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Middle East respiratory coronavirus (MERS-CoV) spike (S) protein
vesicular stomatitis virus pseudoparticle neutralization assays
offer a reliable alternative to the conventional neutralization
assay in human seroepidemiological studies
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Abstract

Middle East respiratory syndrome coronavirus (MERS-CoV) is a novel zoonotic coronavirus that was identified in 2012. MERS-
CoV infection in humans can result in an acute, severe respiratory disease and in some cases multi-organ failure; the global
mortality rate is approximately 35%. The MERS-CoV spike (S) protein is a major target for neutralizing antibodies in infected
patients. The MERS-CoV microneutralization test (MNt) is the gold standard method for demonstrating prior infection. However,
this method requires the use of live MERS-CoV in biosafety level 3 (BSL-3) containment. The present work describes the gener-
ation and validation of S protein-bearing vesicular stomatitis virus (VSV) pseudotype particles (VSV-MERS-CoV-S) in which the
VSV glycoprotein G gene has been replaced by the luciferase reporter gene, followed by the establishment of a pseudoparticle-
based neutralization test to detect MERS-CoV neutralizing antibodies under BSL-2 conditions. Using a panel of human sera
from confirmed MERS-CoV patients, the VSV-MERS-CoV particle neutralization assay produced results that were highly com-
parable to those of the microneutralization test using live MERS-CoV. The results suggest that the VSV-MERS-CoV-S pseudotype
neutralization assay offers a highly specific, sensitive and safer alternative method to detect MERS-CoV neutralizing antibodies
in human sera.

INTRODUCTION 28 February 2019, the World Health Organization (WHO)
has reported 2374 confirmed cases of MERS-COV infec-

Middle East respiratory syndrome coronavirus (MERS-CoV)
tion globally, resulting in 823 deaths (https://www.who.int/

is azoonotic pathogen that is associated with respiratory virus

infections ranging in severity from asymptomatic to severe emergencies/mers-cov/en/). Genetically, MERS-CoV most
respiratory illnesses and death. MERS-CoV was first isolated closely resembles severe acute respiratory syndrome coro-
from a 60-year-old patient who died with viral pneumonia navirus (SARS-CoV), a betacoronavirus known as the first
and acute renal failure in 2012 in Saudi Arabia [1, 2]. MERS- coronavirus to cause severe respiratory infections in humans.
CoV cases have been identified in 27 countries, although all SARS-CoV emerged from an animal host in 2002 and caused
cases outside of the Arabian Peninsula have been associated a worldwide outbreak comprising an estimated 8000 cases

with exportations from the Arabian Peninsula [3-7]. As of with 800 deaths [7-10]. Similar to SARS-CoV, MERS-CoV
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infections represent zoonotic transmission events [11-13].
Several sero-epidemiology studies have demonstrated that
dromedary camels from the Arabian Peninsula and North
Africa have high titres of neutralizing antibodies against
MERS-CoV, which can be detected in camel sera collected
over 30years [14-17]. In contrast to the SARS outbreak,
which was brief, MERS-CoV cases continue to occur 7 years
after its identification. The continuous spread of MERS-CoV
serves as a constant reminder of the propensity of novel
human coronaviruses to emerge from zoonotic reservoirs and
cause severe disease in humans, and so continuous serological
surveillance efforts remain essential for these viruses.

The risk factors for camel-human transmission, human-
human transmission and hospital outbreaks, and the roles of
asymptomatic cases in human-human transmission are not
fully understood. The clinical symptoms for MERS patients
overlap with those for other lower respiratory tract infections,
further demonstrating the need to develop low biosafety-level
laboratory-based diagnostic assays with high specificity and
sensitivity. Furthermore, countermeasures for the treatment
or prevention of MERS-CoV infection, including vaccines, are
unavailable. Therefore, methods for measuring the potency
and breadth of neutralization antibodies against MERS-CoV
are essential to address these gaps in our knowledge, as well
as to strengthen disease surveillance and disease preparedness
platforms.

