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Background. To determine how serologic antibody testing outcome links with virus neutralization of severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2), we evaluated individuals for SARS-CoV-2 antibody level and viral neutralization.

Methods. We compared serum Ig levels across platforms of viral antigens and antibodies with 15 positive and 30 negative SARS-
CoV-2 controls followed by viral neutralization assessment. We then applied these platforms to a clinically relevant cohort of 114 
individuals with unknown histories of SARS-CoV-2 infection.

Results. In controls, the best-performing virus-specific antibody detection platforms were SARS-CoV-2 receptor binding domain 
(RBD) IgG (sensitivity 87%, specificity 100%, positive predictive value [PPV] 100%, negative predictive value [NPV] 94%), spike IgG3 
(sensitivity 93%, specificity 97%, PPV 93%, NPV 97%), and nucleocapsid protein (NP) IgG (sensitivity 93%, specificity 97%, PPV 93%, 
NPV 97%). Neutralization of positive and negative control sera showed 100% agreement. Twenty individuals with unknown history had 
detectable SARS-CoV-2 antibodies with 16 demonstrating virus neutralization. Spike IgG3 provided the highest accuracy for predicting 
serologically positive individuals with virus neutralization activity (misidentified 1/20 unknowns compared to 2/20 for RBD and NP IgG).

Conclusions. The coupling of virus neutralization analysis to a spike IgG3 antibody test is optimal to categorize patients for cor-
relates of SARS-CoV-2 immune protection status.

Keywords.  SARS-CoV-2; serologic; immunity; two-tiered testing; neutralization; antibody.

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has infected millions of people globally. Several se-
rological assays to detect SARS-CoV-2 antibodies have been 
developed but their utility is hindered by limited sensitivity 
and specificity, and unclear correlation with viral neutralization 
[1–3]. Current interpretation of antibody test results is difficult 
given that individuals with virus-specific antibodies may not 
exhibit neutralization activity. False positives from any single 
assay also confound clinical interpretation serologic test results, 
warranting coupled analyses of virus-specific antibody titer and 
virus neutralization activity.

For other well-studied viral respiratory infections and as-
sociated vaccine efficacy, established threshold antibody titers 

correlate with protective immunity from symptomatic infection 
and this relationship is likely to hold true for SARS-CoV-2 [4–
13]. The majority of SARS-CoV-2–infected individuals produce 
neutralizing antibodies [1, 14, 15]. There have been rare cases of 
reinfection described despite > 9 months of SARS-CoV-2 out-
breaks and spread across the world. The reinfection cases lacked 
assessment of SARS-CoV-2–specific immunity prior to reinfec-
tion in that antibody titers and SARS-CoV-2–specific lympho-
cyte responses were not measured [16–18]. While the presence 
of neutralizing antibodies against SARS-CoV-2 may serve as a 
correlate of protective immunity, the longevity and threshold 
titer level of protective antibodies is unknown.

The main problem facing assessment of immune correlates 
of protection against SARS-CoV-2 is consensus on an accurate, 
high-throughput testing strategy. Comparisons across antibody 
testing platforms reveal that no single test performs with 100% 
sensitivity and specificity [1, 2, 19–22]. Further, no single test 
has consistently predicted viral neutralization with the detec-
tion of any particular anti-SARS-CoV-2 antibody type. These 
less than ideal test characteristics likely reflect a time-dependent 
decrease in the correlative relationship between antibody levels 
and the strength of viral neutralization [3, 14, 23, 24]. Antibody 
test platforms differ in the antibody isotypes detected (im-
munoglobulin G [IgG], IgM, IgA, etc.); the immune system 
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production of isotypes is time dependent and is variably re-
lated to viral neutralization [25, 26]. An accurate and consistent 
SARS-CoV-2 antibody-testing platform has not been identified 
even when using ideal, control populations [14, 15, 27, 28]. Few 
studies have evaluated test performance in populations where 
past infection status and time from infection are unknown nor 
have such cohorts undergone coupled evaluation of antibody 
titer and viral neutralization activity [29]. Evaluation of both 
control and unknown populations in a comprehensive manner 
is needed to determine an accurate, consistent testing strategy 
to identify individuals with correlates of viral neutralization and 
protective immunity to SARS-CoV-2.

