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A B S T R A C T   

Rapid antigen test (RAT) is widely used for SARS-CoV-2 infection diagnostics. However, test 
sensitivity has decreased recently due to the emergence of the Omicron variant and its sub-
lineages. Here we developed a panel of SARS-CoV-2 nucleocapsid protein (NP) specific mouse 
monoclonal antibodies (mAbs) and assessed their sensitivity and specificity to important SARS- 
CoV-2 variants. We identified seven mAbs that exhibited strong reactivity to SARS-CoV-2 vari-
ants and recombinant NP (rNP) by Western immunoblot or ELISA. Their specificity to SARS-CoV- 
2 was confirmed by negative or low reactivity to rNPs from SARS-CoV-1, MERS, and common 
human coronaviruses (HCoV-HKU1, HCoV–CO43, HCoV-NL63, and HCoV-229E). These seven 
mAbs were further tested by immunoplaque assay against selected variants of concern (VOCs), 
including two Omicron sublineages, and five mAbs (F461G13, F461G7, F459G7, F457G3, and 
F461G6), showed strong reactions, warranting further suitability testing for the development of 
diagnostic assay.   

1. Introduction 

The emergence of SARS-CoV-2 variant B1.1.529 (Omicron) has dramatically altered the course of the Coronavirus Disease 2019 
(COVID-19) pandemic. Omicron replaced the previous variant of concern (VOC) B.1.617.2 (Delta) and rapidly spread worldwide since 
first being detected in November 2021. Its sublineages are currently the dominant variants by far [1,2]. 

In contrast to the original strain and the other VOCs, Omicron and its sublineages are less virulent. Multiple clinical studies have 
shown that Omicron-infected individuals have reduced risks of hospitalization and experience less severe consequences such as oxygen 
supplementation, ventilation, or death [3–8]. 

With the progress of vaccination and the prevalence of Omicron, the COVID-19-related mortality rate has decreased significantly 
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[9–13]. Public health measures, such as travel restrictions, wearing masks in enclosed spaces, and keeping social distance, have been 
gradually lifted by most governments. However, due to its high transmissibility [14,15], Omicron-related severe disease and death are 
still high. There were over 1.2 million confirmed deaths worldwide, including over 250,000 in the US in 2022, when Omicron and its 
sublineages dominated the pandemic [16,17]. In comparison, the annual total deaths linked to seasonal influenza was 650,000 
globally, as estimated by the World Health Organization [18,19]. The high-risk populations for severe COVID-19 diseases remain the 
elderly, people with obesity or with comorbidities such as diabetes, cardiovascular diseases or high blood pressure [11,20,21]. 
Therefore, other than vaccination, preventive actions such as COVID-19 testing and seeking prompt treatment after a positive diag-
nosis are recommended by the CDC to protect high-risk individuals [22]. 

As the gold standard for COVID-19 diagnostics, Reverse Transcription Quantitative PCR (RT-qPCR) is highly sensitive and accurate. 
However, it requires specific instruments and trained technologists, and the limited number of available diagnostic labs and slow 
turnaround time do not fit the test demands during COVID-19 waves. In contrast, the RAT (Rapid Antigen Test) based on antigen- 
specific antibodies is relatively inexpensive, easy to operate, quick to obtain results, and highly specific [23–25]. Although not as 
sensitive as RT-qPCR, RAT can be repeated for several days to improve the detection rates [26–28]. This test has been demonstrated to 
reduce transmission and prevent hospital admissions [29]. Furthermore, the rapid diagnosis of vulnerable people with COVID-19 
symptoms provides an early alert for treatment with antiviral drugs such as Paxlovid or Molnupiravir. Studies have shown that 
treatment during the first several days of infection significantly reduces the risk of disease progression, hospitalization, and death 
[30–33]. The challenge for the use of current RAT kits is the drastically reduced sensitivity to Omicron lineages compared to previous 
variants [28,34–36]. It is believed that mutations in NP are largely responsible for the reduced sensitivity, since almost all the RAT kits 
are based on mAbs-NP interaction [37]. Therefore, it is necessary to constantly monitor the performance of current RAT kits and 
develop new kits based on antibodies recognizing emerging variants. 

