein could not be conclusively demonstrated; it
can be presumed that the S1 gene has less risk for spontaneous
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Fig. 6. FACS analysis of recombinant adenovirus serotype 5 expressing EGFP (Ad5.EGFP) infection of human (A, B) and camel PBMCs (C, D) and camel fibroblasts (E, F). PBMCs
and camel fibroblast Dubca cells were mock infected (A, C, and E) or infected with Ad5.EGFP (B, D, and F). After 24 h of infection, cells were washed with PBS and analyzed
by FACS. Monocyte PBMC populations are shown and the percentage of GFP positive cells is represented in the rectangular box.

recombination with wild type virus following the generation of
new virus types. Thus, we believe that an S1-expressing MERS-CoV
vaccine would be a preferable vaccine candidate format. However,
an alternative S antigen format such as the entire S-ectodomain
or the S RBD domain could be evaluated for comparison. Since
the capacity of our immunization strategy to protect from infec-
tion will require challenge tests in clinically relevant MERS-CoV
disease animal models such as dromedary camels, establishment
of such a model will also be important to exclude the potential
for vaccine-induced immunopathology, as seen in the feline infec-
tious peritonitis virus model [54,55]. To this end, a mouse model for
MERS-CoV infection that was generated by prior transduction of the
animals with an adenoviral vector expressing the human host-cell
receptor dipeptidyl peptidase 4 (hDPP4) was recently reported [56].

This mouse model will also be considered in the future for the eval-
uation of the protective efficacy of the adenovirus-based vaccines.
While further investigations are necessary to evaluate the mucosal
immunity and the ultimate protective efficacy of Ad5.MERS-S and
Ad5.MERS-S1 in dromedary camels or the proper animal models,
our results demonstrate that recombinant adenoviruses encoding
MERS-S antigens may be protective vaccine candidates with a safe
profile. Moreover, we have also investigated in the present study
the infectivity of adenovirus type 5 of dromedary camel cells and
the presence of anti-adenovirus type 5 neutralizing antibodies in
a limited set of dromedary camel sera. Altogether, the presented
studies support further exploration of Ad5.MERS vaccines to tar-
get the animal reservoir, reducing the risk of human exposure to
MERS-CoV.
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