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Abstract

The recent Middle East respiratory syndrome coronavirus (MERS-CoV) outbreak poses a serious threat to public health. Here, we summarize
recent advances in identifying human neutralizing monoclonal antibodies (mAbs) against MERS-CoV, describe their mechanisms of action, and

analyze their potential for treatment of MERS-CoV infections.
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1. Introduction

In September 2012, a novel human coronavirus, Middle
East respiratory syndrome (MERS) coronavirus (MERS-CoV),
was isolated from a Saudi Arabian patient suffering with a
SARS-like disease characterized by fever, cough and shortness
of breath. The patient later died of respiratory and renal failure
[1]. Most people diagnosed with MERS-CoV infection have
developed severe acute respiratory illness. As of November 7,
2014, 909 laboratory-confirmed cases of MERS-CoV infection
have been reported to the World Health Organization,
including at least 331 related deaths (http://www.who.int/csr/
don/07-november-2014-mers). The outbreak of MERS-CoV
poses a serious threat to global public health and highlights
an urgent need for the development of effective therapeutic
and prophylactic agents to treat and prevent MERS-CoV
infection [2,3].
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Therapeutic modalities based on monoclonal antibodies
(mAbs) have shown clinical success in the treatment of many
diseases [4—8]. The therapeutic potential of antibodies tar-
geting coronaviruses was well recognized during the SARS
outbreak [8—14]. In this review, we summarize the recent
progress in identifying human neutralizing mAbs against
MERS-CoV, describe their mechanisms of action, and analyze
their potential for the therapy and prophylaxis of MERS. We
also discuss future directions towards developing a strategy for
the rapid development of antibody-based antivirals to combat
emerging viruses and diseases in an outbreak setting.

2. From SARS to MERS: the threat of novel
coronaviruses

Coronaviruses are a large family of viruses that typically
infect the respiratory and gastrointestinal tract of mammals.
Based on observation under electron microscopy, they are
named for solar corona-like surface projections created by
viral spike (S) glycoproteins. The first two coronaviruses
infecting human, HCoV-229E and HCoV-OC43, were identi-
fied in the 1960s from the nasal cavities of patients presenting
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with the common cold [15—17]. They were found to cause
only mild to moderate upper respiratory tract illnesses [18,19];
as a result, coronaviruses were considered relatively harmless
to humans. However, during the winter of 2002—2003, clini-
cians recognized a new, deadly coronavirus strain able to
infect both the upper and lower respiratory tract and cause
severe acute respiratory syndrome (SARS) [20,21]. This
coronavirus, subsequently named SARS-CoV, rapidly spread
around the world and caused a worldwide outbreak with 8096
confirmed cases, including 774 deaths from 2002 to 2003
(http://www.who.int/csr/sars/country/table2004_04_21).

The SARS epidemic was contained in 2003, and no known
cases of SARS-CoV infection have been reported since 2004.
Two more human coronaviruses, NL63 and HKU1, were
discovered from 2004 to 2005 [22,23]. These coronaviruses,
like HCoV-229E and HCoV-OC43, are only common cold
viruses which circulate worldwide and generally cause rela-
tively mild respiratory symptoms [22—24]. However, the
threat of coronaviruses has not disappeared. In 2012, a novel
coronavirus, MERS-CoV, was identified, and its human
infection results in a higher mortality rate (~36%) than that of
SARS-CoV (~10%) [1]. Similar to SARS-CoV, MERS-CoV
can cause atypical pneumonia, acute respiratory distress syn-
drome, and, potentially, renal failure in infected individuals
[25]. MERS-CoV cases have been reported in more than
twenty countries, including Saudi Arabia, Qatar, Egypt, the
United Arab Emirates, France, the United Kingdom, and the
United States, and it has been shown to spread between people
who are in close contact [2,3].

