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ABSTRACT
Middle East respiratory syndrome coronavirus (MERS-CoV) is a single-stranded RNA virus that
causes severe respiratory disease in humans with a high fatality rate. Binding of the receptor binding
domain (RBD) of the spike (S) glycoprotein to dipeptidyl peptidase 4 is the critical step inMERS-CoV
infection of a host cell. No vaccines or clinically applicable treatments are currently available for
MERS-CoV. Therefore, rapid diagnosis is important for improving patient outcomes through prompt
treatment and protection against viral outbreaks. In this study, the aim was to establish two ELISA
systems for detecting antigens and antibodies against MERS-CoV. Using a recombinant full-length S
protein, an indirect ELISA was developed and found to detect MERS-CoV-specific antibodies in
animal sera and sera of patient with MERS. Moreover, MAbs were induced with the recombinant S
protein and RBD and used for sandwich ELISA to detect the MERS-CoV S protein. Neither ELISA
system exhibited significant intra-assay or inter-assay variation, indicating good reproducibility.
Moreover, the inter-day precision and sensitivity were adequate for use as a diagnostic kit. Thus, these
ELISAs can be used clinically to diagnose MERS-CoV.
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Middle East respiratory syndrome coronavirus is a
single-stranded positive RNA virus belonging to the
genus Betacoronavirus within the family Coronaviridae.
MERS-CoV causes severe respiratory disease and organ
failure in humans, leading to death. In 2012, the first
patient with MERS was identified in Saudi Arabia (1).

Since then, MERS in humans has been reported in 24
countries (2), and has had high fatality rates (3). MERS-
CoV has a significant impact on public health in endemic
areas. For example, there was a large outbreak in Korea
in 2015. Since the first patient with MERS was identified
in Korea on 20 May 2015, 186 of 16,752 suspected cases
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have been confirmed and 38 deaths reported. In this
outbreak, the spread of MERS-CoVwas extremely rapid,
patients being reported from May to June, 2015 (4). The
many reasons for the unexpectedly fast spread of MERS-
CoV in Korea in 2015 included late diagnoses, failure to
quarantine “super spreaders”, familial care-giving and
visiting, non-disclosure by patients, poor communica-
tion by the Korean government, inadequate hospital
infection management and “doctor shopping” (4).
There are currently no approved therapeutic agents or

vaccines against MERS-CoV in clinical use. The S
glycoprotein is known to be a major target for
neutralizing antibodies in viral infections (5). The
RBD region of the MERS-CoV S protein binds to
dipeptidyl peptidase 4 on the surfaces of host cells,
enabling infection of the cell (6, 7). MERS-CoV vaccines
under development are therefore mostly based on the S
protein and specifically the RBD (8, 9). A DNA vaccine
expressing the full-length S sequence is the only product
that has advanced to human trials (10). Thus, rapid
diagnosis of the virus remains critical in controlling
spread of the disease and providing prompt treatment.
Currently, RT-RCR is a common method for

diagnosing MERS-CoV (11), major target genes being
the envelope, open reading frame 1A/1B and nucleocap-
sid genes (12). RT-PCR is highly sensitive and specific;
however, it is time-consuming and does not provide viral
titers. Serological tests for detecting antibodies against
MERS-CoV, such as ELISAs, microneutralization,
immunofluorescence and PRNT assays, are also widely
used to diagnose MERS-CoV infection (13–15). How-
ever, microneutralization, immunofluorescence and
PRNT assays are based on cell culture and therefore
require Biosafety Level 3 containment.
In this study, we aimed to establish specific antibodies

and antigens to develop ELISAs for MERS-CoV
diagnosis. We prepared two recombinant proteins, one
containing the RBD alone and one containing the full-
length S protein, andmAbs againstMERS-CoV antigens.
We used the S protein for MERS-CoV-specific antibody
detection ELISA and mAbs for MERS-CoV antigen
detection ELISA. Finally, we validated the precision,
sensitivity and reproducibility of both ELISAs.

MATERIALS AND METHODS

Ethical statement

Sera from patients with MERS were used in this study
with the ethical approval of the Institutional Review
Boards of Chungnam National University Hospital (IRB
no. 2015-08-029) and Seoul National University Hospi-
tal (IRB no. 1509-103-705). This study was performed in

accordance with the ethical standards laid down in the
1964 declaration of Helsinki and all subsequent
revisions. All patients provided written, informed
consent to participate.

