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A B S T R A C T   

Coronavirus disease 2019 (COVID-19) caused by SARS-CoV-2 has become disaster for human society. As the 
pandemic becomes more regular, we should develop more rapid and accurate detection methods to achieve early 
diagnosis and treatment. Antigen detection methods based on spike protein has great potential, however, it has 
not been effectively developed, probably due to the torturing conformational complexity. By utilizing cross- 
blocking data, we clustered SARS-CoV-2 receptor binding domain (RBD)-specific monoclonal antibodies 
(mAbs) into 6 clusters. Subsequently, the antigenic sites for representative mAbs were identified by RBDs with 
designed residue substitutions. The sensitivity and specificity of selected antibody pairs was demonstrated using 
serial diluted samples of SARS-CoV-2 S protein and SARS-CoV S protein. Furthermore, pseudovirus system was 
constructed to determine the detection capability against SARS-CoV-2 and SARS-CoV. 6 RBD-specific mAbs, 
recognizing different antigenic sites, were identified as potential candidates for optimal antibody pairs for 
detection of SARS-CoV-2 S protein. By considering relative spatial position, accessibility and conservation of 
corresponding antigenic sites, affinity and the presence of competitive antibodies in clinical samples, 6H7–6G3 
was rationally identified as optimal antibody pair for detection of both SARS-CoV-2 and SARS-CoV. Furthermore, 
our results showed that 6H7 and 6G3 effectively bind to SARS-CoV-2 variants of concern (VOCs). Taken together, 
we identified 6H7–6G3 antibody pair as a promising rapid antigen diagnostic tool in containing COVID-19 
pandemic caused by multiple VOCs. Moreover, our results also provide an important reference in screening of 
antibody pairs detecting antigens with complex conformation.   

1. Introduction 

The COVID-19 pandemic, caused by SARS-CoV-2 infection, has 
spread across the globe, posing a major economic and health threat to 
many countries (Lan et al., 2020; Poland et al., 2020; Wu et al., 2020; 
Zhou et al., 2020; Zhu et al., 2020). SARS-CoV-2 variants are being 
continuously reported, these variants of concern (VOC) present new 
challenges for the efficacy of approved mAb therapies or vaccines 
(Cerutti et al., 2021; Korber et al., 2020; McCallum et al., 2021). The 
primary tools for limiting the spread of COVID-19 are diagnosis, sur-
veillance and quarantine (Lee, Chiew, and Khong, 2020). Therefore, it is 
urgent to develop easy-to-use, highly accurate and broad methods for 

rapid identification and isolation of infected individuals. Although 
reverse transcription-polymerase chain reaction (RT-PCR), based on 
detection of SARS-CoV-2 RNA, is the current gold standard for detection 
of SARS-CoV-2 infection, this method represents some troublesome is-
sues, including being time-consuming, requirement of specific and 
expensive machinery, and necessary of lab facilities with higher 
biosafety level, which hinder its application in point-of care testing 
(POCT) at home or in the community and high-throughput routine 
screening (Barnes et al., 2020; Ben-Ami et al., 2020; Li et al., 2020; 
Mavrikou et al., 2020; Relova et al., 2018; Wen et al., 2015; Xie et al., 
2020; Zafrullah et al., 2004). Therefore, it is critical demand for rapid 
and accurate detection methods for SARS-CoV-2 as supplementary 
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detection methods. Antigen detection with the advantages of being 
convenient, rapid and reliable will play a key role in COVID-19 pre-
vention and control. Accordingly, many antigen diagnostic kits with 
stability and accuracy were developed, some of which are now 
commercially available for detection of SARS-CoV-2 infection. 

