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SUMMARY
The ongoing coronavirus disease 2019 (COVID-19) pandemic is a major global public health concern.
Although rapid point-of-care testing for detecting viral antigen is important for management of the outbreak,
the current antigen tests are less sensitive than nucleic acid testing. In our current study, we produce mono-
clonal antibodies (mAbs) that exclusively react with severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) and exhibit no cross-reactivity with other human coronaviruses, including SARS-CoV. Molecular
modeling suggests that the mAbs bind to epitopes present on the exterior surface of the nucleocapsid, mak-
ing them suitable for detecting SARS-CoV-2 in clinical samples. We further select the optimal pair of anti-
SARS-CoV-2 nucleocapsid protein (NP) mAbs using ELISA and then use this mAb pair to develop immuno-
chromatographic assay augmented with silver amplification technology. Our mAbs recognize the variants of
concern (501Y.V1-V3) that are currently in circulation. Because of their high performance, the mAbs of this
study can serve as good candidates for developing antigen detection kits for COVID-19.
INTRODUCTION

Coronavirus disease 2019 (COVID-19), the disease caused by

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-

2), happens to be themost recent threat to mankind causing ma-

jor public health issues across the world.1 Breaking out of all

containment efforts, the virus has spread across international

borders to cause a massive pandemic.2 Urgent measures are

required to tackle this outbreak, as countries worldwide have re-

ported over 127 million infections and 2.7 million deaths.3 As the

complete details about the nature and pathogenicity of the virus

still remain enigmatic, it would be only wise to limit new infections

to as low as possible.
Cell
This is an open access article und
Despite the urgency of the situation, rapid diagnostic methods

and point-of-care testing (POCT) that can be used to make im-

mediate and on-site diagnostic decisions have not been

convincingly established.4 Current diagnostic methods for

COVID-19 are deployed after medical examination for the pres-

ence of clinical features, such as fever and cough and history of

exposure or travel. This strategy fails to detect the asymptomat-

ically infected people who could act as an unidentified source to

propagate the disease in the community.5 At present, the recom-

mended methods to establish a diagnosis of COVID-19 princi-

pally employ nucleic acid amplification tests (NATs), such as

reverse-transcriptase polymerase chain reaction (RT-PCR) or

reverse-transcription loop-mediated isothermal amplification
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Figure 1. Production of high-affinity and specific mAb against SARS-CoV-2 NP using wheat germ cell-free synthesized antigen

(A) Schematic diagram of hybridoma cells production to generate anti-SARS-CoV-2-NP mAb. Purified protein was injected into BALB/c mice. After 4 weeks,

lymphocytes from immunized mice were fused with myeloma cells, and 144 hybridoma cells were established.

(B) Of the 144 clones, the 12 that exhibited high reactivity to antigen proteins, as revealed by indirect ELISA, AlphaScreen, and Bio-layer interferometry, were

selected for further investigation (two technical replicates). Red line indicates cutoff line of screening; S/N = 10 for ELISA, S/N = 40 for AlphaScreen, and KD =

1.03 109. kon and koff values for each antibody clones to the DN-NP antigen estimated by OctetRED96 instrument using hybridoma supernatant are indicated as

dots on the two-dimensional plot.

(C) Specificity screening of mAbs. FLAG-glutathione S-transferase (GST)-tagged NPs derived from several human coronaviruses were produced in the wheat

germ extract system. Reactivity of generated mAbs was validated by immunoblot analysis using either anti-FLAG or the indicated antibodies. Three clones

specifically detect SARS-CoV-2 NP and were selected (representative data of two technical replicates).

(D) Isotype of selected mAbs.

(legend continued on next page)
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(RT-LAMP), which are difficult to scale up for performing on a

multitude of patients at the clinical sites.6,7 This underscores

the need for a de-centralized, simple, reliable, and rapid POCT

for diagnosing COVID-19 at a mass scale.

Viral antigen detection is a convenient method to directly

demonstrate SARS-CoV-2 in infected individuals as compared

to NAT and can provide test results in a much shorter time

span of under 30 min. The performance of an antigen-detection

kit principally relies on employing high-quality monoclonal anti-

bodies (mAbs) that precisely target specific viral antigens.

Certain antigen-detection kits currently approved for the diag-

nosis of COVID-19 utilize mAbs against SARS-CoV to detect

SARS-CoV-2.8–10 This may result in the inadequate specificity

as well as sensitivity because the epitope regions become less

immunogenic due to amino acid substitutions between viral

species. Furthermore, multiple viral variants with increasing

infectivity and transmissibility have emerged continuously.11 It

has been reported that some genetic mutations may cause

false-negative results in NAT.12 Also, currently approved kits

have not disclosed such information with detailed epitope

analysis.8,13

Nucleocapsid protein (NP) is a viral antigen that organizes the

single-stranded RNA into a helical capsid structure. NP is abun-

dantly expressed during SARS-CoV-2 replication and is highly

immunogenic, making it a suitable target for antigen testing.14

This advantage, however, comes with a drawback of SARS-

CoV-2 NP exhibiting high homology with the NP of other human

coronaviruses, leading to the problem of cross-reactivity, which

could be the reason for the unavailability of accurate antigen-

detection tests. In addition, SARS-CoV-2 is almost identical to

SARS-CoV (�90% identity), because of which none of the

currently available mAbs discriminate SARS-CoV-2 NP from

that of SARS-CoV.15 Hence, it is a pressing demand to create

mAbs that can exclusively target SARS-CoV-2 in order to estab-

lish a precise antigen-detection kit for reliable diagnosis of

COVID-19.

The production of high-precision mAb is essentially deter-

mined by the quality of antigen before immunization.16,17 Prepa-

ration of high-quality antigen is essential for generating specific

mAbs that recognize the native form of the corresponding viral

antigen.16 The wheat germ cell-free protein production system

is a sophisticated approach based on the eukaryotic translation

apparatus of wheat seeds, with significant advantages over

other commonly used protein expression systems for large-

scale protein production.18,19 Owing to the eukaryotic translation

machinery, this system can synthesize properly folded and bio-

logically active proteins identical to those expressed in mamma-

lian cells.20 These advantages highlight the suitability of this sys-

tem for the generation of practically relevant antigenic proteins

that can be used to immunize animals and generate mAbs. In

our previous study, we were able to demonstrate favorable re-

sults upon producing NP of Middle-East severe respiratory syn-

drome (MERS) coronavirus using this system.21
(E) Schematic diagram of SARS-CoV-2-NP domain architecture and epitopes of a

domain. Positions of epitopes in a structural model of whole-length dimer-forming

2 NP are shown (PDB: 6yun; PDB: 6m3m). Epitope localizations of each mAb on

specificity of mAb were indicated by arrows.
In the current study, we have synthesized recombinant SARS-

CoV-2 NP and produced mAbs that could specifically detect this

protein. We also determined the optimal pair of the newly pro-

duced anti-NP mAbs to develop antigen capture ELISA and

lateral flow immunochromatography assay (LFIA) for sensitive

and definitive detection of SARS-CoV-2.