Expression and purification of S proteins
in a baculovirus system

The MERS-CoV S protein was prepared with a Bac-to-
Bac Baculovirus Expression System (Invitrogen, Carls-
bad, CA, USA). The MERS-CoV S gene (GenBank
Accession No. KF186567) was cloned into the pFastBac1
vector and transferred to a Bacmid vector by Tn7
transposition. Baculovirus was obtained by transfection
of the vector into Sf9 cells derived from the insect
Spodoptera frugiperda. Prepared baculoviruses were
used to infect Sf9 cells at an MOI of 0.01–0.8 and
harvested after 3 days. Cell pellets were separated from
the supernatant via centrifugation at 5000 g for 20min
and lysed with lysis buffer. Cell membranes containing
MERS-CoV proteins were obtained by differential
centrifugation and ultracentrifugation. Soluble mem-
brane extracts were purified by anion exchange
chromatography and glucose affinity chromatography.
Proteins were concentrated by ultrafiltration and
analyzed by SDS-PAGE and Coomassie blue staining.

Expression and purification of RBD in
Escherichia coli

The pGE-mRID vector was used for expression of the
RBD (4). This expression vector is composed of a RID of
�70 aa from the N-terminal of the mouse LyRS protein
(nonspecific transfer RNA interaction domain). The
RBD fragment (367–606 aa) was prepared from the S
gene of MERS-CoV by PCR and inserted between the
KpnI and SalI sites of the vector. The plasmid was
transformed into E. coli strain BL2 Star (DE3) pLysS,
which was then cultured overnight in 50mL LB medium
containing 40mg/mL ampicillin and 40mg/mL chlor-
amphenicol at 37°C. Then, 50mL culture broth was used
to inoculate 500mL LB medium and incubated at 37°C
until an OD600 of 0.5–0.6 had been reached. Protein
expression was induced by adding of 1mM IPTG at
16°C. Cells were centrifuged at 3000 g for 10min at an
OD600 of 1.4–1.6. Cell lysates were obtained after
sonication and centrifuged at 12,000 g for 10min to
separate soluble fractions from pellet fractions.

Proteins were purified by using a HisTrap HP column
(GE Healthcare, Marlborough, MA, USA). After
equilibration of the column with wash buffer, proteins
were obtained with a linear gradient of imidazole in
elution buffer, concentrated by Centriprep (Millipore,
Billerica, MA, USA) and analyzed by SDS-PAGE and
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Coomassie blue staining. Purified samples were quanti-
fied using a known concentration of BSA (Amresco,
Solon, OH, USA) as a control.

Production of polyclonal antibodies
against MERS-CoV S protein

S protein (50mg) was used to immunize 8-week-old
Wistar rats (n¼ 5) from Daehan Bio Link (Chungbuk,
Korea) twice at 3-week intervals. Three weeks after the
second immunization, the rats were killed humanely in
accordance with an official protocol and polyclonal
antibodies in their sera harvested by a previously
reported method (16). All animal experiments were
performed in accordance with the relevant ethical
guidelines and regulations established by the Korean
Association for Laboratory Animals (17). All rats were
housed under specific-pathogen-free conditions with a
standard 12 hr light/dark cycle and maintained accord-
ing to protocols approved by the Institutional Animal
Care and Use Committee of Chonbuk National
University.

Production of mAbs against MERS-CoV S
and RBD

Mouse MAbs against MERS-CoV S and RBD proteins
were produced by ATGen (Seoul, Korea) using a
previously reported protocol (18). In brief, 50mg antigen
was injected s.c. into BALB/c mice and boosted with
50mg antigen after a 2-week interval. Splenocytes were
obtained 3 days after the last immunization and fused to
FO myeloma cells to generate hybridoma cells. The
culture supernatants of the hybridoma cells were
screened for the presence of antigen-specific antibodies
by ELISA using MERS-CoV S or RBD proteins as a
coating antigen. Hybridoma cells that specifically reacted
with antigens were selected and subcloned by the
limiting dilution method. All MAbs from cell culture
supernatants were purified with a Protein G column
(GE Healthcare) according to the manufacturer's
instructions.

