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The zoonotic introductions and ongoing outbreaks 
of Middle East respiratory syndrome (MERS) 

coronavirus (MERS-CoV) pose a global threat (1,2) 
necessitating continuous serosurveillance to moni-
tor virus spread alongside the development of 
vaccine and antibodies as countermeasures. Both 
approaches require validated assays to evaluate 
specific antibody responses. Although MERS-CoV 
serologic assays have been developed (2–6), those 
detecting functional antibodies cannot be applied 
in all laboratories and can require Biosafety Level 
3 (BSL-3) containment. Recombinant protein-based 
immunoassays are easier to operate and standard-
ize and do not require BSL-3 containment. However, 
MERS-CoV protein-based assays developed thus 
far can only detect antibody binding and give no 
information on antibody functionality. The MERS-
CoV spike protein N terminal subunit (S1) contains 
2 functional domains: the N-terminal domain (S1A), 
which binds sialic acid, the viral attachment factor; 
and the receptor-binding domain (RBD) (S1B), which 
binds dipeptidyl peptidase 4, the virus receptor 
(7,8). Antibodies against those 2 domains can block 
MERS-CoV infection (9). Based on this fundamental 
knowledge, we developed 2 recombinant protein-
based functional assays.

First, we developed an S1-based competitive ELI-
SA, a receptor-binding inhibition assay (RBI), to test 
for antibodies that block the interaction with dipepti-
dyl peptidase 4, the viral receptor (Appendix Figure 
1, https://wwwnc.cdc.gov/EID/article/26/5/19-
0921-App1.pdf). We validated the specificity of the 
assay for human diagnostics using serum samples 
from healthy blood donors, PCR-confirmed non–
coronavirus-infected patients and non–MERS-CoV–
infected patients (cohorts H1–H3) (Appendix Table 
1). At a 1/20 dilution, none of the samples from non–
MERS-CoV-infected humans showed a >50% reduc-
tion in signal (RBI50) (Figure, panel A), indicating a 
high specificity of the assay. MERS-CoV–specific RBI 
antibodies were detected in all the 90% plaque reduc-
tion neutralization assay (PRNT90)–positive serum 
samples of the PCR-confirmed MERS-CoV patients 
tested (Appendix Table 2, Figure 2). The percentage 
reduction in signal strongly correlated with neutral-
izing antibody titers (Figure, panel B). The RBI50 assay 
showed similar sensitivity to the PRNT90 assay.

Because the RBI assay is species-independent, we 
validated its ability to detect RBI antibodies in drom-
edaries. At a 1/20 dilution, none of the naive drom-
edary serum samples (10) reacted in the assay, where-
as all samples from MERS-CoV–infected dromedaries 
(2) resulted in a >90% reduction in signal (Appendix 
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We developed and validated 2 species-independent pro-
tein-based assays to detect Middle East respiratory syn-
drome coronavirus functional antibodies that can block virus 
receptor-binding or sialic acid-attachment. Antibody levels 
measured in both assays correlated strongly with virus-neu-
tralizing antibody titers, proving their use for serologic confir-
matory diagnosis of Middle East respiratory syndrome.



Table 1, Figure 3, panel A). We detected RBI antibod-
ies in the samples of vaccinated and experimentally 
infected dromedaries (Appendix Figure 3, panel B). 
Overall, the RBI50 was highly specific and showed 
comparable sensitivity to PRNT90 for detection of 
MERS-CoV–specific RBI (neutralizing) antibodies 
after infection and vaccination (Appendix Figure 3, 
panel C).

Apart from the RBD, the MERS-CoV S1 contains 
an α2,3 sialic acid–binding S1A domain (7). When 
this domain was multivalently presented on self-
assembling lumazine synthase (LS) nanoparticles 
(S1A-Np), it was able to hemagglutinate human 
erythrocytes. To generate S1A-Np, we genetically 
fused the S1A domain to LS and expressed the par-
ticles in HEK-293S cells (Appendix Figure 4, panel 
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Figure. MERS-CoV–specific RBI and HI assays for MERS-CoV human diagnostics. A) Validation of the specificity of the RBI assay 
for the detection of MERS-CoV–specific antibodies in humans. Red dots indicate severe illness. Green dots indicate mild illness. B) 
Correlation between neutralizing and RBI antibody responses after MERS-CoV infection. C) Hemagglutination of turkey erythrocytes 
using S1A-nanoparticles. S1A-, S1B-, or empty self-assembling lumazine synthase nanoparticles were serially diluted and tested for the 
ablity to agglutinate turkey RBCs. D) Specificity of the HI assay for the detection of MERS-CoV S1A–directed antibodies. Rabbit anti-S1A, 
anti S1B, or anti-S1 serum samples were serially diluted and tested for the ability to block S1A-nanoparticles–induced hemagglutination of 
turkey RBCs. E) Validation of HI assay for the detection of MERS-CoV–specific antibodies in humans. F) Scatter plot correlating PRNT90 
neutralization titers and HI titers after MERS-CoV infection. CoV, human coronavirus; HI, hemagglutination inhibition; MERS-CoV, Middle 
East respiratory syndrome coronavirus; PRNT90, 90% reduction in plaque reduction neutralization test; RBI, receptor-binding inhibition.



