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REVIEW

MERS-CoV spike protein: a key target for antivirals
Lanying Dua, Yang Yangb, Yusen Zhouc, Lu Lud, Fang Lib and Shibo Jianga,d

aLaboratory of Viral Immunology, Lindsley F. Kimball Research Institute, New York Blood Center, New York, NY, USA; bDepartment of
Pharmacology, University of Minnesota Medical School, Minneapolis, MN, USA; cState Key Laboratory of Pathogen and Biosecurity, Beijing Institute
of Microbiology and Epidemiology, Beijing, China; dKey Laboratory of Medical Molecular Virology of Ministries of Education and Health, Shanghai
Medical College and Institute of Medical Microbiology, Fudan University, Shanghai, China

ABSTRACT
Introduction: The continual Middle East respiratory syndrome (MERS) threat highlights the importance
of developing effective antiviral therapeutics to prevent and treat MERS coronavirus (MERS-CoV)
infection. A surface spike (S) protein guides MERS-CoV entry into host cells by binding to cellular
receptor dipeptidyl peptidase-4 (DPP4), followed by fusion between virus and host cell membranes.
MERS-CoV S protein represents a key target for developing therapeutics to block viral entry and inhibit
membrane fusion.
Areas covered: This review illustrates MERS-CoV S protein’s structure and function, particularly S1
receptor-binding domain (RBD) and S2 heptad repeat 1 (HR1) as therapeutic targets, and summarizes
current advancement on developing anti-MERS-CoV therapeutics, focusing on neutralizing monoclonal
antibodies (mAbs) and antiviral peptides.
Expert opinion: No anti-MERS-CoV therapeutic is approved for human use. Several S-targeting neu-
tralizing mAbs and peptides have demonstrated efficacy against MERS-CoV infection, providing feasi-
bility for development. Generally, human neutralizing mAbs targeting RBD are more potent than those
targeting other regions of S protein. However, emergence of escape mutant viruses and mAb’s
limitations make it necessary for combining neutralizing mAbs recognizing different neutralizing
epitopes and engineering them with improved efficacy and reduced cost. Optimization of the peptide
sequences is expected to produce next-generation anti-MERS-CoV peptides with improved potency.
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1. Introduction

First identified in Saudi Arabia in June 2012, Middle East
respiratory syndrome (MERS) is caused by MERS coronavirus
(MERS-CoV) [1]. MERS is an acute respiratory disease and often
leads to pneumonia and renal failure, very similar to severe
acute respiratory syndrome (SARS), a worldwide epidemic in
2003 caused by another coronavirus, SARS-CoV [1–5]. Most
MERS cases have been found in countries of the Middle East,
including Saudi Arabia, Qatar, and the United Arab Emirates
[6–10]. However, a most recent MERS outbreak occurred in
South Korea, where 186 cases could all be traced back to a 68-
year-old South Korean man travelling from the Middle East
[11–15]. The MERS outbreak in South Korea demonstrated that
close contact with MERS-CoV-infected patients led to efficient
human-to-human transmission, mainly resulting from high
population density and insufficient healthcare system [15–
17]. Globally, MERS-CoV has caused at least 1,813 human
infections, including 645 deaths, as of 11 November 2016
(mortality rate ~36%), in 27 countries worldwide (http://
www.who.int/emergencies/mers-cov/en/). Development of
effective intervention strategies to curb the spread of MERS-
CoV is, therefore, urgently needed.

Like SARS-CoV, MERS-CoV is a zoonotic virus transmitted
from animals to humans [18–21]. Bats are the likely natural
reservoir of MERS-CoV, and two mutations appeared to play

critical roles in the eventual bat-to-human transmission of
MERS-CoV [22–28]. Dromedary camels are believed to be an
important reservoir host of MERS-CoV and they appear to be
the only animal host responsible for human infections [29]. It
is demonstrated that camels in the Middle East, as well as East
and North Africa, have high seropositive rates for MERS-CoV
[29,30]. In addition, MERS-CoV isolates from dromedaries and
humans show almost identical genetic and clinical character-
istics [19,20,31–34]. Furthermore, dromedary camels devel-
oped primarily upper respiratory tract infection upon MERS-
CoV inoculation and people become infected with MERS-CoV
after close contact with sick camels, providing evidence for
camel-to-camel and camel-to-human transmission of MERS-
CoV [19–21,33]. However, another report suggested that
camel-to-human transmission is rare [35].

MERS-CoV is a novel beta-coronavirus phylogenetically
related to bat coronaviruses HKU4 and HKU5, the two prototype
species in lineage C of the beta-coronavirus genus [2,36–38].
Unlike HKU4 and HKU5, MERS-CoV is the first human coronavirus
in the group C species of the genus beta-coronavirus, and the
sixth coronavirus to cause human infections [36,39]. Similar to
the genomes of other coronaviruses, the MERS-CoV genome is a
single, positive-stranded RNA encoding at least 10 open reading
frames (ORFs), nine of which are expressed from seven subge-
nomic mRNAs (sg mRNAs), which are then translated into four
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major viral structural proteins, including spike (S), envelope (E),
membrane (M), and nucleocapsid (N), as well as several accessory
proteins, such as 3, 4a, 4b, 5, and 8b with unknown origins and
functions. The ORF1a and ORF1b genomic RNAs at the 5ʹ-end are
translated into virus replication-related proteins and cleaved to
produce 16 functional nonstructural proteins (nsps) that are
related to viral RNA synthesis and recombination [39–41]. The
life cycle of MERS-CoV replication is described in Figure 1
[8,39,42–44]. Different from some other beta-coronaviruses, the
MERS-CoV genome does not encode a hemagglutinin-esterase
(HE) protein [1]. Genomic analysis of MERS-CoV implies a poten-
tial for occurring genetic recombination during a MERS-CoV out-
break [45].