The spike (S) protein of MERS-CoV is a surface glycopro-
tein that facilitates receptor binding, membrane fusion
and viral entry into host cells via attachment to the cellular
receptor dipeptidyl peptidase IV (DPP4), thus playing a
pivotal role in MERS-CoV infection of the host cell [18].
The S protein is a major immunogenic component of CoVs
and is the major target for neutralizing antibodies [19-22].
Laboratory tests, such as immunofluorescence assays (IFAs)
and conventional enzyme-linked immunosorbent assays
(ELISAs), are commonly used screening tools for detecting
anti-MERS-CoV serum antibodies. However, these assays
often yield false-positive reactions due to cross-reactivity
with other common human coronaviruses, and so confirma-
tory tests such as neutralization tests are utilized [23]. The
most widely used confirmatory serological assays to detect
and measure neutralizing antibody responses to MERS-CoV
utilize neutralization of live virus, through either the plaque
reduction neutralization test (PRNT) or the microneutraliza-
tion test (MNt) methods. However, due to the highly patho-
genic nature of MERS-CoV and the absence of treatments
and vaccines for MERS-CoV infection, PRNT and MNt tests
must be conducted under strict bio-containment procedures
in a biosafety level 3 (BSL-3) laboratory. This limits epidemio-
logical and pathogenesis studies globally. The development of
an alternative method that can be reliably and conveniently
used to determine the prevalence of MERS-CoV antibodies
at a population level is crucial to prevent the spread of
MERS-CoV.

A safe and convenient way to detect neutralizing antibodies
against MERS-CoV in serum is the use of viral pseudotypes.

Viral pseudotype particles have proven to be very valuable
tools for studying virus entry pathways, evaluating the efficacy
of vaccines, serological surveillance and gene therapy studies
[24-31]. Several reports have utilized MERS-lentivirus pseu-
dotyped viruses in sero-epidemiological studies and basic
research investigations [21, 32-36]. Additionally, vesicular
stomatitis virus (VSV) pseudotypes with MERS-CoV spike
glycoproteins have been utilized to investigate the role of the
MERS § protein in virus-receptor-mediated entry, virus/host
tropism and drug screening [37-39]. However, systematic
comparative equivalency analysis between VSV pseudotypes
bearing MERS-CoV spike glycoproteins and the conventional
MNt using human sera from confirmed MERS-CoV patients
have not been performed.

The purpose of this study was to develop a VSV pseudotype-
based neutralization assay to detect MERS-CoV S protein
neutralizing antibodies and calculate its equivalence to
traditional neutralization assays, therefore circumventing
the use of live virus and the need for widely unavailable
high-level containment biosafety facilities. Here, we validate
a MERS-CoV neutralization assay using a membraned VSV
pseudotype system, where its glycoprotein is replaced with a
luciferase reporter gene and its membrane is decorated with
MERS-CoV § proteins. Additionally, we perform equiva-
lence testing in comparison with the conventional MNt. We
demonstrate that these pseudoparticles are neutralized by
sera from MERS-CoV-infected patients. Furthermore, most
of the patient sera samples have neutralization activities, and
these results were consistent with the neutralization activity
that was measured by the conventional microneutralization
assay using live MERS-CoV. These results demonstrate that
the MERS-CoV-S protein pseudotyped VSV particle-based
neutralization assay would serve as a safe, reliable and highly
specific alternative method to detect MERS-CoV neutralizing
antibodies to be used for future sero-epidemiological studies.

METHODS
Cells

Baby hamster kidney-21 (BHK-21) cells were cultured
and maintained in Dulbecco’s modified essential medium
(DMEM) containing 5% fetal bovine serum (FBS) (Life
Technologies/Gibco), and 1x penicillin/streptomycin (p/s)
(Sigma) at 37 °C under a 5% CO, atmosphere. Vero (African
green monkey kidney epithelial) cells were cultured and
maintained in DMEM containing 10% FBS and 1x p/s 37°C
under a 5% CO, atmosphere. Different VSV-based pseudo-
types bearing either MERS-CoV-S or VSV-G glycoproteins
were produced in BHK-21 cells. The pseudoparticle titrations
and neutralization assays were carried out in Vero cells.

