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The outbreaks of Middle East respiratory syndrome (MERS) previously in
Middle East and recently in South Korea have raised serious concerns world-
wide, reinforcing the importance of developing effective and safe vaccines
against MERS-coronavirus (MERS-CoV). A number of vaccine candidates
have been developed on the basis of viral vectors, recombinant proteins,
DNAs, nanoparticles, and recombinant MERS-CoV, and some of them have
shown efficacy in laboratory animals. However, the paucity of financial sup-
port has made it difficult to transfer effective candidates from the preclinical
stage to clinical trials. Here, we summarize currently available MERS vaccine
candidates and illustrate strategies for future development, with the aim of
provoking government agencies and Big Pharma to invest more funds for
developing efficacious and safe MERS vaccines.
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1. Introduction

Middle East respiratory syndrome (MERS), an emerging infectious disease first
identified in June 2012, is caused by the novel MERS-coronavirus (MERS-CoV)
(1. MERS-CoV, a zoonotic virus, has bats as its natural reservoir and possibly drom-
edary camels as its intermediate host [2,3]. MERS-CoV infects humans, especially the
elderly, people with diabetes and chronic lung diseases, and immunocompromised
persons, causing severe disease with high mortality (~ 35%). The MERS outbreak
has resulted in 1474 laboratory-confirmed cases, including 515 deaths as of August
27,2015 4]. There is still a possibility for MERS-CoV to spread within healthcare
facilities, to which a number of cases have been linked [5,6]. Most MERS cases have
been reported from Saudi Arabia, but South Korea is the second largest country
with travel-associated MERS cases, which can all be traced back to Saudi Arabia.
The continuous spread of MERS-CoV possibly through camel-to-human and
human-to-human transmission has raised worldwide concerns, calling for immedi-
ate steps to develop effective and safe vaccines.

The genome of MERS-CoV encodes at least four unique accessory proteins, such
as 3, 4a, 4b and 5, two replicase proteins (open reading frame 1a and 1b), and four
major structural proteins, including spike (S), envelope (E), nucleocapsid (N), and
membrane (M) proteins [7]. The accessory proteins play nonessential roles in
MERS-CoV replication, but they are likely structural proteins or interferon
antagonists, modulating 7z vivo replication efficiency and/or pathogenesis, as in
the case of SARS-CoV [7-9]. The other proteins of MERS-CoV maintain different
functions in virus replication. The E protein, for example, involves in virulence,
and deleting the E-coding gene results in replication-competent and
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propagation-defective viruses or attenuated viruses [7]. The S
protein is particularly essential in mediating virus binding to
cells expressing receptor dipeptidyl peptidase-4 (DPP4)
through receptor-binding domain (RBD) in the S1 subunit,
whereas the S2 subunit subsequently mediates virus entry via
fusion of the virus and target cell membranes [1011].
Therefore, these viral structural proteins, particularly S
protein, may serve as targets for vaccine development. It is
demonstrated that all circulating human MERS-CoV strains
represent one single serotype and that virus isolates from other
parts of the outbreaks have no differences from EMC2012,
the prototype strain, in replication, interferon escape
responses and serum neutralization, suggesting that vaccines
developed based on the prototype virus strain unlikely affect
their success against other virus strains [12,13].

2. Current status of MERS vaccines

No MERS vaccines are available for human use. Vaccines
against MERS-CoV thus far developed in the laboratory can
be categorized as those based on viral vectors, such as
adenovirus (Ad) and Modified Vaccinia virus Ankara
(MVA), or those based on recombinant viral proteins,
DNAs, nanoparticles, and recombinant virus (Table 1).

Most viral vector-based MERS vaccines use the full-length S
or S1 protein of MERS-CoV as the coding antigens and exhibit
immunogenicity in vaccinated animals. Reports have indicated
that recombinant Ad5 vectors, which encode the full-length or
S1 extracellular domain, of MERS-CoV S protein induced
MERS-CoV  S-specific antibody responses in immunized
mice, neutralizing MERS-CoV infection iz vitro (14). Ad5 or
Ad41 vectors expressing full-length S protein of MERS-CoV
have elicited MERS-CoV-specific antibody responses, neutral-
izing antibodies and T-cell responses in immunized mice [15).
Moreover, a viral vector MVA-based MERS vaccine expressing
viral S protein, termed MVA-MERS-S, demonstrated efficacy
against MERS-CoV infection in Ad/DPP4-transduced
mice [1617). These studies suggest the potential of applying
MERS-CoV § protein as a vaccine target. The German Center
for Infection Research (DZIF) has supported the Phase I clini-
cal trial of MVA-MERS-S vaccine candidate in humans. About
USD $1.66 million was awarded to initiate this trial [1s].