The ~30 kb RNA genome of SARS-CoV-2 encodes four structural 
proteins including membrane (M), envelope (E), nucleocapsid (N) and 
spike (S) proteins. The S protein is composed of S1 and S2, the former 
comprising receptor binding domain (RBD) and N-terminal domain 
(NTD), which forms a prominent homologous trimer (Kim et al., 2020; 
Walls et al., 2020). Most of the commercial diagnostic kits based on 
antigen detection target N protein, however, some reports suggest a 
potential for false positive results when performing rapid detection by 
antigen kits targeting N protein (https://www.cdc.gov/corona 
virus/2019-ncov/lab/resources/antigen-tests-guidelines.html#anch 
or_1597523027400). Targeting another structural protein may be a 
better solution. As S protein recognizes corresponding receptors, ACE2 
and AXL, through RBD and NTD, thus initiating the entry process of 
virions into cells, S protein plays a direct role in the infection of host cells 
(Lan et al., 2020; Wang et al., 2021a). Therefore, there is an obvious 
correlation between S protein and SARS-CoV-2 infectivity, suggesting 
that this protein may be a direct and important marker for detection of 
SARS-CoV-2 infection. Furthermore, RBD domain shows obvious fewer 
glycosylation sites compared with the remaining domains, making it a 
more detectable domain (Watanabe et al., 2020). The S1, in which RBD 
domain is located, is easy to shed, thus further enhancing RBD detect-
ability (Piccoli et al., 2020; Zhang et al., 2020). Despite the advantages 
mentioned above, the development of detection methods based on S 
protein is still fraught with difficulties, putatively resulted from the 
complex conformation of S protein. As determined by cryo-electron 
microscopy, pre-fusion S trimer of intact SARS-CoV-2 virions have 
three class of conformation, suggesting that RBD undergoes conforma-
tional movement to engage host-cell receptor ACE2 for entry into host 
cells (Rogers et al., 2020; Wrapp et al., 2020). Additionally, continuous 
emergence of SARS-CoV-2 VOCs generates serious threats to detection 
kits based on S protein, especially B.1.1.529 (Omicron) variant that 
showed significant resistance to the approved vaccines and therapeutic 
antibodies by alarming 15 mutations in RBD key epitopes (Cameroni 
et al., 2022; Cao et al., 2022). Hence, to identify optimal and broad 
antibodies for SARS-CoV-2 S protein detection, it becomes indispensable 
to comprehensively consider characteristics of the antigenic sites. 

In this study, characteristics of 40 monoclonal antibodies (mAbs) 
targeting SARS-CoV-2 RBD, which were isolated from convalescent 
COVID-19 patients, were described including binding activity, 
conserved property and accessibility of antigenic sites, and even domi-
nance in an immune response. Finally, 6H7–6G3 antibody pair were 
determined as optimal in rapid and accurate detection of SARS-CoV-2 
infection, which showed high sensitivity not only in detection of 
SARS-CoV-2 S protein and SARS-CoV S protein, but also in detection of 
SARS-CoV-2 pseudovirus and SARS-CoV pseudovirus. In addition, 6H7 
and 6G3 recognized conserved antigenic sites between SARS-CoV-2 and 
SARS-CoV, which indicates that 6H7–6G3 antibody pair may have po-
tential in defeating the diagnostic risk posed by VOCs. Furthermore, this 
screening process of antibody pairs targeting transmembrane spike 
protein also provides an important reference for other enveloped virus 
with complex conformational antigens in screening detective antibody 
pairs. 

2. Materials and methods 

2.1. Recombinant expression of SARS-CoV S protein, SARS-CoV-2 S 
protein and RBD 

A gene encoding the ectodomain of a prefusion conformation- 
stabilized SARS-CoV-2 S protein was synthesized, composed of SARS- 
COV-2 gene sequence (residue1–1208) [GenBank accession number 

MN908947.3], a C-terminal T4 fibritin trimerization motif, a HRV3C 
protease and 8xHisTag. Similarly, gene of SARS-CoV S protein 
comprised SARS-COV gene sequence (residue1-1208) [GenBank acces-
sion number ABF65836.1], a C-terminal T4 fibritin trimerization motif, 
a HRV3C protease and 8xHisTag. Moreover, to express SARS-CoV-2 
mutate and wildtype RBD, residues 319–541 fused to mouse IgG1 Fc 
domain. Recombinant expressions of these proteins were performed by 
the ExpiCHO™ expression system (Thermo Scientific, A29133). Briefly, 
plasmids encoding targeted proteins were transiently transfected into 
ExpiCHO cells by using ExpiFectamine™ CHO transfection kit (Thermo 
Scientific, A29129). The cell-free supernatants were obtained 5–7 days 
after transfection by centrifugation and filtration with a 0.22 µm filter. 
Subsequently, the proteins were purified by Ni Sepharose Excel resin, 
and stored in the PBS buffer. 

2.2. Expression of antibody 

The paired heavy and light chains were then cloned into expression 
vectors containing the constant regions of human IgG1 and light chain. 
The paired heavy and light chain expression cassettes were then tran-
siently co-transfected into ExpiCHO cells with equal amounts of plas-
mids according to the manufacturer’s instructions (Life Technologies), 
and antibodies were purified from culture supernatant 5–7 days after 
transfection, using a recombinant protein-A column (GE Healthcare). 

