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Abstract Middle East respiratory syndrome (MERS)
coronavirus (Co-V) contains a single spike (S) protein, which
binds to a receptor molecule, dipeptidyl peptidase 4 (DPP4;
also known as CD26), and serves as a neutralizing antigen.
Pseudotyped viruses are useful for measuring neutralization
titers against highly infectious viruses as well as for studying
their mechanism of entry. In this study, we constructed a
series of cytoplasmic deletion mutants of MERS-CoV S and
compared the efficiency with which they formed pseudotypes
with vesicular stomatitis virus. A pseudotype bearing an S
protein with the C-terminal 16 amino acids deleted
(MERSpv-St16) reached a maximum titer that was approxi-
mately tenfold higher than that of a pseudotype bearing a non-
truncated full-length S protein. Using MERSpv-St16, we
demonstrated the inability of rat DPP4 to serve as a functional
receptor for MERS-CoV, suggesting that rats are not sus-
ceptible to MERS-CoV infection. This study provides novel
information that enhances our understanding of the host range
of MERS-CoV.

Introduction

Middle East respiratory syndrome coronavirus (MERS-
CoV) is the etiological agent responsible for MERS, a
severe respiratory disease first reported in the Middle East
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in 2012 [25]. So far, MERS patients have mainly been
identified in and near the Arabian Peninsula. However,
there have also been many cases in other countries in
travelers who had visited the Arabian Peninsula [8, 11, 22].
This virus has spread from ill people to others through
close contact with infected individuals [1]. The detection of
MERS-CoV RNA and the high seroprevalence of anti-
bodies to MERS-CoV in dromedary camels in the Middle
East raise the possibility that these animals may be natural/
amplification hosts preceding human infection [16, 21].
Genetically, MERS-CoV resembles the SARS coronavirus
(SARS-CoV), the causative agent for an outbreak of severe
acute respiratory disease that occurred in humans in
2002-2003. Therefore, the spread of MERS-CoV infection
has raised serious concerns for a potential global pandemic.
In vitro studies have indicated that a variety of cells,
originating from bats, pigs, and non-human primates, are
susceptible to MERS-CoV infection [5, 14]. However, the
ability of the virus to infect cells from a mice, hamsters,
and ferrets was restricted [23]. Although mice are not
susceptible to MERS-CoV infection, transient expression
of human DPP4 in the respiratory tract using a recombinant
adenovirus has facilitated the development of a small
animal model of MERS for understanding the immune
responses against MERS-CoV infection [27]. Also, the
susceptibility of rhesus macaques and common marmosets
to MERS-CoV infection has been investigated to under-
stand the pathogenesis of MERS-CoV [7, 15].
MERS-CoV infection in susceptible cells is mediated by
the binding of the viral spike (S) protein to its receptor
molecule, dipeptidyl peptidase 4 (DPP4), also known as
CD26 [19]. Crystal structure modeling of the receptor-
binding domain (RBD) of MERS-CoV S interacting with
human DPP4 revealed the amino acid residues in human
DPP4 that are critical for binding to S [12, 24]. A site-
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directed mutagenesis study of mouse DPP4 revealed the
critical amino acids that regulate the species specificity of
MERS-CoV infection in mice [6]. While the receptor
function of DPP4 from mice and hamsters has been
investigated in detail [6, 23], to date, there has been no
report about DPP4 from rats, another commonly used
small-animal model, regarding its potential to function as a
receptor for MERS-CoV.

