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Abstract

There is an urgent need for an accurate antibody test for severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2). We have developed 3 ELISA methods, trimer spike IgA, trimer

spike IgG, and nucleocapsid IgG, for detecting anti-SARS-CoV-2 antibodies. We evaluated

their performance along with four commercial ELISAs, EDI™ Novel Coronavirus COVID-19

ELISA IgG and IgM, Euroimmun Anti-SARS-CoV-2 ELISA IgG and IgA, and one lateral flow

assay, DPP®COVID-19 IgM/IgG System (Chembio). Both sensitivity and specificity were

evaluated and the probable causes of false-positive reactions were determined. The assays

were evaluated using 300 pre-epidemic samples and 100 PCR-confirmed COVID-19 sam-

ples. The sensitivities and specificities of the assays were as follows: 90%/100% (in-house

trimer spike IgA), 90%/99.3% (in-house trimer spike IgG), 89%/98.3% (in-house nucleocap-

sid IgG), 73.7%/100% (EDI nucleocapsid IgM), 84.5%/95.1% (EDI nucleocapsid IgG), 95%/

93.7% (Euroimmun S1 IgA), 82.8%/99.7% (Euroimmun S1 IgG), 82.0%/91.7% (Chembio

nucleocapsid IgM), 92%/93.3% (Chembio nucleocapsid IgG). The presumed causes of false

positive results from pre-epidemic samples in commercial and in-house assays were mixed.

In some cases, assays lacked reproducibility. In other cases, reactivity was abrogated by

competitive inhibition (spiking the sample with the same antigen that was used for coating

ELISAs prior to performing the assay), suggesting positive reaction could be attributed to the

presence of antibodies against these antigens. In other cases, reactivity was consistently

detected but not abrogated by the spiking, suggesting positive reaction was not attributed to

the presence of antibodies against these antigens. Overall, there was wide variability in

assay performance using our samples, with in-house tests exhibiting the highest combined

sensitivity and specificity. The causes of “false positivity” in pre-epidemic samples may be

due to plasma antibodies apparently reacting with the corresponding antigen, or spurious

reactivity may be directed against non-specific components in the assay system. Identifica-

tion of these targets will be essential to improving assay performance.
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Introduction

There is an urgent need for an accurate serologic test for severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2). Antigen and antibody detection methods play important roles in

disease management and control of COVID-19. Due to the high specificity of the reverse tran-

scriptase Real Time PCR (rRT-PCR) for detecting the presence of the virus during the acute

phase [1], it is considered the gold standard for COVID-19 clinical testing [2]. Antibody testing

currently plays a limited role in testing patients [3], due to the potentially long window period

of 1 to 2 weeks after onset of symptoms [4,5]; however, they can be critical in other aspects of

the disease. Antibody based tests can be used for detection of previously infected patients for

population-level surveillance, as a confirmatory assay for PCR testing, as a cost-effective method

for primary diagnostic test in low-income settings, defining the antibody titers following vacci-

nation, screening eligible convalescent plasma donors, and potentially determining protection

against re-infection [6]. Among the four major structural proteins encoded by SARS-CoV-2

genome, i.e spike (S), envelope (E), membrane (M), and nucleocapsid (N) [7], the two latter

proteins are highly immunogenic and therefore are widely used in serologic assays [8].

At the time of writing this paper, the U.S. Food and Drug Administration (FDA) has autho-

rized 51 antibody tests under Emergency Use Authorization (EUA) [9]. However, because of

the long time to seroconversion, as well as lack of specificity, the CDC currently only recom-

mends serologic testing in certain clinical situations, such as presentation after 9 days of illness

onset, and those presenting with late complications of COVID-19 [3].

Despite their importance in disease management, the performance of many commercially

available SARS-CoV-2 serologic tests have not been fully evaluated with large panels of sam-

ples, thus, their utility is questionable [3]. A number of these tests have been recalled due to

poor performance.

Because seasonal coronaviruses have conceivably infected the majority of the human popu-

lation, cross reactivity to the common coronaviruses is an important concern in developing

SARS-CoV- 2 serology tests. These tests include ELISA, and chemiluminescent microparticle

immunoassay (CMIA) or lateral flow immunoassays (as point of care tests), which target spe-

cific antibodies against viral spike or nucleocapsid proteins. We have developed 3 ELISA tests

for detecting anti-SARS-CoV-2 antibodies and evaluated their performance characteristics

along with to four commercial ELISA and one lateral flow assays.

Materials and methods

Patient samples

A total of 100 plasma samples collected from PCR-confirmed COVID-19 patients, age between

27–89 (40% female) were used as the positive group. The samples were from patients hospital-

ized at the University of Maryland Medical Center with a diagnosis of COVID-19 in April-

May 2020. Where possible, the last available sampling time point was used (0–51 days post

symptom onset; median 12 days). In addition, a total of 300 pre-epidemic plasma/sera samples

that were collected before the COVID-19 epidemic (2005–2019) served as negative controls.

Development and optimization of the in house ELISA methods was initially performed

using eight PCR-confirmed COVID-19 and eight pre-epidemic samples. The performance of

the assays were then evaluated using all 100 positive and 300 negative samples.

