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The recent outbreak of Middle East respiratory syndrome (MERS) coronavirus (MERS-CoV) infection has
led to more than 800 laboratory-confirmed MERS cases with a high case fatality rate (~35%), posing a
serious threat to global public health and calling for the development of effective and safe therapeutic
and prophylactic strategies to treat and prevent MERS-CoV infection. Here we discuss the most recent
studies on the structure of the MERS-CoV spike protein and its role in virus binding and entry, and the
development of MERS-CoV entry/fusion inhibitors targeting the S1 subunit, particularly the receptor-
binding domain (RBD), and the S2 subunit, especially the HR1 region, of the MERS-CoV spike protein. We
then look ahead to future applications of these viral entry/fusion inhibitors, either alone or in combination
with specific and nonspecific MERS-CoV replication inhibitors, for the treatment and prevention of MERS-

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

On June 13, 2012, a 60-year-old Saudi man suffering with a
SARS-like disease characterized by fever, cough and shortness of
breath was admitted to a hospital in Jeddah; eleven days later,
he died from respiratory and kidney failure. Dr. Ali Moh Zaki, a
Saudi Arabia virologist, isolated a new coronavirus (nCoV) from
the patient’s specimens. It was later verified as a betacoronavirus,
named as hCoV-EMC (Zaki et al., 2012). In May of 2013, this
virus was renamed as “Middle East respiratory syndrome corona-
virus (MERS-CoV) by the International Committee on Taxonomy of
Viruses (ICTV) (de Groot et al., 2013). As of 23 July 2014, WHO had
been informed of 837 confirmed cases of Middle East respiratory
syndrome (MERS), including 291 deaths, a higher case fatality rate
(~35%) than SARS (~10%) (Drosten et al., 2003; Lu et al., 2013b;
WHO, 2014). The case numbers in Saudi Arabia spiked in April and
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May of 2014, with more than 25% of the reported cases being health
care workers (WHO, 2014), raising a concern about the pandemic
potential of MERS.

The major clinical manifestation of MERS-CoV is rapidly pro-
gressive acute pneumonia, which closely resembles SARS. In some
patients, other severe complications may occur, including acute
renal failure, diarrhea and abdominal pain, consumptive coag-
ulopathy, and pericarditis (Assiri et al., 2013). Most previously
reported patients have been adults, and the average age is around
47 (WHO, 2014). It should be noted that over three-quarters
of MERS-CoV cases have occurred in patients with comorbidi-
ties (Research Group, 2013). The most common comorbidities for
MERS-CoV cases include some chronic diseases, such as diabetes,
hypertension, obesity, cancer, and chronic kidney, heart, and lung
disease (Assiri et al., 2013). From the viewpoint of clinical mani-
festation and treatment options, these chronic diseases are likely
impact disease progression, but the biased correlation between
chronic disease and MERS-CoV infection is still unknown.

MERS-CoV is an enveloped virus with a positive-sense single-
stranded RNA genome belonging to lineage C betacoronaviruses
(Zaki et al., 2012). The genome contains 30 kb nucleotides and 10
plus open reading frames (ORFs), which encode the nonstructural
replicase polyprotein and structural proteins, including a number
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of enzyme proteins, S protein, E protein, M protein and N protein
(Zaki et al., 2012; van Boheemen et al., 2012). MERS-CoV is the
sixth human coronavirus known to infect humans. Phylogenetic
analysis demonstrated that MERS-CoV is more closely related to
the bat coronaviruses HKU4 and HKUS5 than it is to SARS-CoV (van
Boheemen et al., 2012; Lau et al., 2013; Woo et al., 2014), suggest-
ing that MERS-CoV originated from bats, which may serve as the
natural reservoir (Annan et al., 2013; Anthony et al., 2013). Indeed,
the coronaviruses isolated from bats in South Africa were found
to be genetically related to MERS-CoV and a coronavirus identified
in a bat from Saudi Arabia with 100% nucleotide identity to virus
from the human index case-patient (Memish et al., 2013; Milne-
Price et al., 2014). Therefore, the possibility of direct transmission
of MERS-CoV or MERS-CoV-like virus from bats to humans cannot
be excluded.

Dromedary camels in the Middle East and Africa are now
thought to be the intermediate hosts for transmission of MERS-CoV
from bats to humans because MERS-CoV-specific antibodies and
RNA fragments are widespread in camels from Saudi Arabia, Egypt,
Tunisia, Nigeria, and Kenya (Matsuyama et al., 2005; Hemida et al.,
2013; Lau et al., 2013; Reusken et al., 20133, 2013b; Barlan et al.,
2014). Human infection of MERS-CoV from the infected camels was
believed to occur through consumption of the animal’s meat or
milk. However, recent study suggests that MERS-CoV may also be
airborne, since the genetic fragments of MERS-CoV were detected
in an air sample from a barn that housed an infected camel (Azhar
et al., 2014). Although further investigations are required to con-
firm this claim, the results suggest that people working with camels
should take every precaution to stop the spread of MERS-CoV.
For example, face masks should be worn by persons who handle
camels, particularly those that appear sick.

The cellular receptor for MERS-CoV has been identified as dipep-
tidyl peptidase-4 (DPP4, also named CD26) (Raj et al., 2014). DPP4
is a type-Il transmembrane glycoprotein which is widely expressed
on nonciliated bronchial epithelium and the epithelial cells in kid-
ney, small intestine, liver, parotid gland, even in testis and prostate
(Lu et al., 2013a). The wide distribution is in good accordance with
the diversity of clinical manifestations. Our recent studies have
demonstrated that the bat coronavirus HKU4 could also use DPP4
for its entry into the target cell. However, HKU4 prefers to use bat
DPP4, while human MERS-CoV prefers to utilize human DPP4 as its
receptor. In the absence of exogenous proteases, both MERS-CoV
and HKU4 pseudoviruses can enter the DPP4-expressing bat cells,
while only MERS-CoV pseudovirus, but not HKU4 pseudovirus, is
able to enter human DPP4-expressing human cells (Yang et al,,
2014). As suggested by these findings, MERS-CoV, unlike HKU4, has
adapted to human DPP4 and human cellular proteases to gain entry
into host cells.