Studies of MERS-CoV infection have been limited
because of the highly infectious nature of the virus.
Replication-incompetent pseudotyped viruses bearing viral
glycoproteins are advantageous because they can be used
without heightened biocontainment for investigating virus
entry into cells, viral tropism, and the effects of entry
inhibitors. A pseudotyped virus is also useful for measuring
neutralization titers against highly infectious viruses.
Pseudotypes based on vesicular stomatitis virus (VSV)
have advantages compared with other pseudotypes based
on lentiviruses. First, the pseudotype virus titer obtained
with the VSV system is generally higher than that obtained
with the retrovirus system [17]. Second, the infection of
target cells with the VSV pseudotype can be readily
detected as GFP-positive cells at 7-16 h postinfection
because of the high level of GFP expression in the VSV
system [9]. In contrast, the time required for infection in
the retrovirus system is 40-72 h [13, 26], which is similar
to the time required for live viruses to replicate to a level
that results in plaque-forming or cytopathic effects in
infected cells. Pseudotypes based on VSV may be appli-
cable not only for the rapid detection of neutralizing anti-
bodies but also for investigating virus entry into a variety
of cells. In view of previous findings that a SARS-CoV S
protein variant with a shortened cytoplasmic domain is
efficiently incorporated into VSV particles [9], the car-
boxyl-terminal truncation of the MERS-CoV S protein
might provide a high titer of the VSV-based MERS-CoV
S-bearing pseudotype (MERSpv).

In this study, we constructed a series of carboxyl-ter-
minal truncations of the MERS-CoV S and determined the
efficiency with which they formed MERSpv with a short-
ened S protein. We then used the MERSpv to investigate
the ability of rat-derived DPP4 to serve as a receptor for
MERS-CoV.

Materials and methods

Cells and viruses

Vero, Huh-7, CHO and 293T cells were routinely sub-
cultured in cell culture flasks in Dulbecco’s modified

Eagle’s medium (DMEM, Sigma, St. Louis, MO) supple-
mented with 100 U of penicillin per ml, 100 pg of
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streptomycin per ml, and 5 % (v/v) fetal bovine serum
(FBS). The cells were maintained at 37 °C in an atmo-
sphere of 5 % CO,. MERS-CoV isolate HCoV-EMC/2012
(kindly provided by Dr. Bart Haagmans and Dr. Ron
Fochier, Erasmus Medical Center, Rotterdam, The
Netherlands) was used in the present study.

Plasmids

MERS-CoV cDNA was obtained by reverse transcription
of total RNA isolated from MERS-CoV-infected Vero
cells. The full-length cDNA of the MERS-CoV S protein
was amplified using the forward primer S infusion-F (5’-
cgactctagaggatcccgtgacaatgatacactcagtgtttctactga-3’)  and
the reverse primer CoV-S-F (5’-tatcatgtctggatccttagtgaa-
catgaaccttatgc-3’), and the product was cloned into the
Bam HI site of the mammalian expression vector pKS336
[9], using an In-Fusion HD Cloning Kit (Clontech Labo-
ratories, Mountain View, CA). The resulting plasmid was
designated pKS-MERS-S. The cDNAs with truncated
C-termini (deletions of regions corresponding to 7, 11, 16,
or 20 amino acid residues) were amplified from pKS-
MERS-S using the forward primer S infusion-F and the
reverse primer St7-R (5’-tatcatgtctggatccttactcgaggtcgt
attcctcgtatctat-3’), St11-R (5’-tatcatgtctggatccttattcctegta
tctatcacaacaacgat-3’), St16-R (5’-tatcatgtctggatccttaacaaca
acgattacacttaagttttc-3’), or St20-R (5’-tatcatgtctggatccttaa
cacttaagttttcccatacagtttg-3’), followed by cloning into the
BamHI site of pKS336 using an In-Fusion HD Cloning Kit
to construct plasmids designated pKS-MERS-St7, pKS-
MERS-St11, pKS-MERS-St16, and pKS-MERS-St20,
respectively.