A summary of the samples used in this study are noted in Table 1. Samples were obtained

from protocols approved by the University of Maryland, Baltimore IRB (written informed

consent obtained for pre-epidemic samples, and waiver of consent obtained for COVID-19

patient samples).
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In-house ELISAs

We developed three different ELISAs for the qualitative evaluation of the human serum or

plasma for detection of IgG or IgA antibodies in human serum or plasma, targeting the SARS-

CoV-2 trimer spike protein (IgG and IgA ELISA) and IgG antibodies targeting the SARS--

CoV-2 nucleocapsid antigen (IgG ELISA). For the development and optimization of the

assays, eight true positive and eight true negative samples were used.

A. Recombinant proteins. SARS-CoV-2 trimer spike prefusion and trimerization-stabi-

lized ectodomain (LakePharma, Hopkinton, MA, Cat. #46328) were used for developing the

trimer spike IgG and IgA ELISAs. For the nucleocapsid IgG ELISA, the SARS-CoV-2 nucleo-

capsid protein was produced. Briefly, the nucleic acid sequence of the SARS-CoV-2 nucleocap-

sid (residues 1–419; isolate Wuhan-Hu- 1; GenBank MN908947.3) was synthesized and

cloned into OriGene expression vector by BlueHeron (Bothell, WA) along with C-terminal

His tag. The plasmid was expressed in FreeStyle 293-F cells (Thermo Fisher Scientific, Wal-

tham, MA; Cat# R79007) and the transfected cells were harvested on day 7 post transfection.

The recombinant nucleocapsid was affinity purified from the cell lysate by Ni-NTA Agarose

(Qiagen, Cat# 30210) under native conditions. The purity of the purified nucleocapsid was

evaluated by SDS- PAGE. (S1 Fig).

B. Developing and performing the in house ELISAs. The in-house ELISAs were per-

formed by coating Immulon 2 HB 96-well flat bottom plates (Immuno Chemistry Technolo-

gies, Bloomington, MN) with 0.1 μg/well of the trimer spike or nucleocapsid proteins in TBS

overnight at 4˚C. Following blocking with Blotto (10% dried milk in TBS and 0.1% NP-40),

the 1:100 diluted samples in Blotto was added and incubated for 1 hour at 37˚C. After washing

the plates with TBS, the antigen specific antibodies were incubated with alkaline phosphatase

labeled goat anti human IgG or IgA antibodies (Southern Biotech, Birmingham, AL) for 1

hour at 37˚C. After washing the wells, the BluePhos1Microwell (Seracare, Milford, MA) was

added to each well as Substrate for 15 min at 37˚C. The enzymatic reaction was stopped by

adding KPL APstop™ Solution (Seracare, Milford, MA) and the signal was read at 650 nm.

Commercial assays

A. ELISAs. The EDI™ Novel Coronavirus COVID-19 ELISA IgG (Epitope Diagnostics,

Inc. San Diego, CA, Cat. # 1032) was performed according to the manufacturer’s instruction.

The assay is an ELISA that detects specific IgG antibodies in human serum or plasma by bind-

ing SARS-CoV-2 nucleocapsid on the plates. The cut-off value for negative and positive results

was calculated by adding the calculated average of negative controls to 0.18 and multiplying to

0.9 and 1.1, respectively.

The EDI™ Novel Coronavirus COVID-19 ELISA IgM (Epitope Diagnostics, Inc. San

Diego, CA, Cat. #1033) was performed according to the manufacturer’s instruction. The assay

is based on the capture of total IgM antibodies in human serum or plasma and then detects

Table 1. Patient samples used in this study.

Positive Samples COVID-19, PCR confirmed 100

Pre-epidemic samples (2005–2019) HIV infected 66

Healthy control (HIV vaccinated)� 70

Healthy controls (Blood donors) 164

Total 400

�Part of IHV01 vaccine study: NCT03505060.

https://doi.org/10.1371/journal.pone.0237828.t001

PLOS ONE Performance of nucleocapsid and spike-based SARS-CoV-2 serologic assays

PLOS ONE | https://doi.org/10.1371/journal.pone.0237828 November 2, 2020 3 / 12

https://doi.org/10.1371/journal.pone.0237828.t001
https://doi.org/10.1371/journal.pone.0237828


antibodies binding SARS-CoV-2 nucleocapsid. The cut-off value for negative and positive

results was calculated by adding the calculated average of negative controls to 0.1 and multiply-

ing by 0.9 and 1.1, respectively.

Euroimmun Anti-SARS-CoV-2 ELISA IgG and IgA (Euroimmune, Germany; Cat # EI

2606–9601 G and EI 2606–9601 A, respectively) were performed according to the manufactur-

er’s instructions. The Euroimmun Anti-SARS-CoV-2 IgG and IgA tests are separate ELISAs

that detect antibodies against the S1 subunit of the SARS-CoV-2 spike protein. Results were

determined as a ratio of the signal of the samples to the average signal of calibrators. The inter-

pretation of the calculated ratios was performed as manufacturer’s recommendation. A

ratio < 0.8 was considered as not elevated (Negative),�0.8 to<1.1 as indeterminate (border-

line) and�1.1 as elevated (Positive).

B. Lateral flow assay. The DPP1 COVID-19 IgM/IgG System (Chembio Diagnostics

Systems Inc. Medford, NY) is a Dual Path Platform (DPP) system for qualitative rapid detec-

tion and differentiation of IgM and IgG antibodies to SARS-CoV-2 nucleoprotein in capillary

“fingerstick” whole blood, venous whole blood, serum, and plasma samples. The test was per-

formed at room temperature according to the manufacturer’s instruction. The results were

read using the DPP Micro Reader that provides an objective result (positive and negative).

