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ARTICLE INFO ABSTRACT

Article history: The disease outbreak caused by Middle East respiratory syndrome coronavirus (MERS-CoV) is still

Received 28 March 2016 ongoing in the Middle East. Over 1700 people have been infected since it was first reported in September

sejci“’g‘é]“g revised form 2012. Despite great efforts, licensed vaccines or therapeutics against MERS-CoV remain unavailable. The
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MERS-CoV spike (S) protein is an important viral antigen known to mediate host-receptor binding and
virus entry, as well as induce robust humoral and cell-mediated responses in humans during infection. In
this review, we highlight the importance of the S protein in the MERS-CoV life cycle, summarize recent
Keywords: advances in the development of vaccines and therapeutics based on the S protein, and discuss strategies
Coronavirus that can be explored to develop new medical countermeasures against MERS-CoV.
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1. Introduction

Coronaviruses (CoVs) are spherical and enveloped viruses with
large, unsegmented, single positive RNA genomes that are
26.2—31.7 kb in length. The two-thirds of the genome at the 5 end
are translated into two overlapping polyproteins, ppla and pp1lab,
that are later cleaved by 3CLP™ and PLP™ to yield nonstructural
proteins (nsps). The remaining one-third of the genome is
responsible for coding the structural proteins: spike (S) glycopro-
tein, small envelope protein (E), integral membrane protein (M),
and genome-associated nucleocapsid protein (N). Some CoVs also
contain a hemagglutinin esterase (HE) (van Boheemen et al., 2012).
Interspersed between these genes in the coronavirus genome are
several genes coding for accessory proteins. Although dispensable
for virus growth in vitro, as determined using reverse genetics and
targeted mutagenesis analyses, most of them are involved in
regulating the host immune system (Narayanan et al., 2008;
Niemeyer et al., 2013; Yang et al., 2013). The proteins E, M, and N
are mainly responsible for the assembly of the virions, while the S
protein is involved in receptor binding and bears membrane fusion
capabilities during CoVs infection (Saif, 1993). Thus, the S protein
has an essential role in virus entry and determines tissue and cell
tropism, as well as host range (Lu et al., 2015).

CoVs infect both avian and mammalian species (Schmidt et al.,
2005), with examples such as the infectious bronchitis virus (IBV)
infecting chickens, porcine epidemic diarrhea virus (PEDV), porcine
respiratory coronavirus (PRCV), and transmissible gastroenteric
virus (TGEV) infecting pigs, bovine coronavirus (BCoV) infecting
bovines, feline infectious peritonitis virus (FIPV) infecting cats, and
canine coronavirus (CCoV) infecting dogs. These viruses have
resulted in significant economic losses for the animal industry
worldwide. Commonly, veterinary CoV infections are prevented
through either modified live or inactivated CoV vaccines
(Carmichael, 1999; Cavanagh, 2007; Hick et al., 2012; Olsen, 1993;
Welter et al., 1993). The attenuated live viruses (BCoV, TGEV, and
IBV) and a temperature-sensitive mutant (FIPV) are usually
administered orally or intranasally to induce active mucosal im-
munity. In contrast, inactivated vaccines administered parenterally
with adjuvant are available to induce active or passive immunity to
BCoV, TGEV, CCoV, and IBV.

CoVs can also cause disease in humans (Fig. 1). In the 1960s, two
human coronaviruses, human coronavirus-229E (HCoV-229E) and
0C43 (HCoV-0C43), were isolated from volunteers at the Common
Cold Unit in Salisbury, United Kingdom (Almeida and Tyrrell, 1967;
Hamre and Procknow, 1966; Hendley et al., 1972; McIntosh et al.,
1967; Tyrrell and Bynoe, 1965). In 2004, human coronavirus-NL63
(HCoV-NL63) was isolated from a 7-month-old child suffering
from bronchiolitis and conjunctivitis in The Netherlands (van der
Hoek et al., 2004). In the following year, another CoV, human
coronavirus-HKU1 (HCoV-HKU1), was identified in a patient with
pneumonia in Hong Kong (Woo et al., 2005). These human coro-
naviruses mainly cause subclinical or very mild infections and

account for 10-15% of common colds (Heikkinen and Jarvinen,
2003). However, more severe lower respiratory tract-related
cases have been reported in infants and the elderly (Falsey et al.,
1997; McIntosh et al., 1974; Nokso-Koivisto et al.,, 2000; Pene
et al., 2003; Vabret et al., 2003).

Human coronaviruses can also be life-threatening and have
pandemic potential. During 2002—2003, the severe acute respira-
tory syndrome coronavirus (SARS-CoV) caused > 8000 infections
and 774 related deaths worldwide (WHO, 2004). A decade later, the
epidemic outbreak of Middle East respiratory syndrome (MERS)
reminds us of the possibility for another potential pandemic on the
scale of that of SARS. The first case was reported in the Kingdom of
Saudi Arabia (KSA) in September 2012 (Bermingham et al., 2012;
Zaki et al., 2012), and since then, the MERS-CoV (i.e., the etiolog-
ical agent behind MERS (de Groot et al., 2013)) has spread to 25
other countries, totaling 1782 laboratory-confirmed infections and
634 related deaths (case fatality rate = 35.6%) (WHO, 2016). The
majority of human cases is reported in the Middle East, likely due to
the presence of dromedary camels, which have been confirmed to
carry live MERS-CoV and are a potential source of human infections
(Azhar et al, 2014; Memish et al, 2014). However, whether
dromedary camels are intermediary hosts or the original reservoir
remains open at present.

In May 2015, MERS-CoV spread to South Korea via a traveler
from the Middle East and caused several infection clusters, result-
ing in a total of 186 confirmed cases, with evidence of virus super-
spreading in hospitals and clinics (Wong et al., 2015). One of the
subsequent patients traveled to China and fell ill, marking the first
instance of an imported MERS-CoV case that did not spread directly
from the Middle East (Su et al., 2015). These events are a reminder
that past geographical barriers for disease can be easily bypassed
due to the increasingly globalized nature of the world. Unlike SARS-
CoV, which after great disease control efforts by the Chinese gov-
ernment suddenly disappeared, the number of MERS cases is still
on the rise, reinforcing the urgent need to develop vaccines or
specific drugs targeted at CoVs, especially anti-epidemic MERS-CoV
measures.