Like other coronaviruses, MERS-CoV enters the target cell
through two pathways, either endocytosis or plasma membrane
fusion, in a cathepsin L- and low pH-dependent or -independent
manner, respectively (Qian et al., 2013; Shirato et al., 2013). For
pH-dependent endocytosis, virus entry occurs after internalization
with fusion taking place in the acidic environment of endosomal
compartment (Belouzard et al., 2012). For pH-independent plasma
membrane fusion, the virus is able to fuse directly at the cell surface
after binding to the receptor, which is about 100- to 1000-fold more
efficient than pH-dependent endocytosis (Matsuyama et al., 2005;
Belouzard et al., 2012). After MERS-CoV S protein is cleaved by ser-
ine proteases during virus maturation, MERS-CoV enters the cell via
fusion between viral envelope and plasma membrane at neutral pH,
causing massive syncytia formation (Qian et al., 2013; Gierer et al.,
2013). MERS-CoV seems to enter cells mainly through the plasma
membrane fusion pathway since several MERS-CoV-infected cell
lines, such as Calu-3 (lower airway) and Huh-7 (liver) cells, form
syncytia (Chanetal,2013a; Luetal.,2014). MERS-CoV pseudovirus

treated with serine proteases, such as TMPRSS2, becomes fusion-
activated, suggesting that the plasma membrane fusion is mediated
by the cleaved S1 and S2 subunits (Qian et al., 2013; Gierer et al.,
2013).

The emergence of MERS-CoV as a cause of severe respiratory
disease highlights an urgent need for the development of effective
therapeutic and prophylactic agents for treatment and prevention
of MERS-CoV infection. Currently, no specific anti-MERS-CoV drug
is available. Some in vitro studies have shown that a nonspecific
antiviral drug, Ribavirin, a nucleoside analog, could inhibit MERS-
CoV replication (Chan et al., 2013b). Mycophenolic acid (MPA),
which is commonly used in clinics as an immunosuppressant drug
to prevent rejection in organ transplantation, is reported to be
effective against a number of viruses, including hepatitis E virus
(HEV) (Wang et al., 2014), HCV (Pan et al., 2012; Ye et al., 2012),
influenza virus HIN1 (Chan et al., 2013b), West Nile virus (Morrey
et al., 2002), Chikungunya virus (Khan et al., 2011), yellow fever
virus (Leyssen et al., 2005), and MERS-CoV in cell culture (Chan
et al., 2013b; Hart et al., 2014). Poly I:C, an immunostimulatory
double-stranded RNA analog, can induce antiviral responses in vitro
and in vivo (Leyssen et al., 2003; Kumar et al., 2006). Perlman and
colleagues have shown that treatment of mice expressing human
DPP4 with poly I:C before or after MERS-CoV challenge significantly
accelerated virus clearance (Zhao et al., 2014). Type I interferons
(IFNs), including IFN-B1b, IFN-B1a and IFN-a2b, were reported
to be effective in inhibiting MERS-CoV replication in in vitro cell
culture (Chan et al., 2013b). Recently, a number of compounds
with inhibitory activity at low micromolar levels on MERS-CoV
replication in cell cultures in vitro have been identified from the
FDA-approved drug libraries (Dyall et al., 2014; de Wilde et al.,
2014), but their mechanisms of action have not been well defined.

Entry inhibitors are a class of antiretroviral drugs that prevent
the virus from entering the cell (Baldwin et al.,2003; Liu et al., 2007;
Este and Telenti, 2007). As exemplified by the anti-HIV peptide T20
(enfuvirtide), entry inhibitors usually have good compatibility and
complementarity with other kinds of drugs in cocktail therapies
by increasing curative effect, while decreasing side effects (Lalezari
etal.,2003; Lazzarinetal.,2003). Hence, virus entry inhibitors could
serve as promising candidate drugs against MERS-CoV infection
with good prospects in clinical application.

In this review, we will summarize recent advances in studies
reporting on the structure and function of the MERS-CoV spike (S)
protein, leading to a better understanding of MERS-CoV entry and
fusion mechanisms. Following this, we will address the develop-
ment of MERS-CoV entry/fusion inhibitors targeting the S1 and
S2 subunits of the MERS-CoV spike protein, particularly focusing
on the viral fusion inhibitors interacting with the HR2 region in
the spike protein and their future application for treatment and
prevention of MERS.

2. Structure of the MERS-CoV S protein and its role in
MERS-CoV entry into the target cell

Similar to SARS-CoV, MERS-CoV spike (S) protein is also a type |
transmembrane glycoprotein which is located at the viral envelope
surface in a trimer state. MERS-CoV S protein contains 1353 amino
acids and can be cleaved into two subunits, S1 and S2 (Fig. 1). The S1
subunit is responsible for binding to the cellular receptor (DPP4),
and the S2 subunit mediates membrane fusion (Lu et al., 2013a; Raj
etal, 2013; Mou et al., 2013; Lu et al., 2014).

MERS-CoV S1 protein is located within the N-terminal 14-751
amino acids of S protein (Lu et al., 2013a; Chen et al., 2013; Wang
etal., 2013), containing the receptor binding domain (RBD) (Fig. 1).
Although the crystal structure of the DPP4/RBD complex had not
previously been solved, we used multiple sequence alignment with
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Fig. 1. Structure of MERS-CoV S protein. (A) The schematic representation of MERS-CoV S protein compared with SARS-CoV S protein. SP, signal peptide; FP, fusion peptide;
HR1, heptad repeat 1 domain; HR2, heptad repeat 2 domain; TM, transmembrane domain; CP, cytoplasmic domain. Residue numbers correspond to their positions in S
protein of MERS-CoV. (B) The S1 subunit containing the receptor binding domain, the target of mAbs which could block MERS-CoV by binding to its receptor, DPP4. The S2
subunit contains the HR1 domain, the target of fusion inhibitors.
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Fig. 2. The structure of MERS-CoV 6-HB. (A) The cartoon of the MERS-CoV fusion core structure, with HR1 colored in gray and HR2 colored in green, respectively. (B) The
helical wheel of HR1 and HR2. Most of the residues located at the “a” and “d” positions of the helical wheels are hydrophobic and more conserved than those in the “b”, “c”,
and “f” positions, which are hydrophilic. (C) The interaction between HR1 and HR2. Through the interaction of the residues located at the “a” and “d” positions (yellow), three
residues of HR1 form the internal trimer. The residues of HR1 located at the “e” and “g” positions (red) interact with residues of HR2 at the “a” and “d” positions (blue), finally