Data analysis

A) Cutoff calculation for in-house ELISAs. The cutoff values for the in-house ELISAs

were determined by two different approaches. In the first approach, the first cutoff value was

determined using the average OD plus 3 standard deviation (SD) of all 300 pre-epidemic sam-

ples. In the second approach, to determine the cutoff value a ROC curve was generated for

each assay, using SPSS Statistics for Windows, version 16.0 (SPSS Inc., Chicago, Ill., USA). The

area under curve (AUC) and the sensitivity and specificity at all the cutoff points were also cal-

culated. Then, the optimal cutoff point was selected based on the point with the highest You-

den index J (J = sensitivity + specificity—1). This is the point on the curve in which the

distance to diagonal line (line of equality) is maximum [10].

For each approach, the samples with ODs greater than the determined cutoff values were

considered as positive and the samples with ODs equal or less than the cutoff values were con-

sidered as negative. The optimal cutoff value for each assay was determined based on the cutoff

with the highest accuracy, which defined as the percentage of true positive and negative results

divided to the total number of the samples [11]. For calculation of the sensitivity and specificity

of the commercial ELISAs the borderline results were excluded from calculation.

B) Calculation of the performance characteristics of all assays. Sensitivity and specific-

ity of the assays were defined as their true positive and true negative rates, respectively. The

positive status of the positive group was confirmed by rRT-PCR, and the negative status of the

negative group was based on the time of sampling which was from pre-epidemic period. To

determine the performance of the tests, the AUC (for ELISA Tests) and accuracy (for all

assays) were calculated. In our study, all of the pre-epidemic samples are considered clinically

negative and all of the PCR confirmed samples considered clinically positive, thus the accuracy

is defined by the patient’s clinical status.

Soluble antigen competition experiments to determine specificity of

presumptive false positive reactions

Antigen specificity of presumptive false positive reactions was assessed by using soluble SARS-

CoV-2 trimer spike (LakePharma, Worcester, MA; Cat. #46328) or nucleocapsid (home-made

protein mentioned above) antigens to determine whether they inhibit reactivity of the
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specimen with the corresponding plate-bound antigen. For each assay the dilution of the start-

ing plasma and concentration of the antigens used for the competition assay necessary to con-

vert a true positive sample to negative (or at least a 3-fold reduction) were determined.

Depending on the assay, concentration of antigen used were 100–500 μg/ml. Soluble trimer

spike or nucleocapsid was pre-incubated with presumable false positive samples (direct plasma

for spike and 1:100 plasma for nucleocapsid) for two hours at room temperature with shaking

(Fisher Scientific isotemp, 125 RPM). To compensate for dilution of the specimens by pre-

incubation, each sample also pre-incubated with 100 μg of bovine serum albumin (BSA) in

PBS as control. After pre-incubation, the plates were evaluated by the corresponding assays as

described above. To check the effect of spiking, each experiment were performed with negative

and positive samples (with low or intermediate ODs) as control.

Results

Determination of the optimal cutoff for in-house ELISAs

The cutoff values were calculated based on two different approaches and the optimal cutoff for

each assay was selected based on the cutoff value with the higher accuracy of each assay.

Table 2 shows the performance of the in-house ELISAs. In the trimer spike IgG and IgA

ELISA tests, the cutoff values calculated by ROC curve provided higher accuracies; thus, these

values were selected for further evaluation of the assays. For the nucleocapsid ELISA, the calcu-

lated cutoff values with the two approaches was partially equal (0.19 and 0.20).

Evaluation of the performance of all immunoassays

To determine the performance of the assays, the ROC curve analysis was performed for all

ELISA assays. The obtained data are shown in Table 3 and Fig 1, and the supplementary file,

S1 Appendix, shows individual data from all experiments.

Table 2. Performance of the in-house ELISAs using different calculated cutoff values.

M
et
ho
d Trimer Spike IgA Trimer Spike IgG Nucleocapsid IgG

M
ea
n
N
eg
.O

D
+3

SD Cutoff 0.12 0.19 0.20

True Positive 91/100 90/100 89/100

True Negative 295/300 296/300 295/300

Indeterminate N/A N/A N/A

Sensitivity (95% CI) 91.0% (85.4–96.6) 90.0% (84.1–95.9) 89.0% (82.9–95.1)

Specificity (95% CI) 98.3% (96.8–99.8) 98.7% (97.4–100) 98.3% (96.8–99.8)

Accuracy (95% CI) 96.5% (94.7–98.3) 96.5% (94.7–98.3) 96.0% (94.1–97.9)

R
O
C
C
ur
ve

Cutoff 0.15 0.28 0.19

True Positive 90/100 90/100 89/100

True Negative 300/300 298/300 295/300

Indeterminate N/A N/A N/A

Sensitivity (95% CI) 90.0% (84.1–95.9) 90.0% (84.1–95.9) 89.0% (82.9–95.1)

Specificity (95% CI) 100% (98.7–100) 99.3% (98.4–100) 98.3% (97.8–99.8)

Maximum J index 0.900 0.893 0.873

Accuracy (95% CI) 97.5% (96.0–99.0) 97.0% (95.3–98.7) 96.0% (94.1–97.9)

