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Abstract

SARS-CoV-2 has caused over 100,000,000 cases and almost 2,500,000 deaths globally. 

Comprehensive assessment of the multifaceted antiviral Ab response is critical for diagnosis, 

differentiation of severity, and characterization of long-term immunity, especially as COVID-19 

vaccines become available. Severe disease is associated with early, massive plasmablast responses. 
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We developed a multiplex immunoassay from serum/plasma of acutely infected and convalescent 

COVID-19 patients and prepandemic and postpandemic healthy adults. We measured IgA, IgG, 

and/or IgM against SARS-CoV-2 nucleocapsid (N), spike domain 1 (S1), S1–receptor binding 

domain (RBD) and S1–N-terminal domain. For diagnosis, the combined [IgA + IgG + IgM] 

or IgG levels measured for N, S1, and S1-RBD yielded area under the curve values ≥0.90. 

Virus-specific Ig levels were higher in patients with severe/critical compared with mild/moderate 

infections. A strong prozone effect was observed in sera from severe/critical patients—a possible 

source of underestimated Ab concentrations in previous studies. Mild/moderate patients displayed 

a slower rise and lower peak in anti-N and anti-S1 IgG levels compared with severe/critical 

patients, but anti-RBD IgG and neutralization responses reached similar levels at 2–4 mo after 

symptom onset. Measurement of the Ab responses in sera from 18 COVID-19–vaccinated patients 

revealed specific responses for the S1-RBD Ag and none against the N protein. This highly 

sensitive, SARS-CoV-2–specific, multiplex immunoassay measures the magnitude, complexity, 

and kinetics of the Ab response and can distinguish serum Ab responses from natural SARS-

CoV-2 infections (mild or severe) and mRNA COVID-19 vaccines.

INTRODUCTION

Since SARS-CoV-2 was identified in Wuhan, China, in December 2019, the outbreak has 

evolved into a global pandemic with over 100,000,000 cases and almost 2,500,000 fatalities 

as of February 2021. Nasopharyngeal RT-PCR is the diagnostic gold standard but varies 

widely (1, 2) because of timing and quality of sample acquisition. Serologic assays can 

fill gaps, especially for asymptomatic infections and for diagnosis later in disease course, 

even when RNA is undetectable (3). Although most patients experience a flu-like illness, 

a subset suffers severe, life-threatening disease. Antiviral and immunomodulatory therapies 

can decrease disease duration and improve mortality (4, 5). Bio-markers to identify at-risk 

patients may provide opportunities to intervene earlier and improve clinical outcomes.

SARS-CoV-2 serology

Characterization of anti–SARS-CoV-2 Ab production is essential for identifying COVID-19 

immunity (6–9). However, the dynamics of the Ab response and its dependence on clinical 

severity are additional considerations for interpreting serological results. For example, the 

evolution of B cell responses to SARS-CoV-2 does not always follow the model of IgM 

preceding IgG. Instead, many SARS-CoV-2–infected patients demonstrated a simultaneous 

rise in IgM and class-switched IgG (10–12). Abs to SARS-CoV-2 spike 1 receptor binding 

domain (S1-RBD) showed correlation with viral neutralization (13), but other immunogenic 

viral proteins include S1 and S2 subunits of the spike protein, the spike 1 N-terminal domain 

(S1-NTD), and the nucleocapsid (N) protein (14). The spike protein mediates viral entry 

into the host cell through the S1 subunit, which binds ACE2 receptors on host cells, and 

S2, which is involved in fusion. Monoclonal neutralizing Abs have been generated against 

the S trimer, receptor binding domain (RBD), and N-terminal domain (15–18). However, 

Ab-based diagnostic assays can use Ags with neutralizing and nonneutralizing epitopes; 

thus, we examined anti-S1, anti–S1-RBD, anti–S1-NTD, and anti-N Abs.
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Higher Ab levels in severe/critical disease

The host response to SARS-CoV-2 varies dramatically among individuals. Anti–SARS-

CoV-2 Abs are detectable in patients who have recovered from infection; the magnitude 

and kinetics of serological responses correlate with clinical severity (3, 19–23). Reports 

on SARS-CoV-1 infections showed a paradoxical rise of neutralizing Abs in critically ill 

patients (24). Similarly, in SARS-CoV-2, the induction of virus-specific Ab responses in 

severe disease trend higher than in nonsevere patients 8–20 d post–symptom onset (DPSO) 

(10, 22). However, there was significant overlap of Ab levels between the two groups 

such that it could not distinguish mild from severe illness. Other studies corroborated these 

findings with binding and neutralizing Abs, but the numbers were small, and timing of 

sample collection was late in disease course (25, 26; A. S. Iyer, F. K. Jones, A. No-doushani, 