forming the 6-HB structure.
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SARS-CoV S1 subunit to predict that the RBD of MERS-CoV might be
located atresidues 377-662 (Du et al., 2013b). Later, three indepen-
dent groups did solve the crystal structure of DPP4/RBD complex
and determined that the RBD of MERS-CoV is located at residues
367-606(Luetal., 2013a; Chenetal.,2013; Wangetal.,2013). They
also showed that the core structure of MERS-CoV S protein RBD is
a five-stranded antiparallel 3-sheet with several short a-helices,
harboring three disulfide bonds that connect C383 to C407, C425
to C478, and C437 to C585, in order to stabilize the core structure
(Lu et al., 2013a). The RBD also contains 2 glycans (Lu et al., 2013a;
Chen et al., 2013; Wang et al., 2013). The receptor binding motif
in RBD domain binds to the side-surface of the DPP4 3-propeller
(Lu et al., 2013a). This interaction is very similar to the interaction
between adenosine deaminase (ADA) and DPP4 (Weihofen et al.,
2004). Therefore, ADA can compete with DPP4 for virus binding,
acting as a natural antagonist for MERS-CoV infection (Raj et al.,
2014). As an important domain to mediate the binding between
MERS-CoV and its receptor DPP4, RBD serves as a critical target for
the development of vaccines and therapeutics (Jiang et al., 2012;
Hotez et al., 2014). We and others have previously demonstrated
that the MERS-CoV RBD could induce significant neutralizing anti-
body responses in mice (Du et al., 2013a, 2013b; Ma et al., 2014,
Ying et al., 2014), providing a solid rationale for using the RBD as
an attractive target to develop MERS-CoV entry inhibitors, such
as soluble DPP4 (sDPP4) and RBD-specific neutralizing monoclonal
antibodies (mAbs). By multiple sequence alignment with SARS-CoV
S protein S2 subunit, we found that the S2 subunit of MERS-CoV
harbors an fusion peptide (FP, residues 943-982), an HR1 domain
(residues 984-1104), an HR2 domain (residues 1246-1295), a
transmembrane domain (residues 1296-1317) and an intracellu-
lar domain (residues1318-1353) (Fig. 1A). Like HIV-1 gp41 and
SARS-CoV S2 subunit, MERS-CoV S2 subunit is responsible for medi-
ating viral fusion with the target cell membrane. After MERS-CoV
S1 binding to DPP4, we hypothesize that the S2 subunit changes
its conformation by inserting its FP into the target cell membrane.
Its HR1 helices form a homotrimer with exposure of three highly
conserved hydrophobic grooves on the surface. Its HR2 molecules
then bind to the HR1 trimer to form a six-helix bundle (6-HB) core
structure, which brings the viral and cell membranes into close
proximity to facilitate fusion (Fig. 2A). Finally, the genetic materials
of MERS-CoV enter the host cell via the fusion pore for replication
in the cytoplasm (Lu et al., 2014). Alternatively, MERS-CoV can also
enter cells via endocytosis in a cathepsin L- and low pH-dependent
manner (Qian et al., 2013; Shirato et al., 2013).

Through further analysis, we have found that MERS-CoV uses
a fusogenic mechanism to enter the target cell, which is similar to
that of HIV or SARS-CoV to enter the target cell (Chan and Kim, 1998;
Liu et al., 2003, 2004, 2007; Yu et al., 2012). The residues at the “a”
and “d” positions in one of the HR1 helices interact with the residues
atthe “d” and “a” positions in the adjacent HR1 helices, respectively,
to form the internal HR1 trimer. Those located at “e” and “g” pos-
itions in the HR1 helices interact with the residues at “e” and “g”
positions in the HR2 helices to form 6-HB (Fig. 2B). The residues
at the “b”, “c”, and “f” positions in HR2 helices form a hydrophilic
face toward the solution to maintain the water-solubility of the
oligomeric bundles (Fig. 2C).

In the crystal structure of MERS-CoV 6-HB, a notable difference
in length is observed between the HR1 and HR2 helices (Fig. 2A).
The N- and C-terminal tails of the HR2 region pack in an orderly
manner against hydrophobic grooves of the HR1 trimer with sev-
eral hydrophobic interactions, mainly distributed at the N-terminal
portion and C-terminal portion of the HR2. One HR2 helix formed 11
hydrogen bonds to interact with its two neighboring HR1 domains.
These hydrogen bonds located at N-terminal or C-terminal portion
of the HR2 helix constitute two anchoring points, the N-Cap and C-
Cap conformation, further stabilizing 6-HB construction. Compared

with the 6-HB fusion core structure of SARS-CoV S protein (Liu et al.,
2004; Xu et al., 2004), the MERS-CoV S2 subunit contains stronger
hydrogen bonds, suggesting that the 6-HB of MERS-CoV S protein
is more stable than that of SARS-CoV S protein. For this reason, the
HR2 peptide derived from MERS-CoV S2 is expected to be more
effective against MERS-CoV fusion than the HR2 peptide derived
from SARS-CoV S2 against SARS-CoV fusion. These findings confirm
thatthe HR1 region in MERS-CoV S protein S2 subunitis a promising
target of HR2 peptides-based MERS-CoV fusion inhibitors.