In this study, we report the generation of a panel of NP-specific monoclonal antibodies using SARS-CoV-2 immunized mice. After 
screening against rNP and inactivated virus variants, seven mAbs with high affinity to SARS-Cov-2 variants were identified. Further 
studies confirmed their specificity to SARS-CoV-2 virus by screening against SARS-CoV-1, MERS, and common human coronaviruses. 
Five of the mAbs demonstrated strong reactivity to all tested VOCs, including B.1.1.7, B.1.351, P.1, B.1.617.2, B.1.1.529 (Omicron) 
and Omicron subvariant BA2. Further testing of the five mAbs confirmed their response to the recently circulated Omicron sublineage 
JN.1, supporting their potential use in antigen test development. 

2. Materials and methods 

2.1. Generation of SARS-CoV-2 specific mAb hybridoma clones and screening 

Mice were housed in an animal facility accredited by the Association for Assessment and Accreditation of Laboratory Animal Care 
(AAALAC) and approved by the Institutional Animal Care and Use Committee (IACUC) of the National Microbiology Laboratory 
Canada. 

SARS-CoV-2 virus reference strain (hCoV-19/Canada/ON_ON-VIDO-01-2/2020, EPI_ISL_425177) antigen preparation, mouse 
immunization and hybridoma generation have been described in a previous publication [38]. Culture supernatants of selected hy-
bridoma clones were tested against Ƴ-irradiated SARS-CoV-2, recombinant Spike protein (rSP), and rNP (generated in-house by a 
mammalian cell expression system), by ELISA and Western Immunoblot, followed by surrogate virus neutralization testing and plaque 
reduction Neutralization Tests (PRNT). 

rNP-positive clones were designated nucleocapsid protein-specific mAbs, and were subcloned, cultured, and expanded in Cytiva 
CCM1 serum-free hybridoma media (Fisher Scientific, Toronto, ON, Canada). The culture supernatants were harvested, and mAbs were 
purified with HiTrap™ Protein G column (Sigma-Aldrich, Oakville, ON, Canada) per the manufacturer’s instructions. 

2.2. Antibody de novo amino acid sequence determination and analysis 

Antibody amino acid sequences were determined as described previously [38]. Briefly, purified individual mAbs were reduced, 
alkylated, and deglycosylated using DTT, iodoacetamide, and PNGaseF sequentially. Then, seven aliquots (10 μg each) were separately 
digested with pepsin (used at < pH2 and > pH2), chymotrypsin, Glu-C, Lys-C, Asp-N (all from Promega) and trypsin (Pierce, Ther-
moFisher Scientific, Waltham, MA). The digested antibody samples were then concentrated and analyzed by nanoflow-liquid chro-
matography-tandem mass spectrometry (nLC-MS/MS) using a Orbitrap Q-Exactive Plus connected in-line with an Easy nLC 1000 
(Thermo Fisher Scientific) using an EASY-Spray ES903 C18 column (50 cm × 75 μm x 2 μm, Thermo Fisher Scientific). Data dependant 
acquisition method was used over a 120 min nLC gradient per sample. Raw mass spectrometry files were analyzed using PEAKS AB 
software (Bioinformatics Solutions Inc., Waterloo, ON, Canada). Complementarity-determining regions (CDR) were assigned by the 
PEAKS AB software automatically based on a self-contained database provided with PEAKS AB. IgBLAST (https://www.ncbi.nlm.nih. 
gov/igblast/index.cgi) was used for germline gene alignment and allele determination based on protein sequences. 

2.3. Purified antibody titer analysis by ELISA 

Purified mAbs were tested for antigen binding titers to rNPs of SARS-CoV-2 variants (Sino Biological US., Wayne, PA; or ACRO-
Biosystems, Newwark, DE) by end-point-ELISA (EPE). Briefly, 96-well ELISA plates were coated with rNPs (100 ng/well), then blocked 
with blocking buffer (0.2 % skim milk+0.2 % FBS in PBS) and incubated with two-fold serial dilutions of purified mAbs with a starting 
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concentration of 10 μg/well. HRP-conjugated goat anti-mouse IgG (Southern Biotechnology, Birmingham, AL) was added to each well 
in a 1:2000 dilution. After incubation, the colour reaction was developed using 1 mM ABTS (Sigma-Aldrich) and quantified at 405 nm 
using a microplate reader. Endpoint titers of each sample to SARS-CoV-2 rNP were determined as the lowest concentrations of the wells 
at which the optical density (OD) was threefold higher than the negative control. Immunized and pre-immunized mouse sera at 1:2000 
dilutions were used as positive and negative controls, respectively. 