Human DPP4 c¢cDNA was amplified from Huh-7 cells
using the forward primer DPP4-BamF (5’-aggatccaaccat-
gaagacaccgtggaaggttct-3’) and the reverse primer human
DPP4-BamR  (5’-tggatcctaaggtaaagagaaacattgttttatg-3’),
and the product was cloned into the pcDNA3.1(+) mam-
malian expression vector (Invitrogen, Carlsbad, CA) to
form the plasmid pcDNA humanDPP4. Rat DPP4 cDNA
was amplified from a rat lung cDNA library (Clontech,
Palo Alto, CA) using DPP4-BamF as the forward primer
and rat DPP4-BamR as the reverse primer (5’-tggatcc-
tagcgtaaggagaagcactgectggagg-3’), and the product was
cloned into pcDNA3.1(4) to form the pcDNA ratDPP4
plasmid. The expression plasmids pcDNA rat-T292L,
pcDNA rat-V334R, pcDNA rat-E342Q, and pcDNA rat 3x
mut were constructed from pcDNA ratDPP4 by changing
Thr to Leu at amino acid residue 292, Val to Arg at amino
acid residue 334, Glu to Gln at amino acid residue 342, and
the combination of all three of these amino acid substitu-
tions, respectively, by site-directed mutagenesis using
oligonucleotides with the corresponding mutations. A
340-bp Pst 1 fragment (nucleotide position 730 to 1040) of
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rat DPP4 was replaced with the corresponding region of
human DPP4 to construct rat DPP4 bearing the receptor-
binding domain (RBD)-contacting region (amino acids 251
to 352) of human DPP4 (rat/human chimera).

The cDNAs from the ectodomains of MERS-CoV S and
SARS-CoV S were amplified from pKS-MERS-S and pKS-
SARS-S [9], respectively, and were cloned into pAcYM1
as described previously [10]. The pAcYMI1 vector, which
contains a histidine tag sequence in its C-terminal region in
the cloned cDNA, was used to construct the transfer plas-
mids pAcMERS-Sect and pAcSARS-Sect. The cDNA of
the full-length MERS-CoV N protein was amplified from
MERS-CoV-infected cells and was cloned into pAcYMI1 to
form pAcMERS-N.

Rabbit sera

Rabbit anti-MERS-CoV S, anti-SARS-CoV S, and anti-
MERS-CoV N were prepared by immunization of rabbits
with recombinant MERS-CoV S, SARS-CoV S, and MERS-
CoV N proteins expressed in a baculovirus expression
system.

The procedures used to produce recombinant bac-
uloviruses expressing the ectodomains of MERS-CoV S,
SARS-CoV S, and MERS-CoV N using the transfer plas-
mids pAcMERS-Sect, pAcSARS-Sect, and pAcMERS-N,
respectively, were the same as those described previously
[10]. The recombinant MERS-CoV S and SARS-CoV S
proteins were purified by Ni-column chromatography from
culture supernatants of Tn5 cells infected with recombinant
baculoviruses, whereas recombinant MERS-CoV N was
purified from Tn5 cell lysates.

Indirect immunofluorescence assay

Cells transfected with pcDNA bearing human or rat DPP4
were fixed with 10 % formalin under non-permeabilizing
conditions and stained with polyclonal goat anti-human
DPP4 (R&D Systems, Minneapolis, MN).

Preparation of pseudotype viruses

At 24 h after the transfection of 293T cells with pKS-
MERS-S, pKS-MERS-St7, pKS-MERS-St11, pKS-MERS-
St16, or pKS-MERS-St20, the cells were infected with
VSVAG*-G/GFP [9] at a multiplicity of infection of 0.1 to
prepare  MERSpv-Swt, MERSpv-St7, MERSpv-Stll1,
MERSpv-Stl16, or MERSpv-St20, respectively. As a neg-
ative control, 293T cells were mock transfected, and the
cells were then infected with VSVAG*-G/GFP to obtain a
mock pseudotype. After absorption for 1 h, the inoculum
was replaced with culture medium. After a 24-h incubation
in a CO, incubator, the culture supernatants were collected

and stored at —80 °C for later use. For titration of the
pseudotype viruses, Vero cells grown in 96-well plates
were inoculated with serially diluted pseudoviruses. At
18 hpi, infection with each pseudotype was detected based
on GFP expression observed using a fluorescence micro-
scope. The GFP-expressing cells in the photographic ima-
ges were counted using a VH analyzer (Keyence, Osaka,
Japan). Since the area of the photograph is three times
smaller than that of a well in the 96-well plate, the number
of GFP-expressing cells in each well was calculated. The
pseudotype titers were then expressed as focus-forming
units (FFU) per mL.

