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Summary. - Middle East respiratory syndrome coronavirus (MERS-CoV) is an RNA virus that causes
severe respiratory disease. Since it was identified in 2012, approximately 2500 MERS cases with high
mortality have been confirmed in 27 countries. Although most cases have occurred in the Middle East,
an outbreak in South Korea in 2015 showed that MERS could be a global threat via human-to-human
transmission. There isno licensed vaccine against MERS. Thus, early detection is the best way to limit the
spread of this fatal disease. In this review, we focus on transmission, the infection process, and scientific
efforts in vaccine development and diagnostics for MERS-CoV.
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Introduction

Middle East respiratory syndrome (MERS) is a serious
respiratory disease caused by Middle East respiratory
syndrome coronavirus (MERS-CoV). The virus was first
isolated from a patient with pneumonia in Saudi Arabia
in 2010 (Zaki et al., 2012). According to the World Health
Organization (WHO), 2494 laboratory-confirmed cases
and 858 deaths have been reported from 27 countries in
the Middle East, Asia, North Africa,and Europe since 2012
(Fig.1). MERS-CoV is an infectious pathogen with a high
fatality rate (~35%), and most cases have occurred in the
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Middle East peninsula. However, an outbreak of MERS in
South Korea in 2015 demonstrated that MERS-CoV might
be a global pandemic threat (Nishiura et al.,2016a,b; Park
et al., 2015). However, there are no licensed vaccines or
therapeutics against MERS-CoV. For this reason, early
detection and diagnostics are crucial to avoid the spread
of this deadly virus. In this review, we highlight the epi-
demiology and virology of MERS-CoV and discuss recent
efforts to develop vaccines and diagnostic tools.

Epidemiology of MERS-CoV

MERS was first identified in 2012 in the Kingdom of
Saudi Arabia (KSA). A male patient with acute pneumo-
nia died as a result of respiratory and renal malfunc-
tion (Zaki et al.,2012). Sputum samples from the patient
were negative for influenza, parainfluenza, respiratory
syncytial virus, and adenovirus by indirect immunofluo-
rescence assays (Zaki et al., 2012). However, PCR testing
detected the presence of coronavirus, and sequencing
confirmed that the virus belonged to lineage C of the
beta coronavirus genus; it was first named human coro-
navirus EMC (HCoV-EMC) (Zaki et al., 2012).
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Fig.1

Worldwide distribution of MERS cases

The majority of MERS cases reported have occurred
in the KSA. As of November 2019, the WHO had con-
firmed 2102 cases in the KSA, including 780 deaths, for a
mortality rate of 37.1%. Outside the KSA, an unpredicted
outbreak occurred in South Korea between May and July
2015 (Nishiuraet al.,2016a,b). This outbreak included 186
cases and caused 36 deaths (Nishiura et al., 2016a,b). It
was thought to be associated with individuals who had
previously traveled in the Middle East (Nishiura et al.,
2016a,b). The WHO and the Center of Disease Control and
Prevention (CDC) reported that confirmed MERS cases
occurred in 17 Middle Eastern countries and 10 countries
outside the Middle East. MERS cases outside the Middle
East occurred in people with a history of travel to the
Arabian Peninsula.

Bats are assumed to be the origin reservoir of MERS-
CoV because the sequences of samples from various bats
were closely related to MERS-CoV (Corman et al., 2014a).
For example, the sequences of HKU4 bat coronavirus and
MERS-CoV showed a high similarity in the receptor bind-
ing domain (RBD) of the S protein. However, bats are not
thought to be a direct source of MRES-CoV infection in
humans because of the rarity of contact with bats.

Camels are considered to be an intermediary host of
MERS-CoV. Serological tests on dromedary camels in the
Middle East and Africa confirmed that they were positive
for anti-MERS-CoV antibodies. Direct contact with camels
might be responsible for animal-to-human transmission.
For example, camel workers in the KSA were reported to
be at high risk for MERS-CoV infection (Alshukairi et al.,
2018), with possible routes of transmission including

the consumption of camel milk, urine, or improperly
cooked meat. These factors may explain why MERS-CoV
transmission from camels to humans occurred especially
in the Middle East. Human-to-human spread through
nosocomial infection is another route of transmission.
Latediagnosis might lead to rapid spread among hospital
workers, family members, and other patients (Al-Abdallat
et al., 2014; Assiri et al., 2013; Park et al., 2015). In South
Korea, a lack of quarantine, failures in infection control,
and “doctor shopping” resulted in an unexpectedly rapid
spread (Kim et al.,2017). MERS-CoV has also spread within
medical facilities in the Middle East (Assiriet al.,2013) and
South Korea (Park et al., 2015).