3. MERS-CoV entry inhibitors targeting RBD in the S protein
$1 subunit

MERS-CoV infection is initiated by binding of the viral particle
via the RBD in S protein on viral surface with the cellular receptor
DPP4 on the cell surface (Raj et al., 2013). Targeting of the bind-
ing site between the RBD and the receptor could block the initial
step of virus entry and, thus, might provide superior pharmacolog-
ical action to suppress MERS-CoV infection. In this regard, sDPP4
could serve as an excellent blocker for the attachment and entry
of MERS-CoV to cells. Indeed, sDPP4 has been found to bind MERS-
CoV RBD with high affinity (Du et al., 2013b; Ying et al., 2014) and
prevent infection by a pseudotyped MERS-CoV with ICsy of about
10 pg/ml (Raj et al,, 2013) (Table 1). The addition of some pro-
tein fragments to sDPP4 or chemical modification of sDPP4 may
improve its antiviral activity and pharmacological properties.

Alternatively, anti-DPP4 antibodies could also block the inter-
action between cellular DPP4 and viral RBD, thus inhibiting
MERS-CoV infection (Ohnuma et al., 2013; Raj et al., 2013). How-
ever, it is impractical to apply this approach in vivo because DPP4
itself plays important roles in several distinct signaling pathways
and in the regulation of many peptides (Zhong et al., 2013). As
such, binding of the antibody to DPP4 on the cell surface may have
pleiotropic effects on the host. Furthermore, because about 6 pL.g/ml
of sDPP4 presents in serum (Ohnuma et al., 2013), a significant
amount of antibody will be neutralized by sDPP4 before the anti-
body can bind to cellular DPP4 for inhibition of virus binding and
infection. However, intranasal application of sDPP4 or anti-DPP4
antibodies for prevention of MERS-CoV is expected to circumvent
the problems mentioned above.

We have previously found that the MERS-CoV RBD could induce
significant neutralizing antibody responses in mice. This finding
resulted in the development of a neutralizing mouse monoclonal
antibody (mAb) which potently blocks MERS-CoV entry into human
cells (Du et al., 2014). The neutralizing mAb was generated by
immunizing mice with recombinant MERS-CoV S1 fused to a
C-terminal IgG1 Fc tag. Stable hybridoma cell lines were then
generated to screen positive clones. Subsequently, the selected
anti-MERS-CoV mAbs were tested for their inhibition of pseu-
dovirus entry mediated by MERS-CoV spike protein and for their
neutralizing activity against live MERS-CoV infection in DPP4-
expressing Vero E6 cells. The mAb Mersmab1, which had the most
potent anti-MERS-CoV activity, was selected. Mersmab1 was not
only highly effective in blocking the entry of MERS-CoV spike-
mediated pseudoviruses into DPP4-expressing Huh-7 cells, but also
potently neutralized live MERS-CoV infection of permissive Vero
E6 cells by inhibiting the formation of MERS-CoV-induced CPE. In
addition, Mersmab1 efficiently attenuated the formation of MERS-
CoV-induced CPE in permissive Calu-3 cells, confirming its potent
anti-MERS-CoV neutralizing activity (Table 1). To investigate the
mechanism of Mersmab1 in neutralizing MERS-CoV cell entry,
RBD/receptor-binding assays were performed in the presence of
Mersmabl. It was found that the binding between MERS-CoV RBD
and DPP4-expressing Huh-7 cells was blocked by Mersmab1 in a
dose-dependent manner, suggesting that Mersmab1 neutralizes
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Table 1

MERS-CoV entry inhibitors targeting different parts in spike proteins.
Inhibitors Property Target Assay IC50 (jg/ml) Reference
sDPP4 Protein RBD in S1 Pseudovirus ~10 Raj et al. (2014)
Mersmab1 IgG Mouse mAb RBD in S1 Pseudovirus ~0.10 Du et al. (2014)
Mersmabl1 IgG Mouse mAb RBD in S1 Live virus (CPE) ~1.20 Du et al. (2014)
m336 IgG Human mAb RBD in S1 Pseudovirus 0.005 Ying et al. (2014)
m336 IgG Human mAb RBD in S1 Live virus (CPE) 0.07 Ying et al. (2014)
MERS-4 IgG Human mAb RBD in S1 Pseudovirus 0.056 Jiang et al. (2014)
MERS-4 IgG Human mAb RBD in S1 Live virus (CPE) 0.50 Jiang et al. (2014)
3B11 scFvFc Human mAb RBD in S1 Live virus (CPE) 1.83 Tang et al. (2014)
3B11 IgG Human mAb RBD in S1 Live virus (CPE) 3.5 Tang et al. (2014)
HR2P Peptide HR1 in S2 Cell-cell fusion 3314 Luetal. (2014)
HR2P Peptide HR1in S2 Live virus (CPE) 2.485 Luetal. (2014)
HR2P-M2 Peptide HR1 in S2 Cell-cell fusion 2.278 Luetal. (2014)

MERS-CoV entry into host cells by blocking the binding of MERS-
CoV RBD to its host receptor, DPP4. We also found that Mersmab1
specifically bound to MERS-CoV S1-Fc and RBD-Fc, but not to MERS-
CoV S2-Fc or human Fc (hFc). Furthermore, Mersmab1 lost most of
its binding affinity for MERS-CoV S1 or RBD in the presence of DTT.
These results suggest that Mersmab1 specifically binds to MERS-
CoV RBD through recognizing conformational epitopes on the RBD.
Thus, Mersmab1 can be humanized to serve as a potent passive
immunotherapeutic agent for preventing and treating MERS-CoV
infections.