Despite sharing several clinical and epidemiological fea-
tures in common with SARS-CoV, the two coronaviruses can
still be distinguished. MERS-CoV is a lineage C betacor-
onavirus, while SARS-CoV is a lineage B betacoronavirus [1].
MERS-CoV is phylogenetically distinct from any human
coronavirus, including SARS-CoV, but it is more related to the
bat coronaviruses HKU4 and HKUS5 [26,27]. Importantly,
MERS-CoV uses dipeptidyl peptidase-4 (DPP4, also named
CD26) as the receptor on the surface of human cells, while
SARS-CoV uses angiotensin-converting enzyme 2 (ACE2) as
the cellular receptor [28]. The differences in receptor binding
by MERS-CoV and SARS-CoV may be a reflection of their
ability and preference to infect cells. DPP4 is widely
expressed on nonciliated bronchial epithelium and the
epithelial cells in kidney, small intestine, liver, parotid gland,
and even testis and prostate [2]. Its wide distribution may
explain the diversity of clinical manifestations in MERS-CoV
infections.

The emergence of novel coronavirus MERS-CoV, which
comes only a decade after the appearance of the first highly
pathogenic coronavirus, SARS-CoV, suggests that coronavi-
ruses may represent a continuous and long-term threat to
human health. Both SARS-CoV and MERS-CoV are believed
to have originated from bats [29,30]. Since MERS-CoV-
specific antibodies and RNA fragments have been detected
in camels from Saudi Arabia, Egypt, Tunisia, Nigeria, and
Kenya, dromedary camels in the Middle East and Africa are
considered to be an intermediate transmitter of MERS-CoV

from bats to humans [31—34]. Importantly, Yang et al.
recently examined the cross-species transmissibility of bat
coronavirus HKU4, which is genetically related to MERS-
CoV, and found that HKU4 also uses DPP4 as the cellular
receptor, but prefers bat DPP4 over human DPP4, while
MERS-CoV prefers human DPP4 over bat DPP4 [35]. These
results suggest that MERS-CoV has adapted to human DPP4
to gain entry into host cells. Since bats are the natural host for
a wide range of coronaviruses, the risks posed by the cross-
species transmission of these zoonotic coronaviruses for
human infections must never be underestimated.

3. MAbs for treatment of viral infections

Although the emergence of highly pathogenic MERS-CoV
highlights an urgent need for potent therapeutic and prophy-
lactic agents, no approved antiviral treatments for any human
coronavirus infections are currently available. Recently,
tremendous efforts have been made in the search for an
effective anti-MERS-CoV agent, and a number of antiviral
agents have been identified. For example, some compounds
with inhibitory activities in the low micromolar range on
MERS-CoV replication in cell cultures have been identified
from the libraries of FDA-approved drugs [36,37]. Falzarano
et al. also reported that rhesus macaques treated with a
cocktail of IFN-a2b with ribavirin, a nucleoside analog,
exhibited reduced MERS-CoV replication and an improved
clinical outcome [38]. Interestingly, Lu et al. also found that
HR2P, a synthesized peptide derived from the HR2 domain of
MERS-CoV spike protein, could specifically bind to the HR1
domain of the viral spike protein and block viral fusion core
formation, resulting in the inhibition of MERS-CoV replica-
tion and its spike protein-mediated cell—cell fusion [39].
HR2P is being optimized to further improve its inhibitory
activity, and these HR2P analogs have the potential to be
further developed as effective viral fusion inhibitors for
treatment of MERS-CoV.

MADbs are enjoying significant clinical success, and they
have been used for the effective treatment of a number of
diseases, in particular, cancer and immune disorders [4—6].
Although Synagis (palivizumab), a humanized mAb against
respiratory syncytial virus, is still the only mAb approved by
the FDA for clinical use against a viral disease [40], a number
of antiviral mAbs have been developed in recent years, and
some are now in clinical development [41—45]. Recently, for
example, a human mAb, m102.4 [41], made history by being
the first mAb administered on a compassionate basis to
humans exposed to Hendra virus based on its efficacy in vitro
and in vivo [42,43]. More recently, ZMapp, a cocktail of three
mAbs, which showed promising results when administered to
rhesus monkeys infected with Ebola virus [46], has been
administered to several Ebola patients. Broadly protective
antibodies against HIV-1, or influenza A viruses, are also being
tested in clinical trials [44.,45].