In our study we compare combinations of 4 viral antigens 
and 5 human antibody isotype enzyme-linked immunosorbent 
assay (ELISA) platforms in control and unknown exposure 
populations coupled to classic viral neutralization studies, re-
vealing that a specific combination approach of antibody isotype 
and neutralization activity of virus-specific antibody best deter-
mines exposure and possible protection to SARS-CoV-2.

METHODS

Sample Collection

Venipuncture collected 6–10 mL of blood in EDTA blood col-
lection tubes and spun at 1000 relative centrifugal force for 10 
minutes. Plasma was separated, inactivated in a 56°C water bath 
for 1 hour, and stored at −80°C.

Enzyme-Linked Immunosorbent Assay

ELISA assays were performed as previously described [28]. 
Briefly, high-binding plates (ThermoScientific) were coated 
with SARS-CoV-2 receptor binding domain (RBD) [28], SARS-
CoV-2 spike [30], or UV-inactivated SARS-CoV-2 (WA-1; BEI 
Resources) and incubated overnight at 4°C. Plates were blocked 
in phosphate-buffered saline with Tween 20 plus 3% milk for 1 
hour at room temperature. Three-fold serial dilutions of plasma 
were added to plates in biological duplicates. Samples and the 
positive control spike-binding antibody CR3022 (ab273073; 
Abcam) were included on plates with IgG antibody binding. 
Following 2-hour incubation and washes, anti-human sec-
ondary antibodies conjugated to horseradish peroxidase were 
diluted 1:3000 and added to plates: IgG (31410; Thermofisher), 
IgG1 (9054; Southern Biotech), IgG3 (9210; Southern Biotech), 
IgM (A6907; Sigma), and IgA (A0295; Sigma). To recapitulate 
this study, we recommend use of the same secondary antibodies, 
given potential differences in performance of antibodies from 
different commercial sources. Following 1-hour incubation 
and washes, SigmaFast o-phenylenediamine dihydrochloride 
was added to plates. Ten minutes later, 2 M H2SO4 was added 
to wells, stopping the reaction, and plates read at an absorb-
ance of 490 nm (BioTek Epoch). Optical density (OD) values 
for each sample dilution were plotted and area under the curve 
(AUC) was calculated using Prism. AUC analyses perform more 

accurately to inform outcomes compared to endpoint titer; we 
designed our experiments to apply AUC analyses [31, 32].

Plaque Reduction Neutralization Test

Plaque reduction neutralization test (PRNT) analyses were 
performed as previously described [33]. Briefly, 4-fold serial 
dilutions of heat-inactivated plasma was mixed 1:1 with 600 
plaque-forming unit/mL SARS-CoV-2 WA-1 (BEI resources) 
in Dulbecco’s phosphate buffered saline (Fisher Scientific) 
plus 0.3% cold water fish skin gelatin (Sigma) and incubated 
for 30 minutes at 37°C. The virus plasma mixture was added 
in duplicate, along with virus and mock controls, to Vero cells 
(American Type Culture Collection) in 12-well plates and in-
cubated for 1 hour at 37°C. Following adsorption, plates were 
washed with DPBS and overlayed with a 1:1 mixture of 2.4% 
Avicel RC-591 (FMC) plus 2 × minimum essential medium 
(ThermoFisher) supplemented with 4% heat-inactivated fetal 
bovine serum and penicillin/streptomycin (Fisher Scientific). 
Plates were incubated for 2 days at 37°C. Overlay was removed 
and plates were washed with DPBS and fixed in 10% formalde-
hyde (Sigma-Aldrich) in DPBS for 30 minutes at room temper-
ature. Plates were washed again with DPBS and stained with 1% 
crystal violet (Sigma-Aldrich) in 20% EtOH (Fisher Scientific). 
Plaques were enumerated and percent neutralization was calcu-
lated as 100 minus the number of plaques in serum plus virus 
dilution wells divided by the number of plaques in virus only 
control wells times 100. PRNT50 and PRNT80 values are shown 
as inverse serum dilution and were determined by calculating 
the 50% and 80% sigmoidal interpolation of the percent neu-
tralization of the samples in Prism. R2 values were determined 
using a nonlinear regression fit in Prism.