Recently, neutralizing human mAbs of MERS-CoV have also been
reported. Ying et al. constructed a very large phage-displayed anti-
body Fab library by using B cells from the blood of 40 healthy
donors (Ying et al., 2014). By screening this library against recom-
binant MERS-CoV RBD, a panel of 12 human mAbs was identified.
Three mAbs, m336, m337 and m338, which bound to the RBD
with picomolar affinity, were selected for further characterization.
Remarkably, all three RBD-specific mAbs exhibited exceptionally
potent neutralizing activity. The mAbs neutralized pseudotyped
MERS-CoV with 50% inhibitory concentration (ICsg), ranging from
0.005 to 0.017 pg/ml (Table 1). Particularly noteworthy, the most
potent mAb, m336, inhibited >90% MERS-CoV pseudovirus infec-
tion (ICgg) at a concentration of 0.039 pg/ml. Similarly, m336
showed the most potent live virus neutralizing activity, with an
IC5¢ of 0.07 g/ml (Table 1). The three mAbs competed with each
other for binding to the MERS-CoV RBD, and all the IgG1s potently
inhibited the binding of RBD to the sDPP4 receptor. Consistent with
the neutralization results, m336 IgG1 was slightly more potent
than either m337 or m338 in blocking the binding of RBD to the
receptor. The IC5¢s of m336, m337, and m338 were 0.034, 0.044,
and 0.041 pg/ml, respectively. These results suggest that the mAbs
neutralize MERS-CoV by competing with the host receptor DPP4
for binding to the virus and that they have overlapping epitopes.
To further localize the mAb epitopes, a panel of RBD alanine-
scanning mutants was developed, and some key residues on RBD
involved in the binding of mAbs were identified. Interestingly, the
three RBD-specific mAbs possess overlapping, but distinct, epi-
topes, suggesting the possibility of a synergistic effect by using
three mAbs in combination. Molecular modeling and docking of
these RBD-specific mAbs with the MERS-CoV RBD further con-
firmed the epitopes identified from RBD alanine-scanning mutants
and also indicated a possible dominant role of the heavy chain in
the mAb paratopes. The extensive overlapping between the mAb
epitopes and the receptor binding sites on RBD explains the excep-
tional neutralizing potency of these mAbs.

Two other groups also identified several potent human mAbs.
Jiang et al. used a nonimmune yeast-displayed scFv library to
screen against the recombinant MERS-CoV RBD, and identified
two potent RBD-specific neutralizing mAbs, MERS-4 and MERS-27

(Jiang et al., 2014). The most potent mAb, MERS-4, neutralized the
pseudotyped MERS-CoV with an ICsg of 0.056 p.g/ml and neutral-
ized live MERS-CoV with an ICs¢ of 0.5 pg/ml (Table 1). mAbs could
inhibit the binding of soluble RBD to DPP4-expressing susceptible
Huh?7 cells, suggesting that the neutralizing mechanism of MERS-4
and MERS-27 also occurred through the blocking of RBD binding to
cellular receptor DPP4. Epitope mapping by mutagenesis of the key
residues of RBD was also performed, and both MERS-4 and MERS-
27 were found to recognize different epitopes on RBD. Indeed, the
combination of MERS-4 and MERS-27 demonstrated a synergistic
neutralizing effect against pseudotyped MERS-CoV. Meanwhile,
Tang et al. also identified neutralizing mAbs from a nonimmune
phage-displayed scFv library (Tang et al.,, 2014). The panning
was performed by sequentially using MERS-CoV spike-containing
paramagnetic proteoliposomes and 293T cells which expressed
full-length S protein as antigens. A panel of 7 anti-S1 scFvs was
identified and expressed in both scFv-Fc and IgG1 formats. Epitope
mapping using different S1 fragments suggested that the epitopes
of all seven mAbs also lie within the RBD domain. The binding
competition assays indicated that the seven mAbs could recognize
at least three different epitopes on MERS-CoV RBD. The most
potent antibody, 3B11, neutralized MERS-CoV virus with an ICsq
of 1.83 pug/ml in scFv-Fc format and 3.50 pg/ml in IgG format
(Table 1). The antibodies could block DPP4 binding to MERS-CoV
RBD and inhibit the attachment of pseudovirus to DPP4-expressing
cells. DPP4 could also block the antibodies from RBD binding. These
results confirmed that the neutralizing mechanism also occurred
through the blocking of MERS-CoV RBD binding to cellular receptor
DPP4.

Monoclonal antibodies are enjoying significant clinical success
and have been used for the effective treatment of a number of dis-
eases, in particular, cancer and immune disorders. Although more
than 40 mAbs have been approved for clinical use, the human-
ized mAb palivizumab (Synagis) (Scott and Lamb, 1999) remains
the only mAb approved by the FDA for use against a viral dis-
ease. However, an increasing number of mAbs against emerging
viruses, including SARS-CoV and henipaviruses, as well as against
HIV-1 and other viruses, have been developed, and many of them
have exhibited high potency in vitro and in animal models of
infection (Casadevall et al., 2004; Prabakaran et al., 2009). Inter-
estingly, all the identified highly potent MERS-CoV mAbs targeting
the RBD domain of MERS-CoV S glycoprotein have most likely uti-
lized a competitive mechanism of virus neutralization, confirming
the RBD as a critical target for the development of MERS-CoV vac-
cines and therapeutics. The high neutralization activity of these
newly identified mAbs, especially m336, suggests that they show
exceptional promise for prophylaxis and therapy of MERS-CoV
infection in humans (Jiang et al., 2014; Tang et al., 2014; Ying et al.,
2014).
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Fig. 3. Design of S2-derived peptides (A) and determination of 6-HB formation between HR1P and HR2P-FITC by FN-PAGE (B), or by SE-HPLC (C). (A) The corresponding
areas of the HR1P and HR2P in the cartoon of MERS-CoV 6-HB. Residue numbers correspond to their positions in S protein of MERS-CoV. (B) The association of HR2P-FITC
and HR1P, as determined by N-PAGE. (C) The SE-HPLC profiles of HR1P, HR2P and their combination, HR1P/HR2P. The final concentration of peptides was 50 wM.

4. MERS-CoV entry inhibitors targeting HR1 in the S protein
S2 subunit

Two decades ago, we and others identified several highly potent
HIV-1 fusion inhibitors derived from the HIV-1 gp41 HR2 region
(Jiang et al., 1993; Wild et al., 1994). One of the HR2 peptides, T20,
was approved by the U.S. FDA as the first HIV fusion/entry inhibitor
for treatment of patients who failed to respond to the then current
antiretroviral drugs (Kilby and Eron, 2003; Lalezari et al., 2003;
Lazzarin et al,, 2003). Since then, a series of HR2-peptides with
increased anti-HIV activity or improved pharmacological proper-
ties or resistant profiles, such as SFT (Chong et al., 2014), T1249 (Qi
et al., 2008), T1144 (Pan et al., 2009) and CP32M (He et al., 2008),
have been identified.