ELISA to rNPs of SARS-CoV-1, MERS, and common coronaviruses were conducted similarly to the EPE, except that the starting 
concentrations of tested mAbs were at 1:100 dilution (4–10 μg/mL). 

2.4. Western immunoblot analysis 

Antibody specificity to SARS-Cov-2 NP was validated by Western immunoblot. rNP (in-house produced or from Sigma-Aldrich) 
were resolved by SDS-polyacrylamide gel electrophoresis (PAGE) using 4–20 % Mini-PROTEAN TGX gels (Bio-Rad Laboratories 
Canada, Mississauga, ON, Canada) and transferred onto polyvinylidene fluoride (PVDF) membranes (ThermoFisher Scientific) by 
electroblotting. The membranes were blocked with 5 % skim milk in Tris-buffered saline (TBS) for 1 h at room temperature then 
incubated with purified mAb at 0.8 μg/mL for 1 h at room temperature. The membrane was washed three times with TBS containing 
0.05 % Tween-20 (TBST). The secondary antibody 1:5000 HRP-conjugated goat anti-mouse IgG (SouthernBiotech) in TBST was 
incubated with the membrane for 1 h, washed as described previously, then developed using DAB substrate (ThermoFisher Scientific). 

2.5. Immunoplaque assay 

Vero E6 or Vero E6/TMPRSS2 cells (BPS Bioscience, San Diego, CA) were seeded into 12-well tissue culture plates at a density of 
3.3 × 105 cells/well then incubated overnight at 37 ◦C with 5 % CO2. Vero E6 cells were used for all SARS-CoV-2 variants tested except 
for Omicron BA.2, which required Vero E6/TMPRSS2 cells for foci production. The following day medium was removed, and an 
inoculum of 1000 plaque-forming units (pfu) was added to each well. After 1 h of incubation, the monolayers were overlaid with 1.5 
mL of 1.5 % carboxymethylcellulose (CMC) in modified Eagle’s medium (4 % FBS, 1 % L-glutamine, 1 % non-essential amino acids, 
0.75 % sodium bicarbonate). Plates infected with the reference strain or the variants except for Omicron BA.1 or BA.2 were incubated 
overnight at 37 ◦C, 5 % CO2. Plates infected with BA.1 or BA.2 were incubated for 48 h. After 24 or 48 h, the CMC overlay was 
removed, and cells were fixed with 10 % buffered formalin phosphate. 

Monolayers were rinsed in PBS and treated with a permeabilization buffer (PBS pH 7.2; 0.15 % glycine, 0.5 % Triton X-100) for 20 
min at room temperature. Plates were then manually washed three times with wash buffer (PBS containing 0.5 % Tween-20) and 
incubated with monoclonal antibodies (1 μg/5 mL) in dilution buffer (PBS, 10 % horse serum, 0.4 % Tween-80) for 1 h at room 
temperature. After washing, the fixed monolayers were treated with 1:2000 diluted HRP conjugated goat anti-mouse IgG, Fcy fragment 
antibody (Jackson ImmunoResearch, West Grove, PA) for 1 h at room temperature. Fixed monolayers were washed, and KPL 
TrueBlue™ Peroxidase Substrate (SeraCare, Milford, MA) was added to each well. After a 30 min incubation at room temperature, 
monolayers were washed and air dried. 

3. Results 

3.1. Development and screening of SARS-CoV-2 nucleocapsid protein-specific monoclonal antibodies 

Four mice were immunized and boosted with formalin-inactivated SARS-CoV-2 for hybridoma development. Forty-four clones 
were immunoreactive in ELISA against either γ-irradiated SARS-CoV-2, rSP, or rNP. Their isotypes were determined using a murine 
isotyping dipstick test (Roche Diagnostics, Indianapolis, IND). Following further confirmation by western immunoblot, thirteen clones 
that only reacted to rNP were picked for two rounds of subcloning. Two clones, F458G1 and F461G12, stopped producing antibodies 

Table 1 
Sequence analysis of anti-nucleocapsid protein antibodies.a.  