During the SARS outbreak, neutralizing antibodies were
detected in SARS patients, as well as animals infected with the
virus [47—49]. The antibodies also protected uninfected
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animals from SARS-CoV infection. Specifically, passive
transfer of immune serum to naive mice prevented virus
replication in the lower respiratory tract following intranasal
virus challenge [50]. Thus, a vast effort has been devoted to
developing mAbs that can neutralize the virus and have the
potential for treatment and prevention of SARS-CoV infection
[9—11,13,14]. The generation and mechanism of neutraliza-
tion of these mAbs have been thoroughly reviewed elsewhere
[8]. In general, neutralizing antibodies against SARS-CoV can
be isolated from the memory B-cell repertoire of patients who
have recovered from SARS-CoV infection, generated from
transgenic mice with human immunoglobulin genes immu-
nized with recombinant SARS-CoV S glycoprotein, or iden-
tified from non-immune human antibody libraries constructed
from the B lymphocytes of healthy donors. The prophylactic
and therapeutic efficacies of these human mAbs have been
demonstrated in mice or ferret models of SARS-CoV infection
[10,13,14]. Most of the neutralizing antibodies target the re-
ceptor binding domain (RBD) of the SARS-CoV S glyco-
protein, suggesting a possible mechanism of neutralization by
preventing virus attachment to its receptor. Some antibodies
recognize epitopes on the S2 domain of S glycoprotein, sug-
gesting that other mechanisms could also be involved in the
inhibition of SARS-CoV infection, including steric hindrance
that indirectly prevents virus attachment, or antibody Fc-
mediated effector functions, for example, antibody-
dependent cellular cytotoxicity (ADCC).

4. Human mAbs against MERS-CoV: development and
efficacy evaluation

Since the SARS epidemic was contained in July 2003, the
clinical development of the above-mentioned antibodies tar-
geting SARS-CoV has not been pursued. Fortunately, a wealth
of knowledge has been accumulated through the experience of
managing the SARS outbreak, and the therapeutic potential of
coronavirus-targeting antibodies has been well recognized.
When the novel coronavirus MERS-CoV emerged in Saudi
Arabia in 2012, this body of knowledge allowed the devel-
opment of an effective response to the threat of MERS at an
unprecedented pace.

First, it has been found that the RBD of MERS-CoV S1
glycoprotein is capable of inducing significant neutralizing
antibody responses in mice [51—53]. Thus, neutralizing mouse
mAbs could be developed to block MERS-CoV entry into
human cells. For example, Du et al. generated some neutral-
izing mAbs by immunizing mice with recombinant MERS-
CoV S1 fused to IgGl Fc [53]. Anti-MERS-CoV mAbs
were identified by screening positive clones from hybridoma
cell lines and testing their inhibition of MERS-CoV pseudo-
virus entry mediated by S protein, as well as neutralization
against live MERS-CoV infection, in DPP4-expressing Vero
E6 cells. Mersmabl, the most potent anti-MERS-CoV mAb,
was selected on the basis of its efficacy in blocking the entry
of MERS-CoV pseudoviruses into DPP4-expressing Huh-7
cells and inhibiting the formation of MERS-CoV-induced
CPE during MERS-CoV infection of permissive Vero E6

cells and Calu-3 cells. Thus, mouse mAbs, such as Mersmabl,
can be humanized for development as potent therapeutic and
prophylactic agents against MERS-CoV infections.