The mechanisms of action of these HR2 peptides have been
well documented. Binding of gp120 to CD4 and then a corecep-
tor, CCR5 or CXCR4, triggers a series of conformation changes of
gp41, including the insertion of the fusion peptide (FP) into the tar-
get cell membrane, exposure of the pre-hairpin coiled coil of gp41
HR1 domain, and association of the viral HR2 domain with the HR1
trimer, resulting in the formation of the six-helical bundle (6-HB),
finally bringing the viral envelope and cell membrane into close
proximity for fusion. At the prefusion intermediate state, the syn-
thetic HR2 peptide added can also bind to the viral HR1-trimer and
form heterologous 6-HB to block virus-cell fusion (Liu et al., 2007).

Discovery of the HR2-based HIV fusion inhibitors has opened a
new avenue to identify and develop peptidic viral entry inhibitors
against enveloped viruses with class [ membrane fusion proteins,
such as Ebola virus, Nipahvirus, Hendravirus, and other paramyx-
oviruses, Newcastle disease virus, simian immunodeficiency virus
(SIV), feline immunodeficiency virus (FIV), and respiratory syn-
cytial virus (RSV) (Blacklow et al., 1995; Lombardi et al., 1996;
Watanabe et al., 2000; Yu et al., 2002; Wang et al., 2003).

Ten years ago, we designed a peptide derived from the SARS-
CoV S protein S2 subunit HR2 domain, named CP-1, and found that

it could interact with the peptide derived from the HR1 domain of
SARS-CoV S protein S2 subunit to form a stable 6-HB. CP-1 inhibited
SARS-CoV infection in Vero E6 cells with an IC5g of about 19 wM (Liu
et al., 2004). Later, several other groups also identified SARS-CoV
fusion inhibitory peptides from the HR2 region with anti-SARS-CoV
activity similar to that of CP-1 (Bosch et al., 2004; Yuan et al., 2004;
Zheng et al., 2005).

By sequence alignment analysis of both SARS-CoV and MERS-
CoV S protein S2 subunits, we predicted that the HR1 and HR2
domains of MERS-CoV S protein were located in regions over-
lapping residues 984-1104 and 1246-1295, respectively. The
crystal structure of a canonical 6-HB formed by the HR1 and HR2
domains was solved. We noticed that the helical region of residues
1004-1023 in the HR1 domain closely interacted with the helical
region of residues 1262-1280 in the HR2 domain (Fig. 2A) (Lu et al.,
2014). Based on structure information, we designed and synthe-
sized two peptides, HR1P (residues 998-1039, containing residues
1004-1023) and HR2P (residues 1251-1286, containing residues
1262-1280) (Fig. 3A).

To determine the ability of the designed HR1P and HR2P pep-
tides to form 6-HB, we first developed a fluorescence native
polyacrylamide gel electrophoresis (FN-PAGE), which was based
on the FN-PAGE we used to test 6-HB formation between the HIV-
1 gp41 HR1 and HR2 peptides (Chan and Kim, 1998; Liu et al., 2003,
2004, 2007). HR2P was labeled with FITC. XCell SureLock® Mini-
Cell (Invitrogen, Carlsbad, CA) was used for N-PAGE. Low molecular
weight (LMW) markers were obtained from Amersham Pharmacia
Biotech Inc. (Piscataway, NJ). Peptide HR1P at 40 M in PBS (con-
trol: PBS) was incubated with HR2P-FITC 40 .M in PBS (control:
PBS) at 37°C for 30 min. The sample was then mixed with Tris-
glycine native sample buffer (Invitrogen, Carlsbad, CA) at a ratio of
1:1 and loaded to a precast gel with 10 wells and 1.0 mm of thick-
ness (25wl each well). Gel electrophoresis was carried out with
125V constant voltage at room temperature for 2 h. Immediately
after electrophoresis, fluorescence bands in the gel were imaged
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Fig. 4. Images of MERS-CoV S protein-mediated cell-cell fusion. After 293T/MERS/EGFP cells were cocultured with Huh-7 cells at 37°C for 4 h, cell-cell fusion was photo-
graphed under fluorescence microscopy (upper left). At the same time, cell nuclei were stained by DAPI (upper right). The overlap picture (bottom left) shows the fusion cell
containing two or more nuclei. The bottom right is the image under visible light. The area encircled by the white dotted line is the fused cell.

by the FluorChem 8800 Imaging System using a transillumination
UV light source with excitation wavelength at 302 nm and a fluo-
rescence filter with emission wavelength at 520 nm (Fig. 3B, upper
panel). The gel was then stained with Coomassie blue to explore
the distribution of peptides (Fig. 3B, lower panel). Similar to N-
PAGE, proteins or peptides were kept in their natural state under
the condition of FN-PAGE, and their migration speed and direction
depended on either their molecular weight or net charge. Under
native electrophoresis condition, HR1P showed no band because
it carries net positive charges, thus migrating up and off the gel.
HR2P-FITC showed only one band at a lower position, while the
combination of HR1P and HR2P-FITC showed two bands: a lower
one with the same position of HR2P-FITC and a new upper band.
By increasing HR1P concentration, the intensity of the upper band
increased, while the intensity of the lower band decreased, sug-
gesting that the upper band was the complex formed by HR1P and
HR2P-FITC, while the lower band was the isolated HR2P-FITC.

We then used size-exclusion HPLC to assess the interaction
between MERS-CoV HR1P and HR2P, as previously described for
analyzing 6-HB formation between the HR1 and HR2 peptides of
HIV-1 gp41 (Chan and Kim, 1998; Liu et al., 2003, 2004, 2007; Yu
etal.,,2012). HR1P or HR2P alone exhibited a single peak at 13.5 ml,
while the combination of HR1P/HR2P showed a new peakat 11.5 ml
(Fig. 3C). This result confirms that HR1P and HR2P could interact
with each other to form an oligomeric complex.