Although more than 10 years have passed since the initial
outbreak, there are presently still no available anti-SARS drugs on
the market. Nonetheless, many antiviral agents have been identi-
fied, which have been summarized in several excellent reviews
(Adedeji and Sarafianos, 2014; Keum and Jeong, 2012; Kumar et al.,
2013; Liang, 2006; Ramajayam et al., 2011; Yang et al., 2006). Just as
for SARS-CoV and other viruses (Liang, 2006; Lu et al., 2011; Yang
et al., 2003), the 3C-like protease (3CLP™ or MP'™) and papain-like
protease (PLP™) in MERS-CoV are responsible for processing the
huge polyproteins into mature nsps (Baez-Santos et al., 2014;
Kilianski et al., 2013; Yang et al., 2014) and are deemed to be a
viable target for inhibitor screening. Small molecules, such as 5-
chloropyridine ester, 6-mercaptopurine, and 6-thioguanine tar-
geting MERS-CoV 3CLP™ or PLP™ have shown efficacy in inhibiting
MERS-CoV replication in vitro (Chan et al., 2013; Cheng et al., 2015;
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Fig. 1. Timeline for the discovery of different human CoVs.

Kilianski et al., 2013), though their activity and cytotoxicity needs to
be further assessed in vivo.

In addition, existing drugs have been screened to identify po-
tential inhibitors, and several demonstrate clinical relevance, with
mild adverse effects and low half-maximal effective concentrations
(ECs0). Among these, ribavirin and interferon-o. display some ef-
fects in vitro (Chan et al., 2013; de Wilde et al., 2014) and in MERS-
CoV infected rhesus macaques with mild diseases (Munster et al.,
2013), but their benefits in MERS patients are not obvious. Fortu-
nately, lopinavir/ritonavir and interferon-$1b have been shown to
improve the outcome of MERS-CoV-infected common marmosets
(Chan et al., 2015), which represents the severe manifestation of
MERS patients (Falzarano et al., 2014) and have demonstrated the
most potential for clinical use. Recently, miRNAs and siRNAs tar-
geting MERS-CoV have also been predicted by utilizing a series of
bioinformatics tools (Hasan et al., 2014; Nur et al., 2014), but further
evaluation in vivo and in vitro is required before any clinical trials
may begin.

In this review, we first describe the chemical and structural
features of the S protein, summarize the current published vaccine
and therapeutic research against MERS-CoV based on the S protein,
and highlight the suitability of the S protein as a target for the
design of medical countermeasures against MERS-CoV.

2. S protein: a mediator of virus entry and its structure

The MERS-CoV genome is assembled similar to other CoVs, and
the gene coding for S is located in the one-third of the genome at
the 3’ end (Fig. 2A). S is a type [, trimeric, transmembrane protein
located at the surface of the viral envelope, giving rise to spike-
shaped protrusions from the virion. S is 1353 amino acids in
length, heavily glycosylated (with 21 predicted N-linked glycosyl-
ation sites), and consists of a large ectodomain and a short cytosolic
tail (Fig. 2B). The S proteins of CoVs can be divided into two func-
tional subunits (Xia et al., 2014): the N-terminal S1 subunit forms
the globular head, and the membrane-embedded C-terminal S2
region forms the stalk region. S1 is involved in receptor recognition
and binding and is less conserved compared to the stalk. Two
discrete, independently folded domains are located at the N- and C-
termini of S1 and are able to bind receptors.

MERS-CoV utilizes the C-terminal domain, which spans ~240
residues, as the receptor binding domain (RBD) (Du et al., 2013b; Lu
et al., 2013a; Mou et al., 2013; Wang et al., 2013). Specifically, the
MERS-RBD can be further divided into two parts, the core sub-
domain and external subdomain. Although sharing a low amino
acid sequence identity, the core subdomain structures of SARS-RBD
and MERS-RBD can be superimposed well (Li et al., 2005), indi-
cating a conserved core structure among the CoVs. In contrast, the
external subdomain structure of these two proteins differs greatly.
Interestingly, it is the external subdomain that is mainly involved in
receptor binding and thus results in the different receptor usage
between CoVs. In the MERS-RBD, the four antiparallel B-strands
comprising the external region bind to the blade IV and V in the B-

propeller of human CD26 (hCD26, also known as dipeptidyl
peptidase IV), the receptor for MERS-CoV (Fig. 2C) (Raj et al., 2013).
Accordingly, blocking the binding between the MERS-RBD and
hCD26 can prevent virus attachment and inhibit virus infection.
Intriguingly, the MERS-RBD stimulates the production of robust
antibodies in mice and rabbits that neutralize virus infection (Ma
et al., 2014a; Mou et al., 2013), suggesting that the S protein may
represent a promising immunogen for eliciting neutralizing anti-
bodies (nAbs).

In addition to receptor recognition and binding, proteolysis
between S1 and S2 is another critical determinant for CoV tropism
and pathogenesis (Millet and Whittaker, 2015; Simmons et al.,
2013). Similarly, MERS-S protein can be cleaved by different host
proteases, which has previously been thoroughly reviewed (Lu
et al.,, 2015). It is worth noting that MERS-CoV uses a two-step
furin cleavage activation process to infect cells. Specifically, S is
first cleaved during biosynthesis at position R751/S752. When
MERS-CoV enters target cells, S is then further cleaved at R887/
S888, the position adjacent to the fusion peptide within S2, and
designated as S2' (Millet and Whittaker, 2014). The importance of
the first cleavage has been confirmed by the analysis of bat coro-
navirus HKU4 (batCoV-HKU4), which is able to bind to hCD26 but is
unable to infect cells due to the lack of the first proteolytic
conserved motif recognized by furin. Introduction of a furin
recognition site into S (Yang et al., 2015) or treatment of the
pseudotyped HKU4 particles with trypsin confers particles with the
ability to infect hCD26-expressing cells (Wang et al., 2014). Like-
wise, inhibition of S2’ proteolysis by furin inhibitors decreases
MERS-CoV infection in susceptible cells in a concentration-
dependent manner (Millet and Whittaker, 2014), indicating both
cleavages are critical for virus entry.