In addition to viral vector-based vaccines, vaccines based on
the recombinant MERS-CoV § protein, in particular, RBD,
have demonstrated efficacy in protecting immunized animals
from MERS-CoV infection [19,20]. Several fragments, includ-
ing residues 350 - 588, 358 - 588, 367 - 588, 367 - 606,
377 - 588, and 377 — 662, in the RBD of MERS-CoV S are
shown to induce MERS-CoV neutralizing antibody responses
in mice and/or rabbits [21,22]. Thus, similar to the RBD of
severe acute respiratory syndrome coronavirus (SARS-CoV),
the MERS-CoV RBD also contains a critical neutralizing
domain (CND) capable of eliciting highly potent neutralizing
antibodies and protective immunity against infection from
MERS-CoV. Particularly, a fragment containing residues

377 — 588 of MERS-CoV RBD has been identified as a
CND able to protect Ad5/hDPP4-transduced and hDPP4-
transgenic mice against MERS-CoV. Notably, S377 - 588 is
a very effective immunogen, as 1 pg of S377 - 588 protein
could induce potent neutralizing antibody responses similar
to those raised by high doses, such as 5 and 20 pg, respec-
tively [23,24]. These reports all confirm that the RBD/CND
of MERS-CoV in the S protein is an important target for the
development of MERS subunit vaccines.

DNA vaccines are proven to be effective against MERS-
CoV infection. An optimized DNA vaccine encoding
full-length S protein of MERS-CoV was able to elicit
antigen-specific neutralizing antibodies in mice, camels and
rhesus macaques (non-human primates, NHPs), with six of
the eight vaccinated macaques showing no radiographic
evidence of infiltration after MERS-CoV challenge. Interest-
ingly, potent antigen-specific cellular immune responses were
induced in the immunized macaques, suggesting that T cell
responses may also play a role in MERS-CoV protection [25].
Inovio Pharmaceuticals Inc., in collaboration with GeneOne
Life Science, will perform a Phase I clinical trial for this
DNA-based vaccine [26]. In addition to the DNA-only
strategy, DNA-priming and protein-boosting could be an
alternative vaccine approach for MERS-CoV. It is revealed
that full-length S DNA priming and S1 subunit protein
boosting immunization of mice and NHPs induced robust
neutralizing antibody responses against several MERS-CoV
strains, protecting NHPs from MERS-CoV challenge [27].

Other potential candidates have been suggested as MERS
vaccines. For example, purified MERS-CoV full-length S
nanoparticles in combination with appropriate adjuvants
could elicit neutralizing antibodies in immunized mice [28].
Using reverse genetics, recombinant MERS-CoV may effi-
ciently replicate in cell culture of human cell lines with broad
tissue tropism, allowing an engineered mutant MERS-CoV
lacking the structural E protein to be rescued and propagate
in cells expressing the E protein in trans, thus providing a
platform to develop live-attenuated, or
MERS-CoV-based vaccines [7,9].

recombinant,

3. Expert opinion

The induction of neutralizing antibodies is the key to the pre-
vention of MERS-CoV infection, as supported by the fact
that the reduction of lung pathogenesis and protection from
MERS-CoV infection has been correlated with neutralizing
antibody levels in the animal models [23,291. In addition,
vaccines that enjoy a high safety profile, combined with the
ability to induce broad-spectrum immune responses and
strong protective neutralizing antibodies, should have top
priority for further development.

Efficacy and protective immunity of MERS candidate
vaccines are, of necessity, evaluated in appropriate animal
models. Thus, before moving to clinical trials, NHP rhesus
macaque and common marmoset models [3031] and camel
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Table 1. MERS vaccines under development.

Vaccine name Vaccine type Viral antigen Animal models Status Ref.
Ad5-S & Ad41-S Viral vector Full-length S Mice Preclinical [15]
Ad5.MERS-S/Ad5.MERS-S1  Viral vector Full-length S/S1 Mice Preclinical [14]
MVA-MERS-S Viral vector Full-length S hDPP4-transduced mice Preclinical [16]
S1 - 358 - 588-Fc Recombinant protein S1-RBD (358 - 588)  Rabbits Preclinical [19]
MERS-CoV rRBD Recombinant protein S1-RBD (367 - 606) Mice Preclinical [41]
S-RBD-Fc Recombinant protein S1-RBD (377 - 662) Mice Preclinical [20]
S377 - 588-Fc Recombinant protein S1-RBD (377 - 588)  Mice, rabbits, hDPP4-mice  Preclinical [21,23]
MERS DNA Full-length S Mice, camels, NHPs Preclinical [25]
S-DNA/ST protein DNA + Recombinant protein  Full-length S/S1 Mice, NHPs Preclinical [27]
MERS-S Nanoparticles Full-length S Mice Preclinical [28]
rMERS-CoV/rMERS-CoV-AE  Recombinant virus MERS-CoV Not tested Cell culture  [7,9]

MERS: Middle East respiratory syndrome; MERS-CoV: Middle East respiratory syndrome coronavirus; NHPs: Non-human primates.

model (32, have been established and utilized for such
purposes. However, the use of NHP and camel models is
financially and facility restrictive for many researchers. Fortu-
nately, recent advancements in establishing small animal
models, including Ad5/hDPP4-transduced mouse model [33]
and hDPP4-transgenic mouse models [34], have provided a
portable and economical platform for assessing the efficacy
of MERS candidate vaccines, despite the fact that each of
these animal models has its advantages and disadvantages.