Serum samples and monoclonal antibody

Pooled normal human serum (pNHS) was purchased from
Lee Biosolutions and used as a negative control serum. Human
serum from a single patient with laboratory-confirmed MERS-
CoV infection was used as the positive control serum. The
positive control serum was collected from the first imported
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Fig. 1. Generation and characterization of VSV-MERS-CoV-S pseudoparticles. (a) IFA analysis of the expression of MERS-CoV-S protein.
HEK-293T cells were transiently transfected with pCAGGS-MERS-CoV-S plasmid DNA or mock transfected. The expression of MERS-
CoV-S was detected by convalescent sera from a MERS-CoV patient with a known neutralizing titre against live virus as a positive control
(MERS immune sera). (b, c) Titration of VSV-based pseudoparticles on Vero cells (b) and (c) BHK-21 cells. VSV pseudotyped with MERS-S
(VSV-MERS-S) or negative control pCAGGS empty vector containing no glycoprotein (VSV-EV) was used to infect Vero cells. The results
are expressed as the average relative luciferase units (RLU) +standard deviation (sb). The error bars indicate the sp.

case of MERS-CoV in the USA during the case investiga-
tion, with a neutralizing titre of 320. A laboratory-confirmed
SARS-CoV patient serum sample and a panel of human sera
with confirmed high neutralizing antibody titres to human
coronaviruses 229E, HKU1, OC43 and NL63 were used in
this study to evaluate the VSV-MERS-CoV-S particle-based
neutralization assay for potential cross-neutralization. A total
of 52 human sera samples from MERS-CoV-infected patients
in Saudi Arabia were used to examine equivalences. Anti-
VSV-G monoclonal antibody was purchased from Kerafast,
Inc.

Production of pseudotyped viruses

A codon-optimized S gene from the MERS-CoV Florida
isolate (GenBank accession number: KJ829365.1) was
synthesized by GeneScript and sub-cloned into pCAGGS
2.0 eukaryotic expression vector. VSV-MERS-CoV-S pseu-
doparticles were generated as previously described [24].
Briefly, BHK-21 cells were transfected with pCAGGS plasmid
encoding MERS-CoV-FL-S (pCAGGS-MERS-FL-S), VSV-G
(pCAGGS-VSV-G), or pCAGGS empty vector (pCAGGS-
EV) with Lipofectamine 2000 (Life Technologies). At 24h
post-transfection, cells were infected with pVSVAG*-G-
luciferase at a multiplicity of infection (m.o.i.) of 5. Super-
natants containing pseudoparticles were harvested at 24h

post-pVSVAG*-G-luciferase inoculation and aliquots were
stored at —80°C.

Titration of VSV-MERS-CoV-S pseudoparticles

The pseudoparticle titres were determined in Vero cells.
Vero cells were seeded in 96-well black and white tissue
culture-treated plates (Perkin-Elmer) and were inoculated
with 50l of pseudoparticles five fold serially diluted in
serum-free DMEM (1x p/s in triplicate in . After 1h adsorp-
tion, the inocula were removed, replaced with fresh DMEM
containing 10% FBS and 1x p/s, and incubated at 37°C. At
24h post-inoculation, luciferase activity was determined
using the Luciferase Assay kit (Promega, Inc.) according to
the manufacturer’s instructions. The titre of the VSV-MERS-
CoV-S§ pseudoparticles was defined as the highest dilution
yielding 10° relative luciferase units (RLU). For the titration of
VSV-MERS-CoV-S§ pseudoparticles, the pPCAGGS plasmids
encoding VSV recombinant G and the empty vector (EV)
PCAGGS-EV were used to generate VSV-G pseudoparticles
and pseudoparticles without heterologous protein (EV) as
positive and negative controls, respectively. Ten fold serial
dilutions of VSV pseudotyped with MERS-S (VSV-MERS-S)
or negative control pPCAGGS empty vector containing no
glycoprotein (VSV-EV) were used to infect Vero cells in
96-well plates. RLU were measured 24 h post-infection. The
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Fig. 2. Neutralization of VSV-based pseudoparticles. (a) VSV-MERS-CoV-S pseudoparticles or (b) VSV-G pseudoparticles were
preincubated with equal volumes of two fold serially diluted negative control pooled normal human serum (pNHS), positive control
MERS-CoV immune serum or anti-VSV-G monoclonal antibody. The results are expressed as the average relative luciferase units (RLU)

+sD. The error bars indicate the sd.

results are expressed as average RLU+standard deviation (sp)
of triplicate wells from an experiment repeated three times
with similar results. The error bars indicate the sp.