We subsequently analyzed the complex using 15% SDS polyac-
rylamide protein gel without heating samples (Lu et al., 2014). Both
HR1P and HR2P alone showed bands at molecular weights of about
3~4kDa, while the HR1P/HR2P complex exhibited a band of about
26 kDa, corresponding to the predicted mass of the 6-HB formed by
HR1P and HR2P (25.8 kDa).

Finally, we used circular-dichroism (CD) spectroscopy to deter-
mine the secondary structures and assess the thermal stability of

HR1P/HR2P complex. The mixture of HR1P/HR2P in equimolar con-
centration showed a typical helical complex. The thermal stability
of the HR1P/HR2P complex of MERS-CoV S protein in phosphate
buffer (Tm: ~87°C) (Lu et al., 2014) was much higher than that of
complexes formed by the HR1 and HR2 peptides derived from the
HIV-1 gp41 and SARS-CoV S protein S2 subunit, respectively (Chan
and Kim, 1998; Liu et al., 2003, 2004, 2007).

By combining the above results from different biophysical and
biochemical experiments, we concluded that the peptides derived
from the HR1 and HR2 domains of MERS-CoV S protein S2 subunit
could interact with each other to form highly stable 6-HB, mim-
icking the viral fusion core structure formed by the entire HR1 and
HR2 domains of MERS-CoV S protein, as shown by crystallographic
analysis (Lu et al., 2014).

To develop a MERS-CoV S protein-mediated cell-cell fusion
model to test the membrane fusion inhibitory activity of the
HR1 and HR2 peptides, we used Huh-7 cells that express DPP4
on the membrane surface, as the target cells (Raj et al,, 2013),
and 293T cells that instantaneously co-express MERS-CoV S pro-
tein and EGFP (293T/MERS/EGFP), as the effector cells (Lu et al.,
2014). The 293T/MERS/EGFP cells were cocultured with Huh-7
cells at 37°C for 2 to 4h, using 293T cells expressing EGFP only
(293T/EGFP) as the control cells. Fusion between 293T/MERS/EGFP
and Huh-7 cells was visible under fluorescence microscopy. As
shown in Fig. 4, the fused cells showed larger size and weaker
fluorescence than unfused cells because the fluorescence in one
cell is diffused into two or more cells that fuse together. After
staining the cell nucleus with DAPI, we could clearly visualize
the presence of two or more nuclei in one fused cell with larger
size and weaker fluorescence. The unfused cells had only one
nucleus. This finding confirmed that MERS-CoV S protein was
able to mediate membrane fusion between effector and target
cells.
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Using this MERS-CoV S protein-mediated cell-cell fusion model,
we tested the inhibitory activity of HR1P and HR2P derived from
the HR1 and HR2 domains, respectively, of the MERS-CoV S pro-
tein S2 subunit. The result indicated that HR2P exhibited potent
inhibitory effect (ICso at 0.7-1.0 wM), while HR1P exhibited no
appreciable activity. The HR2 peptides derived from the HIV-1
gp41 (T20) and SARS-CoV S protein (SC-1) exhibited no inhibitory
activity on MERS-CoV S-mediated cell-cell fusion, suggesting that
the HR2 peptide derived from different enveloped viruses can-
not cross-inhibit viral fusion, even though these peptides have a
similar mechanism of action. HR2P also showed potent inhibitory
activity against pseudotyped and live MERS-CoV infection in DPP4-
expressing cells, such as Huh-7 and Vero cells (Table 1) (Lu et al.,
2014).

To improve the stability, solubility, and antiviral activity of
HR2P, we adapted a approach described by Otaka et al. who mod-
ified the HIV-1 gp41 HR2 peptides by introducing EK mutations
to form new intra-molecular salt-bridges (Otaka et al., 2002). We
designed and synthesized two HR2P mutants, HR2P-M1 with 2
point mutations (T1263E and L1267R) and HR2P-M2 with 7 point
mutations (T1263E, L1267K,S1268K, Q1270E, Q1271E, A1275K and
N1277E) (Lu et al., 2014) in order to increase the salt-bridges and
hydrophilicity of HR2P. We found that both HR2P-M1 and HR2P-
M2 exhibited increased peptide solubility by about 67-72-fold and
1692-1879-fold in water and around 11.4-11.8-fold and 9.2-1.3-
fold in PBS, respectively. Their inhibitory activity on MERS-CoV
S-mediated cell-cell fusion was also increased (Lu et al., 2014).
These results suggest that the antiviral activity and pharmacologi-
cal properties of HR2-derived peptides can be further improved by
using different approaches for optimization.

5. Conclusion and prospects

Like other enveloped viruses with class | membrane fusion pro-
teins (e.g., HIV and SARS-CoV), MERS-CoV also utilizes its spike
protein to enter into the target cells. The RBD in the S protein
S1 subunit is responsible for virus binding to the receptor on the
target cells, while the HR2 domain in the S protein S2 subunit is
responsible for mediating fusion between the viral envelope and
the target cell membrane for entry. As such, both may serve as
targets for the development of MERS-CoV entry/fusion inhibitors,
such as RBD-specific neutralizing mAbs and HR1-specific fusion
inhibitory peptides.

Based on our previous experience in developing peptidic fusion
inhibitors against HIV (Jiang et al., 1993; Wild et al., 1994) and
SARS-CoV (Liu et al., 2004), we have successfully identified sev-
eral specific MERS-CoV peptide fusion inhibitors, such as HR2P and
HR2P-M2 (Lu et al., 2014). Like the HIV fusion inhibitor T20 (enfu-
virutide), these peptides derived from the HR2 domain in S2 subunit
of MERS-CoV spike protein can specifically bind to the HR1 domain
in the S2 subunit of the viral MERS-CoV spike protein to form stable
6-HB and block viral fusion core formation, resulting in the inhibi-
tion of fusion between viral envelope and target cell membrane (Lu
et al., 2014). These peptides show exceptional promise for further
development as effective and safe therapeutic and prophylactic
agents for treatment and prevention of MERS.