Virology of MERS-CoV

Coronaviruses (CoVs) are enveloped, positive-sense,
single-stranded RNA viruses with a large genome of 25-32
kilobases. CoVs belong to the Coronavirinae subfamily in
the Coronaviridae family. There are four genera (alpha,
beta, gamma, and delta CoV) in the Coronavirinae sub-
family, and beta CoVs are subdivided into four lineages
(Wang et al.,2018). MERS-CoV belongs to lineage C of the
beta CoVs (Chan et al., 2015b). Several bat coronaviruses,
including NeoCoV, HKU4, and HKUS5, are also lineage C
viruses (Corman et al., 2014a; Ithete et al., 2013). Bats are
considered a potential mammalian reservoir of MERS-
CoV, and phylogeny studies of lineage C viruses suggest
that MERS-CoV may have appeared in humans through
genetic exchange in bats or camels (Corman et al., 2014a).
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Schematic structure of MERS-CoV
(a) MERS-CoV genome; (b) MERS-CoV virion and (c) S protein.

The MERS-CoV genome is 30,119 nucleotides in length
and composed of seven open reading frames (ORFla,
ORF1b, ORF3, ORF4a, ORF4b, ORF5, and ORF8b) and four
structural genes encoding the spike (S), envelope (E),
membrane (M), and nucleocapsid (N) proteins (Forniet al.,
2017; Mackay and Arden, 2015) (Figure 2). ORFla and ORF1b
encode polyproteins pplaand pplab, which are cleaved by
viral protease torelease 16 nonstructural proteins (NSPs).
These proteins establish the replication-transcription
complex. Each NSP hasitsrole,including proteases (NSP3
and NSP5), primer-making activity and regulation of
NSP12 (NSP7-NSP11), RNA polymerase (NSP12), and RNA
modification (NSP13-NSP16) (Forni et al.,2017; Hagemeijer
et al.,2012; Neuman et al., 2014).

The S protein plays a vital role in virus infection and
host cell entry. It is composed of N-terminal S1 and C-
terminal S2 subunits. The S1 subunit contains RBD that
binds to the dipeptidyl peptidase 4 (DPP4; also known
as CD26) of the host cell (Raj et al., 2013), causing endocy-
tosis and cleavage of S1 and S2 by host protease (Millet
and Whittaker, 2014; Qian et al., 2013; Yang et al., 2015).
The S2 subunit mediates virus fusion with the host cell
membrane followed by virus entry into the host cell. The
M and E proteins are responsible for viral assembly, and
the N protein is required for RNA synthesis.

DPP4 is broadly expressed on human cells in various
tissues, including lung, kidney, small intestine, and liver
(Widagdo et al., 2016). For this reason, many human cell

Table 1. The comparison of MRES-CoV vaccine platforms

Vaccines Antigen Advantage Disadvantage

Viral vector vaccine recombinant virus vector encoding S protein  robust immune response risk of potential infection

DNA vaccine recombinant plasmid expressing S protein low production cost risk of integration into host
genome

Subunit vaccine recombinant S protein or RBD good safety profile relatively low
immunogenicity

VLP vaccine nanoparticles mimicking native virus production in low-level relatively low

structure containment immunogenicity
Inactivated virus vaccine whole virus treated by heat or chemicals affordability and safety biosafety level 3

Live attenuated vaccine
gene

live virus with deleted or mutated virulence

containment required
strong immunogenicity potential virulence

reversion
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lines,including lower respiratory, kidney, intestinal, and
liver cells, are susceptible to MERS-CoV, which indicates
its wide organ tropism (Oboho et al., 2015). In addition,
MERS-CoV can infectimmune cells such as dendritic cells
and macrophagesto interfere with theimmune response
(Chuetal.,2014; Zhou et al.,2014). Because of the high level
of CD26 in T cells, MERS-CoV is able to infect T cells and
inhibit their antiviral activity through the induction of T
cell apoptosis (Chu et al., 2016; Yeung et al., 2016). MERS-
CoV may also suppress the innate immune response by
delaying the induction of proinflammatory cytokines
(Chan et al., 2013; Liu et al., 2017).

