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Abstract: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the virus responsible
for the COVID-19 pandemic. From the onset of the pandemic, rapid antigen tests have quickly
proved themselves to be an accurate and accessible diagnostic platform. The initial (and still most
commonly used antigen tests) for COVID-19 diagnosis were constructed using monoclonal anti-
bodies (mAbs) specific to severe acute respiratory syndrome coronavirus (SARS-CoV) nucleocapsid
protein (NP). These mAbs are able to bind SARS-CoV-2 NP due to high homology between the two
viruses. However, since first being identified in 2019, SARS-CoV-2 has continuously mutated, and a
multitude of variants have appeared. These mutations have an elevated risk of leading to possible
diagnostic escape when using tests produced with SARS-CoV-derived mAbs. Here, we established
a library of 18 mAbs specific to SARS-CoV-2 NP and used two of these mAbs (1CV7 and 1CV14)
to generate a prototype antigen-detection lateral flow immunoassay (LFI). A side-by-side analysis
of the 1CV7/1CV14 LFI and the commercially available BinaxNOWTM COVID-19 Antigen CARD
was performed. Results indicated the 1CV7/1CV14 LFI outperformed the BinaxNOWTM test in the
detection of BA.2, BA.2.12.1, and BA.5 Omicron sub-variants when testing remnant RT-PCR positive
patient nasopharyngeal swabs diluted in viral transport media.

Keywords: SARS-CoV-2; COVID-19; antigen assays; lateral flow immunoassay (LFI); monoclonal
antibodies (mAb)

1. Introduction

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) is the causative
agent of COVID-19 [1]. As of 2 September 2022, the virus has caused an estimated
600 million infections and over 6.4 million deaths [2]. To contain the pandemic, the FDA
has approved vaccines, therapeutics, and diagnostics in record time [3–5]. While this has
served to slow hospitalizations and deaths, viral transmission has not been halted. Data
has shown that social distancing and quarantining of infected individuals is one of the most
effective ways to combat the spread of SARS-CoV-2 [6]. In order to effectively quarantine,
broad availability of accurate and rapid diagnostic tests is critical.

SARS-CoV-2 is a positive-sense single-stranded RNA virus that encodes for multiple
genes that are expressed following infection. Various viral targets are used for diagnosing
SARS-CoV-2 infections. Nucleic acid amplification tests (NAATs), such as polymerase chain
reaction (PCR), primarily detect viral genomic RNA that encodes the spike and nucleocap-
sid proteins [7]. Antigen tests, such as lateral flow immunoassays (LFIs), primarily detect
viral proteins such as the nucleocapsid protein (NP).
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The gold standard diagnostic for SARS-CoV-2 infection are NAATs [8]. However, RNA
viruses have a rapid mutation rate, and SARS-CoV-2 is no exception. B.1.617.2 (Delta) and
B.1.1.529 (BA.1, Omicron) have developed many mutations, which can result in immune
evasion [9–11]. The cumulative mutations acquired by the Delta and Omicron variants
resulted in 9- and 36- amino acid replacements, respectively, in the spike protein alone,
in reference to the original WA1 strain [12,13]. Because NAATs use nucleic acid primers
to recognize and amplify their targets, inclusion of one or more base changes in the tar-
geted nucleotide sequence is potentially enough to inhibit the reaction. The proliferative
mutations acquired by the Omicron variant were enough to reduce clinical sensitivity
with certain NAATs, leading to diagnostic escape. As a result, the Food and Drug Ad-
ministration (FDA) ultimately recommended against using two NAATs for SARS-CoV-2
detection [14–16].

In general, lateral flow immunoassays (LFIs) are inexpensive and user-friendly di-
agnostic assays that can be used at the point of care (POC) [17,18]. Currently, LFIs are
widely used to detect SARS-CoV-2 NP in patient samples, which potentially leads to a rapid
COVID-19 diagnosis. In contrast to the spike protein, the NP is relatively conserved from
variant to variant, containing only 3- and 6-amino acid changes for Delta and Omicron,
respectively, in reference to the original WA1 strain.12,13 The recent cluster of Omicron
subvariants, BA.2, BA.2.12.1, and BA.5 all contain the same 7-amino acid replacements
in the NP, 6 of which are conserved with the BA.1 variant [19,20]. Omicron subvariant
BA.4 has yet another amino acid change, resulting in 8 replacements in the NP [21]. As
a consequence, detection of the NP instead of the spike protein should result in an assay
that is more resilient to diagnostic escape. In fact, every rapid detection test approved
under Emergency Use Authorization by the FDA since 2020 is still being recommended
for SARS-CoV-2 detection [14]. The pandemic presented an unparalleled need for rapid
testing. To accommodate this, companies developed rapid tests utilizing mAbs previously
isolated from severe acute respiratory syndrome coronavirus (SARS-CoV) NP immuniza-
tions [22,23]. These rapid tests performed well, as the homology between SARS-CoV NP
and SARS-CoV-2 NP from the WA1 strain is 90%, and the use of mAbs generated to
SARS-CoV NP allowed for the rapid production of assays to detect SARS-CoV-2 NP in
patient samples [24]. However, with more SARS-CoV-2 variants appearing and the rela-
tively slow yet continuous accumulation of mutations in the NP, the need for mAbs and
diagnostic tests developed specifically for SARS-CoV-2 NP may be a necessity to maintain
high diagnostic efficacy.