Among encoded coronavirus proteins, the S protein is
responsible for receptor binding and subsequent viral entry
into host cells, and it is, therefore, a major therapeutic target
[44,46–48]. This review introduces the structure and function
of MERS-CoV S protein, illustrates different regions of this
protein as important therapeutic targets, and summarizes
the advancement of developing antiviral therapeutics target-
ing MERS-CoV S protein. It is anticipated for the readers to
gain a broad understanding of the crucial roles of MERS-CoV S
protein in antiviral development.

2. Structure and function of MERS-CoV S protein

The S protein mediates viral attachment to host cells and
virus-cell membrane fusion, thereby playing pivotal roles in
MERS-CoV infection. During the infection process, the S pro-
tein of MERS-CoV is cleaved into a receptor-binding subunit S1
and a membrane-fusion subunit S2 [48–51]. The functional
domains in MERS-CoV S protein and amino acid residues
covering respective regions are listed in Figure 2(a).

2.1. Structure and function of MERS-CoV S1 subunit

2.1.1. MERS-CoV S1-RBD-mediated receptor binding
Unlike SARS-CoV, which requires angiotensin-converting
enzyme 2 (ACE2) as its receptor for binding target cells,
MERS-CoV utilizes dipeptidyl peptidase 4 (DPP4, also known
as CD26) as its cellular receptor [53,54]. The MERS-CoV S1
subunit contains a receptor-binding domain (RBD) that binds
DPP4, mediating viral attachment to target cells [48,49,55,56].
MERS-CoV RBD may bind DPP4 from different hosts, including
humans, camels, ferrets, and bats, and the binding affinity is
different in the hosts carrying different DPP4s, determining
host species restriction and susceptibility of MERS-CoV
[28,57,58].

2.1.2. MERS-CoV RBD and RBD/DPP4 complex structures
Similar to SARS-CoV RBD, MERS-CoV RBD (residues 367–588) is
composed of a core subdomain and a receptor-binding motif
(RBM). Although the RBDs of MERS-CoV and SARS-CoV share a
high degree of structural similarity in their core subdomains,
their RBMs are quite different, which explains the different
receptors noted above [51,52]. The core subdomain contains
a five-stranded antiparallel β-sheet and several connecting
helices, which are stabilized by three disulfide bonds
[49,51,52]. The RBM consists of a four-stranded antiparallel β-
sheet being connected to the core via intervening loops
[49,52]. Two N-linked glycans (N410 and N487) are located in
the core and RBM, respectively (Figure 2(b)) [52]. In particular,
the RBM (residues 484–567) is responsible for interacting with
the extracellular β-propeller domain of DPP4 (Figure 2(c))
[49,51].

2.2. Structure and function of MERS-CoV S protein S2
subunit

2.2.1. MERS-CoV S2-mediated membrane fusion
mechanism
Similar to the S2 of other coronaviruses, such as SARS-CoV,
MERS-CoV S2 subunit is responsible for membrane fusion. In
this process, heptad repeat 1 (HR1) and 2 (HR2) regions of S2
play indispensable and complementary roles [50,59]. S2 med-
iates membrane fusion by undergoing dramatic conforma-
tional changes [44,50,59,60]. Prior to membrane fusion, the S
protein presents as a native trimeric structure on the viral
surface. During the membrane fusion process, S2 dissociates
from S1, and the two heptad repeat regions in S2, designated
HR1 and HR2, form a 6-helix bundle (6-HB) fusion core, expos-
ing a hydrophobic fusion peptide inserted into the host mem-
brane and bringing the viral and host membranes into
proximity for fusion (Figure 3(a)). Understanding of this fusion
core structure will guide rational design of MERS-CoV fusion
inhibitors and anti-MERS-CoV therapeutics specifically target-
ing S2.

2.2.2. MERS-CoV S2-based fusion core structure
The fusion core structure of MERS-CoV is similar to that of SARS-
CoV, but it is distinct from that of the other coronaviruses, such
as mouse hepatitis virus (MHV) and HCoV-NL63 [59,62–64].
X-ray crystallography has identified a stable 6-HB fusion core

Article highlights

● MERS-CoV binds dipeptidyl peptidase 4 (DPP4) via receptor-binding
domain (RBD) in spike (S) protein S1 subunit and then mediates virus
entry into target cells via S2 subunit. Therefore, S protein plays
pivotal roles in MERS-CoV infection and serves as an important
therapeutic target.

● Specific therapeutic targets in S protein include N-terminal domain
and RBD in S1, and heptad repeat 1 (HR1) and 2 (HR2) in S2. S1-RBD
and S2-HR1 are major targets for developing anti-MERS-CoV thera-
peutic monoclonal antibodies (mAbs) and peptidic fusion inhibitors,
respectively.

● RBD-targeting neutralizing mAbs block receptor binding at key resi-
dues, leading to inhibition of MERS-CoV infection. Several RBD-spe-
cific human neutralizing mAbs have demonstrated therapeutic
efficacy against MERS-CoV infection in Ad5/hDPP4 transduced, huma-
nized DPP4 (HuDPP4), or hDPP4-transgenic (hDPP4-Tg) mice, rabbits,
and rhesus monkeys.

● HR2-derived, HR1-targeting peptides inhibit MERS-CoV infection by
blocking HR1/HR2 to form 6-helix bundle structure, and prevent
MERS-CoV challenge in Ad5/hDPP4-transduced or hDPP4-Tg mice.

● There is a need to combine mAbs recognizing different neutralizing
epitopes to improve their efficacy against escape mutant MERS-CoV
strains, and engineer them with reduced cost and good tissue pene-
tration. It is feasible to optimize HR1-targeting peptides with
improved inhibitory efficacy, and combine them with neutralizing
mAbs to enhance anti-MERS-CoV therapeutic efficacy.