Pseudotype neutralization assay

Briefly, Vero cells were seeded in 96-well black and white
tissue culture-treated plates 1 day prior to infection. Human
sera were heat-inactivated at 56°C for 30 min, and diluted
as two fold serial dilutions with an initial dilution of 1:40 in
serum-free DMEM containing 1x p/s. Two hundred micro-
litres of each serum dilution were mixed thoroughly with 10°
RLU-equivalent VSV-MERS-CoV-S pseudoparticles diluted
to 200 ul and incubated at 37 °C under a 5% CO, atmosphere
for 1 h. Positive and negative control sera were included with
each assay run. In triplicates, 100 pl of the pseudoparticle-
serum mixtures were transferred onto Vero cell monolayers
and incubated at 37°C under a 5% CO, atmosphere for 1h.
After adsorption, 100 ul of DMEM containing 10% FBS p/s
was added and incubated at 37°C and 5% CO, for 23h. At 24h
post-inoculation, luciferase activity was determined using the
Luciferase Assay kit according to the manufacturer’s instruc-
tions. The results are expressed as the percentage neutrali-
zation +sD of three parallel wells from three independent
experiments.

To calculate neutralization, the luciferase activity from each
serial diluted human sera sample was normalized to that from
the negative control, pNHS. Neutralization was calculated
as: (average RLU value of pNHS—average RLU value with
test serum/average RLU value of pNHS)x100. Reciprocal
endpoint titres were defined as the highest dilution of the
test serum sample that decreased RLU values by 80% or more.
Serum samples that failed to show at least an 80% reduction
at the 1:40 dilution were considered to be below the limit of
detection.

Immunofluorescence assay (IFA)

The slides were first coated with poly-L-lys and seeded with
HEK-293T cells 24h prior to transfection. The cells were
transfected with 1pg of pCAGGS-MERS-CoV-S plasmid
DNA or mock transfection. At 24 h post-transfection, the cells’
expression of MERS-CoV-S was detected by convalescent sera
from a MERS-CoV patient with a known neutralizing titre
against live virus as a positive control (MERS immune sera;
1:400), followed by FITC-labelled anti-human IgA/IgG/IgM
(1:500) (Abcam). DAPI stain was used and cells were imaged
using a Zeiss Axiolmager microscope at 20x magnification.

Statistical analyses

All graphs were generated with the GraphPad Prism 7
software. All results were calculated and presented as the
meanstsD obtained from duplicate or triplicate independent
experiments. Pearson’s correlation analysis and the Bland-
Altman method were used to assess the comparative analyses
between the VSV-MERS-CoV-S pseudoparticle neutralization
assay and the MNt assay. Statistical analyses were performed
using GraphPad Prism 7 software.

The specimens used in this study were determined to be non-
human subject research by the Centers for Disease Control
and Prevention (CDC) Institutional Review Board (IRB).