Presented is a prototype LFI purposely designed for the detection of SARS-CoV-2 NP
in clinical specimens. A library of 18 mAbs generated through immunization with the
SARS-CoV-2 NP was developed. The reactivities of these mAbs were determined by
enzyme-linked immunosorbent assays (ELISA). LFIs were constructed and screened using
mAb pairs to develop an assay with high analytical sensitivity and minimal background sig-
nal. Following the selection of the top mAb pairs and assay optimization, the LFI prototype
was tested using cultured live viruses isolated from patient nasopharyngeal swabs to deter-
mine analytical sensitivity across variants. The LFI was subsequently tested using clinical
specimens preserved in viral transport media (VTM). The Abbott BinaxNOWTM COVID-19
Antigen CARD was selected for direct comparison against the 1CV7/1CV14 prototype, as it
was a readily available rapid test. In general, the 1CV7/1CV14 LFI achieved a higher level
of detection of Omicron and Omicron subvariants, compared to the BinaxNOWTM test.

2. Materials and Methods
2.1. Monoclonal Antibody Production

Female 8-week-old BALB/c mice (Charles River Laboratories, Inc., Frederick, MA, USA,
RRID: IMSR_CRL:028) were immunized intraperitoneally with recombinant SARS-CoV-2
(WA1 strain) NP (The Native Antigen Company, Kidlington, UK) using Freund’s complete
adjuvant (MilliporeSigma, Billerica, MA, USA). Following the initial priming injection, sub-
sequent immunizations were performed through intraperitoneal injections of SARS-CoV-2
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(WA1 strain) NP (RayBiotech, Peachtree Corners, GA, USA) mixed with Freund’s incom-
plete adjuvant (MilliporeSigma). Serum samples were collected through retro-orbital bleeds,
and titers determined through indirect ELISA with SARS-CoV-2 (WA1 strain) NP (Thermo
Fisher Scientific, Waltham, MA, USA) immobilized to the plate. Hybridoma fusions were
performed using a standard protocol [25]. Monoclonal antibodies (mAbs) were purified
from the cell supernatant utilizing standard protein A affinity chromatography.

2.2. Indirect ELISA

Microtiter 96-well flat-bottom medium binding plates (Greiner Bio-One, Kremsmün-
ster, Austria) were coated with recombinant SARS-CoV-2 (WA1 strain) NP (Thermo Fisher
Scientific) diluted in 1× DPBS (Corning, Corning, New York, NY, USA) overnight at room
temperature. Plates were then washed three times with 1× PBS containing 0.05% Tween 20
(PBS-T). Plates were then blocked for 90 min at 37 ◦C in 1× PBS 0.5% non-fat milk and 0.1%
Tween 20 (blocking buffer). Primary antibodies (mouse sera, hybridoma supernatant, or pu-
rified mAb) were diluted in blocking buffer and subsequent serially across the plate. Plates
incubated in primary solution for 90 min at room temperature and were then washed three
times with blocking buffer. Secondary antibody of either horseradish peroxidase-labeled
polyclonal goat anti-mouse IgG antibodies (SouthernBiotech, Birmingham, AL, USA, RRID:
AB_2619742) or IgG subclass-specific polyclonal goat anti-mouse antibodies (Southern-
Biotech) diluted in blocking were incubated in the wells at room temperature for 60 min.
Plates were washed three times with PBS-T. Tetramethylbenzidine (TMB) 2- component
peroxidase substrate (SeraCare, Milford, MA, USA) was added to plates and allowed to
react for 30 min at room temperature, then stopped using 1 M H3PO4. Plates were read at
OD 450.

2.3. Lateral Flow Immunoassay (LFI) Prototype Development

The 18 purified NP-reactive mAbs were sprayed individually on CN95 nitrocellulose
membranes (Sartorious, Gottingen, Germany) using a BioDotXYZ3060 dispense system
(BioDot, Irvine, CA, USA) at a concentration of 1 mg/mL for the test line. Goat anti-mouse
IgG (SouthernBiotech, RRID:AB_2794121) was sprayed at 1 mg/mL for the control line.
Sprayed nitrocellulose was attached to the LFI backing card (DCN, Carlsbad, CA, USA)
along with a CSFP203000 wicking pad (MilliporeSigma, Billerica, MA, USA). 17 of the
18 mAbs were conjugated to 40 nm gold nanoparticles (DCN, Carlsbad, CA, USA) through
passive adsorption. 1CV18 was excluded from testing as a detection reagent, as the mAb
failed to conjugate successfully to the gold nanoparticles. MAb pairs were evaluated in an
18 × 17 matrix to evaluate all capture and detection reagent combinations. Initial testing
parameters for assessing capture/detection pairs was 100 ng/mL (positive) and 0 ng/mL
(negative) of recombinant SARS-CoV-2 NP (Thermo Fisher Scientific) in 1× DPBS. An
ESE Quant GOLD reader (Dialunox, Stockach, Germany) running LF Studio was used
to obtain a quantitative intensity signal (mm*mV) at the test line. The signal intensity
minus background values were compiled in a heat map (Supplementary Table S5). The
top 10 pairs, which exhibited the highest signal over background, were chosen for further
LFI development. The selected pairs underwent further testing at 1 ng/mL, 0.5 ng/mL
and 0.25 ng/mL of recombinant SARS-CoV-2 (WA1 strain) NP (Thermo Fisher Scientific) in
1× DPBS. In this subsequent testing, the 1CV7 capture and 1CV14 detection combination
(1CV7/1CV14) showed the highest reactivity and lowest background of the top ten pairs.
As such, 1CV7/1CV14 was selected as the mAb pair for further LFI prototype development.

Initial optimization of the 1CV7/1CV14 LFI was performed with recombinant SARS-CoV-2
(WA1 strain) NP (Thermo Fisher Scientific) diluted in LFI chase buffer containing 1% F127
surfactant (QED Biosciences. San Diego, CA, USA), and 1× DPBS. These conditions were
applied to conjugate pad optimization and led to the addition of the 6613H conjugate pad
(Ahlstrom-Munksjö, Helsinki, Finland) to the 1CV7/1CV14 LFI. Recombinant SARS-CoV-2
(WA1 strain) NP (Thermo Fisher Scientific) diluted in the pooled nasal matrix collected
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from normal healthy donors, provided by InBios International Inc., Seattle, WA, USA was
used to mimic clinical specimens during the optimization testing.