Viral fusion proteins can be grouped into three classes. Class I
fusion proteins, represented by influenza hemagglutinin, are tri-
mers of a single-chain precursor and primed by the cleavage of a
trimeric precursor, forming six-helix bundles. Class II fusion pro-
teins, represented by flavivirus prM/E proteins, are icosahedrally
symmetrically, assemble as dimers on the virion, and are primed by
cleavage of heterodimeric partner proteins to form homotrimers
during membrane fusion. Class III fusion proteins are more
complicated, including one or several proteins, and undergo no
obvious priming event (Earp et al., 2005; Gao, 2007; Harrison,
2015; Kielian and Rey, 2006; Melikyan, 2008; White et al., 2008).
CoV-S protein is a typical Class I fusion protein. Recently, the cryo-
electron microscopy structures of MHV-S and HKU1-S proteins
were reported (Kirchdoerfer et al., 2016; Walls et al., 2016). Both
structures reveal the overall pre-fusion architecture of full length S
ectodomains (Fig. 2E and G), showing that the N-terminal domain
(NTD) and C-terminal domain (CTD) present in a “V” shape and
therefore contributing to the overall triangular appearance of the S
trimer (Fig. 2F and H). The S2 subunit connects to the viral mem-
brane and is characterized by the presence of long a-helices (Fig. 2F
and H). This structural information can serve as a foundation for
structure-based design of f-CoV vaccine immunogens.
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Fig. 2. Genome arrangement of MERS-CoV and structure of the spike protein-receptor complex. (A) Schematic representation of the MERS-CoV genome. Abbreviations: nsp,
nonstructural protein; 3CLP™, 3C-like protease; RdRp, RNA-dependent RNA polymerase; HEL1, superfamily 1 helicase; ExoN, 5'-3’ exonuclease; OMT, S-adenosylmethionine-
dependent ribose 2’-0-methyltransferase; S, spike protein; orf, open reading frame; E, envelope protein; M, membrane protein; and N, nucleocapsid. In addition, PLP™ (papain-like
protease) is located in nsp3, and NendoU (nidoviral endoribonuclease specific for U) is located in nsp15. The gene coding for accessory protein orf8b overlaps with the N-coding
gene (Cotten et al., 2013). (B) Schematic representation of the MERS-CoV spike protein. Abbreviations: SP, signal peptide; NTD, N-terminal domain; RBD, receptor binding domain;
HR1/2, heptad repeat 1/2; and TM, transmembrane domain. (C) Complex structure between the MERS-RBD and its receptor CD26. The core and external subdomains are highlighted
in cyan and magenta, respectively, while the receptor is colored in green for the B-propeller domain and in gray for the o/B-hydrolase domain, respectively. (D) Crystal structure of
the HR1/HR2 fusion core. The three HR1/HR2 chains are colored in green, cyan, and magenta, respectively. The approximate size of the bundle is indicated. The left panel represents
the top view, and the right panel represents the side view. The figure was used upon approval of the authors in Gao et al., 2013. (E) and (G) Ribbon diagrams showing the overall
structures of MHV-S and HKU1-S trimers, respectively. (F) and (H) Ribbon diagrams showing one MHV-S and HKU1-S molecule, respectively. NTD, CTD and S2 are colored in blue,

cyan, and magenta, respectively in E-H.

After binding to hCD26, fusion between the MERS-CoV envelope
and the host cell membrane occurs and is mediated by the S2
subunit (Belouzard et al., 2012). As a Class I fusion protein, MERS-
CoV S2 contains multiple key components, including fusion pep-
tides and conserved heptad repeats (HRs) (Fig. 2B). However, unlike
the extensive studies of SARS-CoV fusion peptides, little experi-
mental investigation has been undertaken concerning MERS-CoV,
though a similar concentration of hydrophobic residues can be
identified in the equivalent regions of MERS-S (Lu et al., 2015).

In contrast, the HRs containing heptad repeat 1 (HR1) and
heptad repeat 2 (HR2) in the virus have been well studied (Gao
et al, 2013; Lu et al., 2014). Consistent with other typical Class I
fusion proteins, the HRs in MERS-CoV S2 assemble into a canonical
six-helix bundle called the fusion core, with three HR1 helices
forming the central coiled-coil core and three HR2 chains sur-
rounding the core in the HR1 side grooves (Fig. 2D). It is believed
that the fusion core represents the post-fusion state of the part of
the envelope structure. Although HR1 and HR2 are assumed to be
located distal from one another in the pre-fusion state, a series of

conformational changes occur in the envelope structure after S1
binding to the receptor that result in the binding of the fusion
peptide located at the N-terminus of HR1 to the cell membrane.
Through a short-lived intermediate state, HR1 and HR2 bend to
bind each other, moving the virus membrane and cell membrane
into close proximity to enable the membrane fusion process. In the
intermediate state, both HRs are exposed, and inhibitors blocking
the formation of the fusion core or that maintain HRs at the in-
termediate state can be used as drugs to inhibit MERS-CoV
infection.

3. Vaccines

The roles of S in receptor binding and membrane fusion make it
a perfect target for vaccine and antiviral development. Previous
studies on SARS-CoV reveal that vaccines based on the S protein can
induce antibodies to block virus binding and fusion or neutralize
virus infection (Du et al., 2009). Although there is no licensed MERS
vaccines available, researchers are working to develop potential
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vaccines based on S protein, and several previous reviews have
touched on this topic (Papaneri et al., 2015; Zhang et al., 2014).
Here, we focus on the more recent progress on vaccines showing
efficacy in mice and nonhuman primates (NHPs) and/or drome-
daries, including replication-deficient virus vectors, DNA vaccines,
and subunit vaccines, which are summarized in Table 1.

3.1. Modified vaccinia Ankara (MVA)-based chimeric virus vaccines

MVA is a highly attenuated vaccinia virus strain that has lost
~15% of the vaccinia genome and is replication-defective in
mammalian cells (Ura et al., 2014). It has previously been safely
administered to over 120,000 individuals as a vaccine against
smallpox (Ura et al., 2014). Currently, MVA-based vaccines against
several other diseases/conditions are undergoing clinical trials,
including HIV-1, hepatitis, influenza, malaria, tuberculosis, and
cancer (Gilbert, 2013). A similar approach has been adopted to
develop vaccines against MERS-CoV.

Song et al. show that mice intramuscularly immunized with
1 x 10® plaque-forming units (PFU) of recombinant MVA-MERS-S
twice within a 21-day interval elicit nAbs (Song et al., 2013). Volz
et al. further dissect the immunogenicity of the same vaccine in
mice (Volz et al., 2015), and in agreement with the data obtained
with MVA used as smallpox vaccine, immunizations through sub-
cutaneous and intramuscular routes induce equivalent humoral
and cellular immunity in mice. In addition, intramuscular vacci-
nation evokes equal amounts of MERS-S-specific CD8" T cells
across low (1 x 10° PFU) to high (1 x 10% PFU) doses. When chal-
lenged with MERS-CoV, vaccinated mice exhibit little or no virus
replication, irrespective of the route or dose used (Volz et al., 2015),
indicating the efficacy of this MVA-MERS-S in the mouse model.
More recent studies by Haagmans et al. further reveal that this
vaccine significantly reduces MERS-CoV shedding in dromedary
camels (Haagmans et al., 2016). Four dromedaries were inoculated

Table 1
S protein-based vaccines against MERS-CoV.

twice at four-week intervals with 2 x 10% PFU MVS-MERS-S
administered in nostrils and 1 x 10% PFU MVA-MERS-S delivered
intramuscularly in the neck. In addition to the systemic humoral
and cellular immunity evoked by the vaccine, low levels of MERS-
CoV nAbs (virus neutralization titer of 1:20 to 1:40) are detected
3 weeks after the boost immunization through the nostrils. When
challenged with a 1 x 107 median tissue culture infectious dose
(TCIDsp) of the virus via the intranasal route, the animals show only
mild clinical signs and significantly reduced mean viral titers in the
nasal respiratory tract compared to the control animals.