In April 2014, three studies conducted by separate labora-
tories around the world reported the development of fully
human neutralizing mAbs against MERS-CoV [54—56]. It is
noteworthy that all these mAbs target the RBD of the MERS-
CoV S1 glycoprotein and that they were all identified from
non-immune human antibody libraries. Specifically, among
these antibodies, three highly potent mAbs (m336, m337,
m338) were identified from a very large phage-displayed
antibody Fab library that we recently generated by using B
cells from the blood of 40 healthy donors [54]. This library
was panned against recombinant MERS-CoV RBD to enrich
for high affinity binders. The three identified mAbs, all derived
from the VH gene 1—69, which has been the source of many
other antiviral antibodies, exhibited exceptionally potent ac-
tivity and neutralized pseudotyped MERS-CoV with 50%
inhibitory concentration (ICsg), ranging from 0.005 to
0.017 pg/ml. Notably, the most potent mAb, m336, inhibited
>90% MERS-CoV pseudovirus infection (IC9g) in DPP4-
expressing Huh-7 cells at a concentration of 0.039 pg/ml.
Similarly, m336 showed the most potent live MERS-CoV
neutralizing activity in inhibiting the formation of MERS-
CoV-induced CPE during live MERS-CoV infection of
permissive Vero E6 cells, with an ICsy of 0.07 pg/ml. Jiang
et al. also identified two potent RBD-specific neutralizing
mAbs, MERS-4 and MERS-27, by using a non-immune yeast-
displayed scFv library to screen against the recombinant
MERS-CoV RBD [55]. The most potent mAb, MERS-4,
neutralized the pseudotyped MERS-CoV infection in DPP4-
expressing Huh-7 cells with an ICsq of 0.056 pg/ml and
inhibited the formation of MERS-CoV-induced CPE during
live MERS-CoV infection of permissive Vero E6 cells with an
ICsp of 0.5 pg/ml. Tang et al. also identified neutralizing mAbs
by using a non-immune phage-displayed scFv library [56].
The panning was performed by sequentially using MERS-CoV
spike-containing paramagnetic proteoliposomes and MERS-
CoV S glycoprotein-expressing 293T cells as antigens. A
panel of 7 anti-S1 scFvs was identified and expressed in both
scFv-Fc and IgGl formats, and their neutralizing activity
against pseudotyped MERS-CoV in DPP4-expressing 293T
cells, as well as live MERS-CoV infection in Vero cells, was
measured. The most potent antibody, 3B11, neutralized live
MERS-CoV in the plaque reduction neutralization tests with
an ICsg of 1.83 pg/ml and 3.50 pg/ml in the scFv-Fc and IgG
format, respectively.

Although all the above-mentioned human mAbs exhibited
potent neutralizing activity against MERS-CoV infection
in vitro, the evaluation of their efficacy in animal models of
infection is still necessary before any of them can be further
developed as therapeutic or prophylactic agents. However,
unlike SARS-CoV, which can effectively infect and replicate
in several cell types in human and animals, including mice and
rhesus macaques, MERS-CoV cannot infect small laboratory
animals, e.g., mice, hamsters or ferrets, while only causing
mild to moderate symptoms in rhesus macaques, thus
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effectively stalling further research efforts [57—59]. Variations
in DPP4 among animal species are considered to determine
susceptibility to MERS-CoV infection [59]. Thus, Zhao et al.
developed a mouse model for MERS by using an adenovirus
expressing the human DPP4 to sensitize mice for infection
[60]. With prior transduction of adenoviral human DPP4-
expressing vectors, mice became more susceptible to MERS-
CoV infection. This method could be used for rapid evalua-
tion of an anti-MERS vaccine and an antiviral therapy. How-
ever, whether the infected mice treated by this inhaled-
adenovirus method underwent the same disease progression
and immune response as typically observed in human remains
unknown. A better model could be a transgenic mouse model
with the human DPP4 gene integrated into the genome.
Recently, Falzarano et al. found that MERS-CoV infection in
marmosets closely mimics the severe pneumonia experienced
by people infected with MERS-CoV [59]. Most of the animals
infected with MERS-CoV developed a progressive severe
pneumonia leading to euthanasia of some animals. Extensive
lesions were evident, and high viral loads were detected in the
lungs of all marmosets. Marmoset DPP4 has an amino acid
sequence identical to that of human DPP4 in the MERS-CoV
S glycoprotein binding region, resulting in the observed sus-
ceptibility to MERS-CoV infection. These results suggest that
the marmoset model is an important advance in the ability to
assess the efficacy of intervention strategies against MERS, in
turn allowing the preclinical evaluation of neutralizing mAbs
for treatment of MERS-CoV infection.