ELISA for detection of MERS-CoV-specific
antibodies

An indirect ELISA method was developed to measure
MERS-CoV-specific antibodies. ELISA plates were
coated overnight at 4°C with 0.25mg/well of MERS-
CoV S protein. For the human sera, the plates were
washed with PBS-T (0.05% Tween 20 in PBS) three times
and incubated for 2 hr at 37°C with blocking solution
(1% BSA in PBS). After four washes, the serum samples
were diluted with 1% BSA in PBS and added to the wells.

The plates were then incubated for 2 hr at 37°C. After
three washes, HRP-conjugated goat anti-human immu-
noglobulin G was diluted 1:10,000 in 1% BSA containing
PBS and added to the plates, followed by incubation for
2 hr at 37°C. The plates were then washed five times and
3,30,5,50-tetramethylbenzidine solution added. After
5min, 1N H2SO4 was added to stop the reaction and
the OD450 measured with a microplate reader. Except for
the use of a secondary antibody (1:10,000 dilution;
Invitrogen) that specifically binds the IgG Fc of rat or
rabbit after incubation with the animal serum sample, the
same procedures were followed for the rat or rabbit sera.

ELISA for detection of MERS-CoV antigen
(S protein)

A sandwich ELISA method was established to quantify
MERS-CoV S protein. To determine detector and capture
antibodies, MAbs against both RBD and S protein were
evaluated with pairwise tests. The detector antibody was
biotinylated by dialysis for 1 hr at 4°C three times with
10ng/mL biotin solution. ELISA plates were coated
overnight at 4°C with 0.25mg/well of capture antibody.
Plates were then washed with PBS-T three times and
incubated for 2 hr at 37°C with blocking solution (1% BSA
in PBS). After four washes, the antigen samples were
diluted with 1% BSA in PBS and added to the wells. The
plates were then incubated for 2 hr at 37°C. After washing,
biotinylated detector antibody was added to the plates,
followed by incubation for 1 hr at 37°C. After threewashes,
avidin-HRP was diluted 1:5000 in 1% BSA containing PBS
and added to the plates, followed by incubation for 30min
at 37°C. The plates were then washed five times and
3,30,5,50-tetramethylbenzidine solution added. After 5min,
1N H2SO4 was added to stop the reaction and the OD450

measured with a microplate reader.

Electron microscopy

Purified S protein was loaded onto a formvar-coated grid
for 5min. The grid was then negatively stained with 2%
uranyl acetate and dried by aspiration. S protein was
observed under a Tecnai G2 Spirit transmission electron
microscope (FEI, Hillsboro, OR, USA) operating at
120 kV, images being digitally obtained with a CCD
camera at 1 k� 1 k resolution.

RESULTS

Production of MERS-CoV S protein in insect
cells

The full-length MERS S protein was expressed in
a recombinant baculovirus system, harvested from
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infected insect cells and purified by chromatography.
Purified MERS-CoV S protein was analyzed by
SDS-PAGE, resulting in identification of a major band
with a molecular weight of 180 kDa (Fig. 1a). Under an
electron microscope, particles 20–30 nm in diameter
were observed (Fig. 1b), this size being similar to that
previously reported (19).

Production of MERS-CoV RBD in E. coli

The RBDwas expressed after fusion with mRID in E. coli
to improve protein solubility and folding, as previously
reported (20, 21). The mRID-RBD protein (molecular
weight 48 kDa) was expressed in pellet fractions after
IPTG induction. (Fig. 2a) The amount of protein sample
was calculated based on the band intensity of the BSA
control (Fig. 2b).

Specific detection of polyclonal antibodies
against MERS-CoV S protein

Heat-inactivated MERS-CoV-immunized rabbit poly-
clonal antibody was purchased from JoongKyeom
(Ansan, Korea). This polyclonal antibody was used to
determine whether the MERS-CoV S protein produced
in this study specifically binds to MERS-CoV-immu-
nized serum. In addition, a MERS-CoV S protein-
immunized rat polyclonal antibody that was produced in
this study was tested. TheMERS-CoV S protein was used
as the coating antigen for an indirect ELISA to detect
MERS-CoV-specific antibodies in animal sera. The S
protein was coated at concentrations of 100, 50, 25, 12.5,
6.25, 3.13 and 1.56 ng/well. All animal sera, both heat-
inactivated MERS-CoV-immunized rabbit sera and S
protein-immunized rat sera, were also serially diluted

twice from 1:200. The S protein bound specifically to the
diluted serum (Fig. 3), indicating that the recombinant S
protein produced in this study could be used to develop a
diagnostic system for MERS-CoV.