University of Washington Nucleocapsid Protein Assay

Plasma samples were run on the Abbott Architect instrument 
following the Abbott SARS-CoV-2 IgG assay instructions. 
Qualitative results and index values reported by the instrument 
were used in analysis. Values ≥ 1.4 were considered a positive 
result.

Statistics

We compared age and sex distributions of the group B subjects 
to the population of the greater Seattle area from US Census 
estimates. Pearson χ 2 test was used for sex comparisons and the 
Kolmogorov-Smirnov test for age comparisons. Weights were 
constructed for over and under sampling for age and sex by 
taking the ratio of the proportion of the Seattle Census versus 
the group B proportion. A prevalence estimate was calculated 
with weight adjustments (Supplementary Material). Fisher 
exact test was used to compare the rate of positive neutralizing 
antibodies against SARS-CoV-2 between exposed and unex-
posed groups. The values for sensitivity, specificity, positive 
predictive value (PPV), and negative predictive value (NPV) 
for the ELISA platforms and PRNT were calculated using Prism 
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software. P values were calculated with Fisher exact test. The 
95% confidence intervals (CIs) were calculated using the hybrid 
Wilson/Brown method.

Human Participants

This study was conducted under University of Washington in-
stitutional review board (number 000098108). The study pro-
tocol was reviewed and approved prior to enrollment of any 
subjects. Subjects were provided with information about the 
study, risks associated, and how their privacy would be pro-
tected. To enroll in the study each subject provided verbal un-
derstanding and written consent.

RESULTS

To evaluate the presence of SARS-CoV-2–specific antibodies 
and neutralization capability, subjects were enrolled from the 
greater Seattle area for plasma collection and antibody testing. 
Positive controls included 15 symptomatic reverse transcription 

polymerase chain reaction (RT-PCR) SARS-CoV-2–positive 
individuals enrolled around 21  days after the positive PCR 
test result. All of the positive controls had mild symptoms and 
none were hospitalized (Supplementary Material). Thirty neg-
ative controls were obtained from a blood bank as deidentified 
plasma collected prior to 1 December 2019. Unknown samples 
consisted of 2 cohorts: group A and group B. Group A included 
14 subjects with known exposure to confirmed SARS-CoV-2 
infected, symptomatic individuals. Group B subjects were ran-
domly recruited from the community with unknown exposure 
to or infection with SARS-CoV-2. Serum samples were col-
lected from 26 March to 15 April 2020. Positive and negative 
control plasma samples were assessed by ELISAs based on 3 
SARS-CoV-2 antigens: RBD, spike [30], and full SARS-CoV-2 
UV-inactivated viral particles (Figure  1A). Serial dilutions of 
each sample generated AUC values plotted with associated sub-
ject cohorts. Antibody-positive samples were designated as any 
samples with an AUC above the mean + 3 SDs of the AUCs 
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Figure 1. Comparison of ELISA IgG platforms. A, Positive and negative control serum sample total IgG antibody recognition of SARS-CoV-2 RBD, spike protein, and 
UV-inactivated SARS-CoV-2. B, Unknown serum samples total IgG RBD and spike assays. Mean ± SD, Student t tests for comparisons of mean of groups. Dotted lines rep-
resent cutoff of 3 SD from the mean of the negative control samples to designate “positive” antibody samples. Abbreviations: ELISA, enzyme-linked immunosorbent assay; 
IgG, immunoglobulin G; RBD, receptor-binding domain; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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of the negative control samples [28]. RBD and spike viral an-
tigen of total IgG ELISAs demonstrated the clearest separation 
between positive and negative controls. Given the compara-
tively improved identification of control samples by RBD and 
spike ELISAs, no further testing of the UV-inactivated whole 
SARS-CoV-2 virus platform were performed. Calculations for 
sensitivity, specificity, PPV, NPV, and associated 95% CI were 
determined based on the negative and positive control samples 
(Table  1). RBD IgG outperformed spike IgG in all measured 
parameters including specificity, sensitivity, PPV, and NPV. 
Unknowns assessed for IgG reactivity against RBD and spike 
identified 16 and 20 positive samples, respectively. Fifteen of 
the positive samples were identified by both platforms.