RESULTS

Production of mAbs specific for SARS-CoV-2 NP
NP has conserved amino acid (aa) residues at the N-terminal

domain (NTD) (aas 1–120) that are homologous among human

coronaviruses.22 We produced N-terminal truncated nucleo-

capsid protein (DN-NP; aas 121–419) devoid of the homologous

residues and used it as an immunogen to produce mAbs that are

specific for SARS-CoV-2. His-tagged DN-NP was successfully

expressed using wheat germ extracts and was purified as a sol-

uble protein for immunization to BALB/c mice (Figure S1A). After

4 weeks of immunization, lymphocytes were harvested from the

immunized mice and were fused with mouse myeloma cells to

establish 144 stable hybridomas designated as nos. 1–144 (Fig-

ure 1A). The mAbs generated from these hybridomas were sub-

jected to assess their reactivity to intact NP antigen by indirect

ELISA, AlphaScreen, and Bio-Layer Interferometry (Figure 1B).

Consequently, we selected 12 hybridoma clones that had high

reactivity and affinity to the antigen in all three methods and

next performed the immunoblot-based screening, where we

sought to identify the mAbs that can specifically react with

SARS-CoV-2 NP, but not with other human coronaviruses,

including SARS-CoV. Of the 12 clones, three clones (no. 7, no.

9, and no. 98) were found to be completely specific to SARS-

CoV-2 NP, exhibiting no cross-reactivity with other related vi-

ruses (Figure 1C), although the remaining clones showed

cross-reactivity only to SARS-CoV (Figure S1B). Isotype analysis

revealed that mAb no. 9 belonged to immunoglobulin G1 (IgG1)

kappa isotype although both no. 7 and no. 98 belonged to IgG2b

kappa isotype (Figure 1D).

Epitope analysis of mAbs
We next performed an ELISA-based epitope mapping to deter-

mine the antibody-binding sites using recombinant SARS-CoV-

2 NP and its deletion mutants (Figure S2). We found that our

newly developed mAbs recognized three distinct regions in

NP: mAb no. 7 bound to 210–231 aas and mAb no. 98 bound

to 382–397 aas (Figure 1E). Because mAb no. 9 did not react

with many deletion mutants of C-terminal domain (CTD) (264–

365 aas), we inferred that this problem could be due to the

conformational changes due to inappropriate protein folding in

deletionmutants. To overcome this trouble, we produced substi-

tution mutants in which each region of the CTD was recombined

with a homologous region of MERS-NP and examined the reac-

tivity of the antibodies. With this design, ELISA analysis showed

that mAb no. 9 bound to 335–348 aas (Figure S2).
ntibodies. CTD, C-terminal domain; LKR, flexible linker region; NTD, N-terminal

NP, constructed by homologymodeling using partial structures of SARS-CoV-

molecular surface are highlighted in different colors. Critical residues for the

Cell Reports Medicine 2, 100311, June 15, 2021 3
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We next confirmed the antigenic discrimination ability of our

newly developed mAbs. Multiple alignments of NPs derived

from various human coronaviruses were carried out to examine

the identity of epitope regions. Consistent with specificity anal-

ysis in Figure 1C, all the binding sites were found to be specific

to SARS-CoV-2 (Figure S3A). The numbers of distinct aas

contributing to specific recognition of mAb to SARS-CoV-2

NP, but not SARS-CoV NP, were four for mAb no. 7 and one

each for mAbs no. 9 and no. 98. There were more than 5 aa dif-

ferences in the antibody epitopes of other human coronaviruses

(Figure S3A). To identify the critical residue of specificity in the

epitope of eachmAb, we created site-directedmutation with sin-

gle-amino-acid substitution and examined the reactivity by

ELISA. The results showed that Ala217 for no. 7, Asn345 for

no. 9, and Gln390 for no. 98 were critical residues to discriminate

SARS-CoV and SARS-CoV-2 (Figure S3B).

We next investigated whether the antigenic epitopes were

located on the exterior surface of the nucleocapsid. Because

the structure of full-length nucleocapsid protein has not been

elucidated, homology modeling was carried out using previously

reported partial structures of SARS-CoV-2 NP (PDB: 6M3M;

PDB: 6YUN).23,24 Molecular modeling of dimeric SARS-CoV-2

NP revealed that binding regions for all three mAbs were located

on the surface of the protein (Figure 1E). Furthermore, these re-

gions were spatially separated in the 3D structure, indicating the

possibility to simultaneously use a pair of different mAbs to

develop antigen-sandwich-detection assays.

Reactivity of antibodies to divergent strains of SARS-
CoV-2
To estimate the reactivity of themAbswith different clinical strains

of SARS-CoV-2, we compared the aa sequences of NP derived

from clinical isolates registered in the NCBI database. We

collected 8,127 complete genomes that were registered in the

NCBI database at the start of the study. Shannonentropy analysis

revealed that the entire aa sequences of NP were highly

conserved except for three high-frequency substitutions,

S194L, R203K, and G204R, which were same as previously

described (Figure S4A).25 We observed that the epitope of each

of the mAbs was completely conserved and devoid of any muta-

tion in the current circulating mutants of SARS-CoV-2, including

501Y.V1, 501Y.V2, and 501Y.V3 (Figure S4B). Furthermore, all

binding sites were highly conserved among the different strains

of SARS-CoV-2 with more than 99% identity (Figure S5A). We

next performed site-directed mutagenesis to introduce the bind-

ing site mutations into SARS-CoV-2 NP and examined the effect

on the reactivity of mAbs by ELISA analysis (Figure S5B). Despite

themutations, ourmAbswere able tobind to themutatedNPsat a

rate of 99.9% for no. 7, 99.86% for no. 9, and 99.84% for no. 98.

Characterization of mAbs
The equilibrium dissociation constant (KD) between selected an-

tibodies and full-length NP of SARS-CoV-2 was determined by

Bio-Layer interferometry. KD for the antibody-antigen binding

in mAbs nos. 7, 9, and 98 was calculated as 4.4 3 10�10,

3.7 3 10�10, and 1.6 3 10�10 respectively, all of which were

lower than that of the commercially available mAbs (Figures 2A

and S6A), and the latter showed cross-reactivity only to SARS-
4 Cell Reports Medicine 2, 100311, June 15, 2021
CoV NP (Figure S6B). These findings reveal that our mAbs had

more specific and high-affinity binding to SARS-CoV-2 NP

than the commercial antibodies.

We next performed immunoblot analysis with cell lysates from

SARS-CoV-2-infected cells. All the three mAbs detected a 46-

kDa protein band consistent with the molecular mass of SARS-

CoV-2 NP (Figure 2B). We subsequently tested the applicability

of these mAbs in immunofluorescence analysis using SARS-

CoV-2-infected Vero E6-TMPRSS2 cells and found that no. 7

and no. 98 exhibited prominent and specific staining of the NP

antigen in infected cells (Figure 2C). Additionally, mAb no. 98

was able to detect SARS-CoV-2 in infected cells in the

paraffin-embedded lung tissue of a COVID-19 patient by immu-

nohistochemical analysis (Figure 2D).