AUC 0.975 0.966 0.976

https://doi.org/10.1371/journal.pone.0237828.t002
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Soluble antigen competition experiments

The in-house trimer spike IgA ELISA had no false positives and was not evaluated by soluble

antigen competition. For the in-house trimer spike IgG ELISA, the one sample that was repeat-

edly false positive turned negative with spiking. For the in-house nucleocapsid IgG ELISA,

four samples that were repeatedly false positive samples turned negative when nucleocapsid

was added. The Eurommun SARS-CoV-2 IgG had one false positive that remained positive

after spiking. Of the 18 false positive results of Euroimmun SARS-CoV-2 IgA, only one sample

decreased substantially and turned to negative after adding the trimer spike protein. For the

EDI SARS-CoV-2 IgG, 8 of 22 false positive and/or indeterminate pre-epidemic samples

changed to negative when treated with the nucleocapsid protein. The false positive samples in

the DPP rapid assay were rerun a number of times, with varying results obtained each time

(almost half of the samples turned from positive to negative, or negative to positive on retest-

ing). As such, they were excluded from further analysis in the spiking experiments. A summary

of the spiking experiments can be found in Table 4 and the supplementary file, S1 Appendix,

has details of each experiment.

Discussion

Despite an urgent need and extensive efforts, the development of an efficient and fully vali-

dated serologic assay for detecting specific anti-SARS-CoV-2 antibodies are not yet available.

In the present study, we developed and evaluated three ELISAs for detecting anti-trimer spike

antibodies (IgG and IgA) and anti-nucleocapsid antibodies (IgG), and determined their per-

formance along with 5 commercial immunoassays, including 4 ELISAs (EDI™ Novel Corona-

virus COVID-19 IgG and IgM, Euroimmun SARS-CoV-2 IgG and IgA) and one lateral flow

immunoassay (DPP1 COVID-19 IgM/IgG). For evaluation of the assays, we used 100

COVID- 19 PCR-confirmed samples from hospitalized patient and 300 pre-epidemic samples

taken before the emergence of the disease in December 2019. The ratio of pre-epidemic to

post-epidemic samples was 3:1 as we were particularly interested in studying the specificity of

the assays and reasons for false positivity.

SARS-CoV-2 has four structural proteins [12–14], and among them the spike and the

nucleocapsid are considered the main immunogens and are widely used in immunoassays [8].

It has been shown that the anti-nucleocapsid antibodies appear earlier than the spike antibod-

ies [15]. Therefore, applying the anti-nucleocapsid antibodies in ELISA tests may increase the

clinical sensitivity of the assay, if samples are drawn early. The nucleocapsid is a protein with a

small size that can easily be produced and purified in prokaryotic or eukaryotic hosts in vast

quantities. Homology analysis show that the SARS-CoV-2 nucleocapsid has 90% amino acid

identity to MERS-CoV and 28 to 49 percent identity to other alpha and beta coronaviruses

[16]. The same degree of similarity to other coronaviruses has also been seen in the spike

Table 3. Performance of commercial assays.

EDI IgG EDI IgM Euro IgA Euroimmun IgG ChemBio IgM ChemBio IgG

True Positive 82/97 70/95 95/100 82/99 82/100 92/100

True Negative 274/288 299/299 266/284 297/298 275/300 280/300

Indeterminate 15/400 6/400 16/400 3/400 N/A N/A

Sensitivity (95% CI) 84.5% (77.3–91.7) 73.7% (64.8–82.6) 95.0% (90.7–99.3) 82.8% (75.4–90.2) 82.0% (74.5–89.5) 92.0% (86.7–97.3)

Specificity (95% CI) 95.1% (92.6–97.6) 100% (98.7–100) 93.7% (90.9–96.5) 99.7% (99.1–100.0) 91.7% (88.6–94.8) 93.3% (90.5–96.1)

Accuracy (95% CI) 92.5% (89.9–95.1) 93.7% (91.3–96.1) 94.0% (91.6–96.4) 95.5% (93.5–97.5) 89.3% (86.3–92.3) 93.0% (90.5–95.5)

AUC 0.944 0.964 0.970 0.966 NA NA

https://doi.org/10.1371/journal.pone.0237828.t003
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Fig 1. SARS-CoV-2 antibody assays data distribution. The data obtained for pre-epidemic and COVID-19 samples with all

evaluated assays. The yellow lines show the cut-off values or ranges recommended by commercial assays or calculated cutoff values

for in-house ELISAs. Black lines indicate median values with interquartile ranges.

https://doi.org/10.1371/journal.pone.0237828.g001
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protein, particularly the S2 domain [16]. It has been suggested that using the S1 protein (and

particularly the receptor binding domain) will improve the specificity of the immunoassays

[17].

One area of concern is the potential for cross-reactivity with the four human seasonal coro-

naviruses. This concern can be addressed by designing a chimeric protein containing specific

immunogenic regions of the spike and/or the nucleocapsid protein. However, it seems that

until such a protein becomes available, it is still possible to provide high-efficiency immunoas-

says using these spike and nucleocapsid antigens. Here, we optimized the assays with the mini-

mum amount of coated antigen and conjugated detection antibodies. This design along with

the precise determination of accurate cutoff points may potentially improve the sensitivity and

specificity of the in-house ELISAs.