The advantage of this vaccine is its compatibility with clinical
use and industrial-scale production. In addition, the vector can be
grown in chicken embryo fibroblasts (CEFs) without the need for
additional animal-derived components in culture, and S protein can
be synthesized upon serial amplification at low multiplicities of
infection. Although its efficacy in mice and dromedaries has clearly
been shown, there is still no data demonstrating the protective
effect of MVA-MERS-S in a NHP model. This is important for human
application because in some studies, high doses of MVA vector (>1
x 108 PFU) result in severe adverse events in humans (Gilbert,
2013). Thus, strict evaluation needs to be performed before MVA-
MERS-S application in humans. In addition, one immunized
dromedary (1/4) developed undetectable nAbs at the nostrils at the
time of challenge and excreted low levels of infectious virus at 6 day
post infection (dpi) after virus challenge (Haagmans et al., 2016).
Further sequencing of the spike gene of the infectious virus showed
no changes in the RBD region, excluding the possibility of escape
mutations under the stress of vaccine-induced antibodies. Conse-
quently, the underlying mechanisms that resulted in the failure of
MVA-MERS-S to boost immunity warrant further investigation.

3.2. Virus-like replicon particle (VRP)-based chimeric virus vaccines

Venezuelan equine encephalitis virus (VEEV) belongs to the

Candidate  Antigen Animal model Vaccine regimens

Efficacy or observed effects Reference

MVA-S S Mice

i.m. administered of 1 x 10® PFU ND

(Song et al., 2013)

twice at a 3-weeks interval

Ad5-hCD26-transduced mice

s.c. administered of 1 x 108 PFU

100% protection (n = 5) (Volz et al., 2015)

twice at a 3-weeks interval

Ad5-hCD26-transduced mice

i.m. administered of 1 x 10% PFU

100% protection (n = 5)

twice at a 3-weeks interval

VRP-S S

DNA S-DNA and

S1-protein

subunit RBD-Fc

Dromedaries

Ad5-hCD26-transduced mice

Mice

Rhesus macaque

Mice

Dromedaries

Rhesus macaque

Ad5-hCD26-transduced mice

i.n. administered of 2 x 108 PFU and
i.m. Injection of 1 x 108 at the neck
twice at a 4-weeks interval

1 x 10° IU delivered in footpad
twice at 4-week interval

20 pg of S DNA were i.m. delivered
followed by EP twice at 3-week
interval and boosted with 10 pg of
S1 protein plus Ribi 3 weeks later

1 mg of S DNA were i.m. delivered
followed by EP twice at 4-week
interval and boosted with 100 pg of
S1 protein plus AlIPO4 4 weeks later
25 pg of DNA i.m. delivered
followed by EP three times at 2-
week intervals

EP-enhanced i.m. delivery three
times at 4-week intervals

0.5 mg or 2 mg of DNA i.m.
delivered followed by EP three
times at 3-week intervals

10 pg/mice of RBD-Fc plus MF59 s.c.
delivered three times at 3-week
interval

Significant reduction of excreted
virus (n = 4)

100% protection (n = 3—4)

ND

100% protection (n = 6)

ND

ND

100% protection (n = 4 for each dosage)

100% protection (n = 4)

(Haagmans et al., 2016)

(Zhao et al., 2014)

(Wang et al., 2015)

(Muthumani et al., 2015)

(Zhang et al., 2015)

Abbreviations: i.m. — intramuscular, s.c. — subcutaneous; i.n. — intranasal; ND — not determined; EP — electroporation.
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family Alphaviridae (Lundstrom, 2014). The structure protein of
VEEV can be replaced by a heterologous protein of interest,
resulting in a recombinant RNA replicon that can then be “pack-
aged” into VRPs using co-transfection with helper RNAs
(Lundstrom, 2014). Due to the lack of structural protein gene(s),
these replicons are replication-defective. VRP-based vaccines
against prostate cancer and HIV-1 have been tested in Phase I
clinical trials (Slovin et al., 2013; Wecker et al., 2012), with no
toxicity associated with the immunization. In an astute study, Zhao
et al. generated a vaccine candidate against MERS-CoV by inserting
the S gene into the VRP (VRP-S) (Zhao et al., 2014). Mice were first
immunized with 1 x 10 infectious units (IU) of VRP-S in the
footpad and boosted with the same dose 4 weeks later. Mice were
afterwards transduced with 2.5 x 108 PFU of Ad5-hCD26 and then
infected with 1 x 10° PFU of MERS-CoV (EMC2012 strain). By day 1
post infection, the viral load in hCD26 transgenic mice decreased to
nearly undetectable levels (Zhao et al., 2014), indicating its efficacy
in the mouse model. However, further evaluation in NHPs is
required before human application.

3.3. DNA vaccines

DNA vaccines induce protection by injecting genetically engi-
neered DNA containing target antigen genes, and several DNA
vaccines have been approved for veterinary use (Redding and
Weiner, 2009). There are currently no DNA vaccines approved for
human use, but >100 products are under clinical trials targeting a
variety of diseases, including HIV, influenza, hepatitis B and C,
human papillomavirus (HPV), and cancer (Ferraro et al., 2011).

Wang et al. first reported the development of DNA vaccines by
inserting codon-optimized S (strain England1) coding sequences
into mammalian expression vector VRC8400, which has since been
used for HIV DNA vaccines and has been proven to be safe in mice
and NHPs (Barouch et al., 2005; Catanzaro et al., 2007). Although
three intramuscular immunizations at three-to-four week intervals
with plasmid DNA followed by electroporation stimulate MERS-S-
specific nAbs in mice and rhesus macaques, the immunogenicity
is not as efficient as the combination of the same plasmid DNA with
S1 protein (Wang et al., 2015). Both mice and NHPs develop higher
titer of nAbs when immunized with plasmid DNA twice within
three-to-four weeks followed by S1 protein mixed with adjuvant
than using either DNA vaccine or S1 protein alone. When chal-
lenged with approximately 3 x 108 PFU of MERS-CoV (Strain Jor-
danN3), NHPs immunized with S DNA/S1 protein experience a
lower peak volume of pulmonary disease than the S1 protein group
and clear pulmonary infiltrates more rapidly (Wang et al., 2015),
indicating that this strategy is a promising approach for MERS
vaccine development.