Pseudotype infection

Neutralization assays were performed using rabbit anti-
MERS-CoV S, anti-SARS-CoV S, or anti-MERS-CoV N.
Culture medium containing 2,000 infectious units (IU) of
MERSpv-St16 was incubated with serially diluted antisera
for 1 h at 37 °C. Then, the mixture was inoculated onto
Vero monolayers in 96-well plates. To determine whether
DPP4 functions as a receptor, CHO cells were transfected
with expression plasmids encoding human or rat DPP4, or
with the control vector. After 48 h, the cells were inocu-
lated with MERSpv-St16. After an 18-h incubation period,
the cells were washed with PBS. Cells were photographed
under a fluorescence microscope. The GFP-expressing
cells in the photographs were counted using counted using
a VH analyzer.

Results

Generation of a MERS-CoV S-bearing VSV
pseudotype

We have previously shown that C-terminal deletion of the
cytoplasmic domain of the SARS-CoV S protein makes it
possible to produce a high titer of VSV pseudotype bearing
SARS-CoV S [9]. In order to examine the effects of the
deletion of the cytoplasmic region on the production of
MERS-CoV  S-bearing VSV pseudotype (MERSpv),
C-terminal truncated mutants of S were constructed
(Fig. 1). Infection with MERSpv bearing each S protein
was detected by monitoring GFP expression after inocu-
lating Vero cells with the pseudotypes (Supplementary
Fig. 1), and the infectivity was determined by measuring
the viral titers (Fig. 1B).

Our results demonstrated that the deletion of amino acid
residues from the C-terminus allowed a pseudotype to be
produced with a high titer. A pseudotype bearing an S
protein with the C-terminal 16 amino acids deleted
(MERSpv-St16) reached a maximum titer that was
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Fig. 1 VSV pseudotyped with cytoplasmic deletion mutants of the S
protein. (A) The C-terminal sequences of the MERS-CoV S protein
variants used in this study. The C-terminal 19-amino-acid deletion
mutant of SARS-CoV S is shown for comparison. The gray box
indicates the cytoplasmic domain. (B) Vero cells were inoculated with

approximately tenfold higher than that of a pseudotype
bearing a non-truncated full-length S protein (MERSpv-
Swt). Similar results were obtained using SARS-CoV with
a truncated S protein [9], suggesting that the expression of
full-length S protein on the cell surface may be limited by
the presence of an ER-retention signal in its C-terminal
cytoplasmic domain, resulting in a very low efficiency of
incorporation of the S protein into VSV particles. This
hypothesis was supported by the immunofluorescent
detection of S protein expression: full-length S protein
from MERS-CoV localized around the nucleus, probably in
the ER/Golgi region, whereas C-terminally truncated S
proteins localized on the cell surface and within the cyto-
plasm (Supplementary Fig. 2). A detailed study is needed
to determine the subcellular localization of S proteins and
the amino acid residues that constitute the ER retention
signal.

The role of the S protein in MERSpv-St16 infection of
Vero cells was examined using rabbit anti-serum immu-
nized with the MERS-CoV S protein. When the MERSpv-
St16 was pre-mixed with serially diluted rabbit serum
against MERS-CoV S, a significant inhibition of the
MERSpv-Stl6 infection was observed (Fig. 2), whereas
rabbit antiserum against SARS-CoV S or MERS-CoV
nucleoprotein (N) did not inhibit infection. This result
indicated that the infection of Vero cells with MERSpv-
St16 was mediated by the MERS-CoV S protein.