A panel of viral preparations were acquired from the Biodefense and Emerging Infec-
tions Research Resources Repository (BEI Resources) and analyzed on the 1CV7/1CV14
LFI. These viral preparations included rhinovirus (Catalog number NR-51447), human
coronavirus (HCoV) OC43 (Catalog number NR-52725), HCoV 229E (Catalog number
NR-52726), HCoV NL63 (Catalog number NR-470), Middle East respiratory syndrome
Coronavirus (MERS) (Catalog number NR-50171), influenza A (Catalog number NR-19810),
influenza B (Catalog number NR-44023), respiratory syncytial virus (RSV) (Catalog number
NR-), and SARS-CoV (Catalog number NR-28526). In brief, 20 µL of lysate from cells
infected with the respective virus were added to 130 µL of chase buffer. This solution was
added to the 1CV7/1CV14 LFI and results were recorded after 20 min. All viruses in the
panel were ran in duplicate. Rhinovirus, HCoV 229E, MERS, influenza A, influenza B, RSV,
and SARS-CoV-2 were tested with of a 1 × 105 TCID50/mL solution. Due to diluted stock
concentrations, HCoV OC43 and HCoV NL63 were tested at 8.9 × 104 TCID50/mL and
1.6 × 104 TCID50/mL, respectively. SARS-CoV was tested at 1 × 105 pfu/mL.

2.4. LFI Testing with Live SARS-CoV-2 Virus

All experiments containing live SARS-CoV-2 were conducted in a biosafety level 3
laboratory. SARS-CoV-2 variants were obtained from the BEI resources: USA-/WA1/2020,
Wuhan-Hu1 equivalent; B.1.1.7 (Alpha); C.37 (Lambda); B.1.617.1 (Kappa); B.1.617.2 (Delta);
and BA.1 (Omicron). Clinical specimens in the form of remnant patient nasopharyngeal
swabs suspended in 1.5 mL of VTM verified via reverse transcriptase-polymerase chain
reaction (RT-PCR) to be either COVID-19 positive or negative were provided by Nevada
State Public Health Laboratory, Reno, NV. The Ct values of these specimens were deter-
mined through RT-PCR using the CDC influenza SARS-CoV-2 Multiplex assay [26]. Pooled
normal human nasal matrix, RT-PCR confirmed negative for SARS-CoV-2, was used for
contriving specimens for testing on the LFI and BinaxNOWTM COVID-19 Antigen CARD
(Abbott, Chicago, IL, USA). For the prototype LFI testing, a determined amount of live
virus, denoted in TCID50/swab was diluted with pooled normal human nasal matrix to
reach 20 µL of the simulated patient sample. The simulated patient sample was then
mixed with 130 µL of the chase buffer, applied to the assay and allowed to resolve. Test
results were recorded by two observers after 20 min, and strips were photographed inside
the biological safety cabinet. The BinaxNOWTM test was used as recommended (Quick
Reference Instructions). Briefly, six drops of the provided chase buffer were added to the
card, followed by inserting the provided nasal swab contrived with the indicated amounts
(TCID50/swab) of the live virus in 20 µL of the nasal matrix. Results were recorded after
15 min and imaged as above. Both 1CV7/1CV14 and BinaxNOWTM LFIs were evaluated
with clinical specimens by taking 20 µL of VTM from about 1.5 mL of the total VTM con-
taining nasopharyngeal swabs and adding them to the chase buffer (1CV7/1CV14 LFIs) or
onto the BinaxNOWTM swabs. The visible test lines (T) on the 1CV7/1CV14 LFIs and the
BinaxNOWTM cards were recorded as positive (+). The test lines that did not show a visible
signal were recorded as negative (−). During testing of live virus not from remnant patient
samples, barely visible signals were denoted as (+/−) to denote unsure. The BinaxNOWTM

test and the 1CV7/1CV14 LFI images were cropped to focus on the test and control lines
and assembled for comparative analysis.

2.5. Sequence Confirmation of SARS-CoV-2 in Clinical Specimens

A fraction of the nucleic acid extracted from the VTM with nasopharyngeal swabs
was subjected to SARS-CoV-2 sequencing on the Clear Labs DX platform (Clear Labs Inc.,
San Carlos, CA, USA) utilizing Oxford Nanopore Technology (ONT) or Illumina platform,
as described in our previous work [27–29] The lineages of SARS-CoV-2 present in the
nasopharyngeal swabs were defined by the pangolin 4.0.4; PUSHER-v1.2.133 and the
sequences were submitted to the GISAID database. VTM-N1 and VTM-N6 (SARS-CoV-2
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negative VTMs) were subjected to the extraction of genomic RNA for the detection of
viral signatures through sequencing. The sequencing libraries were prepared using the
QIAseq FX Single Cell RNA Library kit (QIAGEN, Hilden, Germany), and the SARS-CoV-2
sequences were enriched using a myBaits kit with coronavirus-specific biotinylated probes
(Daicel Arbor Biosciences, Ann Arbor, MI, USA) as described previously [27]. The libraries
were sequenced on NextSeq 2000, generated FASTQ files were analyzed, and the mapping
reads were visualized using the SARS-CoV-2 mutations analysis tool of the QIAGEN CLC
Genomics Workbench (QIAGEN, Inc., Germantown, MD, USA).

3. Results
3.1. Monoclonal Antibody Production and Reactivity

Hybridoma cell lines producing mAbs reactive with SARS-CoV-2 (WA1 strain) NP
were cloned twice each by limiting dilution to ensure monoclonality and stability. Ulti-
mately a library of 18 mAbs was created. Reactivity was verified through indirect ELISA.
The IgG subclasses of all eighteen mAbs were determined by ELISA with IgG subclass
specific mAbs (Supplementary Table S4). Western blot analysis was used to confirm that
all eighteen mAbs were reactive to gamma-irradiated lysed Vero E6 cells infected with
SARS-CoV-2 (WA1 strain).