Development of antigen-capture ELISA
Because we had observed the different spatial binding of our

mAbs in epitope localization analysis (Figure 1E), we exploited

this feature to develop an antigen-capture sandwich ELISA (Fig-

ure 3A). Therefore, we evaluated the optimal pair of mAbs that

can be employed for this purpose by testing all possible combi-

nations of immobilized and labeled mAbs. The combination of

no. 9 and no. 98 exhibited best signal-to-noise (S/N) ratios as

compared to other pairs (Figure 3B). We used this combination

to establish the SARS-CoV-2 NP antigen-capture ELISA with

mAb no. 9 in the stationary phase and mAb no. 98 as the conju-

gate with horseradish peroxidase (HRP). We next determined the

antigen detection threshold for this assay using serially diluted

recombinant SARS-CoV-2 NP. The antigen-capture ELISA de-

tected a volume of NP as low as 3.2 pg/mL (Figure 3C). SARS-

CoV-2 virions inactivated by adding a detergent Nonidet P 40

(NP-40) were further examined by the ELISA system, and the

detection limit of the assay was found to be 3.3 3 104 copies/

mL (Figure 3C). Furthermore, we validated the specificity of our

ELISA by testing simulated nasopharyngeal swab specimens

prepared by adding either the recombinant NP of other human

coronaviruses or virions of other human coronaviruses and com-

mon respiratory viruses (Figure 3D). Additionally, the ELISA was

able to detect all the three major variants of concern (501Y.V1-3;

Figure 3E).

We next evaluated the clinical performance of the ELISA assay

using specimens that had been diagnosed by RT-PCR. For this

purpose, we retrospectively selected 72 RT-PCR-negative and

72 RT-PCR-positive respiratory samples (nasopharyngeal

swabs; Figure 3F). Using the respiratory samples, the cutoff

values were determined with the area under receiver operating

characteristic (ROC) curves where the specificity of the ELISA

assay was set as 100.0% (95% confidence interval [CI]:

94.9%–100.0%) and the overall sensitivity was 75.0% (95% CI:

63.9%–83.6%; Figure 3G). Furthermore, positive respiratory

samples were divided into three groups based on the Ct

(threshold cycle) values as follows; samples with Ct values <28

were classified as ‘‘high viral load,’’ 28–31 were ‘‘intermediate

viral load,’’ and samples >31 were ‘‘low viral load.’’ We observed

that the clinical sensitivity of the ELISA varied depending on Ct

value in RT-PCR and increased with the lower Ct. The clinical

sensitivity at Ct < 28 was 100% (95% CI: 89.9%–100.0%), at

Ct 28–31 was 92.3% (95% CI: 66.7%–99.6%), and at Ct > 31



Figure 2. Binding affinity of developed mAbs and the application for viral NP antigen detection

(A) Affinitymeasurement of selectedmonoclonal antibodies on theOctet RED96 instrument. Association and dissociation of eachmAb to full-length NP at various

concentrations (50, 25, 12.5, 6.25, 3.13, 1.56, and 0.78 nM) was evaluated using anti-mouse IgG capture (AMC) sensor (two technical replicates).

(B) Immunoblot analysis of mock or SARS-CoV-2-infected VeroE6/TMPRSS2 cell lysates (representative image of two technical replicates).

(C) Immunofluorescence analysis (representative image of two technical replicates). VeroE6/TMPRSS2 cells were infected or mock infected with SARS-CoV-2.

After 24 h, cells were fixed and then stained with mAbs (hybridoma supernatant; red) and DAPI (blue).

(D) Paraffin-embedded lung biopsy specimen from a case of COVID-19 was examined for immunohistochemical detection of SARS-CoV2 using our antibody.

The positive signals (arrowheads) are seen in bronchiolar epithelial cells (top), pneumocytes (middle), and endothelial cell (bottom).
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was 32.0% (95% CI: 17.2%–51.6%; Figures 3H and 3I). The

reactivity of antigen-capture ELISA correlated with RNA copy

numbers in the specimens calculated based on the Ct values

(Figure 3J).

Development of rapid lateral flow
immunochromatographic assay
Finally, we examined whether the antibody set could be applied

to LFIA, which could serve as a POCT device. We utilized silver

halide photography technology for output signal amplification

in our LFIA (Figures 4A, S7A, and S7B).26,27 In this technology,

silver ions are allowed to adhere to the surface of gold nanopar-

ticles (approx. 0.05 mm in diameter), which allows the electrons

from the solution to reduce the silver atoms. This causes further

attachment and reduction within a period of 30 s, resulting in the

congregation of reduced silver ions upon the gold nanoparticles

to cause size enhancement (approx. 5–10 mm in diameter) that

provides a remarkable improvement in visibility (Figures 4B

and 4C). By combining the above technology with specific

mAb combination selected by antigen-capture ELISA, our LFIA

provides superior visual detection of antigen-antibody com-

plexes (Figure 4D).

The LFIA showed no cross-reactivity to related human corona-

viruses or other respiratory viruses using simulated nasopharyn-
geal swab specimens, indicating its high specificity (Figure 4E).

The detection limit of this LFIA was found to be approximately

6.25 pg/mL of recombinant NP (Figure 4F). Subsequent study

with inactivated SARS-CoV-2 particles revealed that the lowest

detection limit of virus copy number corresponded to 6.3 3

104 copies/mL (Figure 4G). This was tested in parallel experi-

ments with commercially available LFIA kits, Abbott Panbio

COVID-19 Ag Rapid Test, Roche SARS-CoV-2 Rapid Antibody

Test, SDBiosensor StandardQCOVID-19 Ag, and Fujirebio Esp-

line SARS-CoV-2, to reveal that our LFIA detected the lowest

amount of SARS-CoV-2 compared to the above-mentioned

commercial kits (Figure 4G). Furthermore, our LFIA could detect

all the three major circulating mutants of SARS-CoV-2; 501Y.V1-

3 (Figure 4H).

We next evaluated the performance of the developed LFIA us-

ing clinical specimens (nasopharyngeal swab) that had been

diagnosed by RT-PCR. Our LFIA did not show false positives

(n = 63), revealing that the specificity was 100% (Figure 4I). Com-

parison experiments using nasopharyngeal swab specimens

(n = 90) revealed that other antigen detection kits did not show

false positives too. Nevertheless, none had a sensitivity as high

as the LFIA developed in this study (Figure 4I). Notably, our

LFIA performed better when compared to other antigen-detec-

tion kits in samples with intermediate viral load Ct values
Cell Reports Medicine 2, 100311, June 15, 2021 5



Figure 3. Development of antigen-capture ELISA

(A) Schematic representation of sandwich ELISA. Each mAb was labeled with horseradish peroxidase (HRP) and subjected to ELISA analysis. 9 pairs of anti-

bodies were tested.

(B) Determination of the optimal combination of capturing and detection mAbs. S/N ratios for antigen detection by each of the 9 combinations were calculated in

the presence of 2 ng/mL antigen versus blank (two technical replicates).