A). By using S1A-Np, we developed a hemaggluti-
nation inhibition (HI) assay to detect antibodies ca-
pable of blocking virus interaction with sialic acids 
(Appendix Figure 4, panel B). To set up the assay 
using turkey RBCs, we tested the ability of S1A-Np 
to agglutinate turkey erythrocytes by using empty 
(LS)-Np and S1B-Np as negative controls. Although 
neither the lumazine synthase–Np nor the S1B-Np 
showed any hemagglutination at any temperature 
tested, the S1A-Np induced hemagglutination at 4°C; 
we also noted hemagglutination when using drom-
edary erythrocytes (Figure, panel C; Appendix Fig-
ure 4, panel C). Although antibodies against the S1 
and S1A domain inhibited hemagglutination show-
ing high HI titers, S1B antibodies were negative for 
HI (Figure, panel D).

Next, we used the same cohort of serum sam-
ples for validating the RBI assay. None of the sam-
ples from healthy blood donors, PCR-confirmed 
non–coronavirus-infected and non–MERS-CoV–in-
fected patients (cohorts H1–H3) showed any HI at 
the 1/20 dilution (Figure, panel E). HI antibodies 
were detected in the samples of all severely infect-
ed MERS-CoV patients and that of 1 mildly infect-
ed MERS-CoV patient (Figure, panel E; Appendix 
Figure 5); only 2 of the mildly infected MERS-CoV 
patients were PRNT90-positive (Appendix Table 2). 
Serum HI titers correlated strongly with neutraliz-
ing antibody titers detected by a whole virus neu-
tralization assay (PRNT90); nonetheless, the PRNT90 
assay was more sensitive (Figure, panel F). Simi-
larly, only serum samples from MERS-CoV–infect-
ed dromedaries were HI-positive (10/13), whereas 
none of the naive dromedary camel serum samples 
showed any HI (Appendix Figure 6, panel A). HI 
antibodies were detected in serum samples of vac-
cinated dromedaries after booster immunization 
(Appendix Figure 6, panel B). Overall, although 
less sensitive, the antibody titers detected by the HI 
assay correlated strongly with the neutralizing an-
tibody titers detected by PRNT90 assay (Appendix 
Figure 6, panel C).

The RBI and HI assays we developed are easy 
to operate and standardize and can detect func-
tional antibodies against 2 MERS-CoV S1 domains 
responsible for virus entry (RBD) and attachment 
(S1A). Both assays are protein-based and can be car-
ried out in a 96-well plate format, therefore providing 
BSL-1 high-throughput platforms. The assays can be 
used as confirmatory assays for human and drom-
edary MERS-CoV diagnostics and for antibody and  
vaccine evaluation.
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In 2018, we detected a novel Ehrlichia strain infecting 
Amblyomma neumanni ticks in Argentina. The novel 
strain is phylogenetically related to the ruminant patho-
gen E. ruminantium and represents a potential risk for 
veterinary and public health because A. neumanni ticks 
parasitize domestic and wild ruminants and bite humans.
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The first coronavirus, avian infectious bronchitis virus, 
was discovered in 1937 by Fred Beaudette and Charles 

Hudson. In 1967, June Almeida and David Tyrrell per-
formed electron microscopy on specimens from cultures 
of viruses known to cause colds in humans and identified 
particles that resembled avian infectious bronchitis virus. 
Almeida coined the term “coronavirus,” from the Latin  
corona (“crown”), because the glycoprotein spikes of these 
viruses created an image similar to a solar corona.