RESULTS

Generation and characterization of VSV-MERS-
CoV-S pseudoparticles

To establish VSV-MERS-CoV-S pseudotype neutralization
assays, we generated VSV-MERS-CoV pseudoparticles with
surface S protein and a firefly luciferase reporter gene as
previously described [24]. The expression of MERS-CoV
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S proteins was confirmed by immunofluorescence at 24h
post-transfection in HEK293T cells (Fig. 1a). It is known that
BHK-21 cells do not have the S-binding MERS-CoV receptor,
DPP4, and are therefore not permissible to MERS-CoV
infection, but Vero cells do [18, 39]. Efficient packaging of
MERS-CoV S on the surface of the VSV pseudoparticles and
the ability of the pseudoparticles to enter target cells through
receptor binding were confirmed by comparing the titrated
inoculation of Vero and BHK-21 cells of negative control
VSV pseudoparticles containing no viral glycoproteins on
their surface (VSV-EV) with that for VSV pseudotyped with
MERS-CoV-S§ proteins, designated VSV-MERS-S (Fig. 1b and
c). As expected, in the Vero cells the luciferase activity was
proportional to the dilution of the MERS-S pseudoparticle
inoculum (Fig. 1). In comparison to the control pseudopar-
ticles, the MERS-S pseudoparticles demonstrated an approxi-
mately six fold increase in luciferase activity (Fig. 1). Neither
the MERS-S pseudoparticles nor the control pseudoparticles
induced high levels of luciferase activity in BHK-21 cells
(Fig. 1), further supporting the notion that BHK-21 cells are
resistant to MERS-CoV infection [39]. Based on the RLU
values observed at each serial dilution, it was decided to use
a 1:200 dilution as the input pseudoparticle dose for further
experiments for the MERS-CoV S protein pseudotyped VSV
particle-based neutralization assay.

Optimization of the VSV-MERS-CoV-S
pseudoparticle assay

To establish optimal parameters for the MERS-CoV S protein
pseudotyped VSV particle-based neutralization assay, the cell
density was optimized for maximum luciferase activity. No
significant differences in luciferase activities were observed
at 10°-10° cellsper well, although maximum luciferase activity
was reached at 10*cells per well, and so 10*cells per well was
selected as the standard assay cell density (Fig. Sla, available
in the online version of this article). Next, we investigated the
incubation time for optimal luciferase activity. The maximum
RLU values peaked at 24 h post-infection and the RLU values
decreased with prolonged incubation times (Fig. S1b). There-
fore, 24 h post-infection was determined to be the most suit-
able infection time for MERS-CoV-S pseudoparticles.

Serum neutralization test with MERS-CoV-S
pseudoparticles

To investigate whether anti-MERS-CoV human sera neutral-
ized VSV-MERS-CoV-S pseudoparticles, VSV-MERS-CoV-S
pseudoparticles were preincubated with two fold serial dilu-
tions of pNHS serum (negative control), convalescent sera
from a MERS-CoV patient with a known neutralizing titre
against live virus as a positive control (MERS immune sera)
or anti-VSV-G monoclonal antibody. Luciferase activity was
reduced when VSV-MERS-CoV-S was preincubated with
positive control serum in a dose-dependent manner (Fig. 2a).
In contrast, preincubation with the negative control pNHS or
anti-VSV-G monoclonal antibody did not significantly reduce
luciferase activity at any dilution factor, thus demonstrating
that VSV-MERS-CoV-S pseudoparticles were specifically
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Fig. 3. Percentage neutralization of RLU of VSV-MERS-CoV-S
pseudoparticles in  comparison to pNHS. VSV-MERS-CoV-S
pseudoparticles were preincubated with equal volumes of two fold
serial dilutions of MERS-CoV immune serum and then inoculated onto
Vero cells. The results are normalized to the negative control pNHS
serum. The results are expressed as percentage neutralization +sbD.
The error bars indicate sb.

neutralized by serum from an individual with a confirmed
prior MERS-CoV infection (Fig. 2a). As expected, at any
dilution factor, preincubation with anti-VSV-G monoclonal
antibody efficiently neutralized VSV-AG pseudoparticles
packaged with VSV-G, although neither the MERS-CoV posi-
tive control serum or the negative control pNHS neutralized
VSV-AG pseudoparticles packaged with VSV-G (Fig. 2b).

Establishment of percentage neutralization cutoff
for endpoint titration of human sera

Neutralization may be assessed as the percentage reduc-
tion in infectivity at a single dilution. Since our goal is to
measure the endpoint neutralization titres of human sera
that possibly contain MERS-CoV neutralizing antibodies,
we evaluated the percentage neutralization reduction curve
of VSV-MERS-CoV-S pseudoparticles when preincubated
with a MERS-CoV immune serum with a known live-virus
endpoint neutralization titre. The percentage reduction in
RLU (% neutralization) was determined by calculating the
difference between the average RLU number in triplicate
wells with the anti-MERS-CoV serum and the average RLU
number in triplicate wells with the negative control pNHS
sample, dividing it by the average RLU number in triplicate
wells with the negative control pNHS sample and then multi-
plying the result by 100.