Another independent group has also developed DNA-based
MERS vaccines. To increase the immunogenicity, Muthumani
et al. optimized the expression of S (England/2/2013) in mamma-
lian expression plasmid pVax1 through codon and RNA optimiza-
tion, as well as the addition of a highly efficient immunoglobulin E
(IgE) signal peptide instead of the N-terminal methionine. By EP-
enhanced delivery three times at two-to-four-week intervals, the
optimized DNA vaccine induces potent cellular immunity and
antigen-specific nAbs in mice, macaques, and camels. Notably, in
NHPs, two doses (0.5 mg vs. 2 mg per immunization) were assessed
for immunogenicity, and both groups developed similar humoral
immunity after three immunizations. However, the high-dose
group produced more cellular immunity than the low-dose
group. Four weeks after the final immunization, 7 x 108 TCID5q of
MERS-CoV (EMC(C/2012) was applied to inoculate NHPs. Compared
to the control animals, both groups of vaccinated rhesus macaques
exhibited significantly lower viral loads. Interestingly, all four NHPs

immunized with lower doses of DNA vaccines failed to demonstrate
radiographic evidence of infiltration at any time point, whereas half
of animals vaccinated with higher doses showed evidence of minor
infiltration that resolved by day 5 after infection. Whether this
phenomenon is associated with the vaccine dose needs to be
ascertained before human usage. Moreover, when this vaccine was
used to immunize dromedaries, one of three animals failed to
develop robust nAbs, pointing to the need for further research
before veterinary use.

DNA vaccines have the characteristics of simplicity, versatility,
and the absence of pre-existing immunity against vectors and, thus,
can be used repeatedly, which has sparked extensive studies into
their development. However, an initial trial failed to efficiently
stimulate recipients’ immune responses and may in part be due to
insufficient exposure to the antigens (Ferraro et al., 2011). Wang
et al. and Muthumani et al. apply different strategies to solve this
problem. Combining these two strategies, DNA-subunit vaccine
regimens would stimulate more robust immunoreactions in re-
cipients, if possible, to the level to decrease times of vaccination,
which would save time, cost, and effort.

3.4. Subunit vaccines

MERS-CoV relies on the binding between its RBD region and the
hCD26 receptor to initiate infection, and blocking this interaction is
speculated to abolish virus entry. Therefore, the RBD is the main
immunogen for eliciting specific nAbs. The MERS-RBD has previ-
ously been shown to efficiently induce nAbs in mice and rabbits (Du
et al., 2013a, 2013b; Ma et al., 2014b; Mou et al., 2013). Following
subcutaneous vaccination with 10 pg/mouse of RBD-Fc in the
presence of an equal volume of MF59 and following two boost
doses with the same immunogen and adjuvants at three-week
intervals, mice develop systemic humoral and cellular immunity
against MERS-CoV. Ten days after the last immunization, mice were
transduced with Ad5-hCD26, and then intranasally challenged with
1 x 10° PFU of MERS-CoV (EMC-2012) 5 days later. No MERS-CoV
was detected in the lungs of immunized mice 3 and 5 dpi, while
high titers of the virus were found in control mice (Zhang et al.,
2015), indicating that MERS-CoV RBD is highly effective in pro-
tecting mice from MERS-CoV challenge. S1 vaccines have also been
tested in the immunization of mice and rhesus macaques, but they
are not as efficient as the combination of S DNA/S1 protein in
protection of NHPs from virus challenge (Wang et al., 2015).

Compared to other types of vaccines, subunit vaccines have
defined components and can be produced consistently. More
importantly, the vaccines are designed based on the knowledge of
viral pathogenesis and only contain synthetic immunogenic frag-
ments of a pathogen, which consequently avoids allergenic and/or
reactogenic sequences (Li et al., 2014). Considering the aforemen-
tioned features, subunit vaccines represent attractive vaccine can-
didates. However, compared to inactivated and live-attenuated
vaccines, protein-based subunit vaccines still exhibit a relatively
low immunogenicity (De Gregorio et al., 2013; Naz and Dabir, 2007;
Podda and Del Giudice, 2003), which may be improved by several
strategies, such as the addition of suitable adjuvant, increasing
vaccination times, and being combined with other types of vaccines.

4. Therapeutics targeting the S protein

To date, there are no licensed anti-MERS-CoV therapeutics.
However, several strategies are currently being investigated to
identify various specific antivirals targeting S, including MERS-
RBD-targeted nAbs to block viral attachment, peptide inhibitors
targeting S2 to prevent formation of the fusion core, and small
molecules without defined mechanisms.
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4.1. nAbs

A large number of humanized monoclonal antibodies (mAbs)
and human mAbs have been characterized and licensed against a
number of diseases (Carter, 2006; Dimitrov, 2012), but they are only
approved against respiratory syncytial virus (RSV) in terms of viral
infectious disease (Shadman and Wald, 2011). Experimental mAb
therapies have been developed against HIV-1, influenza, and Ebola
virus, and they are currently undergoing clinical trials (Bossart
et al,, 2009, 2011; Lingwood et al., 2012; Mascola and Haynes,
2013; Qiu et al., 2014; Zhu et al., 2006). Against SARS-CoV, conva-
lescent sera has so far been tested, in which most antibodies target
the RBD or S2 regions, thus constituting the most promising targets
for the design of mAb therapeutics. After the outbreak of MERS, the
International Severe Acute Respiratory and Emerging Infection
Consortium also recommended the use of convalescent sera for
MERS treatment. Thus, a vast effort has been devoted to identify
nAbs targeting S through a variety of strategies, such as mouse
hybridomas (Li et al., 2015; Wang et al., 2015), screening libraries
(Jiang et al., 2014; Tang et al., 2014), and isolation from humanized
mice (Pascal et al., 2015). Here, we only focus on those proven to be
efficient in vivo, as summarized in Table 2.