3.2. 1CV7/1CV14 LFI Demonstrate no Cross-Reactivity with Tested Viruses

The 1CV7/1CV14 LFI was evaluated with a cross-reactivity panel of other respiratory
viruses: rhinovirus, HCoV OC43, HCoV 229E, HCoV NL63, Middle East respiratory
syndrome Coronavirus (MERS), influenza A, influenza B, respiratory syncytial virus (RSV),
and SARS-CoV. No reactivity was observed during testing with the 1CV7/1CV14 prototype
(Supplementary Figure S2).

3.3. 1CV7/1CV14 LFI and BinaxNOWTM LFI Are Reactive with Multiple SARS-CoV-2 Variants

Evaluation of the 1CV7/1CV14 LFI and BinaxNOWTM LFI was performed in triplicate
with live WA1, Alpha, Lambda, Kappa, and Delta SARS-CoV-2 (all classified by the CDC as
variants of concern) at 500 TCID50 diluted into normal human nasal matrix. WA1 and the
variants were consistently detected by both assays (Figure 1). Importantly, there was no
background signal observed with the 1CV7/1CV14 LFI and BinaxNOWTM when evaluating
the normal human nasal matrix alone as a negative control.

3.4. 1CV7/1CV14 LFI and the BinaxNOWTM LFI Have High Analytical Sensitivity for Detection
of Delta and Omicron Variants

Since Delta and Omicron were the predominant circulating variants at the time of
this study, these two variants were used for determining LFI analytical sensitivity. The
1CV7/1CV14 LFI prototype detected the Delta variant at all three concentrations tested
(125, 62.5, and 31.25 TCID50/swab) (Figure 2A). The BinaxNOWTM tests detected the same
concentrations of the Delta variant. The 1CV7/1CV14 LFI also detected the Omicron variant
at 15.6 TCID50/swab, which was comparable to the detection limit of the BinaxNOWTM

test (Figure 2B). Both LFIs showed weak reactivity at 7.8 TCID50/swab with the Omicron
variant. Normal human nasal matrix alone was evaluated on both assays in parallel as a
negative control, and no background reactivity was observed (Figure 2A).
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Figure 1. Schematic illustrating positive and negative LFI readings. Additionally, the performance
of 1CV7/1CV14 LFI in comparison with BinaxNOWTM for the detection of SARS-CoV-2 variants at
500 TCID50/test. A control matrix with known amounts of live SARS-CoV-2 virus was loaded onto
the 1CV7/1CV14 LFI as well as the BinaxNOWTM test in triplicates. Signals were recorded through
visual inspection of the test lines.

3.5. 1CV7/1CV14 LFI Identified More Omicron-Positive VTM Samples Than the
BinaxNOWTM LFI

Prior to testing Omicron RT-PCR positive samples, a panel of RT-PCR negative remnant
clinical specimens, consisting of nasopharyngeal swabs in VTM collected from symptomatic
individuals, were tested on the 1CV7/1CV14 and BinaxNOWTM LFIs (Supplementary
Figure S1). 1 RT-PCR negative sample out of the 15 was weakly positive on the 1CV7/1CV14
LFI, while none of the VTMs were positive on the BinaxNOWTM. Further investigation into
the genomic sequences utilizing an alternative assay (described in the methods section)
indicated that the false positive sample (VTM-N6) contained high levels of SARS-CoV-2
RNA, in comparison to another negative sample (VTM-N1) (Supplementary Figure S3).

SARS-CoV-2 Omicron-positive remnants clinical specimens were sequenced and an-
alyzed for lineages through NextClade [30]. Sequences of the clinical isolates were sub-
mitted to the GISAID database. A total of 99 samples confirmed to be BA.1 (Omicron),
BA.2, BA.2.12.1, BA.4., and BA.5 were assayed on the 1CV7/1CV14 LFI, and results were
compared with those of the BinaxNOWTM test. Among 15 BA.1 specimens tested, 10 were
positive on the 1CV7/1CV14 LFI and 9 were positive on the BinaxNOWTM LFIs (Figure 3).
The 1CV7/1CV14 performed notably better in detecting BA.2; out of the 38 BA.2 samples,
31 samples were detected on the 1CV7/1CV14 LFI compared to 22 on the BinaxNOWTM

test (Figure 4A). A subset of 14 samples confirmed to be BA.2.12.1 by RT-PCR (a subvariant
of BA.2) resulted in 11 positive 1CV7/1CV14 tests and 9 positives with the BinaxNOWTM

(Figure 4B). Both the 1CV7/1CV14 LFI and BinaxNOWTM test were able to detect 3 out
of a total of 10 samples confirmed to be Omicron sub-variant BA.4 positive (Figure 5A).
When subvariant BA.5 was tested on the two immunoassays, the 1CV7/1CV14 detected
16 samples while the BinaxNOWTM detected 9, out of a total of 21 specimens (Figure 5B).
We further compared the test positivity of the clinical specimens with the Ct values deter-
mined through RT-PCR using the SARS-CoV-2 and Influenza Multiplex Assay. Across all
variants, the 1CV7/1CV14 LFI was able to detect SARS-CoV-2 in clinical specimens with a
higher Ct value in comparison to the BinaxNOWTM (Supplementary Tables S1–S3). The
BinaxNOWTM tests exhibited higher proportion of negative results.
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Figure 2. Analytical sensitivities of 1CV7/1CV14 LFI in comparison with BinaxNOWTM for the
detection of both Delta (A) and Omicron BA.1 (B) variants. A control matrix with known amounts of
live SARS-CoV-2 virus of the respective variant was loaded onto the 1CV7/1CV14 LFI as well as the
BinaxNOWTM test in triplicate. Signals were recorded through visual inspection of the test lines.
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4. Discussion

The COVID-19 pandemic has underscored the necessity for rapid, accurate, affordable
diagnostics that can detect multiple SARS-CoV-2 variants. Leading commercially available
rapid antigen tests in the United States are able to detect previous variants of concern [31].
However, currently circulating BA.1, BA.2, BA.2.12.1, BA.4, and BA.5 have shown reduced
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sensitivity in existing rapid antigen tests [32] The use of SARS-CoV-2 specific mAbs may
prove beneficial for the detection of current and future variants.