Of the assays that employed spike protein (trimer for the in-house or subunit S1 for the

Euroimmun), those with the best specificities include the in-house trimer spike IgA (specificity

100%), in house trimer spike IgG (99.3%), and Euroimmun IgG (99.7%), although the Euroim-

mun test also had close to an additional 1% indeterminate rate. The Euroimmun IgA per-

formed poorly with a 93.7% specificity and 4% indeterminate results. The higher specificity of

the Euroimmun IgG in comparison to the IgA test has been demonstrated in other studies

[18,19]. Of the assays that employed nucleocapsid, those with the best specificities include the

EDI- IgM (100% specificity) and the in-house nucleocapsid IgG (specificity 98.3%).

Some studies have shown different times to seroconversion to SARS-CoV-2 depending on

the severity of the disease [20,21], while those who are asymptomatic or minimally symptom-

atic may have lower or undetectable antibody levels [21,22]. Thus, both the timing of blood

collections and severity of disease can potentially affect the sensitivity of the assays. Therefore

the antibody based diagnostics assays are not appropriate methods for diagnostic purposes in

the early phase of infection, though they have a role after 9 days of infection [3]. We had three

PCR positive samples, collected within the first week after the symptoms, which did not sero-

convert during the time point of our study by any of the assays. It is possible that with longer

follow-up time, some of these patients would have seroconverted. Use of a different patient

population (truly convalescent samples) would likely increase the sensitivity in all the assays

tested. Thus, the observed test indices must be viewed based on our population characteristics.

The accuracy is a useful parameter for evaluation of the performance characteristics of dif-

ferent assays. In the evaluated assays, the in-house ELISAs show higher accuracy than the

Table 4. Summary of the soluble antigen competition experiments.

Assay Sample Status Number of samples Number (%) of samples that turned negative

In-house Trimer Spike IgG False positive 4� 4 (100%)

Indeterminate NA -

In-house Nucleocapsid IgG False positive 1� 1 (100%)

Indeterminate NA -

EDI IgG False positive 14 4 (29%)

Indeterminate 8ǂ 4 (50%)

Euroimmun IgA False positive 18 2 (11%)

Indeterminate 16 1 (6%)

False positive 1 0 (0%)

Euroimmun IgG Indeterminate 2 1 (50%)

� One sample turned negative on retesting and not included.

ǂ 8 out of 12 indeterminate pre-epidemic samples were tested in the Soluble Antigen Competition Experiments NA = Not Applicable.

https://doi.org/10.1371/journal.pone.0237828.t004
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commercial ones. The accuracy of the in-house trimer spike-IgA, trimer spike-IgG and nucle-

ocapsid-IgG ELISAs was 97.5, 97.0 and 96.0%, respectively. The highest accuracy in the evalu-

ated commercial assays belonged to the Euroimmun-IgG with 95.5% and the lowest one

belonged to the Chembio-IgM with 89.3% accuracy. It should be noted that, during the prepa-

ration of this paper, the FDA revoked the EUA for Chembio antibody test over concerns about

accuracy of the test and high rate of false results [23]. This suggests that the test was not verified

to perform as expected.

Although it is expected that the presence of IgM antibody proves an earlier diagnosis for

most infectious diseases, our findings suggest that the IgM antibodies are not detected substan-

tially earlier than IgG antibodies. In our study, the two evaluated IgM assays, EDI-IgM and

Chembio- IgM, showed the lowest sensitivity in comparison to the other assays. In addition,

we did not have any IgM positive and IgG negative cases among the 100 COVID-19 samples,

whereas the opposite was clearly noted (leading to a low sensitivity of the IgM assays). Similar

findings have been shown in other SARS-CoV-2 and SARS-CoV-1 serodiagnostic assays

[22,24]. However, we did not analyze serial samples, and thus no definite conclusions can be

made as to the kinetics of the IgG and IgM responses.

In order to determine the probable cause for the false positivity in the various test formats,

the false positive samples underwent competition experiments. In these experiments, the posi-

tive samples were pre-incubated with the analyte antigen (the soluble form of the correspond-

ing plate-bound antigen), and thus, any significant cross-reactivity should result in a negative

ELISA by competitive inhibition. For the in-house spike IgG and nucleocapsid IgG tests, all

the samples that were repeatedly false positive became negative after the spiking, indicating

that there was true cross-reactivity between the antibodies in the pre- epidemic samples and

the SARS-CoV-2 spike or nucleocapsid antigens. Likewise, for the EDI nucleocapsid IgG, all

the samples that were repeatedly false positive became negative after the spiking, indicating

true cross-reactivity between the antibodies in the pre-epidemic samples and the SARS-CoV-2

spike and nucleocapsid antigens. This type of cross-reaction can be corrected by using the

sample diluent buffers containing peptides of conserved nucleocapsid or spike (depending of

the assay) of alpha and beta coronaviruses, or by designing a chimeric protein that contains

specific sequences of antigens for coating.

By contrast, the competition experiment with the false positives from the Euroimmun

SARS- CoV-2 IgG and Euroimmun SARS-CoV-2 IgA assays shows that most of these samples

(18 of 19) are cross-reacting with something other than the coated S1 antigen used in the Euro-

immun IgA. To reduce the number of false positive results in these assays, procedures such as

re- optimization of the assay including revising the buffers, and increasing the purity of the

coated antigen should be considered. Finally, about half the Chembio spiking experiments

showed major problems with reproducibility, with the controls turning from positive to nega-

tive or vice- versa. Because of this, any attempt at interpretation was abandoned, and it should

also be noted again that the FDA has revoked the EUA for this product.