4.1.1. nAbs elicited in mice

In a recent study, two mouse-derived nAbs (4C2 and 2E6)
against MERS-CoV were generated from mice immunized with the
MERS-RBD (Li et al., 2015). Both nAbs specifically bind to the
immunogen with sub-micromolar binding affinity. A competition
assay revealed that the two nAbs likely recognize proximate or
overlapping epitopes and neutralize the virus by interfering with S
protein binding to hCD26. The 4C2 nAb was then humanized (4C2h)
to circumvent adverse effects associated with using mAbs of foreign
origin, such as serum sickness. Based on the structure of 4C2 bound
to the MERS-RBD (Li et al., 2015), only the paratope residues are
preserved, and the remaining amino acids are substituted with
counterparts from human immunoglobulins. The resulting 4C2h
exhibits similar binding affinity and neutralizing activity to the
parental mouse antibody, and thus, further in vivo evaluation was
performed.

For control Ad5-hCD26-transduced mice intranasally infected
with 1 x 10° PFU MERS-CoV (EMC/2012), the viral load plateaus at
~10° PFU/g tissue at 3 dpi and then decreases to ~10 PFU/g tissue at
5 dpi. Whereas either intravenous administration of 200 pg/mouse
4C2h one day before or after challenge efficiently decreases the
viral load in the lungs of transduced mice. In each case, the viral
load decreases by approximately two orders of magnitude to
~10%° PFU/g tissue at 3 dpi and to < 10% (which is below the limit of
detection) PFU/g tissue at 5 dpi, indicating the ability of prophylaxis
and therapy of this antibody against MERS-CoV infection.

4.1.2. Human antibodies generated in transgenic mice

Velolmmune mice are a type of transgenic mice that include
DNA encoding human Ig heavy and « light-chain variable regions
instead of the corresponding mouse DNA, while leaving the mouse
constant regions intact (Murphy et al., 2014; Valenzuela et al.,
2003). Antibodies generated in these mice are essentially indis-
tinguishable from naturally occurring human antibodies, and
hundreds of thousands of doses of Velolmmune-derived antibodies
have been safely administered to humans (Bruggemann et al., 2015;
DiGiandomenico and Sellman, 2015; Economides et al.,, 2013;
Murphy et al., 2014). Pascal et al. immunize Velolmmune mice
with DNA encoding MERS-S and recombinant purified MERS-RBD
(Pascal et al., 2015). Two fully humanized antibodies (REGN3051
and REGN3048) that bind to the MERS-RBD and block the inter-
action of S protein with hCD26, which potently neutralizes MERS-
CoV infectivity in vitro, were identified. Specifically, the two nAbs
do not cross-compete for binding on MERS-RBD and therefore may
potentially be used together as a cocktail to reduce the occurrence
of viral escape mutants.

The in vivo efficacy of the two mAbs was also assessed in a
transgenic mouse model generated by replacing the mouse CD26
coding sequence with the human counterpart (Pascal et al., 2015).
For prophylaxis tests, low to high doses of mAbs were intraperi-
toneally injected 24 h before intranasal infection with 1 x 10° PFU
of MERS-CoV. Both nAbs are able to significantly decrease MERS-
CoV-specific RNA levels in the lungs at 4 dpi by over two logs at
the 200 pg/mouse dose, compared to the isotype control antibody.
More strikingly, the 20-pg dose of REGN3051 reduces virus levels as
efficiently as the 200-ug dose, to near the level of detection in the
assay. In addition, REGN3051 also exhibits potential for disease
treatment. When the mAbs are administered 1 day after virus
challenge, virus titers in the lungs of the mice are significant abated,
with a greater than two log reduction at day 4 dpi, indicating pre-
and post-exposure efficacy of the human mAbs in vivo.

4.1.3. Human antibodies isolated through screening of phage-
displayed library

Aside from the nAbs generated from wild-type or transgenic
mice, human nAbs were also isolated by screening the phage-
displayed IgM Fab library (Ying et al., 2014). Using MERS-RBD as
the antigen, Ying et al. identified a panel of nAbs against MERS-CoV,
amongst which m336 showed the highest affinity to the antigen
and neutralized both pseudotyped and live MERS-CoV (50%
neutralization at 0.005 and 0.07 pg/ml m336, respectively). When
m336 (1 mg/kg or 10 mg/kg) were injected intravenously into New
Zealand white rabbits followed by intranasal infection with 1 x 10°
TCIDsg of MERS-CoV, complete protection was observed. In
contrast, rabbits injected with control antibodies developed pul-
monary disease characterized by mild perivascular and

Table 2
Properties of monoclonal antibodies against MERS-CoV.
Source Ab Binding affinity 1Cso (ng/ml) Efficacy Reference
(kd, nM) Pseudotyped virus Live virus
Mouse hybridoma  4C2 162 ~0.71 6.25 ND (Li et al., 2015)
2E6 60.3 ~0.29 1.56 ND
Humanized 4C2h 217 ~1.8 6.25 100% protection of Ad5-hCD26-transduced
mice against virus infection
Humanized mice REGN3051 0.0433 0.0098 0.069 100% protection hCD26 mice from virus (Pascal et al., 2015)
REGN3048 0.0485 0.011 0.027 infection
Phage-display (Fab) m336 427 0.005 0.07 100% survival in rabbits when administered (Houser et al., 2016; Ying et al., 2014)

before challenge; no protection observed
when given after challenge

Kd, the equilibrium dissociation constant; ICso, 50% inhibitory concentration.
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peribronchiolar inflammation, with viral titers peaking at about 3
dpi. Viral load was significantly reduced in rabbits administered
with m336 at both doses and through both routes (intravenous or
intranasal). In addition, evidence of inflammation or virus antigen
were not observed in rabbits administered with m336. Although
m336 completely protected rabbit against MERS-CoV in a prophy-
lactic setting, post-exposure treatment with this nAb did not lead to
a significant reduction in viral RNA titers (Houser et al., 2016).

4.1.4. Neutralizing mechanism

Although the mechanism of nAbs can be suggested by compe-
tition binding with the host receptor to the MERS-RBD, direct evi-
dence comes from the structures of nAbs binding to the ligand.
Several complex structures of nAbs bound to the MERS-RBD have
been solved, and recognized epitopes are well defined (Li et al.,
2015; Wang et al., 2015; Ying et al., 2015; Yu et al., 2015). Overall,
both the heavy-chain variable domain (Vy) and light-chain variable
domain (V) of the four nAbs are involved in the interaction, albeit
the Vys contribute 50—85% of the total binding surface. Recipro-
cally, the major elements in the MERS-RBD recognized by four nAbs
overlap and are focused on the inter-loop (the 13/B8 loop) con-
necting the n3 31g helix and the 8 strand, which is also involved in
hCD26 binding.