M. Kelly, M. Becker, D. Slater, R. Mills, E. Teng, M. Kamruzzaman, W. F. Garcia-Beltran, 

et al., manuscript posted on medRxiv, DOI: 10.1101/2020.07.18.20155374). In addition, 

previous studies may have underestimated the magnitude of Ab response in severe patients 

because of a well-established, yet often overlooked, phenomenon known as the prozone 

effect. This occurs when an excessive amount of Ab in solution inhibits the formation 

of cross-linked Ag–Ab complexes, creating the misleading appearance of a much lower 

response (27–29). This could be a source of underestimates of the differences in serum 

responses between severe and mild patients in previous reports (10).

In this study, we developed a sensitive anti–SARS-CoV-2 immunoassay using prepandemic 

controls and RT-PCR–confirmed, SARS-CoV-2–infected patients, optimized with regard 

to the prozone effect in severe disease. We observed higher Ab levels earlier in patients 

with severe/critical infections compared with those with mild/moderate disease. This 

unexpected difference in the speed and magnitude of humoral responses may reflect 

important differences in the immune response and provide early signs for patients who 

might benefit from targeted immunomodulatory interventions. Finally, with the Emergency 

Use Authorization and wide distribution of new mRNA vaccines, reliance on single Ag 

assays to spike or RBD will not resolve exposures to infection from vaccination; thus, a 

multiplex, SARS-CoV-2–specific immunoassay that contains viral proteins not present in the 

vaccine (such as N) will be essential. Distinguishing the serologic responses to COVID-19 

vaccines from actual infections will have critical implications for diagnosis of disease in 

contrast to vaccine longevity.

MATERIALS AND METHODS

Patient sample collection

All blood and tissue samples were collected under the Emory University Institutional 

Review Board–approved protocols. Prepandemic samples were collected from healthy 

adults prior to the pandemic between July 2016 and February 2019. After the start of the 

pandemic, samples were collected from March to June 2020 from healthy adults with no 

known exposure to SARS-CoV-2 (Table I). Patients with RT-PCR–confirmed SARS-CoV-2 

infections were enrolled from Emory University hospitals and outpatient facilities. Severity 

of SARS-CoV-2–infected patients was determined according to National Institutes of Health 

(NIH) guidelines (30) (Table I). Patients were categorized based on their overall disease 
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course as mild/moderate or severe/critical. Samples collected in the first 30 DPSO were 

considered acute, and those collected after 30 DPSO were designated convalescent. All 

samples were processed within 4–12 h of collection and stored at −80°C for subsequent 

analysis. Blood samples were also collected from 18 subjects who had recently received 

their first or second immunizations with either the Pfizer (n = 16) (31) or Moderna (n = 2) 

(32) SARS-CoV-2 mRNA vaccines (Table I). Thirteen samples were obtained at days 13–28 

following the primary vaccination (eleven Pfizer; two Moderna), and seven were collected 

days 4–8 following the second vaccination (seven Pfizer; zero Moderna).

Selection of Ags

Four recombinant SARS-CoV-2 Ags were used in this study. The N protein (catalog no. 

Z03480; expressed in Escherichia coli), the S1 domain (aa 16–685; catalog no. Z03485; 

expressed in HEK293 cells) of the spike protein, and the S1-RBD (catalog no. Z03483; 

expressed in HEK293 cells) were purchased from GenScript. The S1-NTD (aa 16–318) 

was custom synthesized by GenScript. Each protein was expressed with an N-terminal 

His6-tag to facilitate purification, >85% pure and appeared as a predominant single band on 

SDS-PAGE analysis.

Carbodiimide coupling of microspheres to SARS-CoV-2 Ags.—SARS-CoV-2 

proteins were coupled to MagPlex Microspheres of spectrally distinct regions (Luminex; 

Austin, TX). Coupling was carried out at room temperature following standard carbodiimide 

coupling procedures. Microspheres were washed once with deionized water and incubated 

for 20 min in the dark in an end-over-end rotator suspension of 0.1 M NaH2PO4 (VWR 

International; Radnor, PA), 5 mg/ml 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

(Thermo Fisher Scientific; Waltham, MA), and 5 mg/ml N-hydroxysulfosuccinimide; 

Thermo Fisher Scientific). Activated microspheres were washed twice in 0.05 M MES 

(Boston Bioproducts, Ashland, MA) and incubated for 2 h in the dark in an end-over-

end rotator, 500-μl suspension of 0.05 M MES containing 300 nmol/l Ag and 1 × 106 

microspheres (0.15 nmol Ag/106 microspheres). Coupled microspheres were washed four 

times in a blocking buffer consisting of 1% BSA (Boston Bioproducts), 1× PBS (VWR 

International), 0.05% sodium azide (VWR International), and 0.02% Tween 20 (VWR 

International). Coupled microspheres were then stored at a concentration of 106 spheres/ml 

at 4°C in the same blocking buffer. Concentrations of spheres were confirmed by counting 

on a Bio-Rad T20 Cell Counter.