@ Springer

VSV/GFP pseudotyped with deletion mutants. GFP-expressing cells
are represented as infectious units (IU). A few GFP-positive cells
observed in the mock represent nonspecific infection of the negative-
control mock pseudotype. The data represent the results from two
independent experiments

240 Serum dilution

#x 256

x 64
mx16

% infection

anti-SARS S anti-MERS N anti-MERS S anti-MERS S
rabbit#1 rabbit#2

Fig. 2 The specificity of MERSpv-St16 infection in Vero cells.
MERSpv-St16 was pre-incubated with serially diluted rabbit anti-
SARS-CoV S, anti-MERS-CoV N, anti-MERS-CoV S rabbit#1, or
anti-MERS-CoV S rabbit#2. Then, Vero cells were inoculated with
the mixture. The number of GFP-positive cells in the absence of
antibodies was set as 100 %. The data represent the results from two
independent experiments

Rat DPP4 does not act as a receptor for MERS-CoV

Based on the results described above, it was clear that
MERSpv-Stl6 could be applied directly to analyze the
process of MERS-CoV entry. MERS-CoV is capable of
infecting a variety of cells in a DPP4-dependent manner.
The critical amino acids of DPP4 that are responsible for
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Fig. 3 Rat DPP4 does not act (A)
as a MERS-CoV receptor.

(A) The expression of DPP4 on
CHO cells. CHO cells were
transfected with expression
plasmids encoding human and
rat DPP4. Empty pcDNA was
used as a negative control. The
expression of DPP4 was
detected using an anti-human
DPP4 polyclonal antibody,
followed by a FITC-labeled (B)
anti-goat antibody. (B) Cells
transfected with expression
plasmids encoding human or rat
DPP4 or the pcDNA vector
were inoculated with MERSpv-
St16 (MOI = 0.2). GFP
expression was examined by
fluorescence microscopy.

(C) Cells transfected with
expression plasmids encoding
human or rat DPP4 or the
pcDNA vector were inoculated
with MERS-CoV (MOI = 0.1).
At 48 hours postinfection, the
cells were stained with anti-
MERS N rabbit serum

pcDNA

pcDNA

pcDNA

binding to the S protein have been identified by structural
analysis, but they vary among animal species [3]. DPP4
proteins derived from mice and hamsters are not functional
receptors for MERS-CoV infection [6, 23]. An analysis of
the function of DPP4 from different animal species on the
subsequent MERS-CoV infection might provide novel
information regarding the host range of MERS-CoV.
Therefore, we examined whether the expression of DPP4
from rats, another commonly used small-animal model,
supports infection by MERS-CoV. Human and rat DPP4
were expressed in CHO cells, and their expression was
confirmed by an immunofluorescence assay (IFA;
Fig. 3A). Upon infection with MERSpv-St16 (MOI = 0.2),
the expression of GFP was easily detected in the human
DPP4-expressing cells. In contrast, there was a limited
amount of infection of MERSpv-Stl6 in the rat DPP4-
expressing cells, which was comparable to that of control
cells that did not express DPP4 (Fig. 3B), indicating the
inability of rat DPP4 to mediate MERSpv-St16 infection.
This conclusion was confirmed using MERS-CoV: the
expression of MERS-CoV nucleoprotein (N) was detected
after inoculation of human DPP4-expressing cells with
MERS-CoV (MOI = 1.0), whereas no expression of
MERS-CoV N was detected in cells expressing rat DPP4
(Fig. 30).