For the studies addressing the clinical performance of diagnostic tests, the characteristics of

the study population should be carefully considered. As mentioned above, the length of symp-

toms and the clinical severity of COVID-19 patients are factors that can affect the clinical sen-

sitivity of the serologic assays. In addition, the specificity of the assays were evaluated using

healthy controls (and not those with known seasonal coronavirus infection), which can be

affected the observed clinical specificity.

In conclusion, we have evaluated the performance of several in-house ELISAs that incorpo-

rate the SARS-CoV-2 trimer spike and nucleocapsid antigens and compared them to the per-

formance of the commercially available tests. All three in-house ELISA tests performed well,

with high sensitivity and specificity, without the use of indeterminate results. Although the
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specificity of the best of these assays is high, even a specificity of 99% can be problematic in

areas of low prevalence of SARS-CoV-2 infection i.e, positive predictive value. A high specific-

ity of these assays is paramount because false positive results may lead to inaccurate serocon-

version status (important for diagnosis in special cases, prevalence data, and potentially

protective immunity after vaccination and disease). It is essential to determine the cause of

false positive results so that serologic assays can be improved. In addition, testing algorithms

with more than one test may be necessary to rule out false positives by initial tests, such that

has been the rule for HIV and hepatitis. Nevertheless, we have shown the potential of some

assays to have high specificities, depending on their target isotypes, the antigens used, and

establishment of cutoff values.
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the estimated molecular weight of around 47 KDa.

(TIF)

S1 Appendix. Supplementary data.

(XLSX)

Author Contributions

Conceptualization: Zahra Rikhtegaran Tehrani, Saman Saadat, Niel Constantine, Anthony L.

DeVico, George K. Lewis, Shyam Kottilil, Mohammad M. Sajadi.

Data curation: Zahra Rikhtegaran Tehrani, Saman Saadat, Anthony L. DeVico, Mohammad

M. Sajadi.

Formal analysis: Zahra Rikhtegaran Tehrani, Anthony D. Harris, Mohammad M. Sajadi.

Investigation: Zahra Rikhtegaran Tehrani, Saman Saadat, Ebtehal Saleh, Xin Ouyang,

Mohammad M. Sajadi.

Methodology: Zahra Rikhtegaran Tehrani, Niel Constantine, Anthony L. DeVico, George K.

Lewis, Mohammad M. Sajadi.

Supervision: Niel Constantine, Anthony L. DeVico, Anthony D. Harris, George K. Lewis,

Shyam Kottilil, Mohammad M. Sajadi.

Writing – original draft: Zahra Rikhtegaran Tehrani, Saman Saadat, Niel Constantine,

Anthony L. DeVico, George K. Lewis, Mohammad M. Sajadi.

Writing – review & editing: Zahra Rikhtegaran Tehrani, Saman Saadat, Ebtehal Saleh, Xin

Ouyang, Niel Constantine, Anthony L. DeVico, Anthony D. Harris, Shyam Kottilil,

Mohammad M. Sajadi.

References
1. Babiker A, Myers CW, Hill CE, Guarner J. SARS-CoV-2 Testing: Trials and Tribulations. American Jour-

nal of Clinical Pathology. 2020; 153(6):706–8. https://doi.org/10.1093/ajcp/aqaa052 PMID: 32227199

2. Testing, Screening, and Outbreak Response for Institutions of Higher Education (IHEs): Centers for

Disease Control and Prevention (CDC); [updated Sept. 30, 2020]. Available from: https://www.cdc.gov/

coronavirus/2019-ncov/community/colleges-universities/ihe-testing.html.

PLOS ONE Performance of nucleocapsid and spike-based SARS-CoV-2 serologic assays

PLOS ONE | https://doi.org/10.1371/journal.pone.0237828 November 2, 2020 10 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237828.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237828.s002
https://doi.org/10.1093/ajcp/aqaa052
http://www.ncbi.nlm.nih.gov/pubmed/32227199
https://www.cdc.gov/coronavirus/2019-ncov/community/colleges-universities/ihe-testing.html
https://www.cdc.gov/coronavirus/2019-ncov/community/colleges-universities/ihe-testing.html
https://doi.org/10.1371/journal.pone.0237828


3. Interim Guidelines for COVID-19 Antibody Testing CDC: Center for Disease Control and Prevention;

Updated Aug. 1, 2020 [10.09.2020]. Available from: https://www.cdc.gov/coronavirus/2019-ncov/lab/

resources/antibody-tests-guidelines.html.

4. Nicol T, Lefeuvre C, Serri O, Pivert A, Joubaud F, Dubee V, et al. Assessment of SARS-CoV-2 serologi-

cal tests for the diagnosis of COVID-19 through the evaluation of three immunoassays: Two automated

immunoassays (Euroimmun and Abbott) and one rapid lateral flow immunoassay (NG Biotech). J Clin

Virol. 2020; 129:104511. Epub 2020/06/28. https://doi.org/10.1016/j.jcv.2020.104511 PMID:

32593133; PubMed Central PMCID: PMC7295485.