(C) Detection limit of ELISA. Serially diluted recombinant NP and inactivated SARS-CoV-2 were subjected to ELISA. Graph data are presented as mean ± SD (six

technical replicates). The error bars represent SD. The detection limits of both recombinant NP protein and SARS-CoV-2 were determined according to the cutoff

value, which was calculated by the formula (average +3SD).

(D) Specificity of ELISA. Simulated specimens positive for indicated viruses prepared by adding recombinant protein or common respiratory viruses to pooled

COVID-19 RT-PCR-negative specimens were analyzed by ELISA. ‘‘Virus’’ indicates inactivated virus (at least 106 copies/mL for HCoV-229E and HCoV-OC43 or

at least 105 TCID50/mL [50% tissue culture infectious dose] for other viruses). ‘‘Recombinant protein’’ indicates recombinant NP antigen of human coronavirus

(200 ng/mL). Graph data are presented as mean ± SD (three technical replicates). HRV, human rhinovirus; IFAV, influenza A virus; IFBV, influenza B virus; RSV,

respiratory syncytial virus.

(legend continued on next page)
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(Ct = 28–31) and low viral load Ct values (Ct > 31; Figure 4I).

These results indicate that the LFIA designed with our newly

developedmAbs could be useful for rapid and efficient detection

of SARS-CoV-2 antigen.

DISCUSSION

Nearing a year since the outbreak, the COVID-19 pandemic

continues to spread unchecked, causing serious health con-

cerns worldwide. Apart from finding specific antiviral agents

and vaccines, establishing a test for immediate detection of

the infected and screening mass populations to initiate appro-

priate quarantine measures is necessary to control the spread

of infection. The World Health Organization stresses that diag-

nostic testing for COVID-19 is critical to track the virus, under-

stand its epidemiology to inform case management, and sup-

press transmission.28 As of now, RT-PCR is the primary test

available for establishing the diagnosis of COVID-19. Although

NAT is sensitive and accurate, it requires specific equipment

and trained personnel in laboratories with centralized services

and takes a few hours to obtain results. Owing to their simplicity

and ease of use, LFIA-based antigen detection kits can serve as

POCT that can provide immediate results for prompt therapeu-

tic or prophylactic actions. These advantages warrant the need

for a reliable antigen detection kit that can supplement or sup-

plant molecular diagnostics. To date, several antigen detection

kits for SARS-CoV-2 are commercially available; however,

almost all of them face the problem of cross-reactivity to other

human coronaviruses, not revealing epitopes or specificities of

antibodies, and may not be able to respond to forthcoming viral

mutations.8,29

In the current study, we have developed robust antigen-detec-

tion systems using newly synthesized high-affinity mAbs that

specifically target SARS-CoV-2 devoid of cross-reactivity with

other human coronaviruses, including SARS-CoV. While

designing an antigen detection system, NP appears to be a

good choice as the target antigen because it is abundantly ex-

pressed in replicating virions and is highly immunogenic. Due

to the above-mentioned reasons, NP is widely being used in

serological diagnostic tests.14 However, due to its high homol-

ogy with other human coronaviruses, mAbs generated with

whole NP of SARS-CoV-2 may potentially cross-react with anti-

gens of other human coronaviruses, causing false-positive reac-

tions in non-COVID-19 cases.30–32 To overcome the problem of

cross-reactivity, we produced DN-NP (aas 121–419) by deleting

the conserved homologous aa sequences at the NTD and used

this antigen to generatemAbs specific for SARS-CoV-2.We suc-

cessfully created three specific mAbs that exclusively react with

SARS-CoV-2 NP and not with any of the other related human

coronaviruses.
(E) Detection of variant of concerns strains by ELISA. All the three major varian

technical replicates).

(F) Clinical performance of ELISA assay for nasal swab samples fromRT-PCR neg

depicted. The p value was calculated using Welch’s t test (two-tailed).

(G) Receiver operating characteristic curves for antigen-capture ELISA.

(H and I) Sensitivity and specificity of ELISA results according to real-time PCR c

(J) Relation between RNA copy number in PCR-positive specimens and reactivit
Preparation of high-quality antigen is the most critical pre-

requisite for creating specific mAbs. Synthetic peptides contain-

ing predicted viral immunogenic epitopes are widely used to

immunize animals for commercial generation of mAbs.33,34 How-

ever, synthetic peptides are often linear and therefore are not

ideally representative of the native features of antigens with re-

gard to their actual spatial structures. Indeed, a previous study

has demonstrated that the anti-SARS-CoV-2 NP mAbs created

with the antigenic peptides were found to cross-react with other

coronaviruses.35 Also, the study showed that the sensitivity of

the antigen-detection ELISA designed with antigenic peptide-

derived mAbs was not so high (�100 ng/mL).35 To overcome

these problems, we synthesized the SARS-CoV-2 DN-NP with

the wheat germ cell-free system. This systemmakes use of a eu-

karyotic translation machinery to synthesize properly folded and

biologically active proteins structurally identical to those ex-

pressed in mammalian cells.18,19 Although the antigen we used

in this study was N-terminally deficient, it is highly likely to

have a multimeric structure because of the presence of an olig-

omer-forming domain at the C-terminal dimerization

domain.36,37 Because the epitopes for our newly developed

mAbswere exposed on the surface of the dimerized NPproteins,

our antibodies were able to bind with native viral antigens. Yet

another salient feature of these mAbs was that they detected

the three major variants of concern (501Y.V1, 501Y.V2, and

501Y.V3) because these rampantly circulating mutants do not

possess any mutations in the epitope-binding sites of our

mAbs. These characteristics highlight the practical applicability

of our mAbs for developing rapid antigen detection assays for

COVID-19.

The overall sensitivity of our antigen-detection ELISA was

75.0%. However, we observed that the sensitivity increased

with lower Ct values, and a similar trend was noticed even with

the LFIA. Bullard et al.38 reveal that viable and transmissible

SARS-CoV-2 virions are present only in respiratory samples

with Ct values <24 although higher Ct values comprise non-in-

fectious genetic material. Both our ELISA and LFIA achieved

100% sensitivity when tested on PCR-positive clinical speci-

mens with Ct values <28, suggesting that they might not miss

out the detection of viable and transmissible viruses. However,

further viral culture analysis is required to confirm this. The

LFIA developed in our study differs from its conventional coun-

terparts by possessing output signal amplification using silver

halide photography technology.26 Output signal-amplification

techniques augment the performance of LFIAs by increasing

their sensitivity.39,40

Our antigen-detection assays can be expected to perform as a

clinical diagnostic tool. By detecting cultured SARS-CoV-2 par-

ticles as low as 6.3 3 104 copies/mL, our LFIA was more sensi-

tive than other commercially available antigen-detection kits.
ts were detected efficiently. Graph data are presented as mean ± SD (three

ative (n = 72) and positive (n = 72). Boxplots of index values at ELISA assaywere

ycle threshold (Ct) values group based on NIID-N2 primer set.

y of antigen-capture ELISA (n = 72; Spearman’s correlation).
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Figure 4. Immunochromatographic test using developed monoclonal antibodies with silver amplification technology

(A) Schematic diagram of lateral flow immunoassay with silver amplification technology. The antigen in the sample dropped into the device flows on the cellulose

membrane together with the colloidal gold-labeled anti-SARS-CoV-2 NP antibody, and when captured by the membrane-immobilized capture antibody, it

develops color and appears as a single band. Adherence of silver ions to the surface of a catalytic gold nanoparticle causes electrons to reduce the silver atoms,

leading to the size enhancement followed by 1,000-fold improvement in visibility.