Although very promising, the recombinant MERS-CoV-
based vaccines will need to be further characterized in suitable
MERS-CoV animal models to confirm their efficacy and
safety. Viral vector-based vaccines, on the other hand, may
show protective immunity in challenged mouse animals.
However, these vaccines might have safety concerns by the
presence of pre-existing immunity in humans (in the case of
Ad) or the potential to induce harmful immune responses.
Thus, safety tests are strongly recommended. Also, this
vaccine type might lead to incomplete protection or fail to
protect aged groups, as shown in the case of SARS-CoV vac-
cines [35]. By comparison, recombinant protein-based subunit
vaccines possess the highest safety profile because they utilize
full-length spike protein, or its subunit (e.g., S1) or fragment
(e.g., RBD) as the antigen. In the presence of suitable adju-
vants, this type of vaccine is generally able to induce higher
titers of neutralizing antibody responses than those elicited
by other vaccine types, and they can be easily injected via dif-
ferent pathways, including intramuscular injection, an
adopted route for human vaccines. Importantly, some of these
MERS subunit vaccines are shown to be protective against
MERS-CoV infection in challenged mouse and/or NHP
models [23.27], demonstrating their ability for further scale-
up and/or human clinical trials.

Among these recombinant protein-based subunit vaccines,
we believe that RBD-based vaccines are more effective and
safer than those based on the full-length S protein. RBD con-
tains the CND in the S protein, and most of the highly potent
neutralizing antibodies target the RBD [21,36-38]. Recombinant
proteins containing RBD induce strong neutralizing antibody

responses and protection in the vaccinated animals against
MERS-CoV infection [21.23]. In contrast, the full-length S
protein contains some non-neutralizing immunodominant
domains, which may compromise the immunogenicity with
the CND in RBD, or even induces virus-enhancing or harm-
ful immune responses, as demonstrated in the S protein of
SARS-CoV [39]. This may be one of the reasons that the devel-
opment of full-length S protein-based SARS vaccine has been
discontinued. One may criticize that the vaccines based on the
RBD sequences of the current MERS-CoV strains might be
not effective against future emerged MERS-CoV strains
with mutations in RBD. This should not be a problem for
RBD-based vaccines because RBD contains several conforma-
tional neutralizing epitopes, and thus mutation(s) in one epi-
tope may not significantly affect the neutralizing activity of
antibodies elicited by other epitopes. For example, the
RBD-specific mAb F11 could not neutralize the Bishal strain
of MERS-CoV, whose RBD contains 509 mutation, but sus-
ceptible to neutralization of D12, another MERS-CoV RBD-
specific mAb [27]. Previous studies have demonstrated that
RBD of SARS-CoV Tor2 strain, which contains six different
conformational neutralizing epitopes, induces antibodies in
the vaccinated animals with neutralizing activity against all
SARS-CoV strains tested, including those caused by the early
SARS outbreaks (e.g., GDO03 strain) and late SARS pandemics
(e.g., Urbani strain), as well as the SARS-like CoV strain from
civets (SZ strain) [40]. Although some epitopes outside MERS-
CoV RBD may have neutralizing activity, such ability is sig-
nificantly lower than that of the RBD. For example, neutral-
izing mAbs G2 and G4 target epitopes at MERS-CoV
S1 and S2, respectively, both of which are outside the RBD,
their neutralizing ability is not as potent as RBD-specific
mAbs F11 and D12 p271. Nevertheless, these non-RBD
neutralizing epitopes, if being clearly identified, could be
potentially included in vaccine design to increase the breadth
and strength of MERS-CoV vaccines.

It is common knowledge that the process of vaccine
approval is long and that it is further complicated by regula-
tory restrictions and a shortage of funds. As a case in point,
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MERS vaccines are urgently needed, yet Big Pharma has con-
sistently refused to invest funds for manufacturing or develop-
ing in pre-clinical and clinical studies based on the uncertainty
of immediate return on such investments. In addition, ade-
quate financial support from government entities is not
guaranteed by the general lack of funds. As noted above, how-
ever, some firms in U.S. and DZIF Academy in Germany have
taken the first step toward clinical trials of the two MERS vac-
cines based on DNA and viral vector, respectively. Big Pharma
and governments of these countries and other parts of the
world should take note of this signal and act accordingly.
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