5. Deeks JJ, Dinnes J, Takwoingi Y, Davenport C, Spijker R, Taylor-Phillips S, et al. Antibody tests for

identification of current and past infection with SARS-CoV-2. Cochrane Database Syst Rev. 2020; 6:

CD013652. Epub 2020/06/26. https://doi.org/10.1002/14651858.CD013652 PMID: 32584464; PubMed

Central PMCID: PMC7387103.

6. Salazar E, Kuchipudi SV, Christensen PA, Eagar TN, Yi X, Zhao P, et al. Relationship between Anti-

Spike Protein Antibody Titers and SARS-CoV-2 In Vitro Virus Neutralization in Convalescent Plasma.

bioRxiv. 2020. https://doi.org/10.1101/2020.06.08.138990 PMID: 32577662

7. Jiang S, Hillyer C, Du L. Neutralizing Antibodies against SARS-CoV-2 and Other Human Coronavi-

ruses. Trends Immunol. 2020; 41(5):355–9. Epub 2020/04/07. https://doi.org/10.1016/j.it.2020.03.007

PMID: 32249063; PubMed Central PMCID: PMC7129017.

8. Grzelak L, Temmam S, Planchais C, Demeret C, Tondeur L, Huon C, et al. A comparison of four sero-

logical assays for detecting anti–SARS-CoV-2 antibodies in human serum samples from different popu-

lations. Science Translational Medicine. 2020; 12(559). https://doi.org/10.1126/scitranslmed.abc3103

PMID: 32817357

9. Binley JM TA, Ketas T, Schiller D, Clas B, Little S, Richman D, et al. The effect of highly active antiretro-

viral therapy on binding and neutralizing antibody responses to human immunodeficiency virus type 1

infection. J Infect Dis. 2000; 182(3):945–9. https://doi.org/10.1086/315774 PMID: 10950795

10. Youden WJ. Index for rating diagnostic tests. Cancer. 1950; 3(1):32–5. https://doi.org/10.1002/1097-

0142(1950)3:1<32::aid-cncr2820030106>3.0.co;2-3 PMID: 15405679

11. James O.Westgard PEG, Paul Schilling. Estimating Clinical Agreement for a Qualitative Test: A Web

Calculator for 2x2 Contingency Table: WESTGARD QC; 2020. Available from: https://www.westgard.

com/qualitative-test-clinical-agreement.htm.

12. Wu F, Zhao S, Yu B, Chen YM, Wang W, Song ZG, et al. A new coronavirus associated with human

respiratory disease in China. Nature. 2020; 579(7798):265–9. Epub 2020/02/06. https://doi.org/10.

1038/s41586-020-2008-3 PMID: 32015508; PubMed Central PMCID: PMC7094943.

13. Walls AC, Park YJ, Tortorici MA, Wall A, McGuire AT, Veesler D. Structure, Function, and Antigenicity

of the SARS-CoV-2 Spike Glycoprotein. Cell. 2020; 181(2):281–92 e6. Epub 2020/03/11. https://doi.

org/10.1016/j.cell.2020.02.058 PMID: 32155444; PubMed Central PMCID: PMC7102599.

14. Zeng W, Liu G, Ma H, Zhao D, Yang Y, Liu M, et al. Biochemical characterization of SARS-CoV-2 nucle-

ocapsid protein. Biochem Biophys Res Commun. 2020; 527(3):618–23. Epub 2020/05/18. https://doi.

org/10.1016/j.bbrc.2020.04.136 PMID: 32416961; PubMed Central PMCID: PMC7190499.

15. Burbelo PD, Riedo FX, Morishima C, Rawlings S, Smith D, Das S, et al. Detection of nucleocapsid anti-

body to SARS-CoV-2 is more sensitive than antibody to spike protein in COVID-19 patients. medRxiv.

2020. https://doi.org/10.1101/2020.04.20.20071423 PMID: 32511445

16. Okba NM, Muller MA, Li W, Wang C, GeurtsvanKessel CH, Corman VM, et al. SARS-CoV-2 specific

antibody responses in COVID-19 patients. medRxiv. 2020.

17. Premkumar L, Segovia-Chumbez B, Jadi R, Martinez DR, Raut R, Markmann A, et al. The receptor

binding domain of the viral spike protein is an immunodominant and highly specific target of antibodies

in SARS-CoV-2 patients. Science Immunology. 2020; 5(48). https://doi.org/10.1126/sciimmunol.

abc8413 PMID: 32527802

18. Beavis KG, Matushek SM, Abeleda APF, Bethel C, Hunt C, Gillen S, et al. Evaluation of the EUROIM-

MUN Anti-SARS-CoV-2 ELISA Assay for detection of IgA and IgG antibodies. Journal of Clinical Virol-

ogy. 2020:104468. https://doi.org/10.1016/j.jcv.2020.104468 PMID: 32485620

19. Lassaunière R, Frische A, Harboe ZB, Nielsen AC, Fomsgaard A, Krogfelt KA, et al. Evaluation of nine

commercial SARS-CoV-2 immunoassays. Medrxiv. 2020.

20. Qu J, Wu C, Li X, Zhang G, Jiang Z, Li X, et al. Profile of IgG and IgM antibodies against severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2). Clin Infect Dis. 2020. Epub 2020/04/28. https://doi.

org/10.1093/cid/ciaa489 PMID: 32337590; PubMed Central PMCID: PMC7197626.