In this study, mice were immunized with SARS-CoV-2 (WA1 strain) NP and the library
of 18 resulting mAbs was evaluated by LFI. The best performing LFI contained mAbs 1CV7
and 1CV14. Analytical specificity testing of the 1CV7/1CV14 LFI showed no detectable
cross-reactivity a small panel of respiratory viruses (Supplementary Figure S2). Notably,
the 1CV7/1CV14 LFI did not react with irradiated lysate from SARS-CoV infected cells,
indicating our mAbs are recognizing a SARS-CoV-2 NP epitope that is not present on the
SARS-CoV NP.

When tested with live virus combined with normal human nasal matrix, at a singular
concentration of 500 TCID50/test, the 1CV7/1CV14 prototype LFI was able to detect WA1,
Alpha, Lambda, Kappa, Delta, and Omicron variants of SARS-CoV-2. Due to Omicron
being the most prevalent variant circulating at time of this study, reactivity to this variant
was the main focus. The 1CV7/1CV14 LFI achieved an analytical LOD of 15.6 TCID50 when
testing cultured virus. This was evaluated against the BinaxNOWTM test, which showed a
similar LOD (Figure 2B). This is consistent with the two LFIs’ similar test positivity rates
with remnant RT-PCR-positive Omicron BA.1 clinical specimens (Figure 2).

When testing remnant, RT-PCR confirmed, Omicron BA.2 or BA.2.12.1 positive pa-
tient specimens the 1CV7/1CV14 LFI was able to detect more (42 of 52) of positive spec-
imens than the BinaxNOWTM test (31 of 52) (Table 1). Also consistent with this, the
remnant RT-PCR-positive BA.2 or BA.2.12.1 specimens that were detected as positive by the
1CV7/1CV14 LFI had higher RT-PCR Ct values than those that the BinaxNOWTM test was
able to detect. The same pattern of greater test positivity rate and detection of specimens
with higher Ct values by the 1CV7/1CV14 LFI was also seen with the RT-PCR-positive BA.5
remnant specimens. Additionally, the test lines on the 1CV7/1CV14 LFI appeared more
intense, potentially providing easier identification of positive tests, and hence positive
specimens. This could be due to mAbs 1CV7 and 1CV14 recognizing more conserved
epitopes, or the mAbs simply bind with a higher affinity.

Table 1. Summary of 1CV7/1CV14 LFI and BinaxNOWTM Ag Card SARS-CoV-2 variant testing as
seen in Figures 3–5.

Variant Total Specimens 1CV7/1CV14 LFI Positives BinaxNOWTM Ag Card Positives

BA.1 15 10 9
BA.2 38 31 22

BA.2.12.1 14 11 9
BA.4 10 3 3
BA.5 21 16 9
Total 98 71 52

Regarding the detection of BA.4 in clinical samples, both the 1CV7/1CV14 LFI and
the BinaxNOWTM test detected 3 of 10 samples (Figure 5A, Table 1). BA.4 has a unique
P151S replacement, in comparison to all other variants [21]. It is possible that the amino
acid change from proline to serine results in a slight conformational change in the NP,
decreasing the binding ability of the 1CV7, 1CV14, and the BinaxNOWTM antibodies.

Overall, the data presented here demonstrate that the 1CV7/1CV14 LFI is highly
inclusive of multiple SARS-CoV-2 strains. Furthermore, the 1CV7/1CV14 LFI appears to be
more sensitive in detecting of BA.1, BA.2, BA.2.12.1, and BA.5 in remnant patient specimens
when directly compared to the BinaxNOWTM test. The 1CV7/1CV14 LFI detected 71 of
98 samples while the BinaxNOWTM test detected only 52 of the 98 samples (Table 1). The
data from this study suggest that the use of SARS-CoV-2 specific mAbs can result in a more
efficacious immunoassay in detecting Omicron and Omicron subvariants. This study was
limited in the use of patient nasopharyngeal swabs suspended in VTM. While the use of
remnant clinical samples is a start, future studies should be oriented toward the utilization
of fresh patient nasopharyngeal swabs. The analytical sensitivity of the 1CV7/1CV14 LFI
could potentially be further enhanced by (i) adding additional capture or detection mAbs
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from the existing mAb library (or from other mAb libraries), (ii) improving the composition
of the chase buffer, and/or (iii) the altering the components of the LFI. Furthermore, this
study draws attention to the potential importance of developing rapid diagnostic assays
with SARS-CoV-2 derived mAbs to hopefully achieve high inclusivity (and hence long-term
diagnostic efficacy) across newly evolved SARS-CoV-2 variants of concern.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v14122609/s1, Figure S1: testing of rt-PCR negative clinical
specimens preserved in VTM with the 1CV7/1CV14 LFI and BinaxNOWTM (20 µL sample/test);
Figure S2: cross-reactivity testing of 1CV7/1CV14 LFI. Rhinovirus, HCoV 229E, MERS, influenza
A, influenza B, RSV, and SARS-CoV-2 concentrations are 1 × 105 TCID50/mL. Due to diluted stock
concentrations, HCoV OC43 and HCoV NL63 are at 8.9 × 104 TCID50/mL and 1.6 × 104 TCID50/mL,
respectively. SARS-CoV was tested at 1 × 105 pfu/mL; Figure S3: sequencing of the genomic RNA
from the nasopharyngeal swabs of these two specimens showed high levels of the SARS-CoV-2
genome in VTM-N6 as compared to minimal reads in another SARS-CoV-2 negative specimen (VTM-
N1); Table S1: all BA.1 clinical specimens with corresponding Ct values; Table S2: all BA.2 and
sub-variant BA.2 clinical specimens with corresponding Ct values; Table S3: all BA.4 and BA.5 clinical
specimens with corresponding Ct values; Table S4: all mAbs generated for mAb library. Subclass is
indicated as well as reactivity toward both recombinant NP and viral lysate: “+” indicating reactive
and “−” indicating non-reactive; Table S5: all by all testing of capture/detection pairs. Darker green
indicates a higher difference between signal and background.