Vaccines

There are currently no available commercialized
vaccines against MERS-CoV. Although some candidate
vaccines are under clinical study, the majority are at the
preclinical stage. There are many platforms for the de-
velopment of MERS-CoV vaccines, including viral vector
vaccines, DNA vaccines, inactivated vaccines, virus-like
particle (VLP) vaccines, subunit vaccines, and live attenu-
ated vaccines (Table 1).

Viral vector-based vaccines

Aviral vector vaccine can induce antigen expression in
host cells by transfer of target genes, there by activating
both cell-mediated and humoral immune responses. In
addition, unlike subunit vaccines, the use of an adjuvant
isnotnecessary toimprove their efficacy (Ura et al.,2014).
Adenovirus and modified vaccinia ankara (MVA) have
been widely used as viral vectors to develop vaccines
against MERS-CoV.

Several adenovirus vector vaccines have been tested
in mice. For example, a genetically engineered human
adenovirus (rAd5 or rAd4l) encoding full-length S protein
induced mucosal immunity and neutralizing antibodies
in intramuscularly immunized mice (Guo et al., 2015). In
BALB/cmice,arecombinant adenovirus (rAd5) expressing
the Sldomain of the S protein elicited stronger neutraliz-
ing antibodies than one encoding the full-length S protein
(Kim et al.,2014). In a recent study, a recombinant adeno-
viral vector encoding CD40-targeted S1 fusion protein
(rAd5-S1/F/CD40L) totally protected hDPP4-transgenic
mice against MERS-CoV challenge (Hashem et al., 2019).
In addition, prime-boost immunization with an adeno-
virus vector encoding S protein plus S protein nanopar-
ticles stimulated both Thland Th2 immune responses in
BALB/c mice (Jung et al., 2018).

A human adenoviral vector vaccine may not be effec-
tive because of preexisting immunity to the vector virus

(Fausther-Bovendo and Kobinger, 2014). For this reason,
a new chimpanzee adenoviral vector (ChAdOx1) was de-
veloped to avoid such preexisting immunity (Dicks et al.,
2012). Recombinant ChAdOx1 encoding S protein proved
immunogenic in mice and protected hDPP4-transgenic
mice against virus challenge (Alharbiet al.,2017; Munster
etal.,2017). A phase I study of MERS001, which comprises
ChAdOx1expressing S protein, isin progress in the United
Kingdom. This study will evaluate the safety and immu-
nogenicity of MERS001 in healthy adult volunteers.

The MVA viral vector is another attractive candidate for
developing a MERS-CoV vaccine. Recombinant MVA en-
coding S protein was demonstrated to be safe and immu-
nogenic, providing protection against MERS-CoV (Song et
al.,2013; Volz et al., 2015). A phase I study of MVA-MERS-S
in Germany will assess its safety and immunogenicity in
healthy adult volunteers.

The viral vector platform is promising because it can
stimulate strong immune responses. However, there are
some disadvantages, including preexisting immunity,
potential pathogenicity, low production yield, and risk
of tumorigenesis (Ura et al., 2014).

DNA vaccines

A DNA vaccine is a recombinant plasmid encoding a
viral antigen that is transferred into host cells by injec-
tion, gene gun, or electroporation, resulting in expression
of antigen in the body and the induction of an immune
response (Ferraro et al., 2011). The advantages of DNA
vaccines are their simple manufacturing process and low
production cost (Leitner et al.,1999). Targets of potential
DNA vaccines against MERS-CoV are the S protein or its
S1domain. DNA encoding the S protein has been shown
to elicit neutralizing antibodies and strong cellular im-
munity in mice and macaques. For example, macaques
immunized with DNA vaccines were protected against
MERS-CoV challenge (Muthumani et al., 2015). A phase I
study confirmed the safety and immunogenicity of the
GLS-5300 DNA vaccine in healthy adults (Modjarrad et
al., 2019), and phase I and II studies are in progress in
South Korea to evaluate its safety and immunogenic-
ity. Although DNA vaccines are thought to be effective,
there is a potential risk of plasmid integration into the
host genome, although the probability of this is very low
(Ledwith et al., 2000).

Subunit vaccines

Subunit vaccines are known to be safe, but their immu-
nogenicity is relatively low (Du et al., 2016). The S protein
of MERS-CoV is the major target for the development of
a MERS-CoV vaccine. However, an S protein-based vac-
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cine may induce non-neutralizing antibodies, resulting
in a detrimental immune response (Du and Jiang, 2015).
For this reason, RBD-based vaccine is preferred because
it elicits RBD-specific neutralizing antibodies and may
avoid the production of non-neutralizing antibodies.