This box summarizes key points contained in the article.
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structure [59], which contains a parallel trimeric coiled coil of
three longer HR1 helices and three shorter HR2 chains sur-
rounding it in an oblique antiparallel manner [50,59]. The 6-
HB helices of MERS-CoV are formed by residues 987–1,062 in
the HR1 region and residues 1,263–1,279 in the HR2 region,
respectively. In addition, residues 1,283–1,285 in the S2 form a
one-turn 310 helix at the C-terminus of HR1-L6-HR2 fusion
protein. The interaction between HR1 and HR2 helices is pre-
dominantly hydrophobic, consisting of a number of hydrogen
bonds formed through key residues and mainly located around
the N- and C-terminal regions of the HR2 helices [59].

Based on the crystal structure of the 6-HB of MERS-CoV,
two peptides, designated HR1P and HR2P, which span resi-
dues 998–1,039 in HR1 and residues 1,251–1,286 in HR2
domains, respectively, were designed to investigate the inter-
action between HR1 and HR2 in the 6-HB and determine its
stability. Results showed that HR1P interacted with HR2P to
form a 6-HB and that HR1P/HR2P mixture at equimolar con-
centration constituted a helical complex with strong thermal
stability [59].

2.3. Structure and function of other regions of MERS-
CoV S protein

2.3.1. Protease-dependent activation of MERS-CoV S
protein
MERS-CoV S protein needs to be activated for entry into target
cells. Such activation can be directed by one or more of the
following proteases: TMPRSS2, endosomal cathepsins (B/L),
and proprotein convertases, depending on the host cell type
and tissues [65–67]. For example, both TMPRSS2 and cathe-
psin L may activate MERS-CoV S protein for viral entry in
naturally susceptible cells, such as Caco-2 [65]. In addition,
using bioinformatics and peptide cleavage assays, two clea-
vage sites were identified for furin protease at the S1/S2
boundary and within S2, respectively [68]. It is indicated that
MERS-CoV S protein was proteolyzed by furin during protein
biosynthesis for the S1/S2 cleavage site, and virus entry for the
S2 cleavage site, respectively. This two-step furin-mediated
protease cleavage of S protein suggests the importance of
furin activation in MERS-CoV fusion and infection.

Figure 1. Schematic diagram of MERS-CoV life cycle [8,39,42,43]. MERS-CoV binds to its cellular receptor DPP4 via the S protein and then enters target cells, followed
by fusion of the cell and virus membranes and release of the viral RNA genome into the cytoplasm. The open reading frame (ORF), 1a and 1b, in the viral genomic
RNA is translated into replicase polyproteins pp1a and pp1ab, respectively, and then potentially cleaved by papain-like protease (PLpro), 3 C-like cysteine protease
(3CLpro, main protease), and other viral proteinases into 16 nonstructural proteins (nsp1-16). A negative-strand genomic-length RNA is synthesized as the template
for replicating viral genomic RNA. Negative-strand subgenome-length mRNAs (sg mRNAs) are formed from the viral genome as discontinuous RNAs and used as the
template to transcribe sg mRNAs. Viral N protein is assembled with the genomic RNA in the cytoplasm. The synthesized S, M and E proteins are gathered in the
endoplasmic reticulum (ER) and transported to the ER-Golgi intermediate compartment (ERGIC) where they interact with the RNA-N complex and assemble into viral
particles. The viral particles are maturated in the Golgi body and then released from the cells.
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3. Targets in MERS-CoV S protein for development
of therapeutics

The structure and function of MERS-CoV S protein determine the
key role of this protein as an important target to develop
therapeutics against MERS. Specific targets in the S protein
include N-terminal domain (NTD), RBD and other regions in S1
subunit, and HR1 and HR2 in S2 subunit, as well as other targets
related to the function of MERS-CoV S protein. The therapeutic
agents currently developed based on these targets are charac-
terized as anti-MERS-CoV neutralizing mAbs, anti-DPP4 mAbs,
DPP4 antagonists, peptidic fusion inhibitors, protease inhibitors,
siRNA, and other molecules. The anti-MERS-CoV agents mainly
block receptor binding or membrane fusion, thus leading to the
inhibition of MERS-CoV infection. None of the anti-MERS-CoV
therapeutic agents are approved for human use. The S protein-
targeting anti-MERS-CoV therapeutic agents, including neutra-
lizing mAbs and peptides, are summarized in Tables 1–2.

3.1. MERS-CoV S1-NTD or S1 outside RBD as therapeutic
target

MERS-CoV S1-NTD and S1 outside the RBD may serve as
potential targets to develop therapeutic countermeasures
against MERS-CoV infection. A few neutralizing mAbs are
identified to target these regions [69,72]. For example, a
mouse mAb G2 that recognizes neutralizing epitopes in S1

outside the RBD may neutralize pseudotyped MERS-CoV infec-
tion [69]. In addition, human mAb LCA60, which recognizes a
neutralizing epitope at residue V33 of S1-NTD, can also neu-
tralize infection of pseudotyped MERS-CoV [72]. The neutraliz-
ing mAbs specific for S1-NTD or S1 outside the RBD could be
used to supplement RBD-specific mAbs to increase their anti-
MERS-CoV activity.

3.2. MERS-CoV RBD as therapeutic target

The RBD is a major target for anti-MERS-CoV therapeutics.
Most MERS-CoV neutralizing antibodies target the RBD, and
RBD-specific mAbs have more potent neutralizing activity than
those targeting the S1 region outside RBD or the S2 region
(Table 1), suggesting that MERS-CoV RBD could be served as a
main neutralizing target for developing antibody-based
therapeutics.