Luminex immunoassays for measurement of anti–SARS-CoV-2 Abs.—Fifty 

microliters of coupled microsphere mix was added to each well of clear-bottom, 96-well, 

black polysty-rene microplates (Greiner Bio-One North America, Monroe, NC) at a 

concentration of 1000 microspheres per region per well. All wash steps and dilutions were 

accomplished using 1% BSA and 1× PBS assay buffer. Except when assay parameters 

were under development (Figs. 1–3), serum was assayed at 1:500 dilution and surveyed 

for Abs specific for the four-candidate Ags. After a 1-h incubation in the dark, on a 

plate shaker at 800 rpm, wells were washed five times in 100 μl of assay buffer using a 

BioTek 405 TS plate washer. Then, the secondary reagent, PE-conjugated Goat Anti-Human 

IgA, IgG, and/or IgM (SouthernBiotech; Birmingham, AL), was added at 3 μg/ml. After 
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30 min of incubation at 800 rpm in the dark, wells were washed three times in 100 μl 

of assay buffer, resuspended in 100 μl of assay buffer, and analyzed using a Luminex 

FLEXMAP 3D instrument (Luminex) running xPonent 4.3 software. Median fluorescent 

intensity (MFI) using combined or individual detection Abs (anti-IgA/anti-IgG/anti-IgM) 

was measured using the Luminex xPONENT software. The background value of assay 

buffer was subtracted from each serum sample result to obtain MFI minus background (net 

MFI).

Determination of diagnostic cutoff values

Determination of diagnostic cutoff values (C0) was based on quantitative evaluation of the 

prepandemic healthy controls. The C0 for each Ag/secondary combination was defined as 

the mean plus 3 SDs of the 106 prepandemic samples.

Surrogate virus neutralization test and Ab concentrations

Circulating Abs that block the interaction between ACE2 receptor and SARS-CoV-2 S1-

RBD were measured using a recently described surrogate virus neutralization test (sVNT) 

(33), following manufacturer’s recommendations. Briefly, plasma or serum samples were 

diluted with sample dilution buffer, followed by incubation with HRP-conjugated S1-RBD; 

the mixtures were then transferred to 96-well plates coated with immobilized, recombinant 

ACE2 receptor. Following washing and tetramethylbenzidine development, the OD values 

at 450 nm were measured. The level of inhibition (i.e., the reduction of binding of HRP-

conjugated S1-RBD to the immobilized ACE2 receptor) was calculated as follows: % 

inhibition = [1 − (OD sample/OD negative controls)] × 100. Surrogate IC50 (sIC50) values 

are the dilutions of sample that yielded 50% reductions in the sVNT assay. Monoclonal Abs 

CR3022 [human IgG1 anti–S1-RBD (34); InvivoGen] and 6G9 (human/mouse chimeric IgG 

anti-N; Amsbio) were used as calibrators for SARS-CoV-2 Ab concentrations.

Data analysis

ANOVA receiver-operating characteristic (ROC) curves were generated; area under the 

curve (AUC) values were calculated. Comparisons among and between groups were made 

using one-sided ANOVA or two-sided t tests using GraphPad Prism.

RESULTS

Acute and convalescent SARS-CoV-2–infected patients

A total of 366 adults were enrolled for this study: 110 RT-PCR–confirmed patients, SARS-

CoV-2–infected patients, 238 healthy adult controls, and 18 vaccinated adults (Table I). 

The prepandemic control group consisted of 106 adults whose samples were collected 

between July 2016 and February 2019. The postpandemic control group, who had no known 

exposure to SARS-CoV-2, consisted of 137 adults whose blood samples were collected 

between March and June 2020. Five subjects were in both the pre- and postpandemic control 

groups.

We enrolled 69 SARS-CoV-2–infected patients after recovery from illness and at least 

31 DPSO. This convalescent population provided serum samples used for development 
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and validation of the immunoassay (Figs. 1, 2). A total of 20 patients had severe/critical 

disease (11 severe and 9 critical), and 49 suffered mild/moderate infections (35 mild and 14 

moderate), as defined by the NIH criteria (30).