We next assessed test performance of a range of antibody 
isotypes against SARS-CoV-2. For the positive and negative 
control samples, IgM reactivity was decreased compared to IgG 
for both RBD and spike (Figure 2A). Comparison of assay per-
formance measures between IgG and IgM assays for RBD and 
spike yielded decreased sensitivity, specificity, PPV, and NPV 
for the IgM assays (Table 1). Analyses of the unknowns (group 
A and B) with the IgM assays identified fewer positive samples 
compared to their IgG counterpart. However, all of the posi-
tives that were identified on the IgM assays were also identified 
on the IgG RBD and spike assays with 1 exception. All posi-
tive and negative controls as well as any unknowns identified as 
positive for IgG antibody titers against RBD or spike were ad-
ditionally assessed for IgG1, IgG3, and IgA spike-specific anti-
bodies (Figure 2B). IgG3 demonstrated the highest sensitivity 
and NPV while IgG1 and IgA had relatively superior specificity 
and PPV. The spike IgG3 platform detected positive reactivity in 
15 of the 20 unknown samples identified as positive by the IgG 
RBD and spike platforms.

We tested our samples using a Food and Drug Administration 
(FDA) emergency use authorized ELISA based on SARS-CoV-2 
nucleocapsid protein (NP) platform to identify NP-specific IgG 
responses. The NP IgG platform resulted in similar separation 
of positive and negative control subjects compared to RBD IgG, 
spike IgG, and spike IgG3 (Figure 2C). The NP IgG platform 
demonstrated similar sensitivity, specificity, PPV, and NPV 

compared to spike IgG3 and improved sensitivity compared to 
both RBD and spike IgG (Table 1). The NP IgG platform iden-
tified 14 unknowns as antibody-positive all of which were also 
identified by the RBD IgG, spike IgG, and spike IgG3 platforms.

PRNT analysis against SARS-CoV2/WA-1 isolate was used 
to assess antibody function via virus neutralization activity 
(Figure 3). PRNT was performed on the following samples: all 
positive controls, 10 negative control samples (5 with “antibody-
positive” cutoff designations), any RBD/spike/NP IgG identified 
“positive” unknowns, and 10 unknown samples near the cutoff 
but technically “negative.” For positive control subjects, we as-
sessed the correlation between PRNT80 reciprocal dilutions and 
ELISA AUC quantitative values (Figure 3A). RBD-specific IgG 
ELISA results showed the strongest correlation between the 
magnitude of ELISA antibody signal to the strength of neutrali-
zation followed by > spike IgG > NP > spike IgG3. We established 
a cutoff for detectable neutralization for unknown samples based 
on positive and negative control PRNT results (Supplementary 
Material File 1, Figures C and D). Detectable neutralization 
sample cut offs require (1) end point dilution levels 3 SD greater 
than the mean value for negative control samples, and (2) neu-
tralization titers present at both PRNT50 and PRNT80. Figure 3B 
demonstrates PRNT80 values in the left panel, with samples 
meeting the neutralization criteria in the right panel; 12 of the 
14 group A subjects and 4 of the group B subjects showed detect-
able neutralization. The 10 unknown samples near the ELISA 
cutoffs but designated as negative were also negative for virus 
neutralization.

SARS-CoV-2 PRNT results provide key context to inter-
pret ELISA results and functional evidence of viral neutrali-
zation. Table  1 illustrates the sensitivity, specificity, PPV, and 
NPV measurements based on the positive and negative con-
trol subjects’ antibody reactivity to each of the ELISA plat-
form assays. Sensitivity is superior for spike IgG3 and NP 
IgG; therefore, these 2 platforms will identify more true pos-
itive samples compared to RBD and spike IgG. Specificity 
is best for RBD IgG, spike IgG1, and spike IgA platforms re-
sulting in better identification of true negatives. Overall, 
3 platforms have the most desirable testing characteristics 

Table 1. Summary of ELISA Platform Performance Using Positive and Negative Control Samples 

Platform Sensitivity, % (95% CI) Specificity, % (95% CI) PPV, % (95% CI) NPV, % (95% CI)

RBD IgG 87 (62–98) 100 (89–100) 100 (77–100) 94 (80–99)