To overcome the low immunogenicity of subunit vac-
cines,an adjuvant is required in the vaccine formulation.
For example, an S1 protein-based vaccine with an MF59
adjuvant protected hDPP4-transgenic mice against le-
thal challenge and also induced neutralizing antibodies
(Wangetal.,2017). Another study showed that S1 proteins
combined with other adjuvants decreased viral shedding
in dromedary camels and provided protection against
MERS-CoV challenge in alpacas (Adney et al., 2019).

RBD-based vaccinesin the form of fusion proteins have
alsobeeninvestigated in an effort toincrease the immune
response. A fusion protein of RBD with the Fc fragment
of human IgG (RBD-Fc) induced robust neutralizing
antibodies in mice (Nyon et al., 2018) and New Zealand
white rabbits (Ma et al., 2014b). Another study showed
that RBD-Fc immunization effectively protected hDPP4-
transgenic mice against virus challenge (Ma et al.,2014a).
RBD-Fc combined with an adjuvant was also reported to
have better immunogenicity and to induce protection in
amouse challenge model (Zhang et al.,2016). In addition,
the inclusion of multiple adjuvants in RBD-based vac-
cines had a synergistic effect on their immunogenicity.
Immunization with RBD protein combined with both
alum and CpG ODN induced higher immune responses
in mice than immunization with RBD antigen and a
single adjuvant (Lan et al., 2014). An RBD-based vaccine
containing alum was also tested in rhesus macaques. It
elicited strong humoral and cellular immune responses
and provided partial protection against virus challenge
(Lan et al., 2015).

The use of a recombinant trimeric S protein mimick-
ing the native S protein of MERS-CoV was also reported
(Pallesen et al., 2017). The trimeric form was synthesized
using foldon (Fd), which is a T4 fibritin trimerization do-
main. This S-protein trimer elicited robust neutralizing
antibodies in immunized BALB/c mice and showed high
efficacy against viral challenge in hDPP4-transgenic mice
(Taiet al., 2016).

VLP-based vaccines

VLPs are nanoparticles that resemble the native virus
structure, but do not contain infectious genetic compo-
nents. For this reason, they are not infectious and cannot
reproduce themselves. VLPs have self-assembly charac-
teristics and consist of repetitive proteins. Because live
virus is not required in the manufacturing process, VLP
can be produced easily in a low-level containment facil-

ity (DeZure et al., 2016). The structure of a VLP vaccine is
similar to that of an inactivated virus vaccine. However,
unlike inactivated vaccines, VLP vaccine production
does not require an inactivation step that may affect the
immunogenicity of a virus antigen.

In a previous study, VLPs of S, E, and M proteins were
expressed using a baculovirus system. They were in-
distinguishable from native virus particles by electron
microscopy. When they were administered with alum,
they induced neutralizing antibodies and a Thl im-
mune response in rhesus macaques (Wang et al., 2017).
In another study, immunization with nanoparticles of S
protein with alum elicited an antibody response in mice.
When mice were vaccinated with a Matrix M1 adjuvant
instead of alum, a higher neutralizing antibody titer was
reported,and immunization with S-protein nanoparticles
combined with Matrix M1 protected hDPP4-transgenic
mice against MERS-CoV challenge (Coleman et al., 2014)

Inactivated virus vaccines

Inactivated virus vaccines contain the whole virion
that has been inactivated by heat or chemicals. The ad-
vantages of an inactivated virus vaccine are its low
production cost, acceptable safety profile, and simple
manufacturing process (DeZure et al.,2016). However, the
live virus must be handled in high-level containment, and
the virus inactivation step may change the properties of
the antigen (DeZure et al., 2016).

A formaldehyde-inactivated vaccine elicited neutral-
izing antibodies in immunized mice. When this vaccine
was administered with multiple adjuvants, it provided
protection against MERS-CoV in hDPP4-transgenic mice
(Deng et al., 2018). Another study developed a divalent
inactivated vaccine targeted to rabies virus (RABV) and
MERS-CoV. This vaccine (BNSP333-S1) consists of a fusion
protein containing the MERS-CoV S1domain and RABV G
protein. BNSP333-Slinduced strong neutralizing antibody
responses against S1 and G proteins. In addition, protec-
tion against MERS-CoV challenge was demonstrated in
hDPP4-transgenic mice (Wirblich et al., 2017). However,
the potential risk of a pathological lung reaction after
MERS-CoV challenge in hDPP4-transgenic mice was re-
ported (Agrawal et al., 2016)