Neutralization of VSV-MERS-CoV-S pseudoparticles was
dependent on the serum dilution, reducing RLU between
99 and 53% at the dilutions tested (Fig. 3). Using a target
value of 80% reduction in RLU in comparison to the pNHS
control was within the linear range of reduction. Our standard
positive control MERS-CoV immune serum crossed the 80%
reduction line between 320 and 640 dilutions. This same
serum has a known endpoint titre of approximately 320 in
neutralization assays using live virus (unpublished data),



Lester et al., Access Microbiology 2019;1

12

R=0.93
P<0.001 oo
F
ie
£
2

VSV-MERS-CoV-S
Neutralizing titres (log,)

(b)
3
% 21 ° ° 95% limits of agreement
= S R A
£
=
s 14 ° o o
= '
"] Bias
2
S 04 ° © 06 0 0 0 o
)
°
3
@
| b © o __ 95%limits of agreement
8
s
e
g '2 T T T T T T T T T T T 1
(=]

QNYD XS 0A DOIND

Average of pseudovirus and MNt titres (log,)

Fig. 4. Correlation analysis between VSV-MERS-CoV-S pseudoparticle and live virus neutralization tests. VSV-MERS-CoV-S
pseudoparticles were preincubated with equal volumes of 52 human serum samples in two fold serial dilutions and then inoculated in
triplicate onto Vero cells. (a) Pearson correlation analysis of anti-MERS-CoV neutralizing antibody titres measured both by MNt and VSV-
MERS-CoV-S pseudoparticle assays. The results on the x-axis are expressed as the log, inverse dilution that resulted in 80% or greater
reduction in RLU as compared to the negative control pNHS serum. The results on the y-axis are expressed as the log, inverse dilution
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comparison. (b) Bland-Altman method comparative analysis of anti-MERS-CoV neutralizing antibody titres measured both by the MNt
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demonstrating relative equivalence in the two assays for this
serum.

Equivalence testing of VSV-MERS-CoV-S
pseudoparticle neutralization titration

We previously measured the endpoint neutralizing antibody
titres of 52 human sera collected from MERS-CoV patients
using a live virus MNt. To determine if the VSV-MERS-
CoV-S pseudoparticle neutralization test results in equiva-
lent endpoint titres in comparison to the live virus MNt, we
compared the endpoint titres from the live virus MNt to the
endpoint titre necessary to achieve an 80% reduction in RLU
with VSV-MERS-CoV-S§ pseudoparticles. Neutralizing anti-
body titres ranging from 40 to 1280 from 52 human serum
samples against MERS-CoV were successfully detected by
both neutralization assays (Fig. 4). Sixty-seven per cent (n=35)
of the serum samples had the same endpoint neutralization
titres as those measured by either technique. We observed that
approximately 29% (n=15) of the serum samples gave higher
neutralizing titres in the VSV-MERS-CoV-S pseudoparticle
neutralization assay than the conventional MNt. Furthermore,
five sera with neutralization titres below the limit of detection
by MNt had neutralizing titres that were detectable by the
VSV-MERS-CoV-S§ pseudoparticle neutralization assay, thus
demonstrating that the VSV-MERS-CoV-S pseudoparticle
neutralization assay may be more sensitive (Fig. 4). The titres
from both assays were then analysed statistically. Pearson’s
correlation analysis of all data showed a strong correlation

between the two neutralization assays, with R=0.9348,
P<0.0001, 95% confidence interval (CI)=0.8886to 0.9622
(Fig. 4a). Bland-Altman method comparison analysis further
demonstrated that these two methods are highly comparable.
The average of the logarithmic difference of the two methods
was 0.3269 (Fig. 4b). Collectively, these data indicate that the
VSV-MERS-CoV-S pseudoparticle neutralization assay can
be a reliable alternative to the live virus-based MNt.