(B and C) Size differences in SEM images (B) and naked eye visualized bands (C) with and without silver amplification.

(D) Representative test result for positive and negative.

(legend continued on next page)
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Furthermore, our LFIA showed high sensitivity using clinical

specimens, especially in samples with intermediate (Ct = 28–

31) and low viral load (Ct > 31). On the other hand, there were

slight discrepancies in the performance of each LFIA while de-

tecting SARS-CoV-2 in culture supernatants and clinical speci-

mens. For example, Fujirebio showed higher sensitivity than

SD Biosensor in culture supernatants, although the latter per-

formed better than the former in clinical specimens. This may

be in part attributable to the property of clinical specimens,

such as viscosity or presence of assay inhibitors. Further large-

scale studies will be necessary to precisely identify the factors

that may affect the performance of the assay in clinical samples,

including saliva and sputum.

Like RT-PCR, antigen-detection tests also face the problem of

handling infectious material, which can pose hazard to the

handling persons. However, this could be overcome by inacti-

vating the virus in the swab soon after collection by immersing

into extracting solutions that contain surfactants. Previous re-

ports have demonstrated that more than 0.1% of the non-ionic

surfactant, such as NP-40 or Triton X-100, completely inacti-

vates SARS-CoV-2.41 We used extraction buffer containing

non-ionic surfactant (0.5% for ELISA and 0.1% for LFIA), which

did not cause any hindrance to the performance of the anti-

gen-detection tests. Inactivation of SARS-CoV-2 was actually

verified by the extraction buffer used in our study (data not

shown).
Limitations of the study
Our study has a few limitations. We have found that Ala217 for

no. 7, Asn345 for no. 9, and Gln390 for no. 98 were the critical

residues to discriminate SARS-CoV-2 from SARS-CoV.

Although our tests effectively distinguished both the viruses in

clinical specimen, it is necessary to perform crystal structure

analysis to confirmwhether the epitope of the antibody is indeed

present on the surface of NP. Our analysis did not include addi-

tional patient cohort for independent validation because we

mainly dealt with the development of mAbs and their usage for

antigen-detection assays. Clinical studies with a larger sample

size through prospective trials are needed to validate our ELISA

and LFIA before considering for clinical application. If this is

done, our antigen-detection assays could possibly meet the ur-

gent demand for rapid testing in clinical and community settings

and support the unprecedented global fight against COVID-19.
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Detailed methods are provided in the online version of this paper

and include the following:
(E) Specificity of LFIA. Simulated specimens positive for indicated viruses prepa
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least 105 TCID50/mL for other viruses). ‘‘Protein’’ indicates recombinant NP antige

(F and G) Detection limit of LFIA. Recombinant protein (F) and inactivated SARS-

was compared with indicated antigen detection kits. + and � indicate positive a

(H) Detection of variant strains of SARS-CoV-2. Virus indicates inactivated virus (l

each strain (less than 100 pg/mL; two technical replicates).

(I) Sensitivity and specificity of indicated SARS-CoV-2 antigen-detection kits in P

specimens in nasopharyngeal swabs.
d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

B Clinical specimens and ethical statement

B Cell culture

B Preparation of viruses

d METHOD DETAILS

B Expression plasmid

B Cell-free protein synthesis and purification

B Development of monoclonal antibodies

B Immunoblot, immunostaining and immunohistochem-

ical analysis

B KD determinations using Bio-Layer interferometry (BLI)

B Epitope mapping of monoclonal antibodies

B Homology modeling of SARS-CoV-2-NP and epitope

localization analysis

B Comparison of commercially available existing mAbs

B Bioinformatic analysis

B Sandwich ELISA

B Lateral flow immunochromatography assay (LFIA)

B Evaluation using clinical respiratory samples

B Comparison of SARS-CoV-2 antigen detection kits

d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.

xcrm.2021.100311.

ACKNOWLEDGMENTS

We thank Drs. Naohito Nozaki, Satoko Matsunaga, Chizu Suzuki, Natsumi Ta-

kaira, Kenji Yoshihara, and Kazuo Horikawa for technical assistance. This work

was supported in part by Japan Agency for Medical Research and Develop-

ment (AMED) (grant numbers: JP19fk0108110 and JP20he0522001), by Health

Labour Sciences research grant from The Ministry of Health Labour and Wel-

fare (grant number: 19HA1003), and by collaborative research grant from

Kanto Chemical Co., Inc. and FUJIFILM Corporation to A.R.

AUTHOR CONTRIBUTIONS

Y. Yamaoka and K.M. designed and performed the research, analyzed the

data, and wrote the manuscript; S.S.J. analyzed the data and wrote the manu-

script; R.F., K.O., S.K., J.K., A.W., T.T., M.N., T. Morita, H. Hayashi, H.M., K.

Suzuki, D.A., and Y. Yoshimura performed the research and analyzed the

data; K. Shimizu, H.O., S.U., C.K., N.T., T. Miyazaki, and E.Y. contributed

the clinical specimen preparation; T.S. contributed the virus preparation;

H.K., H.S., N.O., and H. Hasegawa analyzed the data; and A.R. directed the

research, analyzed the data, and wrote the manuscript.
red by adding recombinant protein or common respiratory viruses to pooled

nactivated virus (at least 106 copies/mL for HCoV-229E and HCoV-OC43 or at

n of corresponding virus (200 ng/mL). NT, not tested (two technical replicates).

CoV-2 (G) were subjected to LFIA analysis. Detection limit using SARS-CoV-2

nd negative detection, respectively (two technical replicates).

ess than 1.53 106 copies/mL). Protein indicates recombinant NP antigen from

CR-positive (n = 45) and negative (n = 63 for this study; n = 45 for the others)

Cell Reports Medicine 2, 100311, June 15, 2021 9

https://doi.org/10.1016/j.xcrm.2021.100311
https://doi.org/10.1016/j.xcrm.2021.100311


Article
ll

OPEN ACCESS
DECLARATION OF INTERESTS

Y. Yamaoka, S.K., K. Suzuki, and D.A. are current employees of Kanto Chem-

ical Co., Inc.; J.K., A.W., and T.T. are current employees of FUJIFILM Corpo-

ration. A.R. received collaborative research grant from Kanto Chemical Co.,

Inc. and FUJIFILM Corporation. Provisional patent applications relevant to

this study were filed. The remaining authors declare no competing interests.

Received: October 25, 2020

Revised: April 2, 2021

Accepted: May 13, 2021

Published: May 16, 2021

REFERENCES

1. Zhou, P., Yang, X.-L., Wang, X.-G., Hu, B., Zhang, L., Zhang, W., Si, H.-R.,

Zhu, Y., Li, B., Huang, C.-L., et al. (2020). A pneumonia outbreak associ-

ated with a new coronavirus of probable bat origin. Nature 579, 270–273.