Author Contributions: H.J.H., T.U., D.H., S.G.P., J.A.-U., A.J.F., A.G., K.J.P., A.R.B.-M., D.E.R., L.G.
and S.C.V. contributed in data collection and data analysis. H.J.H., D.H., M.A.G.-H., S.C.V. and D.P.A.
contributed in figure design. H.J.H., D.H., K.J.P., A.R.B.-M., M.A.G.-H., S.C.V. and D.P.A. contributed
in writing and editing. D.P.A. contributed through study conceptualization, funding acquisition, and
supervision. All authors have read and agreed to the published version of the manuscript.

Funding: This work was partially supported by funds from the University of Nevada, Reno’s
Research and Innovation Office, DxDiscovery, Inc. internal funds, and through AuCoin Laboratory
internal funds.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and reviewed by the Institutional Review Board (IRB). The IRB of the University of
Nevada, Reno determined this study to be exempt from IRB review according to federal regulations
and university policy. Laboratory animal work was approved by the University of Nevada, Reno
Institutional Animal Care and Use Committee (Protocol #20-06-1026). All animal work was overseen
by the Office of Laboratory Animal Medicine, which complies with the National Institutes of Health
Office of Laboratory Animal Welfare policies (Assurance #A3500-01).

Informed Consent Statement: Patient consent was waived, as the trace clinical specimens consisting
of nasopharyngeal swabs suspended in VTM were de-identified.

Data Availability Statement: The data presented in this manuscript are available from the corre-
sponding author upon reasonable request.

Acknowledgments: SARS-CoV-2 isolate USA-WA1/2020 was obtained from the BEI Resources,
NIAID, NIH: SARS-Related Coronavirus 2, NR-52281. SARS-CoV-2 variants were also obtained
through BEI Resources, NIAID, NIH: SARS-Related Coronavirus 2, Alpha variant, B.1.1.7 (NR-54011),
Lambda variant, C37 (NR-55654); Kappa, B.1.617.1 (NR-55486); Delta, B.1.617.2, hCoV-19/USA/MD-
HP05285 (NR-55671) and Omicron (Lineage B.1.1.529), hCoV-19/USA/MD-HP20874/2021 (NR-
56461). Remnants of clinical specimens sequenced under genomic surveillance study (P20103440)
were used for LFI evaluations.

Conflicts of Interest: Amanda R. Burnham-Marusich and David P. AuCoin are shareholders of
DxDiscovery, Inc. The remaining authors have no conflict of interest to declare.

https://www.mdpi.com/article/10.3390/v14122609/s1
https://www.mdpi.com/article/10.3390/v14122609/s1


Viruses 2022, 14, 2609 12 of 13

References
1. Wu, F.; Zhao, S.; Yu, B.; Chen, Y.-M.; Wang, W.; Song, Z.-G.; Hu, Y.; Tao, Z.-W.; Tian, J.-H.; Pei, Y.-Y.; et al. A New Coronavirus

Associated with Human Respiratory Disease in China. Nature 2020, 579, 265–269. [CrossRef] [PubMed]
2. WHO Coronavirus (COVID-19) Dashboard. WHO Coronavirus (COVID-19) Dashboard with Vaccination Data. Available online:

https://covid19.who.int/ (accessed on 8 June 2022).
3. U.S. Food and Drug Administration (FDA). COVID-19 Vaccines. Available online: https://www.fda.gov/emergency-

preparedness-and-response/coronavirus-disease-2019-covid-19/covid-19-vaccines (accessed on 6 April 2022).
4. U.S. Food and Drug Administration. FDA Combating COVID-19 With Therapeutics; US Food and Drug Administration: Silver

Spring, MD, USA, 2020.
5. U.S. Food and Drug Administration (FDA). In Vitro Diagnostics EUAs. Available online: https://www.fda.gov/medical-

devices/coronavirus-disease-2019-covid-19-emergency-use-authorizations-medical-devices/in-vitro-diagnostics-euas (accessed
on 6 April 2022).

6. Bielecki, M.; Züst, R.; Siegrist, D.; Meyerhofer, D.; Crameri, G.A.G.; Stanga, Z.; Stettbacher, A.; Buehrer, T.W.; Deuel, J.W. Social
Distancing Alters the Clinical Course of COVID-19 in Young Adults: A Comparative Cohort Study. Clin. Infect. Dis. 2021, 72,
598–603. [CrossRef] [PubMed]

7. Chan, J.F.W.; Kok, K.H.; Zhu, Z.; Chu, H.; To, K.K.W.; Yuan, S.; Yuen, K.Y. Genomic Characterization of the 2019 Novel Human-
Pathogenic Coronavirus Isolated from a Patient with Atypical Pneumonia after Visiting Wuhan. Emerg. Microbes Infect. 2020, 9,
221–236. [CrossRef] [PubMed]

8. Centers for Disease Control and Prevention (CDC). Nucleic Acid Amplification Tests (NAATs). Available online: https://www.
cdc.gov/coronavirus/2019-ncov/lab/naats.html (accessed on 6 April 2022).