Specificity testing for the VSV-MERS-CoV-S
pseudoparticle neutralization assay

There are six known human coronaviruses that cause respira-
tory disease in humans. In order to test the specificity of
our VSV-MERS-CoV-S§ pseudoparticles and their potential
cross-reactivity with other common human coronaviruses,
we tested 40 serum samples from humans with no known
anti-MERS-CoV exposure. When using the 80% reduction in
RLU as the cut-oft value, none of the serum samples neutral-
ized VSV-MERS-CoV-S pseudoparticles at any dilution
factor (Fig. S2). We also tested potential cross-neutralization
of VSV-MERS-CoV pseudoparticles with sera from other
humans with confirmed infections with the human corona-
viruses 229E, HKU1, OC43, NL63 and SARS-CoV. Using the
neutralization parameters of 80% or greater reduction in RLU,
we found no cross-neutralization with 229E, HKU1, OC43,
NL63 or SARS-CoV anti-sera (Fig. 5). These data confirm the
specificity of the VSV-MERS-CoV-S pseudoparticles.
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Fig. 5. Cross-neutralization of VSV-MERS-CoV-S by sera from
patients with confirmed human coronavirus infections. VSV-MERS-
CoV pseudoparticles were preincubated with equal volumes of two
fold serially diluted MERS-CoV immune serum or antisera from the
human coronaviruses 229E, HKU1, OC43, NL63 and SARS-CoV and
then inoculated in triplicate onto Vero cells for each dilution of serum
samples. The results are normalized to the negative control pNHS
serum. The results are expressed as percentage neutralization and are
the average of two independent experiments.

DISCUSSION

MERS-CoV continues to circulate on the Arabian Penin-
sula and can cause severe infections, including fatalities.
At present, there are no antiviral therapeutics or approved
vaccines to combat MERS-CoV infections. The presence of
serum neutralizing antibodies 220 is a reliable indicator of
prior MERS-CoV exposure. Neutralization assays using live
viruses are recognized as the gold standard serological assays
to confirm the antibody responses to MERS-CoV infection.
However, one major obstacle to performing the MNt assay
is the requirement for access to high-level biocontainment
laboratories, due to the use of live MERS-CoV. Thus, only
a limited number of facilities and researchers are able to
perform such neutralization assays. Additionally, determining
the neutralization of infectious virus in this assay requires
the assessment of cytopathic effect in 96-well plates, which is
labour-intensive and time-consuming. Furthermore, because
of the large viral genome, reverse genetics for MERS-CoV is
challenging, and still needs to be used under BSL-3 contain-
ment, thereby limiting molecular manipulation and studies.
These limitations highlight the need to develop alternative
methods for detecting MERS-CoV neutralizing antibodies.

An alternative approach to overcome these shortcomings is
the use of viral pseudotypes. Generally, lentiviral and VSV-
based pseudotypes are used for the study of enveloped viruses.
Several studies have utilized lentiviral and VSV pseudotype
systems harbouring MERS-CoV spike glycoproteins to study
viral entry, viral tropism and other basic science questions
[27, 29, 37-40]. In addition to being utilized to probe basic
science questions, pseudoparticle-based neutralization
assays have been used for serological surveillance of reser-
voir species for several other zoonotic viruses in addition to
MERS-CoV [17, 33,41-46]. Studies have employed lentiviral
and env-deficient HIV-1 backbone vector pseudotype systems

for MERS-CoV seroepidemiological surveillance in humans
[32-36]. Using dromedary camel sera, Hemida et al. demon-
strated that lentiviral-based MERS-CoV S pseudoparticles
detected antibodies specific to MERS-CoV. In our hands,
lentiviral particles grew to lower titres than VSV particles,
making it challenging to prepare high volumes of stock for
use in multiple studies. Standardizing many particles for use
in multiple studies is important for making comparisons
between studies in this context.