NPb specific 
mAbs 

V gene (Heavy 
Chain) 

Number of mismatches gaps and identity 
compared to germline (Heavy Chain) 

V gene (Light 
Chain) 

Number of mismatches gaps and identity 
compared to germline (Light Chain) 

F457G2 IGHV9-3-1*01 26 (75.7 %) IGKV12-46*01 7 (92.6 %) 
F457G3 IGHV3-2*02 31 (72.1 %) IGKV1-88*01 1 (99 %) 
F457G6 IGHV9-3-1*01 43 (60.2 %) IGKV5-39*01 16 (83.2 %) 
F457G9 IGHV3-2*02 20 (81.7 %) IGKV1-88*01 1 (99 %) 
F457G10 IGHV3-2*02 5 (94.9 %) IGKV1-88*01 1 (99 %) 
F457G12 IGHV3-2*02 9 (90.9 %) IGKV1-88*01 1 (99 %) 
F459G7 IGHV9-3-1*01 21 (80.6 %) IGKV6-20*01 11 (88.4 %) 
F461G5 IGHV5-6-4*01 2 (97.9 %) IGLV1*01 4 (95.7 %) 
F461G6 IGHV14-3*02 9 (90.8 %) IGKV2-137*01 9 (91 %) 
F461G7 IGHV14-3*02 7 (92.9 %) IGKV2-137*01 3 (97 %) 
F461G13 IGHV13-2*02 23 (77.2 %) IGKV12-44*01 10 (89.5 %)  

a the germline genes were based on the highest scores in the alignments. 
b NP: nucleocapsid protein. 
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during subculturing and were discontinued. The remaining eleven subcloned hybridomas were cultured for large-scale production to 
analyze antigen specificity, antigen affinity, virus plaque detection, and antibody sequences. 

3.2. Antibody sequence analysis 

Anti-SARS-CoV-2 antibody amino acid sequences were determined using mass spectrometry-based de-novo sequencing of purified 
monoclonal antibody digests. Template sequences for each antibody were exported from PEAKS AB and considered the primary amino 
acid sequence. All eleven antibody sequences were generated from the results of two replicate digestion sets. Each sequence was 
evaluated manually for annotation of CDR and amino acid confidence. All the amino acids in heavy and light chain sequences were 
identified with >95 % confidence. 

The sequences of the eleven anti-NP mAbs used five heavy chain-variable genes, with the VH3-2*02 most frequently used by four 
mAbs (F457G3, F457G9, F457G10 and F457G12), followed by VH9-3-1*01, used by three mAbs (F457G2, F457G6, and F459G7) 
(Table 1). While the light-chain of the eleven mAbs used seven light-chain-variable genes, with the VK1-88*01 used by four mAbs 
(F457G3, F457G9, F457G10 and F457G12), followed by VΚ2-137*01, used by two mAbs, and F461G5 used Vλ1*01 gene. The 
sequence identity to germline varied from 60.2 % to 97.9 % for heavy chains and 83.2 %–99 % for light chains, respectively. The broad 
range of sequence identity to the germline genes is consistent with repeating exposure to the antigen. The same heavy and light chain 
genes were used by F457G3, F457G9, F457G10 and F457G12 (VH3-2*02 and VK1-88*01), and F461G6 and F461G7 (VH14-3*02 and 
VΚ2-137*01) respectively, suggesting they were derived from related hybridoma clones. 

3.3. Antibody reactivity to multiple SARS-CoV-2 variants 

Eleven mAbs were tested against original SARS-CoV-2 (Wuhan strain) rNP and selected γ-irradiated SARS-CoV-2 variants. The 
bands were assessed based on molecular weights, and the intensity was graded on a 5-point scale (- to ++++) (Table 2). As indicated, 
all eleven mAbs reacted to SARS-CoV-2 (Wuhan) rNP, and most showed medium to strong reactivity to 1 × 104 pfu viruses. However, 
four mAbs, F457G9, F457G10, F457G12, and F461G5, did not react to the SARS-CoV-2 reference strain, B.1.525, and four VOCs 
(B.1.1.7, B.1.351, P.1, and B.1.617.2). In contrast, the remaining seven mAbs showed weak (+) to strong (+++) reactivity to the 
reference strain, B.1.1.7, B.1.351, and B.1.525. Five mAbs reacted strongly to P.1 (+++, or ++++). However, only two mAbs (F461G6 
and F461G7) showed reactivity to B.1.617.2. 