RBD IgM 73 (48–89) 97 (83–100) 92 (65–100) 88 (73–95)

Spike IgG 67 (42–85) 97 (83–100) 91 (62–100) 85 (70–94)

Spike IgM 60 (36–80) 97 (83–100) 90 (60–100) 83 (67–92)

Spike IgG1 71 (45–88) 100 (87–100) 100 (72–100) 88 (73–95)

Spike IgG3 93 (70–100) 97 (83–100) 93 (70–100) 97 (83–100)

Spike IgA 67 (42–85) 100 (89–100) 100 (72–100) 86 (71–94)

NP IgG 93 (70–100) 97 (83–100) 93 (70–100) 97 (83–100)
Abbreviations: CI, confidence interval; ELISA, enzyme-linked immunosorbent assay; IgA, immunoglobulin A; IgG, immunoglobulin G; IgM, immunoglobulin M; NP, nucleocapsid protein; NPV, 
negative predictive value; PPV, positive predictive value; RBD, receptor binding domain.

https://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa797#supplementary-data
https://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa797#supplementary-data
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Figure 2. Comparison of ELISA antibody isotype performance. A, IgM antibody recognition of SARS-CoV-2 RBD and spike proteins of all serum samples. B, IgG1, IgG3, 
and IgA antibody recognition of spike protein of all samples. Mean ± SD, Student t tests for comparisons of mean of groups. Dotted line represents cutoff of 3SD from the 
mean of the negative control samples to designate “positive” antibody samples. C, IgG SARS-CoV-2 Abbott NP chemiluminescent microparticle immunoassay results, assay 
quantitative measurement output, > 1.39 = positive result. Abbreviations: ELISA, enzyme-linked immunosorbent assay; IgG, immunoglobulin G; NP, nucleocapsid protein; RBD, 
receptor-binding domain; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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including RBD IgG, spike IgG3, and NP IgG. Figure 4A and 4B  
summarize and connect the ELISA and PRNT data. The R2 
correlation between the magnitude of specific ELISA platform 
antibody detection and neutralization strength is highest for 
RBD and spike IgG. PRNT percent agreement was calculated 
for each platform as the number of subjects positive by specific 
ELISA platforms that were also positive for neutralization for 
controls samples and unknowns; RBD IgG and spike IgG3 had 
the highest percent agreement with PRNTs across all cohorts. 
Subject misidentifications are discordant results between spe-
cific ELISA platforms and neutralization not accounted for by 
the PRNT percent agreement calculations. The spike IgG3 plat-
form had the fewest number of misidentifications followed by 
NP IgG and RBD IgG. Figure 4B compares the top 3 performing 
assays across all measures of performance, including RBD IgG, 
spike IgG3, and NP IgG. Overall, the spike IgG3 assay demon-
strated the highest accuracy for identifying serologically posi-
tive individuals with detectable neutralizing antibody activity; 
NP IgG and RBD IgG platforms were slightly inferior in their 
ability to predict neutralization in our sample set.

Sequential ELISA assay testing platforms have been pro-
posed to increase sensitivity and specificity of SARS-CoV-2 
antibody testing [28, 29]. Figure 5 compares sequential ELISA 
assays using sensitivity, specificity, PRNT agreement, and 
PRNT misidentifications. No 2 sequential ELISA assays out-
performed spike IgG3.

Using detectable neutralization to identify positive un-
known samples, we estimated the prevalence of individ-
uals in the Seattle area with neutralizing antibodies against 
SARS-CoV-2 as of March-April 2020 (Figure  6). Figure  6A 
is a map of the greater Seattle area with subjects designated 
by zip code. Figure 6B shows the number of positives identi-
fied from group A and B as well as those that reported symp-
toms. Prevalence was estimated using a weighted logistic 
regression model adjusting for age and sex. The prevalence 
of individuals with SARS-CoV-2 antibodies at the time of 
this study was estimated at 3.5% with a 95% CI of 1.3%–7.3%. 
Comparison of exposed and unexposed cohorts shows a sig-
nificant increase in the frequency of detection of neutralizing 
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Figure 5. Assessment of coupled, sequential antibody tests to increase performance. Testing performance was assessed for 4 possible combinations of ELISA platforms 
to increase the ability to detect and predict neutralizing antibodies. All the coupled combinations were compared to spike IgG3 as the best performing single ELISA platform. 
Light color denotes positive ELISA group B subject; dark color denotes positive ELISA, SARS-CoV-2 group A subject; PRNT% agreement denotes number of ELISA positives in 
agreement with PRNT positives. MI denotes misidentified outcomes in which incongruent ELISA results with neutralization detection were not encompassed by the %PRNT 
agreement calculation. Abbreviations: ELISA, enzyme-linked immunosorbent assay; IgG, immunoglobulin G; NP, nucleocapsid protein; PRNT, plaque reduction neutralization 
test; RBD, receptor-binding domain; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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SARS-CoV-2 antibodies in those with a known exposure to 
infected individuals.