rat DPP4 human DPP4

rat DPP4 human DPP4

rat DPP4 human DPP4

Mutational analysis of rat DPP4

Comparisons of the amino acid residues of human and bat
DPP4 that are critical for making contact with the RBD of
MERS-CoV S with the corresponding residues of rat DPP4
suggested that differences in the amino acid residues 292,
334, and/or 342 may account for the differences in sus-
ceptibility to MERS-CoV infection [3] (Table 1). The
threonine residue at position 293 of rat DPP4 was not
included in the mutational analysis because bat DPP4,
which contains a threonine residue at position 293 (Table),
supports MERS-CoV infection [19]. Furthermore, muta-
tional studies by Raj et al. [20] demonstrated that the amino
acid substitution 1293T (amino acid residue 295 in their
study) in human DPP4 did not significantly decrease
binding of MERS-CoV S1, suggesting that amino acid
residue 293 of rat DPP4 is not a critical determinant of the
inability of rat DPP4 to serve as a functional receptor for
MERS-CoV. We examined whether the substitution of
these amino acids of rat DPP4 with human DPP4 would
lead to a gain of receptor activity. Rat DPP4 mutants were
expressed in CHO cells and found to have similar
expression levels (Supplementary Fig. 3). CHO cells
expressing rat DPP4 bearing a single amino acid substitu-
tion with the amino acid from human DPP4 at position 292,
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Table 1 DPP4 residues in

contact with RBD of MERS- DPP4 RBD-contacting residues in DPP4*

CoV 265 284 286 289 292 293 315 320 334 342 344
Human K Q T A L I R Y R Q I
Bat K Q T A L Tf R Y K Q I
Rat K Q T A Tf Tf R Y vt Ef I
Mouse K Q pf A Af Rf R Y Tf Q vt

* The position of amino acid residues refers to the rat DPP4

¥ The amino acid residue differs from that of human DPP4
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Fig. 4 Mutational analysis of rat DPP4. CHO cells transfected with
expression plasmids encoding human DPP4, rat DPP4, or rat DPP4
mutants were inoculated with MERSpv-St16. GFP expression was
examined by fluorescence microscopy, and the number of the GFP-
positive cells was determined

334, or 342 (Rat T292L, V334R, or E342Q) did not support
MERSpv-St16 infection (Fig. 4). However, the level of
infection of cells expressing rat DPP4 bearing a combina-
tion of all three amino acid substitutions (Rat 3x mut) was
increased to 10 % of the level of cells expressing human
DPP4. These results indicated that the three amino acids at
positions 292, 334, and 342 are major determinants of the
inability of rat DPP4 to serve as a functional receptor for
MERS-CoV. Alignment of rat DPP4 and human DPP4
sequences showed amino acid sequence variations sur-
rounding the RBD-contacting region (amino acids 251 to
352), which may account for the difference in the MERS-
CoV receptor functions (Supplementary Fig. 4). We then
constructed rat DPP4 bearing the amino acids 251 to 352 of
human DPP4 (rat/human chimera). Infection of cells
expressing rat/human chimera DPP4 with MERSpv-St16
gave results comparable to those for the cells expressing
human DPP4, suggesting that amino acid residues in the

@ Springer

RBD-contacting region other than those at positions 292,
334, and 342 are also required for the most efficient use of
the entry receptor.

Discussion

In this study, we demonstrated that a MERS-CoV S variant
with a 16-amino acid deletion in cytoplasmic domain
formed VSV pseudotypes with a higher titer than the other
variants tested. It is likely that the inefficient incorporation
of full-length S protein into VSV particles is due to an ER
retention signal in the C-terminal portion of the cytoplas-
mic domain, which prevents intracellular transport and
surface expression of the S protein. This assumption was
supported by the findings that C-terminally truncated S
proteins showed a different cellular localization pattern
when compared with that of the full-length MERS-CoV S
protein. It has been reported that MERS-CoV S-bearing
pseudotypes with an HIV backbone [18, 26] are useful for
detecting neutralization antibodies in serum samples and
may provide a safe and specific assay tool for large-scale
seroepidemiological studies. Virus neutralization is the
most specific serological assay and is currently considered
the gold standard. Barlan er al. [2] reported a VSV-based
MERS-CoV-S-bearing pseudotype and used it to analyze
the cell entry of MERS-CoV. It is of great interest to clarify
whether MERSpv can be applied for neutralization assays
with high specificity. Here, we demonstrate that VSV-
based MERSpv-St16 infection was inhibited by anti-
MERS-CoV-S, but not by anti-MERS-CoV-N or anti-
SARS-CoV-S, and that infection was dependent on the
expression of DPP4 (Figs. 2 and 4), indicating that the
MERSpv-St16 infection is mediated by the interaction of
MERS-CoV S with its receptor, DPP4.