9. Drake, J.W.; Holland, J.J. Mutation Rates among RNA Viruses. Proc. Natl. Acad. Sci. USA 1999, 96, 13910–13913. [CrossRef]
10. Moya, A.; Elena, S.F.; Bracho, A.; Miralles, R.; Barrio, E. The Evolution of RNA Viruses: A Population Genetics View. Proc. Natl.

Acad. Sci. USA 2000, 97, 6967–6973. [CrossRef] [PubMed]
11. McLean, G.; Kamil, J.; Lee, B.; Moore, P.; Schulz, T.F.; Muik, A.; Sahin, U.; Türeci, Ö.; Pather, S. The Impact of Evolving SARS-CoV-2

Mutations and Variants on COVID-19 Vaccines. mBio 2022, 13, e02979-21. [CrossRef] [PubMed]
12. CoVariants: 21A (Delta). Available online: https://covariants.org/variants/21A.Delta (accessed on 3 April 2022).
13. CoVariants: 21K (Omicron). Available online: https://covariants.org/variants/21K.Omicron (accessed on 31 March 2022).
14. U.S. Food and Drug Administration (FDA). SARS-CoV-2 Viral Mutations: Impact on COVID-19 Tests. Available online:

https://www.fda.gov/medical-devices/coronavirus-covid-19-and-medical-devices/sars-cov-2-viral-mutations-impact-
covid-19-tests (accessed on 6 April 2022).

15. Cao, L.; Xu, T.; Liu, X.; Ji, Y.; Huang, S.; Peng, H.; Li, C.; Guo, D. The Impact of Accumulated Mutations in SARS-CoV-2 Variants
on the QPCR Detection Efficiency. Front. Cell. Infect. Microbiol. 2022, 12. [CrossRef] [PubMed]

16. Ko, K.K.; Abdul Rahman, N.B.; Tan, S.Y.L.; Chan, K.X.; Goh, S.S.; Sim, J.H.C.; Lim, K.L.; Tan, W.L.; Chan, K.S.; Oon, L.L.; et al.
SARS-CoV-2 N Gene G29195T Point Mutation May Affect Diagnostic Reverse Transcription-PCR Detection. Microbiol. Spectr.
2022, 10, e02223-21. [CrossRef] [PubMed]

17. Jarvis, J.N.; Percival, A.; Bauman, S.; Pelfrey, J.; Meintjes, G.; Williams, G.N.; Longley, N.; Harrison, T.; Kozel, T.R. Evaluation of a
Novel Point-of-Care Cryptococcal Antigen Test on Serum, Plasma, and Urine from Patients With HIV-Associated Cryptococcal
Meningitis. Clin. Infect. Dis. 2011, 53, 1019–1023. [CrossRef] [PubMed]

18. Pollock, N.R.; Jacobs, J.R.; Tran, K.; Cranston, A.E.; Smith, S.; O’Kane, C.Y.; Roady, T.J.; Moran, A.; Scarry, A.; Carroll, M.; et al.
Performance and Implementation Evaluation of the Abbott BinaxNOW Rapid Antigen Test in a High-Throughput Drive-Through
Community Testing Site in Massachusetts. J. Clin. Microbiol. 2021, 59, e00083-21. [CrossRef] [PubMed]

19. CoVariants: 22C (Omicron). Available online: https://covariants.org/variants/22C.Omicron (accessed on 8 June 2022).
20. CoVariants: 21L (Omicron). Available online: https://covariants.org/variants/21L.Omicron (accessed on 8 June 2022).
21. CoVariants: 22A (Omicron). Available online: https://covariants.org/variants/22A.Omicron (accessed on 28 July 2022).
22. BINAXNOW COVID-19 AG CARD (PN 195-000)—INSTRUCTIONS FOR USE. Available online: https://www.fda.gov/media/

141570/download (accessed on 6 April 2022).
23. Quidel. Technical Bulletin Sofia®SARS Antigen FIA, Sofia 2 Flu + SARS Antigen FIA, and QuickVue®SARS Antigen Test

Detection of SARS-CoV-2 and SARS-CoV. Available online: https://www.quidel.com/sites/default/files/product/documents/
TB10181000EN00.pdf (accessed on 7 April 2022).

24. Chen, H.; Cui, Y.; Han, X.; Hu, W.; Sun, M.; Zhang, Y.; Wang, P.-H.; Song, G.; Chen, W.; Lou, J. Liquid–liquid phase separation by
SARS-CoV-2 nucleocapsid protein and RNA. Cell Res. 2020, 30, 1143–1145. [CrossRef]

25. Marusich, M.F. Efficient hybridoma production using previously frozen splenocytes. J. Immunol. Methods 1988, 114, 155–159.
[CrossRef] [PubMed]

26. Centers for Disease Control and Prevention (CDC). CDC’s Influenza SARS-CoV-2 Multiplex Assay and Required Supplies.
Available online: https://www.cdc.gov/coronavirus/2019-ncov/lab/multiplex.html (accessed on 22 August 2022).

27. Hartley, P.D.; Tillett, R.L.; AuCoin, D.P.; Sevinsky, J.R.; Xu, Y.; Gorzalski, A.; Pandori, M.; Buttery, E.; Hansen, H.; Picker, M.A.; et al.
Genomic surveillance of Nevada patients revealed prevalence of unique SARS-CoV-2 variants bearing mutations in the RdRp
gene. J. Genet. Genom. 2021, 48, 40–51. [CrossRef] [PubMed]