DISCUSSION

Our study shows that a 2-tiered testing strategy of ELISA fol-
lowed by PRNT of positive ELISA samples is the most accu-
rate way to assess humoral immunity to SARS-CoV-2, and that 
anti-spike IgG3 is the best predictor of presence of neutralizing 
antibodies. We completed comprehensive analyses of multiple 
ELISA SARS-CoV-2 platforms coupled with the gold standard 
of viral neutralization testing to determine a testing strategy 
most  likely to identify true  positives and most predictive of 
SARS-CoV-2 neutralization. Relying on results from a single 
analysis of testing performance or testing only in control popu-
lations did not provide enough information to assess test per-
formance. We found that having paired neutralization studies 
in control and unknown populations was key to interpreting 
results of the ELISAs for SARS-CoV-2.

Three ELISA platforms are top performers when we priori-
tize high sensitivity and specificity, high PRNT agreement, and 
low misidentification of subjects: RBD IgG, spike IgG3, and NP 
IgG. Spike IgG3 surpasses RBD IgG because of its high sensi-
tivity and specificity as well as its superior prediction of neu-
tralization in our unknown population (misidentified = 1/20 
vs 2/20). Of note, the R2 for RBD IgG was higher compared to 

the lower correlation for spike IgG3. However, this difference is 
challenging to interpret given the finding in other studies with 
variable and waning correlation with RBD IgG to neutralization 
(R2 ranging from 0.5 to 0.8) when assessed in larger positive 
control groups [14, 23, 24]. Our positive controls were collected 
around the same time from infection onset and may explain the 
high correlation. In assessing unknown populations with our 
platforms, we found that despite the higher correlation with 
PRNT, RBD IgG performed less well at predicting neutraliza-
tion compared to spike IgG3. With the variable reported values 
of R2 for RBD and spike platforms, this outcome measure does 
not appear to be a dependable measurement of performance for 
SARS-CoV-2 ELISA platforms to predict neutralization.

Across the ELISA platforms investigated, our data support 
the use of spike IgG3 as the best initial screening test to pre-
dict neutralization but with the important caveat of our lim-
ited sample size. Many of the parameters of test performance 
were similar for RBD IgG, spike IgG3, and NP IgG. However, 
spike IgG3 edged out both NP and RBD IgG with the ability 
to predict neutralization (%  PRNT agreement and misidenti-
fication). Expanded studies comparing these 3 platforms with 
larger sample sizes would be beneficial. RBD and NP IgG plat-
forms already have FDA emergency approval, with the NP IgG 
platform having the highest sensitivity and specificity as well as 
the most comprehensive validation [34, 35]. The NP IgG assay 