We enrolled 52 SARS-CoV-2–infected patients during their acute infections (<31 DPSO). 

Eleven patients were in both the acute and convalescent populations. There were 40 patients 

classified as severe/critical (4 severe and 36 critical) and 12 as mild/moderate (12 mild and 0 

moderate).

SARS-CoV-2 multiplex immunoassay

Using sera from 69 convalescent patients, we developed a SARS-CoV-2 multiplex 

immunoassay to detect the combined [IgA + IgG + IgM] or individual IgA, IgG, or IgM 

responses specific for four viral Ags N, S1, S1-RBD, and S1-NTD (Fig. 1). C0 were set at 

the mean plus 3 SDs for each Ag/secondary Ab combination using the prepandemic control 

population (n = 106; Fig. 1). ROC curves, for which the AUC provides an estimate of 

diagnostic potential, are presented in Fig. 2.

For the combined-isotype [IgA + IgG + IgM] detection, responses to three of the candidate 

Ags, N, S1, and S1-RBD had significant diagnostic potential (AUC ≥ 0.98); the response 

to S1-NTD was relatively poor (AUC = 0.73) (Fig. 2). Overall, SARS-CoV-2–specific IgM 

Abs were poor measures during convalescent infection; AUC values were low for IgM 

S1-NTD (AUC = 0.52) and N (AUC = 0.54), although IgM levels for S1 (AUC = 0.88) and 

S1-RBD (AUC = 0.93) were potentially useful. IgA Abs were fairly strong predictors of 

convalescent infection, with AUC values >0.95 for S1 and S1-RBD. However, IgG responses 

were most reflective of prior infection for each of the three Ags N, S1, and S1-RBD (AUC 

≥ 0.98); anti–S1-NTD IgG was lower (AUC = 0.85). In the convalescent population, IgG 

responses against the N, S1 or the S1-RBD Ags were specific and sensitive for identifying 

patients who had experienced SARS-CoV-2 infections.

Prozone effect in patients with severe disease

To assess sample limitations in the assay, we titrated ten serum samples: four from patients 

with severe/critical disease, three from patients with mild/moderate disease, and three from 

prepandemic controls. We observed the expected log-linear dose–response curves in the 

mild/moderate samples, but we detected bell-shaped binding curves in the severe/critical 

groups, indicative of the prozone effect in the Ag/Ab interactions for N, S1, and S1-RBD 

(Fig. 3A). Subsequent analyses were performed with samples diluted 1:500 to maximize 

the measurement of low-responding mild/moderate patients while minimizing the potential 

impact of the prozone effect in severe/critical patients.

Ab concentrations in plasma of SARS-CoV-2–infected patients

We used our multiantigen assay to assess the relative ranges of plasma N and S1-RBD 

binding quantities (or binding activities) in terms of equivalence to the concentration of 

control monoclonal IgGs using monoclonal Abs specific for N (6G9; Amsbio) and S1 

(CR3022; InvivoGen), respectively. In our four-Ag assay, we saw that both 6G9 and CR3022 

exhibited specificity and sensitivity for N and S1-RBD, respectively (i.e., sensitivity in the 
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range of nanograms per milliliter) (Fig. 3B, 3C). For N-specific binding in early mild and 

severe plasmas, we measured concentrations ranging from 0.7 to 20 and 17 to 49 μg/ml, 

respectively; healthy control (background) samples all had no detectable anti-N IgG (Fig. 

3B). Concentrations of S1-RBD–specific Abs ranged between 0 and 45 and 100 and 399 

μg/ml in mild and severe plasmas, respectively, among the early samples (i.e., within 30 

DPSO); the values in healthy control samples were all undetectable (Fig. 3C).

Serum and plasma samples yield similar results

Nearly identical binding curves from a small set of paired serum and plasma samples were 

observed, including the prozone effect (Fig. 3D). Paired serum and plasma samples from 

50 subjects yielded similar MFI values with particularly high correlations (R2 > 0.83) for 

S1 and S1-RBD Ags (Fig. 3E). Measurement of Ab levels at a 1:500 dilution resulted in 

comparable values for serum and plasma samples from severe/critical and mild/moderate 

patients.