The clinical application of HIV fusion inhibitors has several lim-
itations because of long-term repeated use, including serious local
injection reaction, induction of anti-peptide drug antibodies or
drug-resistant virus mutants. The peptide drugs against viruses
that cause acute, often fatal, infectious diseases, such as MERS-CoV,
are generally administered by injection for short periods of time,
making these limitations moot. Furthermore, MERS-CoV fusion
inhibitory peptide may also be intranasally used, avoiding local
injection reaction.

Previous studies have shown that the addition of a fatty acid
or cholesterol to the anti-HIV peptide drug T20 results in signifi-
cant increase of its antiviral activity (Wexler-Cohen and Shai, 2007;
Ingallinella et al., 2009; Lee et al., 2011; Ashkenazi et al., 2012).
Conjugation of PEG to a peptide drug is expected to have the fol-
lowing advantages: (1) prolonged half-life in vivo, (2) decreased
degradation by metabolic enzymes, and (3) reduction or elimi-
nation of protein immunogenicity (Veronese, 2001; Veronese and
Pasut, 2005; Pasut and Veronese, 2009). Therefore, the above strate-
gies can also be applied to modify the MERS-CoV fusion inhibitory
peptides to improve their antiviral potency and pharmacological
properties.

The RBD in S1 subunit and HR1 domain in S2 subunit can also
be used as targets for screening small-molecule MERS-CoV entry
inhibitors. The small molecules that bind to MERS-CoV RBD or
HR1 domain with reasonable affinity and specificity can be consid-
ered alternatives to mAbs or inhibitory peptides. The use of small
molecules could be advantageous under certain circumstances
because of their easier and less expensive production, compared to
biological molecules. Moreover, the high-resolution structures of
the RBD-DPP4 complex, as well as the six-helix bundle fusion core
of MERS-CoV spike protein S2 subunit, offer a significant opportu-
nity for the structure-based rational design of entry inhibitors that
target RBD or HR1 domain in the MERS-CoV spike protein.

Because of the long in vivo half-life and the superior stability
of mAbs, they can be further developed as immunotherapeutics
to both treat and prevent MERS-CoV infection. Although both
RBD-specific neutralizing mAbs and fusion inhibitory HR2 pep-
tides displayed high potency in inhibiting viral entry of MERS-CoV,
they target different steps of viral entry: viral attachment to the
receptor on the cell surface and viral fusion with the target cell
membranes, respectively. Therefore, it is reasonable to speculate
that the combination of neutralizing mAbs with HR2 peptides
may have synergistic effect against MERS-CoV infection. It is well
known that the combinatorial use of HIV reverse transcriptase (RT)
inhibitors and protease inhibitors, known as highly active anti-
retrovirus therapy (HAART) (Perelson et al., 1997; Louie et al., 2003;
Di et al., 2004) has shown significant synergism in inhibiting HIV-1
infection, reducing adverse effects and delaying the emergence of
drug resistance (Hogg et al., 1998), thus extending the lifespan of
millions of HIV/AIDS patients (Simon et al., 2006; Richman et al.,
2009).

One may question whether the use of HR2 peptides or RBD-
specific neutralizing antibodies in controlling MERS-CoV infections
may drive virus evolution, resulting in emergence of viral mutants
with resistance to the fusion inhibitors or neutralizing antibodies.
Unlike the long-term treatment of HIV infection and other chronic
infectious diseases, the short-term treatment of MERS, SARS, and
other acute infectious diseases may provide less opportunity and
time to allow the virus to make drug-resistance mutations. So far,
only one natural mutation at the position of 1020 in the HR1 domain
of MERS-CoV spike protein was found (Cotten et al., 2014). How-
ever, no report has shown that this mutation affects the sensitivity
of the mutant virus to MERS-CoV fusion inhibitors. The RBD in the
MERS-CoV spike protein is relatively conservative (Ying et al.,2014;
Cotten et al., 2014). The combinational use of an HR2 peptide and a
RBD-specific neutralizing antibody or a conjugate consisting of an
HR2 peptide and a RBD-binding molecule, like the bifunctional anti-
HIV protein 2DLT (Lu et al., 2012; Xu et al., 2014) are expected to be
effective against MERS-CoV with mutations in its spike protein HR1
domain or RBD, or to diminish the chance to induce drug-resistant
viral mutants.

Considering that MERS-CoV entry into the target cell may occur
through dual pathways, i.e., plasma membrane fusion and endocy-
tosis, it may be necessary to use both membrane fusion inhibitors
and endocytosis inhibitors in combination. Some clinically used
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drugs, such as chlorpromazine, were reported to function as
endocytosis inhibitors against SARS-CoV (Inoue et al., 2007) and
MERS-CoV (de Wilde et al., 2014). Falzarano et al. (2013) demon-
strated the efficacy of combining ribavirin and IFN-a2b to reduce
MERS-CoV replication in vitro. When this combination was given
to rhesus macaques within 8 hours of inoculation with MERS-CoV,
this treatment resulted in beneficial effects in reducing virus repli-
cation, lung injury and inflammation, improving clinical outcome.
Therefore, this approach should not be limited to the combination
of MERS-CoV entry inhibitors targeting different sites in spike
protein, but rather include the combination of MERS-CoV entry
inhibitors with the specific anti-MERS-CoV agents targeting other
steps of MERS-CoV replication, such as protease inhibitors. Further-
more, combining specific anti-MERS-CoV agents with nonspecific
MERS-CoV replication inhibitors identified from the FDA-approved
drug libraries (Dyall et al., 2014; de Wilde et al., 2014) may also
have synergistic effect. Overall, we anticipate that these endeavors
will lead to a highly effective therapeutic approach for treatment of
MERS patients and prevention of MERS-CoV infection in high-risk
populations, including healthcare workers and family members.
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