3.4. Antibody reactivity to nucleocapsid proteins from common human coronaviruses, SARS-CoV-1, and MERS 

Potential cross-reactivity of eleven mAbs to rNPs from four common human coronaviruses (HCoV-HKU1, HCoV-OC43, HCoV- 
NL63, and HCoV-229E), SARS-CoV-1, and MERS were tested by ELISA. Naïve rabbit polyclonal antibody and mouse mAb against an 
irrelevant antigen were used as the negative controls, while rabbit pAbs against selected rNPs were used as the positive controls. For 
rNPs of MERS, HCoV-HKU1, HCoV-OC43, HCoV-NL63, and HCoV-229E, the OD values of tested samples at 1:100 dilution (mAb 
concentration at 4–10 μg/mL) ranged from 0.06 to 0.07, similar to the negative mAb control (Fig. 1A). In comparison, the positive 
controls at 1:100 dilution showed strong reactions to all rNPs, with OD values at ~3 to HCoV-HKU1 and HCoV-OC43, over 1.5 to 
HCoV-NL63 and HCoV-229E, and 0.6 to MERS, respectively. Moreover, HCoV-HKU1 and HCoV-OC43 pAbs at 1:51200 dilution, NL63 
pAb at 1:12800 and 229E pAbs and 1:3200 dilution, and MERS pAb at the max dilution (1:204800) still showed higher OD values than 
those of the SARS-CoV-2 NP mAb samples at 1:100 dilution (Fig. 1A). In addition, the tested samples showed a strong reaction to SARS- 
CoV-2 rNP (Wuhan strain) in the End-Point-ELISA (Fig. 1B) 

Interestingly, most of the tested mAbs showed dose-dependent reactivity to SARS-Cov-1 rNP, with the ODs ranging from 0.06 

Table 2 
Western immunoblot of mAbs to recombinant NP and SARS-CoV-2 variants  

mAbs SARS-CoV-2 
rNPb (0.1 μg/ 
lane) 

SARS-CoV-2 reference 
strainc,d (1 × 104 pfu/ 
lane) 

B.1.1.7 (Alpha)d 

(1 × 104 pfu/ 
lane) 

B.1.351 (Beta)d 

(1 × 104 pfu/ 
lane) 

P.1 (Gamma)d (1 
× 104 pfu/lane) 

B.1.617.2 (Delta)d 

(1 × 104 pfu/lane) 
B.1.525 (Eta)d 

(1 × 104 pfu/ 
lane) 

F457G2 + ++ + ++ +++ - ++

F457G3 þþþ þþ þ þþ þþ – þþ

F457G6 þþþ þþ þþ þþ þþþ - þþ

F457G9 þþþ - - - - - - 
F457G10 þþþ - - - - - - 
F457G12 þþþ - - - - - - 
F459G7 þþþ þ þ þþ þ - þþ

F461G5 þþþ - - - - - - 
F461G6 þþ þþ þþ þþþ þþþþ þþ þþ

F461G7 þþ þ þ þþ þþþþ þ þþ

F461G13 þþ þþ þþ þþþ þþþþ - þþþ

a, marks -, +, ++, +++, and ++++ were based on the band density visualized by experienced technician. -: no band observed. b, recombinant 
nucleocapsid protein of the original strain (Wuhan strain); c, gamma-irradiated reference strain (hCoV-19/Canada/ON_ON-VIDO-01-2/2020, EPI_-
ISL_425177); d, all strains were loaded at 1 × 104 pfu/lane for SDS-PAGE. 
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Fig. 1. Cross-reactivity of SARS-CoV-2 nucleocapsid protein mAbs to rNPs from SARS-Cov-1, MERS, and Common human coronaviruses (HCoV). 
Fig. 1A, ELISA was conducted to test cross-reactivity of eleven mAbs to recombinant nucleocapsid proteins (rNPs) from SARS-1, MERS, and HCoV- 
HKU1, -OC43, -NL63, and -229E, respectively. OD values of serial diluted mAbs were compared to positive control (rabbit polyclonal antibodies 
against each of the rNPs). Naïve rabbit polyclonal antibody and irrelevant mouse mAb served as negative controls. The start concentration (1:100 
dilution) was 10000 ng/mL for all the mAbs except for F457G2 at 4000 ng/mL. Fig. 1B, Data from End-Point-ELISA of eleven mAbs against SARS- 
CoV-2 rNP (Wuhan strain) were used for comparison with the ODs from Fig. 1A. The positive control (SARS-CoV-2 immunized mouse serum) was 
1:2000 diluted. 
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(F457G10) to ~0.5 (F461G6) at 1:100 dilution. The four mAbs (F457G9, F457G10, F457G12, and F461G5) that showed negative 
results in western immunoblot to viruses also had lower reactivity to SARS-CoV-1 rNP, with the ODs between 0.06 and 0.23 at 1:100 
dilution, while the other seven mAbs showed ODs from 0.36 to 0.5 (Fig. 1A). 