http://doi.org/10.1038/s41586-020-2008-3
http://www.ncbi.nlm.nih.gov/pubmed/32015508
https://covid19.who.int/
https://www.fda.gov/emergency-preparedness-and-response/coronavirus-disease-2019-covid-19/covid-19-vaccines
https://www.fda.gov/emergency-preparedness-and-response/coronavirus-disease-2019-covid-19/covid-19-vaccines
https://www.fda.gov/medical-devices/coronavirus-disease-2019-covid-19-emergency-use-authorizations-medical-devices/in-vitro-diagnostics-euas
https://www.fda.gov/medical-devices/coronavirus-disease-2019-covid-19-emergency-use-authorizations-medical-devices/in-vitro-diagnostics-euas
http://doi.org/10.1093/cid/ciaa889
http://www.ncbi.nlm.nih.gov/pubmed/32594121
http://doi.org/10.1080/22221751.2020.1719902
http://www.ncbi.nlm.nih.gov/pubmed/31987001
https://www.cdc.gov/coronavirus/2019-ncov/lab/naats.html
https://www.cdc.gov/coronavirus/2019-ncov/lab/naats.html
http://doi.org/10.1073/pnas.96.24.13910
http://doi.org/10.1073/pnas.97.13.6967
http://www.ncbi.nlm.nih.gov/pubmed/10860958
http://doi.org/10.1128/mbio.02979-21
http://www.ncbi.nlm.nih.gov/pubmed/35352979
https://covariants.org/variants/21A.Delta
https://covariants.org/variants/21K.Omicron
https://www.fda.gov/medical-devices/coronavirus-covid-19-and-medical-devices/sars-cov-2-viral-mutations-impact-covid-19-tests
https://www.fda.gov/medical-devices/coronavirus-covid-19-and-medical-devices/sars-cov-2-viral-mutations-impact-covid-19-tests
http://doi.org/10.3389/fcimb.2022.823306
http://www.ncbi.nlm.nih.gov/pubmed/35155280
http://doi.org/10.1128/spectrum.02223-21
http://www.ncbi.nlm.nih.gov/pubmed/35019683
http://doi.org/10.1093/cid/cir613
http://www.ncbi.nlm.nih.gov/pubmed/21940419
http://doi.org/10.1128/JCM.00083-21
http://www.ncbi.nlm.nih.gov/pubmed/33622768
https://covariants.org/variants/22C.Omicron
https://covariants.org/variants/21L.Omicron
https://covariants.org/variants/22A.Omicron
https://www.fda.gov/media/141570/download
https://www.fda.gov/media/141570/download
https://www.quidel.com/sites/default/files/product/documents/TB10181000EN00.pdf
https://www.quidel.com/sites/default/files/product/documents/TB10181000EN00.pdf
http://doi.org/10.1038/s41422-020-00408-2
http://doi.org/10.1016/0022-1759(88)90167-6
http://www.ncbi.nlm.nih.gov/pubmed/3183388
https://www.cdc.gov/coronavirus/2019-ncov/lab/multiplex.html
http://doi.org/10.1016/j.jgg.2021.01.004
http://www.ncbi.nlm.nih.gov/pubmed/33820739


Viruses 2022, 14, 2609 13 of 13

28. Tillett, R.L.; Sevinsky, J.R.; Hartley, P.D.; Kerwin, H.; Crawford, N.; Gorzalski, A.; Laverdure, C.; Verma, S.C.; Rossetto, C.C.;
Jackson, D.; et al. Genomic evidence for reinfection with SARS-CoV-2: A case study. Lancet Infect. Dis. 2021, 21, 52–58. [CrossRef]

29. Gorzalski, A.J.; Tian, H.; Laverdure, C.; Morzunov, S.; Verma, S.C.; VanHooser, S.; Pandori, M.W. High-Throughput Transcription-
mediated amplification on the Hologic Panther is a highly sensitive method of detection for SARS-CoV-2. J. Clin. Virol. 2020, 129,
104501. [CrossRef]

30. Aksamentov, I.; Roemer, C.; Hodcroft, E.B.; Neher, R.A. Nextclade: Clade assignment, mutation calling and quality control for
viral genomes. J. Open Source Softw. 2021, 6, 3773. [CrossRef]

31. Hardick, J.; Gallagher, N.; Sachithanandham, J.; Fall, A.; Siddiqui, Z.; Pekosz, A.; Manabe, Y.C.; Mostafa, H.H. Evaluation of Four
Point of Care (POC) Antigen Assays for the Detection of the SARS-CoV-2 Variant Omicron. Microbiol. Spectr. 2022, 10, e01025-22.
[CrossRef] [PubMed]

32. Osterman, A.; Badell, I.; Basara, E.; Stern, M.; Kriesel, F.; Eletreby, M.; Öztan, G.N.; Huber, M.; Autenrieth, H.; Knabe, R.; et al.
Impaired Detection of Omicron by SARS-CoV-2 Rapid Antigen Tests. Med. Microbiol. Immunol. 2022, 211, 105–117. [CrossRef]
[PubMed]

http://doi.org/10.1016/S1473-3099(20)30764-7
http://doi.org/10.1016/j.jcv.2020.104501
http://doi.org/10.21105/JOSS.03773
http://doi.org/10.1128/SPECTRUM.01025-22
http://www.ncbi.nlm.nih.gov/pubmed/35616382
http://doi.org/10.1007/s00430-022-00730-z
http://www.ncbi.nlm.nih.gov/pubmed/35187580

	Introduction 
	Materials and Methods 
	Monoclonal Antibody Production 
	Indirect ELISA 
	Lateral Flow Immunoassay (LFI) Prototype Development 
	LFI Testing with Live SARS-CoV-2 Virus 
	Sequence Confirmation of SARS-CoV-2 in Clinical Specimens 

	Results 
	Monoclonal Antibody Production and Reactivity 
	1CV7/1CV14 LFI Demonstrate no Cross-Reactivity with Tested Viruses 
	1CV7/1CV14 LFI and BinaxNOWTM LFI Are Reactive with Multiple SARS-CoV-2 Variants 
	1CV7/1CV14 LFI and the BinaxNOWTM LFI Have High Analytical Sensitivity for Detection of Delta and Omicron Variants 
	1CV7/1CV14 LFI Identified More Omicron-Positive VTM Samples Than the BinaxNOWTM LFI 

	Discussion 
	References