Specific detection of antibodies in
MERS-CoV patient serum using MERS S
protein

As mentioned above, recombinant S protein specifically
binds to bothMERS-CoV-derived and S protein-derived
antibodies in rat and rabbit sera. Next, whether the S
protein can be used to diagnose MERS-CoV infection in
patient sera was determined. For this analysis, whether
the recombinant S protein is able to specifically bind to
sera of patients with MERS was investigated by two
independent hospitals. Patients were diagnosed as
having MERS by real-time RT-PCR targeting upE and
orf1a, this being performed at the Korean Center for
Disease Control laboratory (22). The hospitals used their
own protocols for the dilution of patient sera, one of
them diluting patient sera at a ratio of 1:32 twice (n¼ 6)
(Fig. 4a), whereas the other diluted patient sera at a ratio
of 1:100 twice (n¼ 5) (Fig. 4b). All steps in the rest of the
ELISA protocol, such as incubation time, were as
detailed in the Materials and Methods, 100 ng of S
protein being used to coat each well, and normal human
serum being used as a negative control.

Titers of antibody against MERS-CoV S protein in
sera of patients with MERS were measured by indirect
ELISA at different dilutions (Fig. 4). ELISA titers were
significantly higher than those of the negative control,
even at a serum dilution of 1:256, in all patient sera from
one hospital (Fig. 4a). However, only four of the five sera

Fig. 1. Characterization of MERS-CoV S
protein expressed in a baculovirus system.
(a) Purified S protein was loaded onto SDS-
PAGE in duplicate lanes and stained with
Coomassie blue. (b) Purified S protein was
negatively stained with uranyl and examined at
67,000� magnification under an electron
microscope.
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Fig. 2. Characterization of MERS-CoV RBD expressed in E. coli. (a) Mouse RID-RBD protein was expressed in the soluble fraction of
IPTG-induced E. coli. IN, IPTG induction; M, protein marker; NI, no IPTG induction; P, cell pellets; S, supernatant; T, total lysate. (b) Purified
mRID-RBD and BSA were loaded onto SDS-polyacrylamide gels in each lane.

Fig. 3. Detection of MERS-CoV antibodies in animal sera with S protein. Purified S protein was used to coat the plate and ELISA performed
to identify antibodies against MERS-CoV in rat and rabbit sera. (a) Sera of rats immunized with S protein were serially diluted and tested. (b) Sera
of rabbits immunized with heat-inactivated MERS-CoV were analyzed under the same conditions. NC, negative control.
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examined in the other hospital exhibited higher ELISA
titers than five negative controls at a dilution of 1:100
(Fig. 4b). It is possible that the fifth of these patients had
an extremely low MERS-CoV antibody titer. Thus, at
patient serum dilutions of 1:200 and 1:300, the ELISA
successfully distinguished sera of patients with MERS
from healthy human serum, indicating that the
recombinant MERS S protein produced in this study
specifically binds MERS-CoV-derived antibodies in
human samples and that the developed assay can be
used clinically to diagnose MERS-CoV infection.

Development and validation of sandwich
ELISA to detect MERS-CoV S protein

To develop a sandwich ELISA for detecting MERS-CoV
S protein, MAbs that specifically bind MERS-CoV S
protein were first produced and characterized. ATGen
developed 12 MAbs against the S protein and 29 MAbs
against the RBD. To select capture and detector
antibodies, pairwise tests were performed with each
MAb in an ELISA using 2.5mg/mL detector and 1mg/mL
capture antibody (Fig. 5a). As shown in Figure 5b, c, two

combinations were able to detect 100 ng of S protein: #16
S MAb as the capture antibody and #89 RBDMAb as the
detector, and #9 RBD MAb as the capture antibody and
#16D4 S MAb as the detector. However, only the #9/
#16D4 combination, and not the #16/#89 combination,
specifically bound to a serial dilution of S protein
(Fig. 5d). Thus, the combination of the #16D4 MAb
(induced by the S protein in the baculovirus system) as
the detector antibody and the #9 MAb (induced by the
RBD in the E. coli system) as the capture antibody was
determined to be the optimal pairing for development of
the sandwich ELISA.