3.5. The binding affinity of mAbs to SARS-CoV-2 nucleocapsid proteins 

Endpoint ELISA was used to determine the binding affinity of selected mAbs to rNPs from multiple variants. 
All seven tested mAbs showed strong binding to rNPs of the original strain (Wuhan), and the five VOCs. F461G6 and F461G13 had 

consistently strong binding to rNPs from all the variants, with endpoint titers being 1.25 ng/mL or 2.5 ng/mL. F457G2, F457G3, 
F459G7, and F461G7 showed slightly variable affinity to rNPs of these variants, with endpoint titers ranging from 1.25 ng/mL to 9.77 
ng/mL. While mAb F457G6 had variable affinity to different variants, with endpoint titers from 2.5 ng/mL to 19.5 ng/mL, to rNPs from 
the original strain (Wuhan strain), or the four earlier circulating VOCs (B.1.1.7, B.1.351, P.1, and B.1.617.2). The affinity to Omicron 
BA.2 rNP was 78.1 ng/mL, lower than to the other variants. (Table 3). 

3.6. Immune plaque assay to confirm the reactivity of mAbs to cultured viruses 

The seven mAbs showed variable reactivity to SARS-CoV-2 variants in the immune plaque assay (Table 4, Supplementary Fig. 2). 
The plaques and intensity of the color observed were graded on a 5-point scale (- to ++++). F457G3, F459G7, F461G6, F461G7, and 
F461G13, showed strong reactivity to all tested variants, including the reference strain, VOCs B.1.1.7, B.1.351, P.1, B.1.617.2, and 
Omicron B.1.1.529 and BA.2. F457G2 showed a strong reaction to the reference strain and P.1, but weak reactivity to most variants and 
non-reaction to B.1.617.2 (Delta variant). In comparison, F457G6 reacted weakly to the reference strain and P.1 and did not respond to 
the other variants. 

3.7. Further verification of the binding affinity of mAbs to recent circulated Omicron sublineages 

To verify their reactivity to recently circulating variants, the five mAbs (F457G3, F459G7, F461G6, F461G7, and F461G13) 
selected from the immune plaque assay were further tested against the rNPs of three Omicron sublineages-BA.4, BQ.1/BQ.1.1, and 
JN.1 via end-point ELISA (Table 5). Compared to their affinity to the original Wuhan strain, almost all the tested mAbs showed 
substantially reduced affinity to the two sublineages circulating in 2022 and 2023, with approximately a 16–64 fold increase in end- 
point concentration for BA.4 (prevalent from June to October 2022) [39], and a 4–8 fold increase for BQ.1/BQ.1.1 (dominant from 
October 2022 to April 2023) [40,41]. Interestingly, their affinity to the most recent dominant Omicron sublineage JN.1. (prevalent 
from January to May 2024) [42] was almost the same as to the Wuhan strain. 

4. Discussion 

The reduced virulence of Omicron coupled with wide-spread vaccination, has substantially decreased COVID-19 associated 
morbidity and mortality. However, Omicron lineages still threaten vulnerable populations due to their high transmissibility. Early 
diagnosis of the infection using RAT, followed by antiviral drug treatment, can significantly reduce hospitalization and death [29,32, 
37]. Given the rapid mutation of Omicron lineages, however, mAbs with broad recognition capacity are essential for the RAT test. 