3.2.1. MERS-CoV RBD-targeting mouse neutralizing mAbs
Several mouse-derived, RBD-targeting MERS-CoV neutralizing
mAbs have been generated from hybridomas of mice immu-
nized with MERS-CoV S-encoding DNA and S1 or RBD proteins,
and most of them maintain MERS-CoV neutralizing ability by
blocking RBD-DPP4 receptor binding [69–71]. These mouse
neutralizing antibodies may inhibit DPP4 binding at, or near,
the key RBD residues D510, R511, W535, E536, D539, Y540,

Figure 2. Functional domains of MERS-CoV S protein and structural basis of MERS-CoV receptor binding [49,51,52]. (a) Schematic diagram of MERS-CoV S protein. S
contains S1 and S2 subunits. SP, signal peptide; RBD, receptor-binding domain; RBM, receptor-binding motif; FP, fusion peptide; HR1 and HR2, heptad repeat region
1 and 2; TM, transmembrane; CP, cytoplasmic tail. (b) Crystal structure of MERS-CoV RBD. Core structure is in purple, and RBM is in cyan (PDB ID: 4KQZ). The two
N-linked glycans are labeled in black. (c) Crystal structure of MERS-CoV RBD in complex with its receptor human hDPP4 (orange) (PDB ID: 4KR0). Contacting residues
in RBM are shown as yellow sticks and labeled in black. Full color available online.
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R542, and W553 (Figure 4(a), Table 1), and potently neutralize
infection of divergent pseudotyped or live MERS-CoV [69,71].

It is shown that Mersmab1, a conformation-dependent
neutralizing mAb, efficiently blocked MERS-CoV RBD binding
to its receptor DPP4 in soluble and cell-associated forms, and
that the binding epitopes were critical at residues D510, R511,
and W553 of RBD. Mersmab1 also inhibited S-mediated pseu-
dotyped MERS-CoV entry into hDPP4-expressing cells and
potently neutralized pseudotyped and live MERS-CoV infection
[70]. It is also revealed that mouse mAbs 4C2 and 2E6, which
neutralized MERS-CoV infection with high efficiency, interfered
with RBD/DPP4 interactions by competing with each other for
RBD binding [71]. In addition to their competitive effects,
mouse mAbs capable of recognizing various RBD neutralizing
epitopes may have synergistic effects on neutralizing MERS-
CoV infection. For example, F11 and D12 mAbs, which recog-
nize neutralizing epitopes at, or near, residues 509, or W535

and E536, respectively, the opposite sides of RBD, have differ-
ent profiles in neutralizing a panel of eight pseudotyped
MERS-CoVs- bearing S protein. While F11 was unable to neu-
tralize pseudotyped MERS-CoV expressing S protein of Bisha1
or England1 strain containing D509G mutation, D12 could
neutralize both pseudotyped MERS-CoVs irrespective of the
mutation [69]. Nevertheless, the protective and therapeutic
abilities of such mouse neutralizing mAbs, if not humanized,
have not been evaluated in appropriate animal models.

Notably, crystal structures of two mouse neutralizing mAbs,
4C2 and D12, and MERS-CoV RBD-binding complexes are avail-
able, in which neutralizing epitopes are identified in the RBD
that are critical for mAb binding [69,71] (Figure 4(a), Table 1).
The characterized RBD-mAb crystal structures and the identified
neutralizing epitopes will provide useful guidance for humaniz-
ing MERS-CoV mAbs, based on which to develop effective mAb-
based anti-MERS-CoV therapeutic agents.

Figure 3. Schematic diagrams of MERS-CoV S protein S2-mediated membrane fusion and MERS-CoV S-targeting mAbs and peptides [59,61]. (a) Schematic diagram
of MERS-CoV S2-mediated membrane fusion. The following major processes are involved in MERS-CoV membrane fusion. In receptor binding stage, S protein, which
exists as a trimer, binds to the cellular receptor DPP4 via S1-RBD. This binding triggers conformational changes of S protein, leading to dissociation of S1 from S2
with exposed HR1-trimer and HR2-trimer, thus entering intermediate (pre-hairpin) stage. In fusion (hairpin) stage, HR1 and HR2 helices associate with each other to
form a 6-helix bundle (6-HB) fusion core, and bring the membranes of virus and cell into close proximity for fusion. (b) Schematic diagram of mechanism of action of
MERS-CoV S1-RBD-targeting neutralizing mAbs and S2-HR1-targeting peptides. The RBD-specific antibody (IgG or Fab) binds to viral S1-RBD and interrupts the
binding between RBD and DPP4, thus blocking virus infection. HR1-targeting HR2 peptide (e.g. HR2P) binds to the HR1-trimer to form a heterologous 6-HB, thus
interferes with subsequent 6-HB fusion core formation and virus-cell membrane fusion, resulting in the inhibition of MERS-CoV infection.
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3.2.2. MERS-CoV RBD-targeting human neutralizing mAbs
Human neutralizing mAbs targeting MERS-CoV RBD have been
extensively studied. These mAbs can be generated using
screening of B cells derived from convalescent patients, non-
immune human antibody phage display libraries, or huma-
nized mouse mAbs [71–73,75–78]. By competing with MERS-
CoV RBD residues for hDPP4 binding, the RBD-targeting
human mAbs may efficiently block RBD binding to the DPP4
receptor and subsequent virus entry into target cells, thus
inhibiting MERS-CoV infection (Figure 3(b)). Several key resi-
dues critical for mAb binding, including F/L506, D510, T512,

W535, E536, D539, Y540, R542, W553, and E565, have been
identified in the RBD of MERS-CoV (Figure 4(b,c), Table 1).

LCA60 is the first human neutralizing mAb isolated from a
MERS-CoV-infected individual. In addition to binding MERS-
CoV S1-NTD, this mAb can also strongly bind RBD at residues
T489, K493, E565, and E536, and thus interfered with the
binding of RBD to viral cellular receptor DPP4, leading to
potent neutralization of infection of three MERS-CoV strains
isolated in 2012, including EMC2012, London1/2012, and
Jordan-N3/2012 [72]. Likewise, MERS-4 and MERS-27 mAbs
inhibited infection of pseudotyped and live MERS-CoV by

Table 1. Summary of MERS-CoV S protein-targeting neutralizing mAbsa.

MAb name
Target region
in S protein Antiviral mechanism In vivo protection

Crystal
structures
available Ref.