2. Durrheim, D.N., and Baker, M.G. (2020). COVID-19-a very visible

pandemic. Lancet 396, e17.

3. World Health Organization (2021). WHO coronavirus disease (COVID-19)

dashboard. https://covid19.who.int/.
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Influenza B virus (IFBV) Victoria lineage
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Chemicals, peptides, and recombinant proteins

PrimeSTAR Mutagenesis Basal kit Takara Bio Inc. Cat#R046A

WEPRO7240H Expression Kit CellFree Sciences Co.,Ltd. Cat#CFS-TRI-7240H
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This study N/A
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Thermo Fisher Scientific Cat#34095
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CD hybridoma medium AGT medium Thermo Fisher Scientific Cat#12372025

HYGM-7 Express (Ready - to - use), Liquid,

without Phenol Red, protein free

Kanto Chemical Co., Inc. Cat#49432-50

Critical commercial assays

Standard Q COVID-19 Ag SD. Biosensor Cat#Q-NCOV-01G

Espline SARS-CoV-2 Fujirebio Cat#260319

Panbio COVID-19 Ag Rapid Test Abbott Cat#4571226475003

SARS-CoV-2 Rapid Antigen Test Roche Cat#508487

Deposited data

Partial structure of SARS-CoV-2 NP-1 Zinzula et al.24 PDB: 6YUN

Full-length structural model of MERS-NP Yamaoka et al.21 N/A

Partial structure of SARS-CoV-2 NP-2 Kang et al.23 PDB: 6M3M

Full-length structural model of SARS-

CoV-2 NP

This study https://doi.org/10.17632/7b67yg29d6.1

Multiple sequence alignment of SARS-

CoV-2 NP

This study https://doi.org/10.17632/7b67yg29d6.1

Experimental models: cell lines

HCT-8 American Type Culture Collection (ATCC) CCL-244

MRC-5 RIKEN BioResource Research Center RCB0211

VeroE6/TMPRSS2 Japanese Collection of Research

Bioresources Cell Bank (JCRB)

JCRB1819

Oligonucleotides

Reverse primer for the quantification

of SARS-CoV-2: 50- TGGCAGCTGT

GTAGGTCAAC �30

Shirato et al.42 N/A

Probe for the quantification of SARS-CoV-

2: FAM-ATGTCGCGCATTGGCATGGA-

BHQ

Shirato et al.42 N/A

Forward primer for the quantification of

HCoV-229E: 50- TTCCGACGT

GCTCGAACTTT �30

Vijgen et al.43 N/A

Reverse primer for the quantification of

HCoV-229E: 50- CCAACACGGTTG

TGACAGTGA �30

Vijgen et al.43 N/A

Probe for the quantification of HCoV-229E:

FAM 50- TCCTGAGGTCAATGCA �30

TAMRA

Vijgen et al.43 N/A

Forward primer for the quantification of

HCoV-OC43: 50- ATGTTAGGCCGATA

ATTGAGGACTAT �30

Vijgen et al.43 N/A
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Reverse primer for the quantification of

HCoV-OC43: 50- AATGTAAAGA
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Vijgen et al.43 N/A

Probe for the quantification of HCoV-OC43:
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Vijgen et al.43 N/A

Forward primer for the quantification of

SARS-CoV-2: 50- AAATTTTGGGG

ACCAGGAAC �30

Shirato et al.42 N/A

Software and algorithms

ForteBio data analysis software Fortebio https://www.sartorius.com/en/products/

protein-analysis/octet-systems-software

MODELLER9.15 Webb et al.44 https://salilab.org/modeller/9.15/release.

html

Swiss PDB viewer 4.1 Guex et al.45 https://spdbv.vital-it.ch/

UCSF Chimera software 1.13.1 Pettersen et al.46 https://www.cgl.ucsf.edu/chimera/

MAFFT version 7 Kato et al.47 https://mafft.cbrc.jp/alignment/server/

MEGAX (MUSCLE) Edgar et al.48, Kumar et al.49 https://www.megasoftware.net/

Graphpad Prism 8.43 Graphpad Software https://www.graphpad.com/

Other

Immunochromatographic assay with silver

amplification technology

This study (FUJIFILM Corporation) Cat#16696722

Article
ll

OPEN ACCESS
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to, and will be fulfilled by the lead contact, Akihide

Ryo (aryo@yokohama-cu.ac.jp).

Materials availability
Monoclonal antibodies established in this study are available from Yokohama City University and Kanto Chemical Co., Inc., under

MTA. Antigen detection kit developed in this study is commercially available from FUJIFILM Corporation (FUJIFILM, cat# 16696722).

Data and code availability
Original/source data for multiple sequence alignment and structural model of SARS-CoV-2 NP in the paper have been deposited to

Mendeley Data: https://doi.org/10.17632/7b67yg29d6.1.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Clinical specimens and ethical statement
Clinical specimens of nasopharyngeal swabs from 252 individuals with suspected SARS-CoV-2 infection regardless of the onset of

the disease, were retrieved for this study. These clinical specimens had been confirmed positive or negative for SARS-CoV-2 infec-

tion by RT-PCR prior using for evaluating the performance of antigen-capture ELISA and LFIA (72 positive and 72 negative specimens

for antigen-capture ELISA, 45 positive and 63 negative specimens for LFIA). Demographic and descriptive information about the pa-

tients and healthy individuals such as the age and gender are not available due to ethical/privacy restriction. This studywas approved

by the Institutional Review Board of Yokohama City University (IRB No. B200800106), and the protocols used in the study were

approved by the ethics committee.

Cell culture
VeroE6/TMPRSS2 cells (JCRB1819), HCT-8 cells (ATCC CCL-244), and MRC-5 cells (ATCC CCL-171) were cultured in Dulbecco’s

modified Eagle’s medium (high glucose) (Wako, cat# 044-29765) supplemented with 10% (V/V) fetal bovine serum (FBS) and 1%

penicillin-streptomycin in a 5% CO2 at 37
�C.
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Preparation of viruses
SARS-CoV-2 clinical isolate (2019-nCoV/JPN/TY/WK-521/2020, 2019-nCoV/JPN/QHN001/2021, 2019-nCoV/JPN/TY8-612/2021,

2019-nCoV/JPN/TY7-501/2021: obtained from National Institute of Infectious Diseases, Japan) were propagated in Vero-E6 cells

expressing TMPRSS2 (JCRB1819) as described previously50. The viral samples were inactivated by addition of NP-40 to a final con-

centration of 0.5% (v/v) prior to each immunoassay. Quantitation of viral copy number was carried out by RT-PCR using N2 primers

and probe sets42. Human coronavirus OC43 (ATCC VR-1558) and 229E (ATCC VR-740) obtained from ATCC were propagated in

HCT-8 cells (ATCC CCL-244) and MRC-5 cells (ATCC CCL-171), respectively, and viral copy number was quantified by RT-PCR

as previously described43. Human rhinovirus (HRV) 14 (ATCC VR-284), HRV16 (ATCC VR-283), and Respiratory syncytial virus

(RSV, ATCC VR-26) were propagated in MRC-5 cells and quantified by 50% Tissue Culture Infectious Dose (TCID50) assay. Influenza

A virus (IFAV) H1N1 pdm09 isolate (A/Yokohama/72/2020), IFAV H3N2 isolate (A/Yokohama/68/2020), Influenza B virus (IFBV) Vic-

toria lineage isolate (B/Yokohama/33/2020), and IFBV Yamagata lineage isolate (B/Yokohama/35/2019) were cultured and quantified

as previously described51. Each viral culture were carried out in 5% CO2 at 37
�C for SARS-CoV-2, RSV, IFAV, and IFBV, at 33�C for

OC43, 229E, HRV14, and HRV16.