We generated a panel of nucleocapsid protein-specific mAbs by hybridoma fusion and identified eleven mAbs that showed variable 
reactivity to selected VOCs by western immunoblot. We then tested their specificity to SARS-CoV-2 NP, compared with rNPs of SARS- 
CoV-1, MERS, and common human coronaviruses. The affinity of seven mAbs to rNPs of VOCs was verified by EPE. Five mAbs, 
F461G13, F461G7, F459G7, F457G3, and F461G6 showed strong reactivity to all tested VOCs, including four VOCs (B.1.1.7 (Alpha), 
B.1.351 (Beta), P.1 (Gamma), B.1.617.2 (Delta)) that circulated during the early phase of the pandemic, and two Omicron sublineages- 
B.1.1.529 and BA.2. Interestingly, further analysis of these five mAbs’ reactivity to Omicron lineages revealed a significant reduction in 
binding the nucleoproteins of earlier circulating strains BA.4 (prevalent in late 2022) and BQ.1/BQ.1.1 (prevalent in early 2023). 
However, their affinities to the most recent dominant sublineage JN.1. were similar to the original Wuhan strain (Table 5). The results 

Table 3 
End-point ELISA to recombinant nucleocapsid proteins (rNPs) from SARS-CoV-2 variants   

End-point concentration of tested mAbs (ng/mL) 

MAb SARS-Cov-2a B.1.1.7 (Alpha) B.1.351 (Beta) P.1 (Gamma) B.1.617.2 (Delta) BA.2 (Omicron) 

F457G2 4.88 2.5 2.5 2.5 4.88 2.5 
F457G3 4.88 4.88 4.88 2.5 4.88 1.25 
F457G6 19.5 9.77 4.88 2.5 4.88 78.1 
F459G7 9.77 2.5 4.88 4.88 2.5 2.5 
F461G6 2.5 1.25 1.25 1.25 1.25 1.25 
F461G7 9.77 4.88 9.77 4.88 4.88 2.5 
F461G13 2.5 2.5 2.5 1.25 1.25 1.25  

a original SARS-CoV-2 (Wuhan strain). 
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indicate that the mutations in NPs from different circulating strains vary over time, highlighting the necessity of closely monitoring 
RAT sensitivities to each prevalent strain. 

Four mAbs (F457G9, F457G10, F457G12, and F461G5) reacted to the rNP of the original strain (Wuhan strain) but showed 
negative reaction to all tested variants (including the reference strain) in western immunoblot. As these hybridomas were generated 
from SARS-CoV-2 reference strain immunized mice, the four mAbs were expected to react to the NP of the reference strain. Increasing 
the loading amount of these four mAbs to 9.6 × 104 PFU did yield a positive response to the reference strain (Supplement Fig. 1). 
Therefore, the negative results in western immunoblot can be explained by the loading amount in SDS-PAGE and the low affinity of 
these mAbs to virus NPs. These four mAbs were subsequently excluded from EPE and immune plaque analyses. 

Except for F461G6 and F461G7, the other nine mAbs also showed negative reactivity to B.1.617.2 (Delta) in western immunoblot 
(Table 2). Given the observation for the four mAbs excluded from EPE and immune plaque assay, it is possible that these nine mAbs 
might react to the Delta strain if the loading amount was increased. However, we were not able to confirm that because of the low 
concentration of the Delta variant sample. We did notice a reaction if rNP of the Delta strain to all seven mAbs tested by EPE, indicating 
that the negative response in western immunoblot was at least partly due to a loading amount issue. 

Besides the responses to Delta, the EPE titers of the other variants also showed discordance from the western immunoblot band 
density. For example, F461G7 showed comparable EPE titers to the rNPs of B.1.1.7 and P.1 (Table 3), while having stronger reactivity 
to P.1 (++++) than to B.1.1.7 (+) in western immunoblot (Table 2). One reason for this discrepancy was the antigens used in these 
studies. The cultured and Ƴ-irradiated virus particles were used in western immunoblot, while rNPs from E. coli were used in ELISA. 
The nucleocapsid proteins from virus and E. coli might fold differently, and the phosphorylation and glycosylation modifications also 
contributed to their discrete antigenic types. In addition, the antigens underwent different treatment in EPE and western immunoblot. 
In EPE, The rNPs might fold naturally, whereas in western immunoblot, the antigens were denatured due to SDS and heat treatment. 
Consequently, the mAbs may exhibit different binding affinities to these differently folded antigens. Another possible reason was the 
blocking buffer used in this study. The buffer in western immunoblot was 5 % skim milk, while the buffer system used in EPE was 0.2 % 
FBS and 0.2 % skim milk. Different blocking buffer may impact the sensitivity and specificity of the test systems [43,44]. In addition, 
the concentrations of the secondary antibody were different. A lower concentration (1:5000) was used in western immunoblot, 
compared to 1:2000 in EPE, which may contribute to the lower reactivity in western immunoblot. A similar discrepancy was also 
observed between EPE and the immune plaque assay, which may derive from different test conditions, including test antigens, buffer 
systems, sample concentrations, and substrates. 