Live-attenuated vaccines

A live-attenuated vaccine can induce similar immune
responses to those induced by natural virus infection
and is considered an effective type of vaccine. This type
of vaccine is developed by the deletion or mutation of the
viral virulence genes. A live-attenuated vaccine does not
require an adjuvant because of its strong immunogenicity,
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and in most cases, a single dose is sufficient to induce a
robust immune response. However, it has some disadvan-
tages,including the potential for virulence reversion and
the requirement for cold-chain storage. In addition, this
type of vaccine may not be suitable for certain groups,
such asinfants,immunocompromised persons,and older
people (Lauring et al., 2010).

Alive-attenuated MERS-CoV was generated by deleting
the E gene of MERS-CoV (rMERS-CoV-DE).rMERS-CoV-DE
is considered to be a safe vaccine candidate because the
deletion of the E gene prevents the risk of reversion to
virulence (Almazan et al.,2013). A live-attenuated MERS-
CoV with a mutation of NSP16 (D130A) provided protec-
tive immunity in a mouse-adapted MERS-CoV challenge
model (Menachery et al., 2017).

Recombinant measles virus (MV) is an alternative
platform for a live-attenuated MRES-CoV vaccine. The
recombinant MV encoding the full-length CoV S protein
(MV,__,-CoV-S)elicited neutralizing antibodies and cellu-
lar immunity and provided protection against MERS-CoV
challenge in hDPP4-transgenic mice (Malczyket al.,2015).
Inanother study, recombinant vesicular stomatitis virus
(VSV) expressing the S protein of MERS-CoV was reported
to induce both humoral and cellular immune responses
in a rhesus macaque model (Liu et al., 2018).

Diagnostics

According to WHO and CDC guidelines, laboratory
confirmation of MERS-CoV can be provided using nucleic
acid amplification testing (NAAT) or serology methods.
NAAT isconsidered the gold standard to detect MERS-CoV
because of its high sensitivity and specificity. However,
serology testing can be used when NAAT is unavailable. In
addition, assays to detect MERS-CoV antigens have been
developed for the diagnostics of MERS-CoV in camels.

NAAT

Various assays based on reverse transcription-PCR
(RT-PCR) have been developed to detect MERS-CoV RNA.
For example, an assay targeting the upstream E protein
(upE) and ORFla demonstrated high sensitivity (Corman
etal.,2012a; Corman et al.,2014b). The RealStar MERS-CoV
RT-PCRKkit that detects upE and ORFla was validated us-
ing samples from MERS patients (Corman et al., 2014b).
The kit acquired WHO approval and an Emergency Use
Authorization (EUA) by the US Food and Drug Adminis-
tration. Other assays for sequencing the RdRp (RdRpSeq
assay) or N (NSep assay) genes have been developed and
used as confirmatory tests by the WHO (Corman et al.,
2012b).

Apart from the RealStar MERS-CoV RT-PCR Kkit, other
commercial kits targeting upE and ORFla were evaluated
using specimens from MERS patients during the outbreak
in South Korea (Kimet al.,2016). All of these assays demon-
strated satisfactory sensitivity and specificity for MERS-
CoV confirmation (Kim et al., 2016). In another study, an
RT-PCR assay detecting the S-protein gene was tested
on clinical samples and showed similar accuracy to the
RT-PCR assays targeting upE and ORFla (Lee et al., 2017).
Loop-mediated isothermal amplification RT-PCR assays
(RT-LAMP) were developed to permit rapid detection of
MERS-CoV using portable instruments (Bhadra et al.,
2015). Novel RT-PCR assays targeting the leader sequences
of MERS-CoA were confirmed to have comparable sensi-
tivity and specificity to those of the commercial RT-PCR
assays (Chan et al., 2015a).

Antigen detection test

Although NAAT is a highly sensitive and specific
technique for detecting MERS-CoV, it is costly and time-
consuming for screening for MERS-CoV in large numbers
of samples. For this reason, an immunochromatographic
assay was developed to detect MERS-CoV antigens in
dromedary camels (Song et al., 2015). The assay, which
targets the N protein using monoclonal antibodies,
demonstrated similar high sensitivity and specificity to
RT-PCR detecting upE and ORFla for identifying virus
in specimens from camels (Song et al., 2015). In another
study, an enzyme-linked immunosorbent assay (ELISA)
using two N protein-specific monoclonal antibodies
(MADbs) was evaluated in clinical samples (Chen et al.,
2015). The advantage of the antigen detection assays is
that they are inexpensive and user-friendly compared
with the RT-PCR method. However, they need to be vali-
dated in human samples and improved in terms of their
sensitivity (Chan et al., 2017).