2.3. Construction of SARS-CoV-2 pseudovirus and SARS-CoV 
pseudovirus 

In order to construct the VSV pseudovirus carrying the SARS-CoV-2 
spike protein, the spike gene (GenBank: MN908947) was codon opti-
mized for expression in human cells, and the spike gene of SARS-CoV-2 
with 18 amino acids truncated at the C-terminal was cloned into the 
eukaryotic expression vector pCAG to obtain pcag-ncovsde18. The 
plasmid pCAG-nCoVSde18 was transfected into Vero-E6. VSVdG-EGFP- 
G (Addgene, 31842) virus was inoculated into cells expressing SARS- 
CoV-2 Sde18 truncated protein and incubated for 1 h. Then the 
VSVdG-EGFP-G virus was removed from the supernatant and anti-VSV-G 
rat serum was added to block the remaining VSVdG-EGFP-G infection. 
The progeny virus will carry SARS-CoV-2 Sde18 truncated protein. After 
VSVdG-EGFP-G infection, supernatant was collected, centrifuged and 
filtered (Millipore, SLHP033RB) to obtain the SARS-CoV-2 pseudovirus 
without debris. SARS-CoV pseudovirus was constructed by the same 
method. Finally, pseudovirus was stored for use at − 80 ◦C. 

2.4. Binding activity assay 

The binding activity of the mAbs against SARS-CoV S protein and 
SARS-CoV-2 S protein and RBD were determined using an indirect 
ELISA. The serially diluted mAbs were added to antigen-coated micro-
well plates, and incubated at 37 ◦C for 30 min. Then, incubation of HRP- 
conjugated anti-human antibody at 37 ◦C for 30 min to detect the bound 
mAbs, followed by washing five times. Finally, substrate solution was 
added to the wells for 15 min at 37 ◦C, and reaction was stopped by 
adding an equal volume of stop solution (0.2 M H2SO4). The optical 
density (OD) was measured at 450 nm with a reference wavelength of 
630 nm. The EC50 values of the mAbs binding to specific proteins were 
calculated from binding curves (GraphPad Prism). 

To investigate the critical residues, mAbs were conjugated with horse 
radish peroxidase (HRP) according to the manufacturer’s instruction 
(Abcam, ab102890). Microwell plates were pre-coated with mutate 
SARS-CoV-2 RBD and wildtype SARS-CoV-2 RBD at 100 ng per well. The 
serially diluted mAbs-HRP were added at selected dilutions, at which OD 
readings was ~1.5 for wildtype RBD, and incubated at 37 ◦C for 30 min 
followed by washing five times. Substrate solution was incubated for 15 
min at 37 ◦C, and stopped by 50 μL of 2 M H2SO4. Finally, OD at 450 and 
630 nm were acquired. The curves between OD and protein amount 

S. Wang et al.                                                                                                                                                                                                                                   

https://www.cdc.gov/coronavirus/2019-ncov/lab/resources/antigen-tests-guidelines.html#anchor_1597523027400
https://www.cdc.gov/coronavirus/2019-ncov/lab/resources/antigen-tests-guidelines.html#anchor_1597523027400
https://www.cdc.gov/coronavirus/2019-ncov/lab/resources/antigen-tests-guidelines.html#anchor_1597523027400


Journal of Virological Methods 309 (2022) 114597

3

were fitted using GraphPad Prism, and area under curve (AUC) was 
calculated. The mutated residues were determined as critical residues 
for mAbs, if the reduction of binding activity calculated by (AUCwild- 
AUCmutated)/ AUCwild was more than 75 %. 

2.5. Competition-binding assay by ELISA and cluster analysis 

Briefly, the unlabeled mAbs (50 μg per well) or PBS were added to 
RBD-coated 96-well microplates and then incubated for 30 min at 37 ◦C. 
Next, HRP-conjugated mAbs were added at selected dilutions, at which 
OD readings were ~1.5 with PBS present. After incubation for 30 min at 
37 ◦C, the microplates were rinsed and the color was developed. The 
competitive ability was measured quantitatively by comparing OD in the 
presence or absence of competitor mAbs, and transformed using the 
formula log2 (ODinhibited/ ODoriginal). For mAbs to be clustered by 
competitive ability, clustering distance was calculated by Euclidean, and 
cluster by ward.D2 method, using pheatmap R package (version: 
1.0.12). 

2.6. Detection of coronavirus S protein and coronavirus pseudovirus using 
the sandwich ELISA 

Sandwich ELISA was established by coating 96-well plates with 
capture antibody and using HRP-conjugated detection antibody for 
detection. Briefly, the sample of recombinant S protein or pseudovirus 
was serially twofold diluted for evaluation of detection capacity of 
antibody pairs, then 100-μL aliquot of diluted samples was incubated at 
37 ◦C for 30 min in the wells coated with 200 ng of capture antibody. 
Following five rinses with wash buffer (PBS containing 0.5 % (w/v) 
Tween 20 PBST), a 100-μL aliquot of capture antibody-HRP solution was 
added directly in each well and was incubated at 37 ◦C for 30 min. Based 
on tetramethylbenzidine substrate solution incubated at 37 ◦C for 15 
min, absorbance reading was measured using a microplate reader 
(Autobio, Zhengzhou, China) at 450 nm and at 630 nm as reference. The 
EC50 values of antibody pairs detecting specific proteins were calcu-
lated from binding curves using GraphPad Prism. 