METHOD DETAILS

Expression plasmid
Complementary DNAs encoding nucleocapsid proteins of human coronaviruses (SARS-CoV-2, GenBank No. NC_045512; SARS-

CoV, GenBank No. NC_004718;MERS-CoV, GenBank No. NC_019843; HCoV-HKU1, GenBank No. NC_006577; HCoV-OC43, Gen-

Bank No. NC_005147; HCoV-229E, GenBank No. NC_002645; HCoV-NL63, GenBank No. NC_005831) were synthesized. Synthetic

cDNAswere digestedwith XhoI and KpnI and inserted into pEU-E01-His-TEV-MCS, pEU-bls-s1-MCS, and pEU-Flag-GST-PS-MCS.

Deletion and substitution mutants of SARS-CoV-2 for epitope mapping were generated using the PrimeSTARMutagenesis Basal kit

(Takara Bio, Otsu, Japan).

Cell-free protein synthesis and purification
In vitro transcription and cell-free protein synthesis were performed as previously described21,52. For cell-free protein synthesis, WE-

PRO7240H and WEPRO7240G wheat germ extract (CellFree Sciences, Yokohama, Japan) was used in the bilayer translation

method as previously described52. Synthesized proteins were confirmed by SDS-PAGE followed by CBB staining with Rapid

CBB KANTO 3S (Kanto chemical, Tokyo, Japan) and immunoblotting.

His-tagged N-terminal deleted mutant of NP (DN-NP; 121-419) for immunization were synthesized by a bilayer dialysis method us-

ing the wheat cell-free system according to manufacturer instructions. The protein purification was carried out using Ni-Sepharose

Fast Flow beads (Cytiva, Waukesha, WI, USA) as previously described21. Full-length NPwere synthesized as FLAG-GST tagged pro-

teins and purified by Glutathione Sepharose 4 Fast Flow and PreScission Protease (Cytiva).

Development of monoclonal antibodies
Immunization of BALB/c mice and generation of hybridomas producing anti-SARS-CoV-2-NP antibody were carried out as previ-

ously described52–54. For hybridoma screening, indirect ELISA was performed using full-length NP and DHFR (negative control).

These proteins were diluted with PBS (1 mg/mL) and then immobilized to ELISA plate (Thermo Fisher Scientific, Rockford, IL,

USA). After blocking with PBS containing 2% skim milk for 1h, diluted hybridoma supernatant (1:25) were added and incubated

for 1h. After three washes with PBS-T, wells were incubated with 100 mL of diluted HRP-conjugated anti-mouse IgG antibody (1:

5,000) for 1h. After additional three washes with PBS-T, 100 mL of ABTS Substrate (Kirkegaard & Perry Laboratories) was added

and incubated for 30 min. The absorbance at 405-490 nm was measured on GloMax Explorer plate reader (Promega, WI, USA),

and the signal-to-noise ratio (S/N) was calculated.

The AlphaScreen assay was performed using 384-well ProxiPlates (PerkinElmer, Boston, MA, USA). Biotinylated full-length NP or

DHFR (negative control) were incubated with a 20-fold dilution of hybridoma supernatant in 15 mL of binding mixture containing re-

action buffer (100 mM Tris-HCl, pH 8.0, 1 mg/ml BSA, 0.01% Tween-20) at 26�C for 30 min. Then, 10 mL of the combined detection

mixture containing 0.04 mL protein G-conjugated acceptor beads and 0.04 mL streptavidin-coated donor beads (AlphaScreen IgG

detection kit, PerkinElmer) in reaction buffer were incubated at 26�C for 1 h. Antigen-antibody interactions were analyzed using

an Envision microplate reader (PerkinElmer). For purification of antibodies, hybridoma cells were grown in CD hybridoma medium

AGTmedium (Thermo Fisher Scientific, Rockford, IL, USA) or HYGM7medium (Kanto chemical, Tokyo, Japan). Antibody purification

was carried out as previously described21.

Immunoblot, immunostaining and immunohistochemical analysis
Cell lysates samples in SDS sample buffer were loaded onto 10%–20% SDS-PAGE using Hi-QRAS Gel N (Kanto Chemical, Tokyo,

Japan), the proteins were electrotransferred onto an Immobilon-P PVDF Transfer Membrane (Millipore, Bedford, MA, USA). Immu-

noblotting using anti-SARS-CoV-2 NPmAbs, anti-His monoclonal antibody, or anti-DDDDK (FLAG) tag antibody (MBL, Aichi, Japan)

was performed as previously described21. For immunostaining analysis, cells were fixed with 4% paraformaldehyde and were per-

meabilized with PBS 0.5% Triton X-100 in PBS. After blocking with PBS containing 3% BSA, cells were stained with hybridoma
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culture supernatants (1:20 dilution) and Alexa Fluor568-conjugated secondary antibodies (Thermo Fisher Scientific). Cells were

mounted using VECTASHIELD mounting medium with DAPI (Vector laboratories, CA, USA). For immunohistochemical analysis,

formalin-fixed and paraffin-embedded tissue sections from the autopsy lung were de-paraffinized and rehydrated. After blocking

with 5%goat serum, the sectionswere incubatedwith developedmAb #98 (1:20 dilution). After washing, the sectionswere incubated

with the linker and then the polymer peroxidase-conjugated anti-mouse IgG solution (EnVisionTM FLEX+; DAKO, Ely, UK), and then

visualized with 3,3-diaminobenzidine (DAKO) and counterstained with hematoxylin.

KD determinations using Bio-Layer interferometry (BLI)
Kinetic properties were determined by Bio-Layer interferometry (BLI) using Octet RED96 instrument (ForteBio, USA). The operating

temperature wasmaintained at 30�C in 96 well black microplates (Greiner Bio-One, Monroe, USA) which were agitated at 1,000 rpm.

For antibody screening, Anti-mouse IgG Capture biosensor tips (AMC) were loaded with each culture supernatants (1:4 dilution) for

5 min in PBS containing 0.1%BSA and 0.02% Tween20. The association of recombinant DN-NP protein at concentrations of 300 nM

was measured for 3 min, followed by a 5-min-long dissociation phase. All measurements were corrected for baseline drift by sub-

tracting a reference well. Data were analyzed using a 1:1 binding model with local fitting algorithms in the ForteBio data analysis soft-

ware. For precise affinity measurement using purified monoclonal antibodies, AMC were loaded with 15 mg/mL of each mAbs for

5 min. The association of recombinant Full-length NP protein at concentrations of 50, 25, 12.5, 6.25, 3.13, 1.56, and 0.781 nM

was measured for 3 min, followed by a 5-min-long dissociation phase. All measurements were corrected for baseline drift by sub-

tracting a reference well. Data were analyzed using a 1:1 binding model with global fitting algorithms in the ForteBio data analysis

software.