Strains that infect humans generally cause mild symp-
toms. However, more recently, animal coronaviruses have 
caused outbreaks of severe respiratory disease in humans, 
including severe acute respiratory syndrome (SARS), Mid-
dle East respiratory syndrome (MERS), and coronavirus 
disease (COVID-19).

Figure. Illustration reveals the ultrastructural 
morphology exhibited by coronaviruses. Note the 
spikes that adorn the outer surface of the virus, which 
impart the look of a corona surrounding the virion, when 
viewed electron microscopically. Photo: CDC/ Alissa 
Eckert, MS; Dan Higgins, MAMS
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Serologic Detection of Middle East 
Respiratory Syndrome Coronavirus 

Functional Antibodies 
Appendix 

Materials and Methods 

Serum Samples 

To validate the specificity of the developed assays for the detection of MERS-CoV-

specific antibodies in humans, we used a set of sera we previously described in an earlier study 

to validate a MERS-CoV specific S1 ELISA (1) (Appendix Table 1, cohorts H1–H5). We also 

included sera from MERS-CoV infected camels (2) as well as sera from MERS-CoV vaccinated 

camels (3) to validate the use of the assays for camel MERS-CoV diagnostics and evaluation of 

immune responses following vaccination (Appendix Table 1, sample sets D1–D3). The use of 

human sera from the Netherlands was approved by the local medical ethical committee (MEC 

approval no. 2014–414) and from South Korea by the Institutional Ethics Review Board of Seoul 

National University Hospital (approval no. 1506–093–681). The use of camel sera was approved 

as previously described (2,3) 

Protein Production 

For the receptor binding inhibition assay, both DPP4 and MERS-S1-mFc were produced 

in HEK-293T cells as previously described. The DPP4 ectodomain (39–766) was expressed as an 

N terminally strep-tagged protein and purified from cell culture supernatant using Strep-Tactin 

sepharose beads (IBA GmbH). MERS-CoV S1 (1–751) was C-terminally fused to a mouse 

IgG2a Fc in pCAGGS expression vector and purified from cell culture supernatant using protein 

A sepharose beads. 

For the hemagglutination inhibition assay, empty lumazine synthase nanoparticles (LS-

Np) were produced as previously described (4). S1A nanoparticles (S1A-Np) were produced by 

genetically linking the S1A encoding region of the MERS-CoV spike (amino acids19–357; EMC 

https://doi.org/10.3201/eid2605.190921
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strain GenBank Acc. no. JX869059.2) to the lumazine synthase encoding gene in pCAGGS 

vector encoding a CD5 signal peptide and strep tag. S1A-Np were expressed in HEK-293S cells 

and purified using Strep-Tactin sepharose beads. 

Receptor Binding Inhibition Assay 

We developed a competitive ELISA to detect antibodies capable of blocking of the 

binding of MERS-CoV to its cellular receptor DPP4. ELISA plates were coated overnight at 4°C 

with 2 ug/ml recombinant DPP4 in PBS. The plates were washed with PBS and blocked with 3% 

BSA/PBS-0.5% tween-20 for 1 hr at room temp. In the meantime, 1/20 diluted sera (or further 2-

fold serially diluted for titer determination) were mixed with 5 ng of S1-mFc in a total volume of 

100 ul blocking buffer per well and incubated for 1 hr at room temperature. Wells with no serum 

(only S1-mFc) were included in each run to calculate to maximum binding. Following 1 hr of 

incubation the mix was transferred to blocked plates and allowed to incubate for 1 hr further. The 

plates were washed 3 times with PBS/0.05% tween-20, and the amount of S1-mFc bound to the 

plate was determined by adding HRP-labeled anti-mouse IgG (1:2000, Dako) and incubating for 

1 hr. Following washing, the signal was revealed by adding 100 ul of TMB and the reaction was 

stopped using sulfuric acid. Absorbance was measured using Tecan. Blocking was determined as 

percentage reduction of the sample signal from the blank signal (no serum). A 50% reduction in 

signal (RBI50) in a ≥1/20 diluted sample was considered positive. Serum antibody titers were 

determined as the reciprocal of the highest serum dilution resulting in a ≥50% signal reduction. 

Hemagglutination Assay 

We tested the ability of S1A multivalently-expressed on lumazine synthase nanoparticles 

(S1A-Np) to agglutinate turkey and dromedary RBCs. 