2.7. Statistical analysis 

To compare continuous variables, the unpaired t-test was performed. 
Linear regression models and Pearson correlation tests were used for 
correlation analyses. For difference analysis, p values less than 0.05 are 
considered statistically significant. GraphPad Prism version 8.0.1 was 
used for all statistical calculations. 

3. Results 

3.1. Confirmation of candidate antibodies for screening optimal antibody 
pairs 

40 mAbs targeting SARS-CoV-2 RBD protein were obtained from 
convalescent COVID-19 patients (Wang et al., 2021b). It is known that 
successful detection of the target antigen by sandwich enzyme linked 
immunosorbent assay (ELISA) requires the optimal antibody pairs con-
sisting the capture antibody and detection antibody, which should target 
different antigenic sites. To this end, competition-binding assay using 
ELISA were performed, and mAbs were classified into 6 clusters ac-
cording to the competitive ability (Fig. S1 and S2A). 6 representative 
antibodies were singled out from these clusters due to high binding 
activity to SARS-CoV-2 S protein, majority of which bind to SARS-CoV-2 
S protein with potent affinity (EC50 <100 ng/mL) (Fig. S2B). As 6H7, 
6G3 and 4D10 showed cross-reactivity with SARS-CoV S protein, these 
mAbs raise the important possibility in the diagnostic platform to detect 
both S protein of SARS-CoV-2 and that of SARS-CoV (Fig. S2C). Above 
all, these results provided candidate antibodies to form antibody pairs 
for constitution of a successful diagnostic platform for the detection of 

SARS-CoV-2 S protein and even SARS-CoV S protein. 

3.2. Identification of optimal antibody pairs for detection of SARS-CoV-2 
S protein and SARS-CoV S protein 

The sandwich ELISA was established by coating microtiter plate with 
naked antibodies and using HRP (horseradish peroxidase)-conjugated 
antibodies for detection. To determine optimal antibody pairs, 6 
candidate antibodies were matched with each other to evaluate the 
detection capability of SARS-CoV-2 and SARS-CoV S protein. For 
detection of SARS-CoV-2 S protein, 6H7 was identified as the antibody 
with the strongest capability to capture SARS-CoV-2 S protein (Fig. 1A 
and C). Based on 6H7 as a capture antibody (6H7-capture), 6G3 and 5C6 
showed potent detection capability for SARS-CoV-2 S protein (Fig. 1A 
and C). As mentioned above, 6G3, 4D10 and 6H7 bind to both SARS- 
CoV-2 S protein and SARS-CoV S protein by recognizing the conserved 
antigenic sites. Therefore, antibody pairs formed by these antibodies 
may be used for detection of SARS-CoV S protein. However, just sand-
wich ELISA with 6H7 as capture antibody and 6G3 (or 4D10) as detec-
tion antibody can detect SARS-CoV S protein with high sensitivity 
(Fig. 1B and D). Taken together, these results determined the optimal 
antibody pairs, 6H7 antibody as capture molecule and 5C6 as detection 
molecule (6H7–5C6 pair) for detection of SARS-CoV-2 S protein, and 
6H7 antibody as capture molecule and 6G3 as detection molecule 
(6H7–6G3 pair) for detection of both SARS-CoV-2 S protein and SARS- 
CoV S protein. 

3.3. Sensitivity and specificity of 6H7-based sandwich ELISA 

The sandwich ELISA was established using 6H7 antibody as capture 
molecule and HRP-conjugated 6G3 (or 5C6) to detect SARS-CoV-2 S 
protein or SARS-CoV S protein. To investigate the detection capability of 
the 6H7-based sandwich ELISA, serially diluted samples of SARS-CoV-2 
S protein and SARS-CoV S protein were tested to perform the sensitivity 
analysis (concentration range of S protein: 500.00 ng/mL-59.50 fg/mL). 
For detection of SARS-CoV-2 S protein, the results showed that the op-
tical density decreased gradually accompanied by reduction in concen-
tration of SARS-CoV-2 S protein, and even if trace amounts of SARS-CoV- 
2 S protein were present, the signal of optical density was still detected 
by 6H7-based sandwich ELISA (Fig. 2A and B). In addition, no false- 
positive signals were observed in any negative controls, and limit of 
detection (LOD) was calculated as mean value of negative control plus 3 
times standard deviation. The detection sensitivity was obviously 
improved, even only 957.00 fg/mL (95.70 fg/reaction) of SARS-CoV-2 S 
protein was detectable by 6H7–6G3 pair or by 6H7–5C6 pair, which has 
a great potential in promotion the level of SARS-CoV-2 S protein 
detection in point-of-care or laboratory settings (Fig. 2A). As mentioned 
above, the 6H7–6G3 pair can also be utilized to detect the presence of 
SARS-CoV S protein in samples, and even if only 30.52 pg/mL (3.05 pg/ 
reaction) of SARS-CoV S protein was input into the sample, the optical 
density was still stronger than the corresponding LOD, revealing that 
6H7–6G3 pair plays an important role in the detection of not only SARS- 
CoV-2 S protein but SARS-CoV S protein (Fig. 2B). 