Further superimposition of the mAbs/MERS-RBD structure with
a previously reported structure of the hCD26/MERS-RBD complex
(PDB code: 4KR0) (Lu et al., 2013a) indicates that three mAbs (D12,
4C2, and MERS-27) and hCD26 converge almost perpendicularly to
recognize largely different surface patches on the viral ligand.
However, the m336 mAb uses similar angles of approach as the host
receptor to target the MERS-RBD (Fig. 3). The close proximity leads
to strong steric clashes in one hot spot on the ligand, which is
responsible for interaction with N229-linked carbohydrate moiety
in the receptor, indicating that the protein-carbohydrate interac-
tion might be important for hCD26 binding and the viral entry of
MERS-CoV. In support of this observation, all N229 residues of
CD26s from susceptible species are predicted to be glycosylated (Lu

et al., 2015). In addition, the binding affinity of mutated hCD26 to
the MERS-RBD is reduced by approximately 10-fold compared to
wild-type hCD26 (Yu et al., 2015).

Footprints of four mAbs and hCD26 in the MERS-RBD were also
compared by characterizing the interface residues located within
45 A distance from the bound antibody or receptor. Though
recognizing different surface patches in the viral ligand, two resi-
dues, W535 and E536, overlap in the five footprints. Hence, the four
mAbs may interfere with the MERS-RBD/hCD26 interaction by both
presenting strong steric hindrance and competing for the hCD26-
interface residues, thereby neutralizing MERS-CoV infection.

4.2. Peptide inhibitors targeting the HRs of S2

Based on the fusion mechanism of Class I fusion proteins, sol-
uble HR2 peptides display strong effective fusion-inhibiting po-
tential. T20, derived from the HIV-1 gp41 HR2 region, was approved
by the U.S. Food and Drug Administration as the first HIV fusion/
entry inhibitor for treatment of HIV infection two decades ago
(Jiang et al., 1993). Since then, many HR2-based viral fusion in-
hibitors against enveloped viruses with Class I membrane fusion
proteins have been developed (Blacklow et al., 1995; Lombardi
et al., 1996; Wang et al., 2003; Watanabe et al., 2000; Yu et al.,
2002).

Following the same notion, HR2-based peptides that could
potently inhibit MERS-CoV fusion and entry have been designed.
Initially, two peptides based on HR2 were synthesized, and their
inhibitory effects were tested in the pseudotyped virus system.
Peptide P1, corresponding to the full-length HR2, is a potent in-
hibitor against viral infection, but a truncated peptide P2 is not (Gao
et al., 2013). Similar correlations between the length of HR2 pep-
tides and antiviral activity are observed in other HR2 peptides of
Class I enveloped viruses (Jiang and Lin, 1995). The ECsq for inhi-
bition of MERS-CoV infection by P1 is calculated to be ~3 uM. Lu
et al. design a similar HR2-based peptide inhibitor (HR2P), with
ECs0 values ranging from 0.6 to 13.9 uM, depending on the cell line

MERS27

Fig. 3. Comparison of the MERS-RBD binding sites among different antibodies. Top panels (A—D) show the superimposition of the structures between the indicated antibody
(shown in ribbons) and the MERS-RBD (surface shown in cyan) with a previously reported structure of hCD26 (shown in green ribbons) bound to the MERS-RBD (Lu et al., 2013a).
Antibodies D12 (Wang et al, 2015), 4C2 (Li et al., 2015), MERS27 (Yu et al. 2015), and m336 (Ying et al., 2015) are marked in yellow, magenta, blue, and orange, respectively. Bottom
panels (E—H) indicate footprint overlaps in the MERS-RBD (surface shown in cyan) between the indicated antibody and hCD26. Residues recognized by the indicated antibody and
hCD26 are represented in the same manner as the top panels. The overlapped interface residues are highlighted in red, and the amino acid identities/positions are labeled.
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used for the assay. By introducing hydrophilic residues to increase
salt-bridge interactions, one HR2P mutant (HR2P-M2) shows sig-
nificant improvements in stability, solubility, and antiviral activity.
The inhibitory activity against MERS-S-mediated cell-cell fusion is
increased by approximately 69% (Lu et al., 2014). Further in vivo
studies demonstrate that intranasally administered HR2P-M2
effectively protect hCD26 transgenic mice from MERS-CoV infec-
tion, with a >1000-fold reduction of viral titers in the lungs, and
protection is enhanced by combining HR2P-M2 with interferon
(Channappanavar et al., 2015).

4.3. Small molecules targeting S

By using a pseudovirus bearing the full-length S protein of
MERS-CoV in inhibition assays, Zhao et al. assess several HIV entry
inhibitors for their activity on MERS-CoV entry, among which ADS-
J1 and 3-hydroxyphthalic anhydride-modified human serum al-
bumin (HP-HSA) show antiviral activity (Zhao et al., 2013). Both
compounds carry net negative charges and are predicted to interact
with the positively charged residues in the S protein on the MERS-
CoV virion, similar to those that inhibit HIV, SARS-CoV, and HPV
entry (Chu et al., 2008; Debnath et al., 1999; Li et al., 2013; Lu et al,,
2013b; Wang et al., 2009). The compounds also have a sub-
micromolar ICs9 and relative low cytotoxicity to the cells, but
their efficacy and cytotoxicity need to be further evaluated in vivo.

5. Animal models for MERS-CoV to test the efficacy of
vaccines and therapeutics

Development of suitable animal models for MERS-CoV is critical
for understanding pathogenesis and for preclinical testing of vac-
cines and therapeutics. Unfortunately, commonly used laboratory
animal species such as hamsters, mice, and ferrets are not sus-
ceptible to MERS-CoV (van Doremalen and Munster, 2015) because
of the variation in CD26 among species. NHPs were initially used as
animal models to test the efficacy of drugs, and subsequently,
transgenic mice with hCD26 have been generated, which is sum-
marized below.

5.1. Mice expressing hCD26

Although mice are not susceptible to MERS-CoV infection, three
mouse models have been developed. In the first, a modified
adenovirus expressing hCD26 is administrated intranasally to mice,
leading to human receptor expression in all cells of the lung,
including those negatively expressing mouse CD26 (Zhao et al,,
2014). After infection with MERS-CoV, the virus can be detected
in lungs but is cleared by days 6—8 in young mice and days 10—14 in
old mice. Moderate weight loss is only observed in old mice.
Further, virus clearance is delayed in several strains of immuno-
compromised mice compared to wild type mice. Infected mice
develop a pneumonia characterized by extensive inflammatory cell
infiltration, which may recapitulate the respiratory disease
observed in mild or moderate human cases but not the fatal cases
nor the occasionally occurring kidney disease. Accordingly, this
model can be difficult as an evaluative model for therapeutics.