For the HA assay, fifty µl of 2-fold serially diluted Nps were mixed with an equal volume 

of 0.5% RBCs in PBS and incubated for 1 hr at 4°C. Following incubation, the hemagglutination 

activity was assessed and the HA titer (HA units; HAU) of the Nps was recorded as the dilution 

of the last well showing hemagglutination. 

Hemagglutination Inhibition Assay 

To carry out the hemagglutination inhibition assay, sera were 2-fold serially diluted 

starting at a 1/10 dilution in a total volume of 50 ul PBS. S1A-Nps corresponding to 4 HAU in 25 

ul PBS were added to each well and the mix was incubated for 30 min at 37°C. Following 
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incubation, 25 ul of 0.5% turkey RBCs in PBS were added and further incubated for 1 hr at 4°C 

after which the serum HI titer was scored. A serum titer ≥20 was considered positive. 

Plaque Reduction Neutralization Assay (PRNT) 

All sera included in this study were previously tested for MERS-CoV neutralization using 

the PRNT90 assay (1–3). Owing to the specificity and sensitivity, neutralization assays are 

considered the gold standard for MERS-CoV serology. Thus, we compared the performance of 

the developed assays RBI and HI to PRNT90 to assess their specificity and sensitivity. 
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Appendix Table 1. Sample sets used in this study* 

Species Country Cohort Sample source 
No. 

samples 
Range 

(post diagnosis) Reference 
Human The 

Netherlands 
H1 Blood Donors (Negative cohort) 50 NA  (1) 
H2 Non-hCoV 

Respiratory 
Infections 
(N = 85) 

Adenovirus 5 2- 4 w 
Bocavirus 2 
enterovirus 2 

HMPV 9 
Influenza A 13 
Influenza B 6 
Rhinovirus 9 

RSV 9 
PIV-1 4 
PIV-3 4 

M. pneumoniae 1 
CMV 9 
EBV 12 

H3 Recent hCoV 
infections 
(N = 60) 

α-CoV HCoV-229E 19 >2w –1y 
HCoV-NL63 18 

β-CoV HCoV-OC43 23 
H4† RT-PCR confirmed 

MERS cases 
(n = 60 longitudinal 
specimen from 13 

patients) 

Acute 21 1–14 d 
Convalescent 7 15–228 d 

South 
Korea 

H5 Mild infection‡ 17 6–12 mo 
Severe infection§ 15 6–12 mo 

Dromedary 
camels 

Qatar D1 MERS-CoV seropositive 13 NA  (2) 
Canary 
Islands 

D2 MERS-CoV 
seronegative 
(longitudinal 
specimen) 

Vaccinated¶ 28 0–63 dpv  (3) 

D3 MERS-CoV infected 
(longitudinal 
specimen) 

Infected# 28 0–14 dpi 

*CoV, coronavirus; CMV, Cytomegalovirus; d, day; dpi, days post-infection; dpv, days post-vaccination; EBV, Epstein-Barr virus; HCoV, human 
coronavirus; HMPV, Human metapneumovirus; MERS, Middle East respiratory syndrome; mo, month; NA, not applicable; PIV, parainfluenza virus; 
RSV, respiratory syncytial virus; w, week; y, year. 
†Samples taken from 2 case-patients at different time points. 
‡Samples taken from 6 case-patients at different time points. 
§Samples taken from 5 case-patients at different time points. 
¶Samples taken from 4 camels at different time points. 
#Samples taken from 4 camels at different time points. 
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Appendix Table 2. Comparative validation results of the RBI and HI assays versus the PRNT90* 

Species Cohort Sample source 
No. 

samples 

N positives / N tested 

Validation 
aspect 

RBI50  HI 
PRNT90 
positive 

PRNT90 
negative  

PRNT90 
positive 

PRNT90 
negative 

Human H1 Blood Donors 50 NA 0/50  NA 0/50 Specificity 
H2 Non-CoV 

Respiratory 
Infections 
(N = 85) 

Adenovirus 5 NA 0/5  NA 0/5 
Bocavirus 2 NA 0/2  NA 0/2 

Enterovirus 2 NA 0/2  NA 0/2 
HMPV 9 NA 0/9  NA 0/9 

Influenza A 13 NA 0/13  NA 0/13 
Influenza B 6 NA 0/6  NA 0/6 
Rhinovirus 9 NA 0/9  NA 0/9 