Mouse mAbs
G2 S1 outside

RBD
Has weaker binding affinity to S1; recognizes neutralizing epitopes in
S1 outside the RBD; potently neutralizes infection of pseudotyped
MERS-CoV (England1 and Bisha1 strains)

Not reported N/A [69]

Mersmab1 RBD Recognizes neutralizing epitopes at RBD residues D510, R511, and
W553; disrupts RBD-hDPP4 receptor binding; inhibits S-mediated
pseudotypted MERS-CoV entry; potently neutralizes infection of
pseudotyped and live MERS-CoV (EMC2012 strain)

Not reported No [70]

2E6
4C2

RBD Recognizes conformational epitopes at RBD residues Y397-N398,
K400, L495-K496, P525, V527-S532, W535-E536, and D539-Q544,
which overlap with hDPP4-binding sites at RBD residues W535,
E536, D539, Y540, and R542 (for 4C2); blocks RBD-hDPP4 receptor
binding and virus entry; neutralizes infection of pseudotyped and
live MERS-CoV (EMC2012)

Not reported No
Yes, RBD/
mAb-Fab
complex

[71]

F11
D12

RBD Recognizes neutralizing epitopes at RBD residues D509 (for F11),
W535 and E536 (for D12); disrupts RBD-hDPP4 receptor binding;
potently neutralizes infection of pseudotyped MERS-CoV
(England1 and/or Bisha1)

Not reported No
Yes, RBD/
mAb-Fab
complex

[69]

G4 S2 Recognizes neutralizing epitopes in S2; low neutralizing potency
against infection of pseudotyped MERS-CoV (England1 and Bisha1)

Not reported N/A [69]

Human mAbs
LCA60 S1-NTD & RBD Recognizes neutralizing epitopes at S1-NTD (residue V33) and RBD

(residues T489, K493, E536, and E565); interferes with RBD-hDPP4
receptor binding; potently neutralizes infection of 3 live MERS-CoV
strains (EMC2012, London1, and Jordan-N3)

Prophylactically and
therapeutically protects
Ad5/hDPP4-transduced
wild-type or IFNAR-KO mice
from challenge of MERS-
CoV (EMC2012 and
London1)

No [72]

MERS-4
MERS-27

RBD Recognizes neutralizing epitopes at RBD residues D455, E513, R542
(for MERS-4), W535 and D539 (for MERS-27); blocks RBD-hDPP4
receptor interactions; inhibits S-mediated pseudotyped MERS-CoV
entry; neutralizes pseudotyped and live MERS-CoV infection

Not reported No
Yes, RBD/
mAb-Fab
complex

[73,74]

REGN3051
REGN3048

RBD Blocks S-mediated pseudotyped MERS-CoV entry; neutralizes
infection of divergent strains of pseudotyped and live MERS-CoV
(EMC2012)

Protects HuDPP4 mice from
MERS-CoV challenge

No [75]

1E9
1F8 3A1 3B12
3B11
3B11-N 3C12
M14D3

RBD Recognizes at least 3 distinct neutralizing epitope groups (including
residues L506, T512, Y540, R542, P547); blocks RBD-hDPP4
receptor binding; inhibits S-expressing pseudotyped MERS-CoV
attaching to target cells; neutralizes pseudotyped and live MERS-
CoV infection with different potency

3B11-N therapeutically
protects rhesus monkeys
from MERS-CoV (Jordan-N3)
infection, reducing lung
pathology

No [76,77]

m336
m337
m338

RBD Recognizes neutralizing epitopes of RBD overlapping with the DPP4-
binding site, including residues F506, D510, W535, D539, Y540,
R542, W553 (for m336); strongly blocks RBD-hDPP4 receptor
binding; potently inhibits pseudotyped and live MERS-CoV
(EMC2012) infection

m336 protects hDPP4-Tg mice
and rabbits from MERS-CoV
infection

Yes, RBD/
mAb-Fab
complex
No
No

[61,78–80]

hMS-1 RBD Recognizes neutralizing epitopes at RBD residues 510, 511 and 553;
blocks RBD-hDPP4 receptor binding; neutralizes infection of
pseudotyped MERS-CoV expressing S protein of at least 8 strains
and live MERS-CoV (EMC2012)

Protects hDPP4-Tg mice from
lethal MERS-CoV (EMC2012)
infection

No [81]

4C2 h RBD Blocks RBD-hDPP4 receptor binding; neutralizes pseudotyped and
live MERS-CoV infection

Protects Ad5/hDPP4-
transduced mice from
MERS-CoV (EMC2012)
infection

No [71]

aN/A: not applicable. Fab: antigen-binding fragment of mAb; hDPP4: human dipeptidyl peptidase 4; hDPP4-Tg mice: human DPP4-transgenic mice; HuDPP4 mice:
humanized DPP4 mice; mAb: monoclonal antibody; MERS-CoV: Middle East respiratory syndrome coronavirus; RBD: receptor-binding domain; S1-NTD: S1 subunit
N-terminal domain.
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blocking RBD-DPP4 interaction at the cell surface and prevent-
ing S-DPP4-mediated syncytia formation [73]. By inhibiting
MERS-CoV entry into susceptible cells, REGN3048 and/or
REGN3051 mAbs efficiently neutralized infectivity of live
MERS-CoV EMC2102 strain and pseudoviruses expressing S
protein of different strains with mutations at A431P, S457G,
S460 F, A482 V, L506 F, D509G, and V534A, respectively, of the
RBD [75]. Similar to mouse neutralizing mAbs, some human
neutralizing mAbs, such as MERS-4 and MERS-27, also demon-
strate synergistic effects in preventing MERS-CoV infection
[73]. In such cases, mAbs can still neutralize naturally occurring
or escape mutant MERS-CoVs generated from different anti-
body epitope groups although they might not neutralize
those from the same epitope group [76].