5. Human mAbs against MERS-CoV: mechanisms of
virus neutralization

To realize the preventive or therapeutic potential of
neutralizing mAbs in the clinical setting, it is also necessary to
investigate the mechanisms by which the antibodies modulate
the biological behaviors of MERS-CoV. In order to explore the
mechanism of action of human mAbs m336, m337, and m338,
we first defined the MERS-CoV epitopes recognized by these
mAbs [54]. The binding of mAbs to fragments of the S
glycoprotein was measured, and, as expected, the mAbs only
bound to the S fragments containing the RBD, specifically
residues 377 to 588. We further analyzed the mAbs binding to
a series of alanine mutants of the RBD and found that the three
mAbs had overlapping, but distinct, binding sites. For
example, residues 510 and 553 were important for binding of
all three mAbs. Residues 536 and 539, on the other hand, were
uniquely bound by m336, which turned out to be the most
potent neutralizer among the three mAbs, suggesting that these
residues may be crucial for m336 interaction and, hence,
important for vaccine development. We next found that the
three mAbs competed with each other for binding the MERS-
CoV RBD and also competed with RBD for binding to a
soluble version of DPP4. Consistent with the neutralization
results, m336 was slightly more potent than m337 and m338 in
blocking the binding of RBD to DPP4. The ICsps of m336,
m337, and m338 were 0.034, 0.044, and 0.041 pg/ml,
respectively, values which were in a range similar to the

neutralizing activity of the mAbs against pseudotyped MERS-
CoV in DPP4-expressing Huh-7 cells (0.005—0.017 pg/ml).
These results support the idea that the mAbs have overlapping
epitopes and neutralize MERS-CoV by competing with the
receptor binding. Using the mutagenesis data and the MERS-
CoV RBD crystal structure, we generated three-dimensional
molecular docking models of the mAbs interacting with the
RBD [54]. Good superimposition of DPP4 with the mAbs-
RBD structures confirmed that the competition with MERS-
CoV for receptor binding is an important mechanism of ac-
tion of the mAbs in neutralizing MERS-CoV cell entry. The
extensive overlapping between the mAb epitopes and the re-
ceptor binding sites on RBD explains the exceptional
neutralizing potency of these mAbs. Similarly, Jiang et al. also
found that the neutralizing mAbs MERS-4 and MERS-27
could inhibit the binding of soluble RBD to DPP4-
expressing Huh7 cells [55]. From the binding competition
assays, Tang et al. found that 2B11 and six other mAbs could
recognize at least three different epitopes on MERS-CoV RBD
and that the antibodies could block DPP4 binding to MERS-
CoV RBD and inhibit the attachment of pseudovirus to
DPP4-expressing cells [56]. DPP4 could also block the anti-
bodies from RBD binding. Taken together, these results sug-
gest that the neutralizing mechanism of all the above-
mentioned human mAbs, despite recognizing different epi-
topes on RBD, occurred through the blocking of MERS-CoV
binding to its cellular receptor DPP4. Interestingly, Jiang et al.
also demonstrated that the combination of MERS-4 and
MERS-27, which were found to recognize different epitopes
on RBD, resulted in a synergistic neutralizing effect against
pseudotyped MERS-CoV [55].

6. Future directions

Emerging viruses, e.g. SARS-like or MERS-like novel
coronaviruses, are highly likely to continue posing a serious
threat to human health in the near future. In this context, it is
prudent to develop strategies to provide a quick response.
Polyclonal human immunoglobulin has been used with various
degrees of success for viral diseases for more than a century,
and some are still in clinical use against, for example, hepatitis
A, hepatitis B, cytomegalovirus, rabies, measles and vaccinia
[7]. However, a number of toxicity-related problems have
arisen, including a risk for allergic reactions, pathogen trans-
mission, and lot-to-lot variation. In addition, only a very small
portion of the total antibodies in a polyclonal preparation is
typically neutralizing, while the remainder is not only inef-
fective, but could be immunogenic, or even toxic. These
limitations could be overcome by the use of human mAbs.
Nevertheless, a major obstacle comes from the difficulty of
generating highly potent neutralizing mAbs in a relatively
short amount of time. In this review, we summarized the recent
developments in human neutralizing mAbs against MERS-
CoV which have been identified by different laboratories
around the globe at an unprecedented pace. Improvement in
antibody identification techniques, combined with the recent
advances in antibody production technologies, highlights the
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potential of human mAbs for application toward a strategy
designed to combat future emerging viruses and diseases in an
outbreak setting.