In the second model, transgenic mice globally expressing hCD26
were generated by microinjection by two independent groups
(Agrawal et al., 2015; Zhao et al., 2015). When challenged with an
overwhelming dose of MERS-CoV, the transgenic mice generated
by Agrawal et al. develop severe pneumonia, leading to death in
4—6 days. Viral RNAs are detected in many organs, including the
heart, spleen, and intestine, but not in the liver or kidney. In
addition, infectious virus can be isolated from the lungs and brain
(Agrawal et al., 2015). However, when infected with lower doses of

virus, this mouse model exhibits early and persistent lung infection
and delayed occurrence of brain infection. Persistent inflammatory
infiltrates are seen in the lungs and brain, as well as focal infiltrates
in the liver, but pathology was not seen in other tissues. The effi-
ciency of the MERS-RBD-based subunit vaccine and peptide in-
hibitor HR2P-M6 was proven using this mouse model (Tao et al.,
2015). Similarly, transgenic mice developed by Zhao et al. also
exhibit high viral burdens and viral-positive neurons after infection
with MERS-CoV. Systemic inflammation with mild-to-severe
pneumonia accompanied by liver, kidney, and spleen injury are
also observed (Zhao et al., 2015).

In the third model, the mouse CD26 gene was replaced with the
human ortholog, which is expressed under the control of the mouse
regulatory elements (Pascal et al., 2015). Unlike the transgenic mice
expressing hCD26 in the whole body generated by Agrawal et al.,
the resulting mice designed by Pascal et al. preserve the proper
expression regulation and protein tissue distribution of hCD26.
When infected with MERS-CoV, transgenic mice resemble human
patients in that robust virus replication in the lungs is evident, and
interstitial pneumonia and significant lung disease are observed,
indicating the potency of this mouse model to study both the host
response to MERS-CoV and for the efficient testing of vaccines and
drugs. By utilizing this model, two nAbs showed exceptional po-
tency to inhibit pre- and post-exposed MERS-CoV infection.

5.2. NHPs

Two species of NHPs have been developed as MERS-CoV infec-
tion models: the rhesus macaque and common marmoset. MERS-
CoV-infected rhesus macaques develop mild-to-moderate clinical
signs within 24 h, including elevated body temperature, reduced
appetite, increased respiratory rate, cough, pilo-erection, and
hunched posture. Clinical signs are transient and last for a few days.
Radiographic changes show varying degrees of localized infiltration
and interstitial markings, but none of the animals reach a clinical
score requiring euthanasia (de Wit et al., 2013; Munster et al.,
2013). Similar symptoms in infected rhesus macaques have also
been observed by another independent group (Yao et al., 2014).
Using this animal model, Falzarano et al. evaluate the effectiveness
of combination treatment with IFN-a2b and ribavirin, which are
used to treat SARS patients (Stockman et al., 2006), and demon-
strate anti-MERS-CoV effects in vitro (Falzarano et al., 2013a).
Interestingly, the regimen reduces virus replication, moderates the
host response, and improves clinical outcomes for infected animals
(Falzarano et al., 2013b). This treatment strategy was further used
for treatment of MERS-CoV-positive patients, but patients with
multiple comorbidities who are diagnosed late in the course of
their illness may unfortunately not benefit from this strategy (Al-
Tawfiq et al., 2014).

The common marmoset model displays more severe clinical
disease than rhesus macaques in that initial viral loads in the lungs
are up to 1000 times higher than those in the rhesus macaque
lungs, and several marmosets developed severe disease and had to
be euthanized. Moreover, viral replication occurs both in the lower
respiratory tract, which is also seen in rhesus macaque, and is
detected in the blood and in nearly all tested tissues. This is asso-
ciated with liver and/or kidney failure, as indicated by changes in
blood chemistry. Taken together, these results suggest a more
systemic dissemination in all infected common marmosets
(Falzarano et al., 2014). Therefore, rhesus macaque appears to
model the mild-to-moderate transient MERS cases, whereas the
marmoset serves as a severe disease model. Both models provide
important insights into the MERS-CoV infection mechanism and
host immunity and are critical for antiviral therapeutics and vac-
cines evaluation.
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6. Concluding remarks

In conclusion, in spite of the efforts of many research groups,
there are yet no licensed vaccines or therapeutics against MERS-
CoV infection. Due to its susceptibility in the virus life cycle, vac-
cines targeting either full length or truncated S protein have been
developed, among which S DNA and S DNA/S1 protein candidates
show the most advanced progress to protect immunized mice and
NHPs from virus challenge and merit further development as
candidate vaccines against MERS-CoV for potential human appli-
cation. It is worth noting that aside from direct human protection
against virus infection, an effective dromedary vaccine is also
needed to stop ongoing camel-to-human transmission. Both MVA-
S and S DNA evoke nAbs in dromedaries. Regardless, although
MERS-CoV infected dromedaries may show no severe clinical
manifestations, they may carry MERS-CoV viral RNA in their nasal
excretions even in the presence of specific antibodies (Alagaili et al.,
2014; Hemida et al., 2014; Khalafalla et al., 2015). The MVA-MERS-S
vaccines developed by Haagmans et al. evoke a local mucosal im-
mune response in the nostrils and thus reduce virus excretion after
MERS-CoV infection in dromedaries, which may therefore be the
most promising candidate vaccine for dromedary application.

Therapeutics targeting S have also been developed. nAbs inhibit
viral entry mainly through blocking virus attachment. Among the
identified nAbs, two display efficacy in hCD26-expressing mice,
exhibit protection against pre- and post-challenge infection in
mice, and thus deserve further evaluation in NHPs models.
Although escape mutations might occur under the selection of
nAbs, usage of nAb cocktails that target different epitopes may
alleviate this problem. Moreover, a peptide inhibitor that was
designed based on the fusion core structure of S has fortunately
shown benefit during post-challenge infection, and its protection is
enhanced by combining with interferon B as assayed in Ad5-
hCD26-tranduced mice (Channappanavar et al., 2015), which also
merit further evaluation in NHPs. Although some small molecules
have shown anti-MERS-CoV potential in vitro, their in vivo efficacy
remains unclear.

To evaluate the efficacy of vaccines and therapeutics, appro-
priate animal models are needed. Among the developed animal
models, Ad5-hCD26-transduced mice are the most widely used due
to their low cost and ease of use. For further evaluation, the com-
mon marmoset appears to represent the most appropriate NHP
model, as they recapitulate the severe manifestations of MERS
patients.

Taken together, the current advancements in the development
of MERS-CoV vaccines and therapeutics targeting S have been
discussed in this review and have been shown to have important
implications for tackling future CoV outbreaks.
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