Elevated levels of anti–SARS-CoV-2 Abs in sera from convalescent patients with severe/
critical infections compared with those with mild/moderate disease

We observed a correlation between disease severity and the magnitude of the Ab response 

when the convalescent COVID-19 patients were divided into mild/moderate (n = 49) 

and severe/critical (n = 20) cohorts (Fig. 4). The combined-isotype response and IgG 

alone against S1 and S1-RBD resolved the two populations significantly (AUC ≥ 0.89; 

Supplemental Fig. 1). The IgA and IgM responses to the viral Ags were less discriminating 

of the two groups (AUC ≤ 0.81). N and S1-NTD were not useful Ags for separating 

the severe/critical from the mild/moderate groups (AUC ≤ 0.85), except for S1-NTD IgG 

(AUC = 0.93). Elevated Ab levels in convalescent severe/critical patients suggested that this 

striking difference may be evident earlier during infection.

Elevated serum Ab levels early in infection of severe/critical patients

Among the 110 infected patients, sera were collected from 50 patients within 6–30 DPSO 

(40 severe/critical and 10 mild/moderate infections; median draw: 12 DPSO). As in the 

convalescent population, S1 and S1-RBD Ags yielded the greatest diagnostic potential 

(AUC ≥ 0.94) in combined or individual isotypes (Supplemental Fig. 2). In contrast to the 

convalescent serum samples, measurement of IgA, IgG, or the combined isotypes against N 

exhibited potential utility (AUC ≥ 0.90). Furthermore, in acute illness, IgA specific to N, 

S1, and S1-RBD as well as IgM to S1 and S1-RBD yielded significantly better AUC values 

than they did in the convalescent patient population (Fig. 2). Thus, IgA, IgM, or IgG could 

potentially be used for detection of early infection.

Separating the SARS-CoV-2–infected patients by disease severity within the first 30 DPSO 

reveals striking differences between the mild/moderate and severe/critical populations (Fig. 

5). As in the convalescent population, the strongest predictors of severe/critical infections 

were the combined isotypes and IgG responses to the S1 and S1-RBD (AUC = 0.96; 

Supplemental Fig. 3). However, in the interval 6–30 DPSO, anti-S1, anti–S1-RBD, and 

anti-N IgG or the combined isotypes showed comparably high AUC values, as did anti–

S1-NTD IgG (Fig. 5; Supplemental Fig. 3). IgG and IgA, but not IgM, predominated in the 
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patients with early severe/critical disease, suggesting that early class-switched responses are 

evident in severe/critical infections.

Kinetics of anti–SARS-CoV-2 Abs in severe/critical and mild/moderate groups

To determine the kinetics, magnitude, and durability of serum Ab responses, we analyzed 

sera from 165 samples that included 55 severe/critical and 55 mild/moderate patients 

ranging from 2 to 150 DPSO (Fig. 6). There was an early significant increase in Ab 

responses in the severe/critical groups for nearly all isotypes specific for N, S1, S1-

RBD, and S1-NTD. The only exceptions were combined isotype and IgM for S1-NTD 

(Supplemental Table I). At later time points >90 d, the Ab responses were similar between 

the two groups; none were significantly different except for S1-NTD–combined isotype and 

IgG. These results suggest that for the severe/critical cohort, anti–SARS-CoV-2 Abs rise 

rapidly, whereas in the mild/moderate group, Abs rises slower. In summary, disease severity 

can affect magnitude, isotype, specificity, and, potentially, durability of Ab responses.

Surrogate viral neutralization levels measured in plasma samples with high SARS-CoV-2 
Ab levels

Neutralizing Abs are capable of blocking the interaction between the SARS-CoV-2 RBD, 

and the ACE2 receptor on the surface of target cells. To determine whether plasma from 

infected patients had SARS-CoV-2–neutralizing activity, we tested a representative subset of 

19 plasma samples drawn within 30 DPSO from 12 severe/critical patients, 4 mild/moderate 

patients, and 3 healthy prepandemic subjects using a surrogate viral neutralization test 

(sVNT) (33). Plasma from patients in the severe/critical group demonstrated inhibition of 

ACE2 receptor binding activity by HRP-conjugated S1-RBD, achieving 50% reductions 

at several hundred-fold dilutions (log10 sIC50 median = 2.48), compared with little or no 

measurable activity (log10 sIC50 < 0.5) in the mild/moderate and healthy control groups 

(Fig. 7A). In a second population of severe/critical (n = 15) and mild/moderate (n = 10) 

patients in Fig. 7B (p < 0.0001), we validated assessed neutralization using the sVNT. 

In plasma/serum samples collected in the convalescent stage of the infection (days 37 to 

140), the neutralizing titers in severe/critical patients (n = 8) decline slightly, whereas those 

measured in the mild/moderate patients (n = 23) rise substantially to near equivalence with 

the severe/critical population.

Vaccinated subjects develop strong anti–S1-RBD Ab responses

Another essential indication for the One-Stop immunoassay is to assess vaccine responses. 