RSV 9 NA 0/9  NA 0/9 
PIV-1 4 NA 0/4  NA 0/4 
PIV-3 4 NA 0/4  NA 0/4 

M. pneumoniae 1 NA 0/1  NA 0/1 
CMV 9 NA 0/9  NA 0/9 
EBV 12 NA 0/12  NA 0/12 

H3 Recent CoV 
infections 
(N = 60) 

α-CoV HCoV-229E 19 NA 0/19  NA 0/19 
HCoV-NL63 18 NA 0/18  NA 0/18 

β-CoV HCoV-OC43 23 0/2 0/23  0/2 0/23 
H4† RT-PCR 

confirmed 
MERS cases 

(n = 60 
longitudinal 

specimen from 
13 patients) 

≤14 d post diagnosis 21 11/11 1/10  7/11 0/10 Sensitivity 
>14 d post diagnosis 7 7/7 NA  7/7 NA 

H5 Mild infection‡ 17 5/5 0/12  2/5 0/12 
Severe infection§ 15 15/15 NA  15/15 NA 

Dromedary 
camels 

D1 MERS-CoV seropositive 13 13/13 NA  10/13 NA 
D2 MERS-CoV 

seronegative 
(longitudinal 
specimen) 

Vaccinated¶ 28 16/20 0/8  16/20 0/8 
D3 Infected# 28 5/6 0/22  0/6 0/22 

*CoV, coronavirus; CMV, Cytomegalovirus; EBV, Epstein-Barr virus; HCoV, human coronavirus; HMPV, Human metapneumovirus; MERS, Middle 
East respiratory syndrome; NA, not applicable; PIV, parainfluenza virus; RSV, respiratory syncytial virus. 
†Samples taken from 2 case-patients at different time points. 
‡Samples taken from 6 case-patients at different time points. 
§Samples taken from 5 case-patients at different time points. 
¶Samples taken from 4 camels at different time points. 
#Samples taken from 4 camels at different time points. 
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Appendix Figure 1. Schematic diagram showing the principle of the receptor binding inhibition (RBI) 

assay. S1-mFc, MERS-CoV S1 protein with a mouse Fc tag; hDPP4, human Dipeptidyl Peptidase-4 

(MERS-CoV receptor); HRP, horse radish peroxidase. 

 

 

 

Appendix Figure 2. Kinetics of RBI antibody responses in PCR-confirmed MERS patients. RBI antibody 

responses in (A) two acute to convalescent phase patients and in (B) severe (red, n = 5) and mild (green, 

n = 6) MERS-CoV patients six to twelve months post-infection. 
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Appendix Figure 3. MERS-CoV specific receptor binding inhibition (RBI) assay for MERS-CoV 

dromedary camel diagnostics. A)Validation of the specificity of the RBI assay for the detection of MERS-

CoV specific antibodies in the sera of MERS-CoV-infected (black) and naïve (green) dromedary camels. 

B) Kinetics of RBI antibody responses in dromedary camels following vaccination (red) and infection 

(black). C) Correlation between neutralizing and RBI antibody responses following MERS-CoV infection 

or vaccination in dromedaries. PRNT90, 90% reduction in plaque reduction neutralization test. 
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Appendix Figure 4. Development of MERS-CoV HI assay. A) Schematic diagram of the production of 

S1A lumazine synthase (LS) nanoparticles (Np). B) The principle of the HI assay showing the 

hemagglutination of red blood cells (RBCs) in the presence of S1A-Np(I), no-hemagglutination in the 

absence of the particles (II) and the inhibition of hemagglutination (HI) by S1A-directed antibodies (III). C) 

S1A-Np induced hemagglutination of dromedary and turkey RBCs at different temperatures. 
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Appendix Figure 5. Kinetics of HI antibody responses in PCR-confirmed MERS patients. HI antibody 

titers in (A) two acute to convalescent phase patients and in (B) six severe (red) and five mild (green) 

MERS-CoV patients six to twelve months post-infection. 

 

 

Appendix Figure 6. MERS-CoV hemagglutination inhibition (HI) assay for MERS-CoV dromedary camel 

diagnostics. A) Validation of the specificity of the HI assay for the detection of MERS-CoV specific 

antibodies in the sera of MERS-CoV-infected (black) and naïve (green) dromedary camels. B) Kinetics of 

HI antibody responses in dromedary camels following vaccination (red) and infection (black). C) 

Correlation between neutralizing and HI antibody responses following MERS-CoV infection or vaccination 

in dromedaries. PRNT90, 90% reduction in plaque reduction neutralization test. 