To assess the sandwich ELISA developed in this study,
amounts of intra-assay variation (within-run precision)
and inter-assay variation (between-run precision) were
determined to confirm good linearity and reproducibil-
ity. Both intra- and inter-assay R2 values were> 0.9, and
both coefficients of variation (CV%) were < 10%
(Fig. 6a, b). Inter-day precision tests to assess differences
between tests run at two time points (7 days apart)
showed comparable R2 values (0.9316 vs. 0.9178) andCV
% values < 10% (Fig. 6c). Theoretically, the LLD of the
sandwich ELISA is 5.89 ng/mL of MERS-CoV S protein
(Fig. 6d).

Development and validation of indirect
ELISA for detecting MERS-CoV S-induced
antibodies

As mentioned above, an indirect ELISA to detect MERS-
CoV-induced antibodies in animal and human patient
sera was developed by coating wells with 100 ng ofMERS
S protein. Twelve mAbs derived from the S protein were
tested against S protein to select standard antibodies.
Among these, #36 MAb showed the best performance
and serially diluted #36 MAb exhibited binding activity
with 100 ng of S protein (data not shown). Therefore, #36
MAb was used to validate the indirect ELISA.

Intra-assay and inter-assay variations showed that
both R2 values (0.9197 and 0.9279, respectively) were >
0.9, indicating good linearity. Moreover, both CV%
values were < 10%, indicating good reproducibility
(Fig. 7a, b). Tests for inter-day precision (the difference
between two time points) showed similar R2 and CV%
values, indicating acceptable reproducibility with a 1-
week interval (Fig. 7c). As to sensitivity, the LLD was
0.04 ng/mL of MERS-CoV-specific antibody (Fig. 7d).

DISCUSSION

Although MERS causes acute respiratory disease and
represents a considerable threat, there are currently no
approved vaccines or drugs for this condition (23). Fast

Fig. 4. Detection with S protein of MERS-CoV antibodies in sera
of patients with MERS. MERS-CoV-specific antibodies in sera of
patients with MERS from two hospitals were measured by ELISA
using S proteins as coating antigens. (a) Patient sera from one
hospital were serially diluted, and antibody titers against MERS-CoV S
protein measured. (b) Patient sera from the other hospital were
analyzed under the same conditions except for use of different
dilutions. [Color figure can be viewed at wileyonlinelibrary.com]
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and accurate diagnosis is therefore the most promising
means of controlling MERS outbreaks. Traditionally,
PRNT and/or microneutralization tests have been used
as the gold standards for detecting MERS-CoV-specific

antibodies. However, these tests are labor-intensive and
time-consuming and require high-level biosafety facili-
ties because they involve handling of live viruses (14, 24,
25). Therefore, more convenient methods are required.

Fig. 5. Determination of detector and capture antibodies for MERS-CoV ELISA. (a) Schematic representation of sandwich ELISA method
for the pairwise MAb tests. (b) Distribution of values using #16 MAb as the capture antibody and #89 MAb as the detector with 100 ng of S
protein as the antigen (Ag). Results are shown as OD450. (c) Distribution of values using #9 MAb as the capture antibody and #16D4 MAb as the
detector. ELISA conditions were the same as above. (d) Two combinations (#16/#89 and #9/#16D4) were tested to identify the optimal MAb
pair. ELISA was performed using serially diluted S protein. [Color figure can be viewed at wileyonlinelibrary.com]
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Recently, a cELISA in which a labeled MAb competes
with test serum antibodies for target epitopes was
developed and comparedwith the PRNT assay; Pearson's
correlation coefficients were reportedly 0.71–0.76 de-
pending on the cELISA serum dilution (26). Although
this correlation is positive, there were considerable
variations at the same PRNT titers (26).