Eighteen subjects were recruited who received the Pfizer or Moderna mRNA-based SARS-

CoV-2 vaccines that incorporate only the S protein. The measurement of Abs specific for 

the N protein and S1-RBD 2–4 wk after the primary immunization or 4–8 d following the 

second immunization revealed an abundance of primarily IgG anti–S1-RBD Abs (Fig. 8). 

The Ab levels further increased upon the secondary immunization to levels near or equal to 

those observed in the most responsive severe/critical patients. Anti–S1-RBD IgM and IgA 

were also elicited, but their serum levels were substantially lower than those of IgG. No 

vaccine-induced response to N was observed in contrast to natural SARS-CoV-2 infections, 

in which N-specific titers were easily detected. In summary, this assay can also distinguish 

Ab responses resulting from vaccination or natural infections.
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DISCUSSION

To visualize the comprehensive landscape of SARS-CoV-2 humoral immunity, we developed 

a sensitive, multiplex immunoassay for detection of acute infection and previous viral 

exposure. This immunoassay detects individual or combined IgA, IgG, and IgM Abs 

against viral Ags N, S1, S1-RBD, and S1-NTD. Because of its wide dynamic range, the 

assay can also distinguish severe/critical from mild/moderate infections and potentially 

prognosticate severity early in infection. However, we observed in severe/critical sera 

an unexpected prozone effect that may have been underappreciated in prior studies. 

Additionally, neutralizing Abs correlated with viral-specific Ab titers, particularly in severe/

critical patients early in disease and rose in mild/moderate patients only after recovery. 

For diagnosis of acute and convalescent infections, the combined isotype or the One-Stop 

IgG immunoassays for anti–S1-RBD performed best, although anti-N and anti-S1 provided 

confirmation and anti-N may be useful for distinguishing positive Ab responses from 

vaccinations compared with those from previous infections. To distinguish mild/moderate 

from severe/critical infections, measurement of combined isotypes or IgG specific for S1-

RBD, S1, or N had high predictive values (AUC ≥ 0.90). In particular, anti–S1-RBD was 

excellent for both diagnosis and prognosis of severity, although anti-N and anti-S1 were also 

effective.

Differences in longitudinal Ab responses and disease severity

Magnitude and kinetics of SARS-CoV-2 Ab responses differed with disease severity. Severe/

critical patients (nine of whom died) reached very high titers against N, S1, and S1-RBD 

at 6–20 DPSO. These early responses consisted of not only IgM but primarily of class-

switched IgG and IgA Abs.

The decline in Ab levels occurred at different rates for several Ag/isotype combinations. The 

levels of IgG, IgA, and IgM against N and S1 decline rapidly after recovery in the severe/

critical group; thus, they would not be useful for convalescent diagnosis. In contrast, the 

mild/moderate patients had slower rises of Ab titers, mostly 30 DPSO, and slower declines 

evident only after 3–4 mo. Patients with severe/critical disease have increased circulating 

Ab-secreting cells early in infection (12, 35, 36) associated with higher Ab levels compared 

with those observed in mild/moderate patients. Together, these results suggest different 

sources of B cells and ASC in the severe/critical and mild/moderate infection groups.

Prozone effect and previous underestimation of SARS-CoV-2 Abs

We could discriminate serum titers between severe/critical and mild/moderate patients early 

in illness because of the sensitivity of this platform. It is well known that the prozone (or 

hook) effect occurs when an excess of Ag or Ab inhibits the formation of cross-linked 

Ag–Ab complexes (25, 27–29, 37). In our assay, this effect was observed at higher serum 

concentrations, demonstrating abundant Ab levels in severe/critical patients. Concentrations 

of anti–S1-RBD IgG rose to 100–400 μg/ml in severe/critical patients by 10 DPSO and 

approached similar levels in mild/moderates 30 DPSO. Our results suggest that previous 

studies may have underestimated titers in patients with severe disease because of the 
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prozone effect. Thus, the need for optimizing performance characteristics for these assays 

will be essential as we standardize serologic testing.

Severe/critical and mild/moderate patients display striking differences in their humoral 
immune responses: clinical significance and immunological basis

Severe/critical patients produce a vigorous early Ab response to SARS-CoV-2 comprised 

primarily of IgG and IgA and little IgM. In contrast, mild/moderate patients develop a 

conventional immune response that develops over 4–6 wk. The striking early response 

produced by severe/critical patients may enable early detection of the patients most likely to 

experience poor outcomes.