The specificity of tested mAbs to SARS-CoV-2 NP was confirmed by ELISA to rNPs of SARS-CoV-1, MERS, and four common human 
coronaviruses HKU1, OC43, NL63 and 229E. Although all mAbs showed negative reactivity to MERS and the four human coronavi-
ruses, several mAbs did show weak reactivity to SARS-CoV-1 rNP. This is not surprising as SARS-CoV-2 NP is 90 % identical to that of 
SARS-CoV-1 [45,46], and most of the RAT kits authorized by the FDA under EUA can not differentiate the NPs between SARS-CoV and 
SARS-Cov-2 viruses [37]. 

The sensitivity and specificity of RAT depends not only on the antibody but also the selected target antigens. SARS-CoV-2 has four 
major structural proteins: spike protein (S), nucleocapsid protein (N), membrane (M), and envelope protein (E). Spike protein is critical 
for virus infection and mutates continuously to escape antibody binding. Most of the mAbs generated against the early circulating 
variants showed reduced titers or complete loss of binding to the later variants, especially after the emergence of Omicron and its 

Table 4 
Plaque assay test of the anti-NP mAbs against SARS-CoV-2 variants   

Antibodies 

SARS-CoV-2 strains F457G2 F457G3 F457G6 F459G7 F461G6 F461G7 F461G13 Antiserumd 

Reference straina ++++ ++++ ++ ++++ ++++ ++++ ++++ ++

B.1.1.7 (Alpha) + ++++ – +++ ++++ +++ ++ +

B.1.351 (Beta) +++ ++++ – ++++ ++++ ++++ ++++ ++

B.1.617.2 (Delta) – ++++ – ++++ ++++ +++ ++++ +/++

P.1 (Gamma) ++++ ++++ ++ ++++ ++++ ++++ ++++ ++

B.1.1.529b (Omicron) + ++++ – ++++ ++++ +++/++++ ++++ +/++

BA.2c (Omicron) + ++++ – ++++ ++++ ++ ++++ ++/+++

a, hCoV-19/Canada/ON_ON-VIDO-01-2/2020, EPI_ISL_425177; b, the original Omicron strain; c, Omicron lineage BA.2; d. antiserum from SARS- 
CoV-2 reference strain immunized mice, used as positive control for hybridoma screening and characterization. 

Table 5 
End-point ELISA to rNPs from recent circulated Omicron sublineages   

End-point concentration of tested mAbs (ng/mL) 

mAb BA.4 BQ.1/BQ.1.1 JN.1 
F457G3 313 39.1 4.88 
F459G7 156 39.1 9.77 
F461G6 78.1 19.5 1.25 
F461G7 78.1 39.1 9.77 
F461G13 39.1 19.5 2.5  
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sublineages [47–49]. The E protein is the least abundant in SARS-CoV-2, with only 20 copies per virion [50]. In contrast, nucleocapsid 
protein is an ideal diagnostic antigen due to the abundance in SARS-CoV-2 virions (about 1000 copies per virion), strong immuno-
genicity, and comparable conservation among SARS-CoV-2 variants [15,47]. Almost all current FDA-approved RAT kits are based on 
nucleocapsid protein [37]. The M protein is the most abundant structural protein in SARS-CoV-2 (~2000 copies per virion) [50]. It 
comprises 222 amino acids, with three transmembrane domains between codons 20–100, and the N-terminal (residues 1–19) and 
carboxy-terminal (residues 101–222) lying outside and inside the virus envelop respectively [51,52]. This protein is highly conserved 
across SARS-CoV-2 variants [15], and shares low sequence similarity with common human coronaviruses (Supplemental Table 1) and 
MERS [53]. Given the potent immunogenicity of M protein in humans, the N- terminal, and especially the long C- terminal, are po-
tential candidates worth exploring for RAT development [54]. 

In summary, we identified five mAbs (F461G13, F461G7, F459G7, F457G3, and F461G6) showing strong reactivity to all tested 
VOCs, with minimal reactivity to common human coronaviruses, MERS, and SARS-CoV-1. These mAbs will be further tested against 
the most recent Omicron sublineages, to verify their capacity to detect emerging variants [17]. 
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