Sandwich ELISA by antibody pairing is an essential method to 
determine the content of S protein in recombinant S protein samples. By 
linear correlation analysis of S protein concentration and corresponding 
signal of optical density, the linear range of S protein detection is 
calculated, which is an important index to measure the quantitative 
capability of sandwich ELISA for S protein of SARS-CoV-2 and that of 
SARS-CoV. A wide linear range with high sensitivity can not only ensure 
sensitivity of detection and quantitative accuracy, but also avoid the 
waste of high concentration samples. 6H7–5C6 pair showed wide linear 
range from nanogram per milliliter to pique per milliliter for detection of 
SARS-CoV-2 S protein, as well as 6H7–6G3 pair (Fig. 2C). In addition, 
although 6H7–6G3 pair also sensitively detected SARS-CoV S protein, 
this antibody combination showed much smaller range of linear 
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Fig. 1. Identification of antibody pair for detection of SARS-CoV and SARS-CoV-2 S protein. (A and B) Detection capacity of SARS-CoV-2 S protein and SARS-CoV S 
protein for 30 antibody pairs were determined by serially diluted recombinant S proteins with 500 ng/mL initial concentration. (C and D) EC50 of capture anti-
body–detection antibody pairs for detection of SARS-CoV and SARS-CoV-2 S protein are shown. The EC50 was analyzed by nonlinear regression (four-parameter). 
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correlation for detection of SARS-CoV S protein than for detection of 
SARS-CoV-2 S protein (Fig. 2D). Overall, as similar as 6H7–5C6 pair, 
6H7–6G3 pair showed obviously sensitivity and quantitative capability 
in detection of SARS-CoV-2 S protein by sandwich ELISA method, and 
6H7–6G3 pair also plays an import role in detection of SARS-CoV S 
protein. 

Then, detection specificity was determined using MERS S1 protein, 
HKU1 S1 protein and respiratory syncytial virus (RSV) F protein, which 

were diluted at four different concentrations (2.50 × 102 ng/mL, 
3.91 × 100 ng/mL, 6.10 × 10− 2 ng/mL, 9.54 × 10− 4 ng/mL). For 
6H7–6G3 pair, the SARS-CoV-2 S protein was successfully detected at 
low concentration of 9.54 × 10− 4 ng/mL, however, other antigens were 
not detected, even at a high concentration (Fig. 3A). 6H7–5C6 pair 
showed similar detection specificity (Fig. 3B). Thus, the optimal anti-
body pairs can detect SARS-CoV-2 S protein or SARS-CoV S protein with 
high sensitivity and avoid cross-reactivity with other antigens. 

Fig. 2. Sensitivity for detection of SARS-CoV-2 S protein and SARS-CoV S protein by 6H7-based antibody pairs. (A and B) By serially diluted recombinant S protein, 
the sensitivity of sandwich ELISA (6H7-based) for detection of SARS-CoV-2 S protein and that of SARS-CoV S protein was determined. In the inset, red bar graphs 
indicate the lowest concentration that can be detected. LOD (limit of detection) was calculated by the mean value of negative controls plus three times the standard 
deviation. (C and D) The standard curves of sandwich ELISA (6H7-based) for detection of SARS-CoV-2 S protein and SARS-CoV S protein were established using 
serially diluted recombinant S protein. Curves were fitted for linear regression using GraphPad Prism software. P value and R2 are presented. 
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3.4. Confirmation of detection capability using SARS-CoV-2 pseudovirus 
and SARS-CoV pseudovirus 