Conventional models of B cell responses to primary infections include an early 

extrafollicular response that provides a short-lived IgM wave of Abs with very low 

mutation load and Ag affinity. This extrafollicular phase precedes subsequent germinal 

center reactions that generate memory B cells and plasma cells that secrete higher-affinity, 

isotype-switched Abs (38). It is now evident, however, that extrafollicular responses also 

generate isotype-switched Ab responses (39) and that this process may indeed be prominent 

in SARS-CoV-2 infections, as recently demonstrated by our groups and others (12, 40). 

Moreover, our work showed that severe infection is strongly associated with intense 

extrafollicular B cell responses, producing IgG and IgA Abs with very low levels of somatic 

hypermutation despite the presence of high neutralizing Ab titers (12). In keeping with 

our results, severe COVID-19 infections create profound disruption of germinal center 

structures (40). Combined, the available evidence strongly suggests that early responses to 

SARS-CoV-2 may be comprised of simultaneous early generation of IgM, IgG, and IgA 

responses with low mutation rates through intense extrafollicular responses and defective 

germinal center reaction. This profile would be exaggerated in severe cases. Late and 

postinfection responses would depend on the degree of initial disruption and/or subsequent 

restoration of proper germinal center responses.

Discerning serum responses elicited by vaccination from those caused by infection using 
the One-Stop SARS-CoV-2 multiplex serum assay

With the recent Food and Drug Administration authorization of the COVID-19 vaccines 

based on the SARS-CoV-2 spike glycoprotein Ags, serology based only on the S, S1, S2, 

or the RBD proteins will be difficult to interpret. The vaccine responses will confound 

any natural reactions to the spike protein or subunits. However, Ab responses to all SARS-

CoV-2 proteins, including the N protein, will be able to distinguish previous infection from 

vaccine responses. Indeed, this is precisely what we observed in our initial survey of the 

early response among 18 vaccinees. Therefore, our One-Stop multiplex approach will be 

useful for distinguishing serum responses from vaccinees and those who have had natural 

infections.

Limitations

Serial follow-ups of patient samples were often a limitation of this study. At the start of 

the pandemic, it was difficult to obtain infected samples from mild outpatients because of 

the emphasis on quarantining. Moreover, because Emory hospitals serve a large geographic 
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region, follow-ups on severe patients after hospitalization were difficult. Nonetheless, we 

were particularly surprised by the high viral-specific Ab levels that emerged early in 

severe patients. In contrast, the mild patients did not have increased Ab levels early in 

illness. Because of the limited numbers early (in the first week of illness), we did not 

have enough patients who eventually developed severe disease. Thus, our data may not 

have independently proven prognostic ability for hospitalization, but the study is highly 

suggestive of this predictive capability.

In all, our sensitive, multiplex immunoassay is ideal for diagnosis of acute and convalescent 

infections and potentially for predicting severity early in the disease course as well 

as identifying vaccination responses. We conclude that the virus-specific Ab kinetics 

vary depending on disease severity, and we speculate that specific viral Ags will have 

implications for long-term humoral protection to SARS-CoV-2 reinfection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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S1-NTD spike 1 N-terminal domain

S1-RBD spike 1 receptor binding domain

sVNT surrogate virus neutralization test
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FIGURE 1. Serum Ab responses distinguish convalescent, RT-PCR–confirmed, SARS-CoV-2–
infected patients from controls.
Sera were collected from 1) 106 healthy subjects prior to March 2019 (prepandemic 

controls); 2) 137 healthy subjects between March and June 2020 (postpandemic controls); 

and 3) 69 RT-PCR–confirmed convalescent patients (PCR+) at least 31 DPSO. Each serum 

sample was diluted 1:500 and then measured for the presence of anti–SARS-CoV-2 Abs 

specific for N, S1, S1-RBD, and S1-NTD. Secondary Abs were either a combination of 

PE-conjugated anti-IgA, anti-IgG, and anti-IgM (top row) or each individually (rows 2–4, 

respectively). Net MFI is the MFI with background subtracted. Dashed lines indicate the 

C0 determined as the mean of the prepandemic population net MFI + 3 SDs. Significant 

differences between populations were determined by one-way ANOVA and Tukey tests. *p 
< 0.05, **p < 0.01, ****p < 0.0001, p > 0.05 not shown.
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FIGURE 2. ROC curves compare diagnostic potential of each SARS-CoV-2 Ag and isotype 
combination.
The 69 RT-PCR–confirmed convalescent patients were compared against the 106 

prepandemic healthy control subjects (from Fig. 1). Diagonal dashed red lines represent the 

predicted behavior when the test has no diagnostic value. The AUC measurement provides 

an index of diagnostic potential. AUC near 0.5 suggest no diagnostic value, and AUC near 