Crystal structures of mAb-Fab/MERS-CoV RBD complexes are
available for two human neutralizing mAbs [61,74]. Analyses of
MERS-27-Fab/RBD complex revealed two critical residues at
W535 and D539 positions of RBD that are important for RBD
recognition by this mAb and binding with hDPP4 receptor
(Figure 4(b)). By disrupting protein–protein and protein–carbo-
hydrate interactions between RBD and hDPP4, MERS-27 effec-
tively inhibited S-mediated pseudotyped MERS-CoV entry and
infection [74]. Interestingly, as noted in the crystal structure of
m336-Fab/RBD complex, the epitopes of mAbm336 are mapped
to the RBD residues that overlap with the hDPP4-binding site
(Figure 4(c)) [61], indicating that hDPP4 and m336 recognize
identical RBD epitopes, thus explaining the potent neutralizing
activity conferred by this human neutralizing mAb.

Currently, several RBD-specific human neutralizing mAbs
have been evaluated for therapeutic effects in MERS-CoV-
infected animal models, including Ad5/hDPP4-transduced
mice, humanized DPP4 (HuDPP4) mice, and hDPP4-transgenic
(hDPP4-Tg) mice, as well as rabbits and rhesus monkeys,
demonstrating their protective ability against MERS-CoV infec-
tion [71,72,75,77,79–81]. For example, LCA60 mAb can prophy-
lactically and therapeutically protect Ad5/hDPP4-transduced
mice from infection of two MERS-CoV strains, EMC2012 and
London1. It also protected INF-α/β receptor-deficient (IFNAR-
KO) mice from challenge by these viruses [72]. In addition,
REGN3048 and REGN3051 mAbs blocked MERS-CoV infection
and disease in HuDPP4 mice, protecting them against virus
challenge [75]. Furthermore, it is recently shown that m336
mAb reduced viral RNAs in rabbits infected with MERS-CoV
post-treatment and protected hDPP4-Tg mice before and after
MERS-CoV infection [79,80], and that 3B11-N mAb reduced
lung pathology in rhesus monkeys infected with MERS-CoV
before treatment [77].

3.3. Receptor DPP4-based anti-MERS-CoV therapeutics

DPP4 is an identified receptor for MERS-CoV. DPP4-targeting
therapeutic agents, including antibodies specific to DPP4 and
DPP4 antagonist, can block the binding or interaction
between MERS-CoV RBD and DPP4, and thus inhibit MERS-
CoV infection (Table 2). Utilizing the aforementioned mechan-
isms, anti-DPP4 (CD26) antibodies 2F9, 1F7, and YS110 prevent

Table 2. Summary of MERS-CoV S protein-targeting peptides and other therapeutic agentsa.

Therapeutic
name Target region

Mechanism of inhibition of virus
infection In vivo protection

Crystal structures
available Ref.

Anti-DPP4 agents targeting RBD
Anti-DPP4 mAbs
2F9, 1F7,
YS110

RBD-binding
region in DPP4

Blocks RBD binding to hDPP4, thus
preventing virus entry into target
cells and inhibiting MERS-CoV
infection

Not reported N/A [82]

DPP4 antagonist RBD-binding
region in DPP4

Competes with RBD binding to
hDPP4, inhibiting MERS-CoV
infection

Not reported N/A [83]

Peptides targeting S2-HR1
HR2L
HR2P
HR2P-M1
HR2P-M2

S2-HR1 Blocks 6-HB formation; inhibits MERS-
CoV S-mediated cell-cell fusion at
lower micromolar; inhibits
pseudotyped and live MERS-CoV
infection

HR2P-M2 protects Ad5/hDPP4-
transduced mice and
hDPP4-Tg mice from
challenge of MERS-CoV
(EMC2012) with or without
mutations

Yes, HR1/HR2-6-HB
complex

[59,84,85]

P1 S2-HR1 Inhibits pseudotyped MERS-CoV
infection

Not reported Yes, HR1/HR2-6-HB
complex

[50]

Others affecting the function of MERS-CoV S protein
Cathepsin
inhibitors

Cathepsin Blocks MERS-CoV S-mediated cell
entry and virus-cell membrane
fusion

Not reported N/A [66,86]

TMPRSS2
inhibitors

TMPRSS2 Blocks MERS-CoV S-mediated cell
entry and virus-cell membrane
fusion

Not reported N/A [65]

Furin inhibitors Furin Blocks MERS-CoV S-mediated cell
entry and virus infection

Not reported N/A [68]

siRNA Furin Silences furin activity, thus decreasing
MERS-CoV S-mediated cell entry

Not reported N/A [68]

IFITM proteins S? Blocks MERS-CoV S-mediated cell
entry potentially through
mechanisms other than endosomal
cholesterol accumulation

Not reported N/A [87]

aN/A: not applicable. DPP4: dipeptidyl peptidase 4; hDPP4-Tg mice: human DPP4-transgenic mice; 6-HB: 6-helix bundle; HR1 and HR2: heptad repeat region 1 and 2;
MERS-CoV: Middle East respiratory syndrome coronavirus; RBD: receptor-binding domain; S: spike protein.
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MERS-CoV entry into susceptible cells, significantly blocking
virus infection. The epitopes of these anti-DPP4 mAbs appear
to be mapped to residue 358 or covering a region at residues
248–358 of S1 [82]. In addition, DPP4-binding protein adeno-
sine deaminase (ADA) competes with MERS-CoV RBD binding
to DPP4, especially at crucial residues Q286 and L294, deter-
mining its role as a naturally occurring antagonist of MERS-
CoV infection [83]. These identified anti-MERS-CoV agents can
be utilized as alternatives to neutralizing mAbs in preventing
MERS-CoV infection.

3.4. MERS-CoV HR1/HR2 in S2 as therapeutic target

Like SARS-CoV, the HR1 domain in S2 subunit of MERS-CoV S
protein is an important target for developing fusion inhibitors
against MERS-CoV (Table 2) [50,59,60,88]. As noted, peptides
derived from the S2 subunit HR2 domain exhibited good anti-
MERS-CoV activity, while those from the HR1 had low, to no,
inhibitory activity against MERS-CoV infection, possibly because
that the HR1 peptides cannot form a soluble and stable trimer,
but have tendency to aggregate in the physiological solution or
PBS [50,59,60,88]. Indeed, it is indicated that HR2-derived

peptide HR2P potently inhibited MERS-CoV replication and
S-mediated cell-cell fusion at 50% inhibitory concentration
(IC50) of ~0.6 and 0.8 µM, respectively, while HR1-derived pep-
tides, including HR1P, HR1L, and HR1M, had no inhibitory activ-
ity at all, even at high concentrations [59].