Apart from the above limitations, the use of antiviral mAbs
may produce escape mutants. Although the mutation rates in
SARS-CoV and MERS-CoV are only moderate compared to
those in other RNA viruses, the frequency of the emergence of
escape mutants should not be underestimated. A promising
solution may lie in the use of “mAb cocktails” in which two or
more mAbs targeting different epitopes are mixed. Such mAb
cocktails would not only provide more potent antiviral activity
than a single mAb by additive and/or synergistic effects [61],
but also prevent escape variants for many viruses, including
SARS-CoV [13]. Interestingly, even though all recently
developed human mAbs against MERS-CoV target the RBD
of S glycoprotein [54—56], most of them recognize distinct
epitopes, as discussed above. Therefore, it might be expected
that the emergence of resistant viruses to these RBD-specific
mAbs, if any, would exert a toll on virus fitness because the
escape mutants could have lower affinity for the cellular re-
ceptor DPP4. Furthermore, Jiang et al. have demonstrated that
the combination of two human mAbs, MERS-4 and MERS-27,
resulted in a synergistic neutralizing effect against pseudo-
typed MERS-CoV [55]. Thus, it would be interesting to test if
other combinations of the available mAbs would give similar,
or better, synergistic effects and if so, whether these mAb
cocktails could neutralize mutant viruses emerging in the
future.

High production cost is a substantial obstacle for the
commercial development of antiviral human mAbs, especially
mAbs against emerging viruses. One strategy to reduce the
overall cost is to develop exceptionally potent neutralizing
mAbs, resulting in a reduction in the dose required to achieve
efficacy. This could be achieved by developing human mAbs
with ultra high binding affinity and then rationally designing
the products to target the critical neutralization site, e.g., RBD.
For example, the exceptionally potent mAb m336 can bind to

the MERS-CoV RBD with picomolar affinity, and the potency
for virus neutralization (ICsq) is also in the picomolar range,
suggesting that a low dose of mAbs could be clinically
effective. Furthermore, recent progress in antibody engineer-
ing enables the generation of more effective antibody-based
therapeutics, e.g., bispecific antibodies, antibody-drug conju-
gates, or antibodies with improved effector functions, such as
antibody-dependent cell-mediated cytotoxicity (ADCC) [5].
Notably, antibody fragments with a reduced size (12—50 kDa)
could achieve enhanced tissue penetration, as well as a wider
range of possible targets, and, importantly, require much lower
production costs, providing the potential to overcome the
fundamental limitations of full-size mAbs [62]. However,
compared to mAbs, antibody fragments, such as VH or Fab,
display greatly reduced half-lives, and as such, they have
limited clinical potential. We recently generated some novel
IgG1 Fc-based antibody fragments, which have small size
(14—27 kDa), good stability and solubility, and relatively long
in vivo half-life [63—67]. When fused to VH, the resulting
novel antibody constructs can still be solubly expressed in
Escherichia coli with high yields [64]. Therefore, these small,
long-acting antibodies have the potential to be developed as
commercially attractive prophylactic and therapeutic antivirals
for a wide array of indications (Fig. 1).

7. Conclusions

The threat of emerging infectious diseases, such as SARS
and MERS, emphasizes the need for a fast and versatile
approach that allows us to rapidly identify effective antivirals
to combat the viruses. We have reviewed here the recent
success in identifying fully human neutralizing mAbs against
MERS-CoV. The rapid identification of these antibodies sug-
gests the possibility of using non-immune human antibody
libraries and related methodologies for a quick response to
these emerging viruses with pandemic potential. All the mAbs,
despite being developed by different laboratories, target the
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RBD of MERS-CoV S glycoprotein and may have a similar
mechanism of action, i.e., blocking the binding of MERS-CoV
to its cellular receptor DPP4. Notably, some human mAbs
have exhibited exceptionally potent neutralizing activity
against MERS-CoV infection in vitro, whereas the evaluation
of their efficacy in an effective animal infection model, like
the marmoset MERS-CoV infection model, is yet to be per-
formed. Most mAbs recognize different epitopes on MERS-
CoV RBD, suggesting that mAb cocktails may exhibit more
potent anti-MERS activity based on additive and/or synergistic
effects, also helping to prevent the occurrence of viral escape
mutants. We expect that recent advances in antibody engi-
neering will foster the development of more effective and
affordable therapeutic or prophylactic agents by improving
effector functions, making antibody-drug conjugates, or
generating small-sized and long-acting novel antibody con-
structs based on these human neutralizing mAbs.
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