The isolation and culture of SARS-CoV-2 have to be handled in 
biosafety level-3 facilities, and it is difficult to isolate SARS-CoV from 
infected patient due to the disappearance of SARS-CoV infection, which 
limit the development of vaccine and diagnostic method. Therefore, 
pseudotyped VSV (vesicular stomatitis virus) carrying the S protein of 
SARS-CoV-2 or that of SARS-CoV was used for further confirmation of 
detection sensitivity for 6H7-base ELISA (Xiong et al., 2020), and results 
are presented in Fig. 4. The limits of detection for 6H7–6G3 pair were 
1.95 × 105 copies/mL of the cultured SARS-CoV-2 pseudovirus and 
3.91 × 105 copies/mL of the cultured SARS-CoV pseudovirus (Fig. 4A 
and B). Although detection sensitivity of SARS-CoV-2 S protein for 
6H7–5C6 pair is comparable, 5C6-detection can detect SARS-CoV-2 
pseudovirus at lower concentration, 4.88 × 104 copies/mL (Fig. 4A). 
Furthermore, the detection specificity was determined using diluted 
SARS-CoV-2 pseudovirus, SARS-CoV pseudovirus and RSV (Fig. 5A and 
B). The optical density of RSV is significantly lower than that of 
SARS-CoV-2 pseudovirus and SARS-CoV pseudovirus, and RSV was not 
detected even at high concentration of 2.50 × 107 copies/mL, revealing 
that 6H7-based antibody pairs might have ability to avoid occurrence of 
false positive in detection of clinical samples. Above all, 6H7-based 

sandwich ELISA showed high detection sensitivity of S protein and 
will be helpful to detect the S protein of SARS-CoV-2 or that of SARS-CoV 
for clinical samples. 

3.5. Molecular mechanism for remarkable and broad detection 
performance of these two antibody pairs 

Next, we sought to determine the molecular mechanism of remark-
able detection performance for the optimal antibody pairs. The antigenic 
sites recognized by each representative mAbs were determined using 
mutated SARS-CoV-2 RBD. The critical residues of representative mAbs 
were identified, N487 residue for 5C4, K378, G413, G417, Y449 and 
E493 residues for 6G3, K378 residue for 4D10, K462 residue for 6H7, 
Y449 residue for 6G9 and K444 for 5C6 (Fig. S3). Notably, the antigenic 
site recognized by 6H7 is to the side of RBD and away from the other 
antigenic site (Fig. 6A). Although just one critical residue was identified 
for 5C4, the antigenic site targeted by 5C4 was speculated reliably, due 
to the same variable region germline of heavy chain, VH3–53, playing an 
important role in the binding affinity to RBD by conserved binding 
mode, as previously reported (Yuan et al., 2020). The antigenic sites for 
5C4, 6G3 and 4D10 partially overlap with each other, suggesting that 
these antibodies could not be paired for efficient detection of S protein 
due to likely steric hindrance (Fig. 6A). In addition, antigenic sites 

Fig. 3. Specificity for detection of SARS-CoV-2 S protein by 6H7-based antibody pairs. (A and B) By serially diluted recombinant S protein, the sensitivity of 
sandwich ELISA (6H7-based) for detection of SARS-CoV-2 S protein and that of SARS-CoV S protein was determined. In the inset, red bar graphs indicate the lowest 
concentration that can be detected. LOD (limit of detection) was calculated by the mean value of negative controls plus three times the standard deviation. 

Fig. 4. Detection sensitivity of 6H7-based antibody pairs for SARS-CoV-2 and SARS-CoV. SARS-CoV-2 pseudovirus (A) and SARS-CoV pseudovirus (B) were con-
structed and serially diluted (concentration range: 1.00 × 108 copies/mL to 4.88 × 104 copies/mL) for determination of detection sensitivity of sandwich ELISA 
(6H7-based). In the insets, the lowest concentration that can be detected is marked by red bar graph. Limit of detection (LOD) was calculated by the mean value of 
negative controls (NC) (0 copies/mL of virus) plus three times the standard deviation. 
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recognized by 5C6 and 6H7 are far away from the above mentioned, and 
no overlap between them was observed, which is conducive to form 
optimal antibody pairs for S protein detection. 

It has been reported that SARS-CoV-2 S protein undergoes confor-
mational movement involving RBD lying down and standing up, which 
benefits SARS-CoV-2 entry into host cells, immune escape and might 
interfere with exposure of some antigenic sites (Fig. S4). In terms of 
SARS-CoV-2 unique antigenic sites, sites targeted by 6G9 and 5C6 can be 
accessible in both standing up RBD and lying down RBD, in contrast, the 
antigenic site recognized by 5C4 can be fully exposed for binding, only 
when S protein is open with RBD standing up (Fig. 6A and B). In addi-
tion, the S protein amino-acid sequence of SARS-CoV-2 and SARS-CoV 
are similar (identity: ~77 %), which provides molecular basis for the 
elicitation of cross-reactive mAbs in COVID-19 patients. In this study, 
cross-reactive antibodies (6G3, 4D10 and 6H7) recognized conserved 
residues of RBD between SARS-CoV-2 and SARS-CoV, revealing that 
these mAbs can give a full play to the advantage of simultaneous 
detection of these two types of coronavirus (Fig. 6A). In terms of 
conserved antigenic sites, sites for 6G3 and 4D10 in closed S protein 
were buried by adjacent lying down RBD, and 6G3 antigenic site was 
more accessible than 4D10 epitope in standing up RBD, which supported 
the better detection performance of 6G3 as detection antibody than 
4D10 (Fig. 6C). 6H7 antigenic site can be fully exposed without influ-
ence by S protein conformational changes, so that 6H7 could more 
efficiently capture S protein of SARS-CoV than 6G3. 