Epitope mapping of monoclonal antibodies
Flag-GST tagged deletion and substitution mutants of SARS-CoV-2 NP were produced by the wheat germ cell-free system. Ex-

pressed proteins were diluted with PBS (1:400) and then immobilized to ELISA plate (Thermo Fisher Scientific, Rockford, IL,

USA). Following blocking with PBS-T containing 3% skim milk for 1h, serially diluted monoclonal antibodies (3000, 600, 120, 24,

4.8, 0.96 ng/mL) were added and incubated for 1h. After three washes with PBS-T, wells were incubated with 100 mL of diluted

HRP-conjugated anti-mouse IgG antibody (1:25,000) for 1h. After additional five washes with PBS-T, 100 mL of TMB 1-component

Microwell Peroxidase Substrate, SureBlue (Kirkegaard & Perry Laboratories) was added and incubated for 15 min. The reaction was

terminated by adding 50 mL of 2 M H2SO4, and absorbance at 450-620 nm was measured on a plate reader. (Bio-rad, CA, USA).

Calculation of EC50 were performed by using GraphPad Prism 8 software. Mutants with an over 5-fold increase in EC50 compared

to full-length NP were defined as negative.

Homology modeling of SARS-CoV-2-NP and epitope localization analysis
The dimer model of full-length SARS-CoV-2-NP was constructed by homology modeling based on the partial structure of SARS-

CoV-2 NP (PDB: 6YUN, PDB: 6M3M)23,24 and MERS-CoV NP21 using the MODELLER9.15 software44. Protein structures not regis-

tered in PDB were estimated by the I-TASSER servers and used as templates for homology modeling55. Energy minimization of the

generatedmodel was carried out using Swiss PDB viewer 4.145. Surface localization of each epitope was determined using the UCSF

Chimera software46.

Comparison of commercially available existing mAbs
Commercially availablemonoclonal antibodies (Bioss:MouseMonoclonal 7E1B, Biospacific�1: SARS coronavirusmonoclonal anti-

body -A03070041P, Biospacific�2: SARS coronavirus monoclonal antibody -A03080041P) were evaluated by Bio-Layer interferom-

etry and specificity analysis.

Bioinformatic analysis
Homology of nucleocapsid proteins among human Coronaviruses was analyzed by multiple sequence alignment using the MUSCLE

software48. Total 12,441 SARS-CoV-2 whole genome sequences were downloaded from NCBI as of August 19, 2020. Partially

sequenced genomes, sequences with ambiguous sites, and 100% identical sequences were removed for further analysis. Conse-

quently, 8,127 SARS-CoV-2 sequenceswere aligned using theMAFFT version 7 andMEGAX47,49. Shannon entropy scorewas calcu-

lated for each position in the protein alignment as previously described56.

Sandwich ELISA
Each mAb was diluted in PBS to a concentration of 2.5 mg/mL, and then added to an ELISA plate (clear or black) (Thermo Fisher Sci-

entific, Rockford, IL, USA). After blocking with 2% skim milk, 100 mL of antigen protein (2 ng/mL) diluted with PBS-T or blank (PBS-T

alone) was added and incubated for 60 min at RT. After three washes with PBS-T, 100 mL of each mAb conjugated with horseradish

peroxidase (HRP) was added into each well and incubated for 60 min at RT. After washing with PBS-T, 100 mL of ABTS substrate

solution (Kirkegaard & Perry Laboratories, Washington, D.C., USA) or SuperSignal West Femto Maximum Sensitivity Substrate

(Thermo Fisher Scientific, Rockford, IL, USA) was added and incubated. Absorbance at 410-490 nm or luminescence wasmeasured

on a GloMax Explorer plate reader (Promega, WI, USA), and the signal-to-noise ratio (S/N) was calculated.
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Lateral flow immunochromatography assay (LFIA)
LFIA was developed over the LFIA designed in previous study26,27. Briefly, purifiedmonoclonal antibodies and anti-mouse IgG (Jack-

son Immuno Research, PA, USA) were diluted in 50 mM Tris buffer) and dropped onto nitrocellulose membrane (ADVANTEC, Tokyo,

Japan) to give the test and control line, respectively. The membrane was then dried at 40�C for 30 min to immobilize antibodies. A

reagent pad including monoclonal antibodies conjugated with colloidal gold (British Biocell Intonational, Crumlin, UK) was placed

upstream of test lines as sample application point. A test strip and two sealed pots containing a reducing reagent (containing

0.47 mol/l Fe(NH4)2(SO4)2) and a silver-ion reagent (0.31 mol/l AgNO3) were placed in a cartridge (Figure S7).

Evaluation using clinical respiratory samples
Schematic experimental flowwas shown in Figure S8. Swabswere collected in 3mL of viral transport medium (Becton Dickinson, NJ,

USA or Sugiyama-gen, Tokyo, Japan). RNA extraction and RT-PCR using NIID-N2 set primer were carried out as an administrative

inspection42. Remaining clinical samples diagnosed as SARS-CoV-2 positive or negative were centrifuged at 4�C for 30 min and the

supernatant were stored for�80�C until their use in this study. For antigen capture ELISA, samples (55 mL) were mixed with an equal

volume of extraction buffer (PBS containing 0.2% BSA and 1% NP-40) and each 100 mL were subjected. For LFIA, samples (60 mL)

were mixed with twice volume of extraction buffer (Tris buffer containing 0.1% non-ionic surfactant) and one drop were subjected.

For quantification of Ct value and viral RNA copy number indicated in this study, remaining samples were diluted 2-fold (ELISA) or 3-

fold (LFIA) with viral transport medium, and then viral RNAwas isolated from 140 mL of diluted specimens by using QIAamp Viral RNA

Mini Kit (QIAGEN, D€usseldorf, Germany). One step RT-PCR was performed using the CFX96 Touch Real-Time PCR Detection Sys-

tem (Bio-rad, CA, USA) and NIID-N2 set primer.

Comparison of SARS-CoV-2 antigen detection kits
Commercially available rapid antigen detection kit of SARS-CoV-2 (Abbott Panbio COVID-19 Ag Rapid Test, Roche SARS-CoV-2

Rapid Antigen Test, SD. Biosensor Standard Q COVID-19 Ag, and Fujirebio Espline SARS-CoV-2) were used according to the man-

ufacturers’ instructions. For evaluation of clinical samples, each of the specimenswere diluted three timeswith each extraction buffer

and then subjected. Test line interpretations were made by at least two independent observers within the stipulated time.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed by using GraphPad Prism 8 software. Graph data are presented as mean ± SD. Statistical

details of the analyses can be found in the figure legends.
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