A major advantage of using MERSpv for neutralization
assays is that infection can be detected earlier when using a
VSV backbone than when using a lentivirus backbone.
Furthermore, VSV pseudotypes can be applied for high-
throughput screening for neutralizing antibodies [4].
MERSpv-St16 may be a useful reagent that can provide a
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safe and convenient alternative to neutralization assays
using live MERS-CoV.

Cells expressing DPP4 from humans, bats, macaques,
and livestock (including camels, cows, and goats) are
susceptible to MERS-CoV infection, whereas those of mice
and hamsters, which are often used as small-animal models
to study viral infections, are not susceptible [6, 23]. The
amino acid sequences of DPP4 that are critical for binding
to the RBD of the S protein vary among animal species
(Table 1). There are five different amino acid residues in
the RBD-contacting region between human and mouse
DPP4. In contrast, rat DPP4 shows a different amino acid
sequence in the RBD-contacting region; it has four amino
acid differences from human DPP4 and only three from bat
DPP4. In the present study, the ability of rat-derived DPP4
to serve as a receptor for MERS-CoV was investigated
using MERSpv-St16. We demonstrated that MERSpv-St16
did not infect cells expressing rat DPP4. This result was
consistent with what was observed using MERS-CoV
(Fig. 3). We thus concluded that rat DPP4 did not function
as a receptor for MERS-CoV. Our findings, in combination
with studies published by others, indicate that rodents are
not susceptible to MERS-CoV infection.

A mutational analysis of rat DPP4 suggested that indi-
vidual amino acid differences at positions 292, 334, and
342 were not responsible for the inability of DPP4 to
function as a MERS-CoV receptor. In contrast, it has been
shown that a single substitution in the RBD-contacting
region of mouse DPP4 with the corresponding residue of
human DPP4 allows MERS-CoV infection, although to a
lesser extent than that observed in human cells [6]. It has
also been suggested that a potential glycosylation site at
position 330 of mouse DPP4 might have an inhibitory
effect on the interaction between mouse DPP4 and the
RBD of the S protein [6]. However, of the four amino acid
residues of rat DPP4 that are different from those of human
DPP4 in the RBD-contacting region, none appear to be
within a potential glycosylation motif. This suggests that
the glycosylation of amino acid(s) critical for contact with
the S protein does not lead to potential spatial interference
between MERS-CoV S and rat DPP4. It has also been
speculated that the inhibitory effects of the RBD-contact-
ing region of DPP4 are different between mouse and rat
DPP4.

In conclusion, we have demonstrated that deletion of 16
amino acids from the carboxyl-terminal end of MERS-CoV
S led to an increased efficiency of infection, allowing the
production of a high titer of VSV pseudotype bearing S
protein (MERSpv-St16). The MERSpv-Stl16 can be used
for safe, rapid, and convenient neutralization assays for
laboratory diagnosis of MERS. Furthermore, using
MERSpv-St16, we also demonstrated that rat DPP4 was
not a functional receptor for MERS-CoV. This study

provides novel information regarding the host range of
MERS-CoV. A detailed structural and mutational analysis
will be required to clarify how the amino acid residues of
rat DPP4 prevent the binding of the MERS-CoV S protein.
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