Antibody detection test

The main target of serological assays are anti-MERS-
CoV antibodies specific for N protein or S protein. The ad-
vantages of serological assays over NAAT are their shorter
assay time, easier handling, and affordability (Fukushi
et al., 2018; Trivedi et al., 2018). However, the drawback
of these assays is the risk of cross-reactivity with other
coronaviruses, such as SARS-CoV (Meyer et al., 2014).

ELISA,indirectimmunofluorescence testing (IIFT),and
neutralization testing are the major types of serological
assays used to detect antibodies against MERS-CoV. Most
ELISA assays contain specific monoclonal antibodies to
capture the antigens. IIFT can be used to detect a wide
range of antigens, and microscopic observation is possi-
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Table 2. The comparison of MERS-CoV diagnostics

Method Target Advantage Disadvantage

NAAT upE and ORFla of MERS-CoV RNA high sensitivity and specificity high cost and biosafety level 3
laboratory required

Neutralization  activity of MERS-CoV antibodies high sensitivity and specificity labor intensive, time-consuming, and
handling of live virus

ELISA antibodies against MERS-CoVN or S  low cost and short assay time possible cross-reactivity

protein
RDT MERS-CoV antibodies simple and fast results low sensitivity

ble.Neutralization tests evaluate the activity of antibodies
against MERS-CoV through the inhibition of virus infec-
tivity (Perera et al., 2013), and include plaque-reduction
neutralization tests (PRNT), microneutralization (MN),
and pseudoparticle-neutralization tests. The drawbacks
of MN are thatitislabor intensive and has along process
time. In addition, both PRNT and MN require high-level
containment because they involve the handling of live
viruses (Hemida et al., 2014).

An ELISA assay targeting MERS-CoV S11gG was evalu-
ated and compared with MERS-CoV RNA detection in
patient samples during an outbreak in the KSA. The
results of ELISA and NAAT showed little correlation,
which suggested that MERS-CoV IgG detection may not
be suitable for detecting MERS-CoV infection (Alhetheel
et al., 2017). Nevertheless, both the WHO and CDC have
approved serological methods for the confirmation of
MERS cases. Another study showed that the sensitiv-
ity and specificity of these methods can be increased
by screening using indirect ELISAs targeting N and S
proteins and confirmation by MN assay (Trivedi et al.,
2018). Another group reported that a competitive ELISA
using labeled MAbs against MERS-CoV effectively de-
tected MERS-CoV-specific antibodies in animal serum.
This assay was also validated using camel serum and
demonstrated a strong correlation with the MN assay
(Fukushi et al.,2018). Lee et al. developed two ELISA sys-
tems for detecting MERS-CoV antigens and antibodies
against MERS-CoV. These systems could detect MERS-
CoV-specific antibodies in animal sera and the sera of
patients with MERS.

Arapid diagnostic test (RDT) using specific antibodies
was developed to detect MERS-CoV in camels (Songet al.,
2015). The advantages of the RDT are its short assay time
and easy manipulation with minimal training. However,
its sensitivity is much lower than that of ELISA, and fol-
low-up confirmatory testing should be performed (Chen
etal.,2016).The various methods used to detect MERS-CoV
are summarized in Table 2.

Conclusions

Since MERS-CoV was first isolated in 2012, consider-
able research has been performed to understand the
mechanisms of MERS-CoV transmission and infection.
The S protein or RBD domain of the virus is considered
the main targets for vaccine development because of their
crucial role in virus entry into host cells. However, no
vaccine against MERS has been approved, and only three
candidates (two viral vector-based vaccines and one DNA
vaccine) are in human clinical trials. For this reason, the
early detection of MERS-CoV is crucially important for
stopping the spread of this serious disease. NAAT and
serology assays are widely used for the confirmation of
MERS-CoV. NAAT is the gold standard for the diagnosis of
MERS-CoV because of its high sensitivity and specificity.
However, the assay is costly and requires high-level con-
tainment because of the handling of live viruses. Serology
assays such as ELISA are affordable, and their assay time
is shorter than that of NAAT, even though their sensitiv-
ity is relatively lower. Recent studies suggest that a cost-
effective assay with high sensitivity will be developed and
validated in human samples in the near future.
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