Further studies have demonstrated that antiviral activity of
HR2-derived peptides correlates with the peptide length, in
which longer sequences have better antiviral activity than
those with shorter sequences. This may be due to the fact
that longer HR2 peptides tend to form more stable 6-HB
coiled-coil structure with HR1 peptides [59]. For example, the
36-mer HR2P and 45-mer HR2L peptides maintained strong
inhibitory activity against MERS-CoV S-mediated cell-cell
fusion at IC50 of 0.8 and 0.5 µM, respectively, while a 19-mer
HR2S short peptide exhibited no anti-MERS-CoV activity [59].

Previous studies on HIV-1 have indicated that the stability,
solubility, and antiviral activity of anti-HIV peptides can be
improved by introducing charged residues to peptide C34 of
the gp41 HR2 [89]. Similarly, site-mutating residues, including
those forming intramolecular salt-bridges, were introduced
into the HR2P peptides without blocking interactions between
the HR1 and HR2 of MERS-CoV S2. It is shown that

Figure 4. Structural basis of MERS-CoV infection inhibited by RBD-specific neutralizing antibodies [61,69,71,74]. (a) Crystal structures of MERS-CoV RBD in complex
with mouse neutralizing mAb 4C2-Fab (PDB ID: 5DO2) or D12-Fab (PDB ID: 4ZPT). Crystal structures of RBD in complex with human neutralizing mAbs MERS-27-Fab
(PDB ID: 4ZS6) (b) and m336-Fab (PDB ID: 4XAK) (c). MERS-CoV RBD core structure is colored purple, and RBM is in cyan. The mAb-Fab light (L) and heavy (H) chains
are in red and green, respectively. VH, CH, VL, and CL indicate variable heavy, constant heavy, variable light, and constant light chains, respectively. Contacting
residues at the RBD-binding interface in Fab-VL and VH chains are shown as blue and magenta sticks, respectively, and those in RBM are shown as yellow sticks.
Contacting residues in the RBM involved in both human hDPP4-binding and Fab-binding are labeled in red, and the selected RBD residues at the Fab-binding
interface are in black. Full color available online.
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introduction of: (1) T1263E and L1267R mutations to HR2P-M1
peptide, and (2) T1263E, L1267K, S1268K, Q1270E, Q1271E,
A1275K, and N1277E mutations to HR2P-M2 peptide signifi-
cantly increased the peptides’ stability and water solubility
(69-fold for HR2P-M1 and 1,786-fold for HR2P-M2) and
enhanced their inhibitory activity on MERS-CoV S-mediated
cell-cell fusion (9% for HR2P-M1 and 41% for HR2P-M2) [59].
In particular, the HR2P-M2 peptide interacted with the HR1
peptide to form a stable α-helical complex, blocking 6-HB
formation between the HR1 and HR2 of MERS-CoV S2 and
subsequent membrane fusion (Figure 3(b)), thus potently inhi-
biting infection of S protein-expressing pseudotyped MERS-
CoV with or without mutation at residue Q1020 of HR1 [59].
These studies confirm the possibility to further improve the
stability, solubility, and antiviral potency of the HR2 peptide
HR2P-M2.

The in vivo protective efficacy of MERS-CoV HR1-targeting
peptide was evaluated in Ad5/hDPP4-transduced mice [90]
and hDPP4-Tg mice [91]. Intranasal (i.n.) administration of
HR2P-M2 peptide before viral challenge effectively protected
the challenged mice from infection of MERS-CoV with or with-
out HR1-Q1020 mutation, as evidenced by the reduced viral
loads in lung tissues [84], and the decreased mortality of mice
challenged with lethal dose of MERS-CoV [85,91]. Protection
could be enhanced by combining this peptide with interferon
β, a cytokine that potently inhibits MERS-CoV infection and
virus clearance, both before and after virus challenge [84].
These studies suggest that the HR2P-M2 peptide in a nasal
spray formulation could be applied to protect high-risk popu-
lations, such as family members of MERS patients, healthcare
workers, and others having close contact with MERS patients,
or in combination with other antiviral agents for treatment of
MERS patients [92,93].

3.5. Other targets related to function of MERS-CoV S
protein

As discussed above, the S protein of MERS-CoV must be
cleaved by some cellular proteases (e.g. TMPRSS2) into S1
and S2 subunits with the functions to bind the receptor and
mediate membrane fusion, respectively [65,66]. Therefore, the
related cellular proteases can serve as targets for developing
inhibitors of S protein-mediated viral fusion and entry into the
target cells (Table 2). Since endosomal cathepsins (B/L) and
transmembrane serine protease TMPRSS2 can activate MERS-
CoV S-mediated virus-cell entry and uptake, treatment of cells
with cathepsin (B/L) inhibitors, such as MDL28170 and teico-
planin, or TMPRSS2 inhibitor camostat mesylate can block
MERS-CoV entry into target cells [65,66,86]. It is demonstrated
that furin, a ubiquitously expressed protease, plays a key role
in protease-activated MERS-CoV S-based fusion. Thus, treat-
ment of MERS-CoV-permissive or DPP4-expressing cells with
furin inhibitor (dec-RVKR-CMK) inhibits MERS-CoV S-mediated
entry and virus infection in a dose-dependent manner [68].
Moreover, siRNA silencing of furin activity decreases MERS-
CoV S-mediated entry. Accordingly, blockage of furin cleavage
at the S cleavage sites significantly reduces virus infection.
Different from the proteases processing S protein at the
stage of virus uptake, proprotein convertases utilize S protein

as a substrate and their processing is dispensable for the
activation of S protein. Therefore, blockade of this protease
does not affect S protein-driven cell-cell and virus-cell fusion
and MERS-CoV infectivity, although it can reduce the proces-
sing of S protein in infected cells. It is therefore advisable that
host cell protease-targeting anti-MERS-CoV agents should be
focused on enzymes processing S protein in the virus uptake
stage [94].