21. Lou B, Li TD, Zheng SF, Su YY, Li ZY, Liu W, et al. Serology characteristics of SARS-CoV-2 infection

since exposure and post symptom onset. Eur Respir J. 2020. Epub 2020/05/21. https://doi.org/10.1183/

13993003.00763-2020 PMID: 32430429.

PLOS ONE Performance of nucleocapsid and spike-based SARS-CoV-2 serologic assays

PLOS ONE | https://doi.org/10.1371/journal.pone.0237828 November 2, 2020 11 / 12

https://www.cdc.gov/coronavirus/2019-ncov/lab/resources/antibody-tests-guidelines.html
https://www.cdc.gov/coronavirus/2019-ncov/lab/resources/antibody-tests-guidelines.html
https://doi.org/10.1016/j.jcv.2020.104511
http://www.ncbi.nlm.nih.gov/pubmed/32593133
https://doi.org/10.1002/14651858.CD013652
http://www.ncbi.nlm.nih.gov/pubmed/32584464
https://doi.org/10.1101/2020.06.08.138990
http://www.ncbi.nlm.nih.gov/pubmed/32577662
https://doi.org/10.1016/j.it.2020.03.007
http://www.ncbi.nlm.nih.gov/pubmed/32249063
https://doi.org/10.1126/scitranslmed.abc3103
http://www.ncbi.nlm.nih.gov/pubmed/32817357
https://doi.org/10.1086/315774
http://www.ncbi.nlm.nih.gov/pubmed/10950795
https://doi.org/10.1002/1097-0142(1950)3:1<32::aid-cncr2820030106>3.0.co;2-3
https://doi.org/10.1002/1097-0142(1950)3:1<32::aid-cncr2820030106>3.0.co;2-3
http://www.ncbi.nlm.nih.gov/pubmed/15405679
https://www.westgard.com/qualitative-test-clinical-agreement.htm
https://www.westgard.com/qualitative-test-clinical-agreement.htm
https://doi.org/10.1038/s41586-020-2008-3
https://doi.org/10.1038/s41586-020-2008-3
http://www.ncbi.nlm.nih.gov/pubmed/32015508
https://doi.org/10.1016/j.cell.2020.02.058
https://doi.org/10.1016/j.cell.2020.02.058
http://www.ncbi.nlm.nih.gov/pubmed/32155444
https://doi.org/10.1016/j.bbrc.2020.04.136
https://doi.org/10.1016/j.bbrc.2020.04.136
http://www.ncbi.nlm.nih.gov/pubmed/32416961
https://doi.org/10.1101/2020.04.20.20071423
http://www.ncbi.nlm.nih.gov/pubmed/32511445
https://doi.org/10.1126/sciimmunol.abc8413
https://doi.org/10.1126/sciimmunol.abc8413
http://www.ncbi.nlm.nih.gov/pubmed/32527802
https://doi.org/10.1016/j.jcv.2020.104468
http://www.ncbi.nlm.nih.gov/pubmed/32485620
https://doi.org/10.1093/cid/ciaa489
https://doi.org/10.1093/cid/ciaa489
http://www.ncbi.nlm.nih.gov/pubmed/32337590
https://doi.org/10.1183/13993003.00763-2020
https://doi.org/10.1183/13993003.00763-2020
http://www.ncbi.nlm.nih.gov/pubmed/32430429
https://doi.org/10.1371/journal.pone.0237828


22. Long QX, Liu BZ, Deng HJ, Wu GC, Deng K, Chen YK, et al. Antibody responses to SARS-CoV-2 in

patients with COVID-19. Nat Med. 2020; 26(6):845–8. Epub 2020/05/01. https://doi.org/10.1038/

s41591-020-0897-1 PMID: 32350462.

23. Coronavirus (COVID-19) Update: FDA Revokes Emergency Use Authorization for Chembio Antibody

Test: Food and Drug Administration; June 16, 2020. Available from: https://www.fda.gov/news-events/

press-announcements/coronavirus-covid-19-update-fda-revokes-emergency-use-authorization-

chembio-antibody-test.

24. Woo PC, Lau SK, Wong BH, Chan K-h, Chu C-m, Tsoi H-w, et al. Longitudinal profile of immunoglobulin

G (IgG), IgM, and IgA antibodies against the severe acute respiratory syndrome (SARS) coronavirus

nucleocapsid protein in patients with pneumonia due to the SARS coronavirus. Clinical and Diagnostic

Laboratory Immunology. 2004; 11(4):665–8. https://doi.org/10.1128/CDLI.11.4.665-668.2004 PMID:

15242938

PLOS ONE Performance of nucleocapsid and spike-based SARS-CoV-2 serologic assays

PLOS ONE | https://doi.org/10.1371/journal.pone.0237828 November 2, 2020 12 / 12

https://doi.org/10.1038/s41591-020-0897-1
https://doi.org/10.1038/s41591-020-0897-1
http://www.ncbi.nlm.nih.gov/pubmed/32350462
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-revokes-emergency-use-authorization-chembio-antibody-test
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-revokes-emergency-use-authorization-chembio-antibody-test
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-revokes-emergency-use-authorization-chembio-antibody-test
https://doi.org/10.1128/CDLI.11.4.665-668.2004
http://www.ncbi.nlm.nih.gov/pubmed/15242938
https://doi.org/10.1371/journal.pone.0237828