In the present study, we developed two ELISA
systems: an indirect ELISA for detecting MERS-CoV-
induced antibodies and a sandwich ELISA for detecting
the MERS-CoV S protein. We expressed the MERS-CoV
S protein and RBD in recombinant baculovirus and
E. coli systems, respectively. The indirect ELISA involved
coating with recombinant full-length S protein, which

Fig. 6. Validation of MERS-CoV antigen ELISA. MERS-CoV antigen ELISA was tested with various S protein dilutions to confirm linearity and
reproducibility. MAbs #9 and #16D4 were used as capture and detector antibodies, respectively. (a) Intra-assay test results showing variations
between wells (n¼ 12). (b) Inter-assay test results showing variations between plates (n¼ 12). (c) Inter-day precision test results showing
variations between assays conducted at different time points. Black: Day 0, red: Day 7. (d) The LLD was determined by adding 3� SD of the
blank to the average of the blank (n¼ 12). OD values were used in the standard curve formula to calculate the minimum detectable
concentration. [Color figure can be viewed at wileyonlinelibrary.com]
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specifically bound to antibodies in MERS patient sera,
showing good linearity and reproducibility, aswell as high
precision and sensitivity. Therefore, the indirect ELISA
developed in this study can be used clinically to detect
MERS-specific antibodies in patient sera. In addition, we
used serial dilutions of S protein-immunized rat sera to

compare indirect ELISA titers with PRNT titers; human
sera were not used because insufficient volumes of patient
sera were available. However, we did not find a positive
correlation between the two titers because of differences
in the sensitivities of the two assays; specifically, a dilution
of MERS-CoV antibody of over 1280-fold still showed a

Fig. 7. Validation of MERS-CoV antibody ELISA. MERS-CoV antibody ELISA was tested with various MERS-CoV-specific MAb dilutions to
confirm linearity and reproducibility. S protein was used as a coating antigen. (a) Intra-assay test results showing variations between wells
(n¼ 12). (b) Inter-assay test results showing variations between plates (n¼ 12). (c) Inter-day precision test results showing variations between
assays conducted at different time points. Black: Day 0, red: Day 7. (d) Lower limit of detection (LLD) was calculated by adding 3� the standard
deviation of the blank to the average of the blank (n¼ 12). OD values were used in the standard curve formula to calculate the minimum
detectable concentration. [Color figure can be viewed at wileyonlinelibrary.com]
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high titer in the indirect ELISA, whereas it was not
detectable in the PRNT assay (data not shown). It should
be noted that it is also possible that there were no
neutralizing antibodies in the rat serum samples.
Therefore, as stated in a previous report (26), further
studies are necessary to develop a cELISA using MERS-
CoV S protein-derived MAbs in order to determine the
correlation between the cELISA and PRNT, the latter
currently being used clinically to diagnose MERS-CoV
infection.
In this study, we established a sandwich ELISA to

detect the MERS-CoV S protein using MAbs induced by
the S protein and RBD. We validated the assay with
recombinant S protein and demonstrated good repro-
ducibility, precision and sensitivity. Therefore, although
we did not test whether the recombinant spike protein-
induced mAb detects authentic MERS-CoV, this
sandwich ELISA can be used clinically to detect the
presence of MERS-CoV in biological samples from
patients suspected of having MERS and in various
contaminated materials. Recent studies have shown that
qRT-PCR can also accurately detect the MERS-CoV
genome in a variety of biological samples, even when
there are extremely small amounts of the virus.
Moreover, the biological hazard levels required for the
devices and facilities capable of performing sandwich
ELISA and real-time PCR are similar. Thus, sandwich
ELISA offers no significant advantage over real-time
PCR in a clinical setting. However, the sandwich ELISA
developed in this study can directly detect and quantify
MERS-CoV S protein. Given that most MERS-CoV
vaccine candidates target the S protein because of its
promise as a vaccine target (27–29), the sandwich ELISA
could be used for quality-control testing, such as
measuring the antigen content of vaccine candidates,
rather than detecting MERS-CoV in clinical settings.
In conclusion, we have developed indirect and

sandwich ELISAs that can detect MERS-CoV-induced
antibody and S protein, respectively. Both ELISAs have
adequate reproducibility, precision and sensitivity for
clinical use. However, further intensive testing of these
assays with sera from more patients is required.
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