Unknowns
114 total subjects

B

Group A
N = 14

12/14 positive

Group B
N = 100

4/100 positive

12/12 Reported
symptoms *

3/4 Reported
symptoms *

2018 PopulationA
0 to 499
499 to 1640
1640 to 5010
5010 to 18000
18000 to 123000

Figure 6. Study subject description and serologic prevalence estimates. A, A map of Seattle with circles denoting the zip codes of the subjects involved in the study. 
Underlying map colors represent the population density for the areas shown. B, Number of subjects, exposure status, and reported symptoms for positive subjects. Group 
A and B unknown subjects had never been diagnosed with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection. Group A subjects had close contact with a 
known infected SARS-CoV-2 individual. Group B subjects had no known exposure to SARS-CoV-2 infected individuals. *Subjects reported symptoms within 5 days of exposure 
to SARS-CoV-2–positive individuals. **Subjects reported symptoms over the possible exposure window in the Seattle area (21 January to 15 April 2020). 
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is likely to be limited in its ability to predict antibody neutrali-
zation activity due to internal NP localization within the intact 
virion being inaccessible to antibodies in vivo. This consider-
ation is especially relevant for vaccine responses, as current 
vaccines being launched for human application are designed 
to generate immunity against the virion spike protein [35, 36]. 
Spike IgG3 platforms have not been developed but represent a 
highly promising platform given that IgG3 isotypes are thought 
to be more effective at viral neutralization compared to other 
IgG subtypes [25, 26].

Classic PRNTs are expensive and time consuming due to 
laboratory biosafety requirements. However, development of 
pseudovirus systems have demonstrated high correlation with 
the SARS-CoV-2 PRNT assay, which would allow for high-
throughput sample analysis of neutralizing antibodies [14, 37, 
38]. Coupling of a pseudovirus system with spike IgG3 ELISA 
would provide an accurate and practical 2-tiered testing method 
to use within a standard clinical laboratory to assess for possible 
correlates of immunity against SARS-CoV-2.

Lastly, we estimated the prevalence of individuals with de-
tectable SARS-CoV-2 neutralizing antibodies in the Seattle area. 
Our sample size is very small and therefore unavoidably biased. 
The United States Center for Disease Control (CDC) reported 
a prevalence of 1.13% in samples obtained from the same time 
frame but their study suffers from sampling bias given the un-
known population utilized [39]. The CDC study prevalence es-
timate could be either an over- or underestimate. We propose 
that the 95% CI (1.3%–7.3%) range found in this study offers a 
more accurate estimate of SARS-CoV-2 prevalence in our com-
munity compared to a point prevalence estimate.

In this study, we show how neutralizing assays serve as a 
check on the accuracy of SARS-CoV-2 antibody screening tests. 
Rapid, significant contributions by scientists worldwide have 
produced serologic SARS-CoV-2 data that have been consistent 
in one important way: variability. Our study confirms this high 
variability in serologic assay performance and provides further 
data that no single serologic assay provides perfect prediction 
for viral neutralizing ability. Two-tiered testing would allow 
parsing of subjects into groups important for further study 
in the setting of large-scale vaccine trials: (1) those with pos-
itive ELISA antibody detection and confirmed neutralization, 
and (2) those with positive ELISA antibody detection but no 
evidence of neutralization. Group  1 would allow tracking of 
subjects with known neutralization titers for evidence of re-
infection versus possible protective immunity. Group 2 would 
allow study for increased identification of true false positives 
versus individuals that do not develop functional and/or lasting 
neutralizing antibodies. Therefore, a 2-tiered testing strategy 
in which a high-throughput pseudovirus assay is coupled to 
an accurate serologic assay would provide key data to identify 
subjects with possible protective immunity to SARS-CoV-2, 
and to assess vaccine efficacy. At the time of this study we 

were unable to evaluate sera from vaccine clinical trial studies. 
However, mRNA vaccines against the spike protein have dem-
onstrated detectable antibodies with RBD and spike IgG plat-
forms similar to the platforms investigated here [40–42].

To our knowledge this is the first study to comprehensively 
assess serologic assay performance in an unknown cohort 
across antigen and antibody isotype comparisons to determine 
a practical and accurate method to determine the presence of 
SARS-CoV-2 neutralizing antibodies. By coupling ELISA with 
virus neutralization assessment, we were able to determine the 
accuracy of testing based on the key functional outcome of viral 
neutralization. Pseudoneutralization or FRNT assays provide a 
comparable test of neutralization to PRNTs and could be rapidly 
developed with a new spike IgG3 or an existing ELISA platform 
for 2-tiered testing [14, 37, 43]. Our study provides compelling 
evidence that a 2-tiered testing scheme, ideally consisting of 
assessment of spike IgG3 antibodies and virus neutralization 
analysis, optimally facilitates staging patients for SARS-CoV-2 
antibody prevalence and a possible correlate of humoral im-
mune protection to monitor clinical status and vaccine efficacy.
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