Barlan et al. utilized VSV pseudotyped with MERS-CoV-S
and demonstrated that susceptibility to MERS-CoV infection
is enhanced by cellular proteases that cleave the S protein [37].
Fukuma et al. demonstrated that infection with VSV-based
pseudoparticles bearing truncated C-terminal MERS-CoV-§
protein and non-truncated MERS-CoV-S protein was inhib-
ited by rabbit anti-MERS-CoV S serum and that infection was
dependent on the expression of DPP4 [40]. This demonstrated
that VSV-based MERS-S pseudoparticles can be utilized
for neutralization assays. Nonetheless, studies featuring
seroepidemiological surveillance in humans utilizing a VSV
pseudotype system bearing MERS-CoV spike glycoproteins
had not previously been performed. This report describes the
first comparison between the neutralization assay using VSV-
MERS-CoV-S§ pseudoparticles and the MNt using a panel of
human sera.

This study is limited by only utilizing 52 specimens, which
limits its statistical power. Although analysing more speci-
mens might yield a more powerful comparative analysis, the
complexities of limited availability, diplomatic issues and
biosafety concerns make acquiring MERS-CoV human speci-
mens less feasible. Despite this limitation, statistical analyses
comparing MNt and VSV-MER-CoV pseudoparticle neutral-
ization indicate there was a positive correlation between
the two methods. Although there was a strong correlation
between the two methods, the VSV-MERS-CoV-S pseudo-
particle neutralization assay is slightly more sensitive than the
conventional MNt. One potential explanation for this is the
surface density of S protein. The generation of pseudoparticles
by transient transfection in continuous cell lines, rather than
producer cells that are more physiologically relevant, may lead
to the production of large amounts of virus with less S protein
on its surface. Thus, the pseudoparticles may be more suscep-
tible to neutralization because fewer neutralizing antibodies
are required to block the entry of MERS-CoV. However,
in corroboration with our data, Fukushi et al. previously
demonstrated that a neutralization test based on a VSV-based
SARS-CoV-S protein bearing pseudoparticles was also more
sensitive than the conventional virus neutralization test using
live SARS-CoV [47]. In comparison with the MNt method,
the pseudoparticle neutralization assay required half as much
time to test for MERS-CoV neutralizing antibodies. More
importantly, this assay can be performed in a low-biosafety
containment laboratory.

In addition to being faster and more sensitive than conven-
tional neutralization assays while maintaining specificity, our
VSV-MERS-CoV-S pseudoparticle system offers a convenient
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approach for examining the antigenic and neutralizing epitope
differences among different S proteins from divergent strains
of MERS-CoV. The data we have presented here use one S
plasmid, but the pseudoparticles can be packaged using the
spike sequence from other virus strains. Because S protein is
provided in trans in a pCAGGS vector, it can be easily mutated
or swapped for any spike protein an investigator is interested
in studying. There are existing reverse genetics systems for
human coronaviruses, including MERS-CoV, but those
systems are more difficult to generate and require BSL-3 facili-
ties [48-50]. Using those full-virus reverse genetics systems
are essential for viral replication and pathogenesis studies,
but for neutralization studies, the presence of spike alone is
sufficient.

MERS convalescent sera did not neutralize VSV particles
packaged with VSV-G, demonstrating that neutralization
was due to serum antibodies binding specifically to MERS
S. One of the main concerns in designing a MERS-CoV
neutralization test is the presence of five other known human
coronaviruses, four of which cause common infections. It
had previously been shown that anti-coronavirus sera cross-
neutralize amongst similar coronaviruses [51]. In this study
we determined that VSV-MERS-CoV-S pseudoparticles were
not neutralized by antisera from alpha- or betacoronaviruses,
further demonstrating the assay’s high specificity.

In conclusion, we established a neutralization test using a
VSV-based pseudotyped virus possessing MERS-CoV S
protein and expressing a luciferase reporter gene. We used
the VSV-MERS-CoV-S pseudoparticle neutralization assay
at BSL-2 containment, improving the safety of MERS-CoV
neutralization assays. Additionally, we found the system to
be more rapid and sensitive and easier to use than a conven-
tional microneutralization assay. These characteristics make
the VSV-MERS-CoV-S pseudoparticle neutralization assay a
more attractive, convenient and suitable assay for MERS-CoV
screening and confirmatory serology testing. It offers a safe,
rapid alternative method to monitor the potency and breadth
of neutralization antibodies against MERS-CoV exposure in
future seroepidemiological studies.
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