Additionally, we wonder whether 6H7 and 6G3 could be resistant to 
mutations of SARS-CoV-2 VOCs. The antigenic sites targeted by 6H7 and 
6G3 were highly conserved among Sarbecoviruses, including SARS-CoV- 
2 VOCs (Fig. 6D). Then, the binding activities of 6H7 and 6G3 to VOCs 
were further detected using RBD proteins captured in plates. The results 
demonstrated that these two cross-reactive antibodies effectively bind to 
VOCs, including Omicron variant (Fig. 6E-F and Fig. S5), indicating that 
6H7 and 6G3 antibody pair can play an important role in detection of 
SARS-CoV-2 VOCs. In summary, these results demonstrated the reason 
why 6H7-based antibody pairs showed remarkable detection perfor-
mance and the potential of 6H7–6G3 antibody pair in broad detection of 
SARS-CoV and SARS-CoV-2 (including VOCs). 

4. Discussion 

Effective diagnostic is the frontline strategy for defeating infection 
outbreaks, such as COVID-19. Antigen detection methods are the 
important complementary detection methods for RT-PCR, due to ad-
vantages of simplicity and speed. For enveloped virus including coro-
navirus, transmembrane spike proteins are responsible for receptor 

attachment, membrane fusion and entrance into host cells (Benton et al., 
2020; Coultas, Smyth, and Openshaw, 2019; Ke et al., 2020; Kirch-
doerfer et al., 2016; Wrapp et al., 2020). In this series of processes, the 
conformation of spike protein will change significantly. For instance, 
RSV fusion (F) protein, a type I fusion protein, can rearrange from a 
metastable prefusion conformation to a stable postfusion conformation, 
which causes some key antigenic sites to be exposed only in certain 
conformations (Magro et al., 2012; McLellan et al., 2011; Swanson et al., 
2011; Walsh and Hruska, 1983). In terms of SARS-CoV-2 (or SARS-CoV), 
S proteins also represent diverse conformation, involving closed state 
and opening state. RBDs lying down is characteristic of closed confor-
mation of S protein, which results in inaccessibility of some neutralizing 
antigenic sites and is conducive to immune escape (Ke et al., 2020; 
Kirchdoerfer et al., 2016; Piccoli et al., 2020; Wrapp et al., 2020). The 
difficulty of utilizing transmembrane spike proteins for diagnosis is 
caused by conformational complexity, which limits the development of 
diagnostic antigen kits (Kruttgen et al., 2020; Qian et al., 2020). 
Therefore, due to conformational complexity of transmembrane spike 
proteins, consideration of multiple factors, including relative spatial 
position of antibodies, exposure and conservation of antigenic sites, 
antibody affinity and even presence of competitive antibodies in clinical 
samples, can contribute to screen effective antibody pairs for diagnosis 
of enveloped virus infection. 

Due to the instability of SARS-CoV-2 S protein conformation, some 
antigenic sites may be accessible just in the opening state of S protein, 
which limits the binding of corresponding mAbs (Barnes et al., 2020). 
Similar to antigenic sites for 6G3 and 4D10, the site recognized by 5C4 is 
accessible just in the opening state of S protein, which might further 
influence detection capability of these candidate mAbs (Piccoli et al., 
2020). In contrast, SARS-CoV-2 S protein either in opening state or in 
closed state, 6H7, 5C6 and 6G9 can efficiently recognize corresponding 
antigenic sites. As 6H7 neutralizes pseudovirus SARS-CoV-2 without 
blocking S protein binding to ACE2, it is inferred that 6H7 might 
significantly interfere with conformational change of S protein that is 
necessary for virus entrance into host cells (data not shown). Therefore, 
we speculate that conformation transition of S protein caused by 6H7 
binding could provoke exposure of antigenic sites recognized by 6G3, 
which provides the theoretical basis of determining 6H7 as the detecting 
antibody. Additionally, the higher sensitivity of 6H7-based sandwich 
ELISA compared to ACE2-based lateral flow immunoassay also benefits 
from the conformation transition induced by 6H7 binding (Lee et al., 
2021). 