Other regions of MERS-CoV S protein, if identified, can serve
as supplemental targets of anti-MERS-CoV therapeutics. For
instance, mouse mAb G4 is demonstrated to bind MERS-CoV
S2 subunit, neutralizing infection of pseudotyped MERS-CoV
bearing S protein with low neutralizing activity (Table 1) [69],
but its specific epitopes have not been clearly defined. Studies
have also found that interferon-induced transmembrane pro-
teins (IFITMs) may inhibit entry of S-mediated MERS-CoV into
IFITM-transduced 293T cells (Table 2). However, its inhibition
activity to MERS-CoV is less efficient than that observed in
other human coronaviruses, such as 229E-CoV and NL63-
CoV [87].

4. Conclusion

The continual increase of MERS cases, coupled with the con-
tinuous MERS outbreak resulting from zoonotic sources and
possible human-to-human transmission of MERS-CoV, high-
lights the importance of developing effective antiviral agents
to control MERS. As noted above, the structure and function of
MERS-CoV S protein in virus entry and virus-cell membrane
fusion effectively determine the crucial role of S protein as an
important therapeutic target. Indeed, a variety of neutralizing
mAbs and therapeutic agents has already been developed
based on the viral S protein, and most of them have demon-
strated protective efficacy against MERS-CoV infection,
although none is currently approved for application in
humans. The summary of available preclinical therapeutics
will guide further development of effective anti-MERS-CoV
therapeutic agents for human use.

5. Expert opinion

MERS-CoV S protein is a key target for developing therapeutics
against MERS-CoV infection. Since the emergence of MERS, a
number of S-targeting anti-MERS-CoV therapeutic agents,
including mouse and human neutralizing mAbs and anti-
MERS-CoV peptides, have been identified with in vitro efficacy
in cell culture and/or in vivo efficacy in animal models, provid-
ing feasibility for further development. In addition, the avail-
able crystal structures of mAb/RBD complexes and HR1/HR2 6-
HB complex will be applicable to elucidate the mechanisms of
action of S-targeting anti-MERS-CoV neutralizing mAbs and
peptides, thus being helpful for engineering new neutralizing
antibodies and designing novel peptides with improved pro-
tective efficacy against MERS-CoV infection.

Notwithstanding the high potency of mouse neutralizing
mAbs in in vitro testing, they, if not humanized, will not be
appropriate for direct use in humans due to the potential risks
of human-anti mouse antibody responses and other side
effects [95]. Nevertheless, the neutralizing epitopes identified
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from mouse neutralizing mAbs will guide the design of huma-
nized MERS-CoV mAbs and development of effective antiviral
therapeutics and vaccines against MERS-CoV. Remarkably,
human neutralizing mAbs have shown efficacy to protect
against MERS-CoV infection in several animal models, demon-
strating high potential for further development as effective
prophylactic and therapeutic agents for human use. Since
intravenous (i.v.) or intraperitoneal (i.p.) injection of MERS-
CoV S-RBD-targeting humanized and human neutralizing
mAbs conferred complete protection of animals from MERS-
CoV infection without causing side effects and pathology
[80,81], it is thus suggested that these routes can be selected
to deliver anti-MERS-CoV-S mAbs to MERS-CoV-infected
patients. Compared with human neutralizing mAbs targeting
other regions of MERS-CoV S protein, those targeting the RBD
are more potent, and could recognize key residues that are
responsible for DPP4 binding. It should be noted that change
of one or several of these critical residues in RBD may lead to
the generation of escape mutant virus strains, in which neu-
tralizing mAbs targeting the original residues in RBD will
reduce or lose neutralizing activity against the new strains.
This phenomenon has further elucidated the need for combi-
national application of two or more potent human neutraliz-
ing mAbs that target different neutralizing epitopes in RBD or
other functional regions in MERS-CoV S protein, or have dif-
ferent mechanisms of action, in order to improve their antiviral
activity against divergent virus strains, including those escape
mutant strains. Attention should also be paid to other chal-
lenges of developing therapeutic mAbs, such as poor tissue
penetration (resulting from large molecular size), high produc-
tion cost, and inadequate pharmacokinetics [96–98]. These
challenges will make it necessary to use antibody engineering
technologies to generate MERS-CoV S-targeting antibody frag-
ments with smaller molecule weight, reduced production cost,
and good tissue penetration, but maintaining sufficient pro-
tective efficacy.

Similar to anti-HIV peptides [89], the stability, solubility, and
antiviral activity of MERS-CoV S-specific peptides can be
improved by introducing intramolecular salt-bridges or
increasing peptide length. Therefore, further optimization of
the HR2-derived peptides is expected to produce next-genera-
tion anti-MERS-CoV peptides with improved inhibitory effi-
cacy. As an alternative and promising approach, combining
the HR1-targeting peptide inhibitors with the RBD-specific
neutralizing mAbs may result in synergistic antiviral effect
against divergent MERS-CoV strains, including those resistant
to S-targeting neutralizing mAbs and peptides.

In view of the key role of MERS-CoV S protein in virus
infection and the ability of this protein to serve as an impor-
tant target, it is expected that more effective and safer MERS-
CoV S-based antiviral therapeutics can be developed and
evaluated in appropriate animal models, moving them for-
ward to human clinical trials. Importantly, the strategies
applied to the development of anti-MERS-CoV therapeutics,
as detailed in this review, can be used for the development
of antiviral agents against future emerging pathogenic cor-
onaviruses and other life-threatening enveloped viruses with
class I membrane fusion proteins, such as Ebola and influenza
viruses.
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