Furthermore, it is remarkable that the presence of competitive an-
tibodies in samples including serum and nasopharyngeal swabs can in-
fluence the detection capacity of antibody pairs, due to the formation of 

Fig. 5. Detection specificity of 6H7-based antibody pairs. By SARS-CoV-2 pseudovirus and SARS-CoV pseudovirus, detection specificity for optimal antibody pairs 
was determined, including 6H7-capture and 6G3-detection (A) and 6H7-capture and 5C6-detection (B). Respiratory syncytial virus (RSV) was also tested as control. 
Limit of detection (LOD) was calculated by the mean value of negative controls (0 copies/mL of virus) plus three times the standard deviation. The optical density of 
SARS-CoV-2 pseudovirus (or SARS-CoV pseudovirus) and that of RSV were compared by t test using GraphPad Prism 8.3.0. * indicates p value less than 0.05. 
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immune complex with adverse effect. As antibodies derived from 
VH3–53/66 germline, display the native binding capability to SARS- 
CoV-2 RBD, such class antibodies contribute to form immunodomi-
nance in SARS-CoV-2-infected patients (Yuan et al., 2020). Hence, 

detection capacity of 5C4, also encoded by VH3–53, will be reduced due 
to the stiff competition with such immunodominant antibodies, indi-
cating that such mAbs, encoded by VH3–53/66 germline, are not suit-
able for diagnosis of COVID-19. 

Fig. 6. Identification of epitopes recognized by candidate mAbs. (A) Residues different from SARS-CoV are shown on SARS-CoV-2 RBD by pink, and epitopes 
recognized by each candidate mAbs are shown as black outline. The glycan at position N343 is rendered as black spheres and ACE2 (S19-P84) as blue cartoon. (B) For 
5C4, 6G9 and 5C6, accessibility analysis of corresponding epitopes on either standing-up RBD or lying-down RBD of S protein. Red, yellow and purple denote 
epitopes for 5C4, 6G9 and 5C6 on RBD of S protein, respectively (PDB code: 6VYB). (C) Accessibility analysis of epitopes for 6G3 and 4D10 (in pink and blue, 
respectively) on either standing-up RBD or lying-down RBD of S protein. (D) Conservation analysis of antigenic sites-directed by candidate mAbs using sequences 
including SARS-CoV-2 (n = 2216,010) and other Sarbecoviruses (n = 80). Deeper white indicates more conserved. (E) The spatial position of mutations on RBD 
domain of SARS-CoV-2 variants of concern. Red indicates the mutations. (F) The binding activity of 6H7 and 6G3 with S proteins of SARS-CoV-2 VOCs. These 2 mAbs 
were serially diluted to different concentrations and incubated in microwell plate coated with RBD protein of dominant variants for 30 min. Then the optical density 
was measured at 450 nm with a reference wavelength of 630 nm. The curve was analyzed by nonlinear regression (four-parameter). 
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Another important issue that interferes S protein as suitable indicator 
for SARS-CoV-2 detection is the genetic variability and mutation rate. 
With the continuous spread of COVID-19 pandemic, a large number of 
SARS-CoV-2 variants appeared, then there is a growing concern that 
whether these new variants could impair the reliability of detection 
methods targeting S protein (Cerutti et al., 2021; Khateeb, Li, and Zhang, 
2021; Korber et al., 2020; McCallum et al., 2021). For many SARS-CoV-2 
VOCs, such as B.1.1.7 (Alpha), B.1.351 (Beta), B.1.1.28 (Gamma), 
B.1.617.2 (Delta) and B.1.1.529 (Omicron), RBD mutations mainly 
reside in the ACE2-binding site (known as the receptor-binding 
motif-RBM) that is a key target of functional antibodies. Since the 
antigenic sites identified by 6H7 and 6G3 are far from RBM and highly 
conserved between SARS-CoV-2 and SARS-CoV and even among 
SARS-CoV-2 variants, the ability of these two mAbs binding to S protein 
of variants can be guaranteed to the maximum extent, indicating that 
the 6H7–6G3 antibody pair can still play a reliable role in detecting 
emerging SARS-CoV-2 variants in the future. 

Additionally, the antigen detection using ELISA remains disadvan-
tage in the massive diagnostic and need for rapid results. In the contrast, 
lateral flow immunoassay (LFA) as rapid antigen diagnostic tests is 
cheap, fast (20–30 min) and easy-to-use tools without requirement for 
specific laboratory supplies, and even could generate test results at 
home. Next, we would develop 6H7–6G3 antibody pair as LFA, which is 
a promising tool in controlling COVID-19 pandemic. 

In summary, due to the conformational complexity of SARS-CoV-2 S 
protein, multiple aspects have to be considered for optimal antibody 
pairs screening. In the end, 6H7–6G3 antibody pair was identified for 
sandwich ELISA. Considering the conserved antigenic sites targeted by 
6H7 and 6G3, antigen detection methods using these 2 mAbs could play 
an important role in containing COVID-19 pandemic, even caused by 
emerging COVs. Moreover, this study also provides a significant guide to 
the screening of antibody pairs detecting other pathogens antigen with 
complex conformation. 
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