1.0 indicate strong diagnostic potential. Ag/isotype combinations that yielded AUC values 

>0.90 are highlighted in green.
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FIGURE 3. Prozone effect and Ab concentrations in COVID-19 patient sera and comparison of 
the assay using serum and plasma.
(A) Titration of the assay using sera from four severe (red), three mild (blue), and three 

healthy prepandemic controls (black) for [anti-IgG + anti-IgA + anti-IgM] specific for the 

N, S1, S1-RBD, and S1-NTD Ags. Sample dilutions range from 1:100 (26.64) to 1:16,384 

(214). (B) Dose–response curve for commercial monoclonal Ab 6G9 human/mouse chimeric 

IgG calibrator and resulting Ab concentrations against SARS-CoV-2 N protein in sera 

from severe and mild COVID-19 patients and healthy donors. (C) Dose–response curve for 

commercial monoclonal Ab CR3022 human IgG1 calibrator and resulting Ab concentrations 

against SARS-CoV-2 S1-RBD in sera from severe and mild COVID-19 patients and healthy 

donors. (D) Comparison of plasma (open circles) and serum (filled circles) in the multiplex 

assay for N, S1, S1-RBD, and S1-NTD in one representative severe, mild, and healthy 

control. (E) Correlation of Ab titers in 50 matched serum and plasma samples measured at a 

1:500 dilution.
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FIGURE 4. Convalescent patients who had suffered severe/critical infections have higher anti–
SARS-CoV-2 Ab levels than patients who had suffered mild/moderate infections.
The serum responses of the 69 convalescent SARS-CoV-2–infected patients in Fig. 1 were 

assorted according to the severity of their infections: mild/moderate (n = 49; blue squares) 

and severe/critical (n = 20; red diamonds). Median values for each group are presented 

as horizonal bars. Dashed lines indicate the C0 determined by the prepandemic control 

population (from Fig. 1). Significance was determined by a two-tailed t test. *p < 0.05, **p 
< 0.01, ****p < 0.0001, p > 0.05 not shown.
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FIGURE 5. Higher SARS-CoV-2 Ab levels in severe/critical compared with mild/moderate 
infections during acute illness (≤30 DPSO).
Serum Ab levels were compared in 40 severe/critical patients (red diamonds) and 10 mild/

moderate patients (blue squares) using samples drawn 6–30 DPSO. Median values for each 

group are presented as horizonal bars. Dashed lines indicate the C0 determined by the 

prepandemic control population (from Fig. 1). Significance was determined by a two-tailed t 
test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, p > 0.05 not shown.
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FIGURE 6. Comparison of longitudinal Ab responses in severe/critical and mild/moderate 
SARS-CoV-2 patients over 150 d.
Serum samples were collected from patients with mild/moderate (83 samples from 55 

patients; blue squares) or severe/critical (82 samples from 55 patients; red diamonds) SARS-

CoV-2 infections from 2–150 DPSO. Lines connect multiple samples drawn from the same 

patient. Shaded blue and red areas represent the mean plus SDs of mild/moderate or severe/

critical patient groups, respectively, during 0–15, 16–30, 31–60, 61–90, 91–120, and 121–

150 DPSO and plotted at the midpoint of each time interval. Number of samples used at 

each time interval: mild/moderate, n = 12, 6, 20, 21, 11, and 13; and severe/critical, n = 34, 

23, 10, 9, 0, and 5. Data point was skipped for the severe/critical group at the 91–120 DPSO 

interval because only one sample was drawn during that timeframe. Dashed lines indicate 

the C0 (from Fig. 1).
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FIGURE 7. Quality of SARS-CoV-2 Abs in severe/critical and mild/moderate during acute 
infection and convalescence.
(A) Dose–response curves of plasma from patients with severe/critical (red lines) or mild/

moderate (blue lines) SARS-CoV-2 infections and healthy controls (black lines) using the 

GenScript sVNT that measures blockade of the interaction between the immobilized ACE2 

receptor and soluble HRP-conjugated S1-RBD by sample-borne Abs. sVNT (% inhibition) 

is the percentage reduction of the ACE2 receptor/HRP-conjugated S1-RBD interaction in 

the absence of an inhibitor. (B) Plasma dilution yielding 50% reduction of the uninhibited 

response in the sVNT sIC50[log10] observed in severe patients (red dots, triangles), mild 

patients (blue dots, triangles), and healthy controls (black dots) during acute illness and 

convalescence. The significance was determined by a two-sided t test. NS, p > 0.05, *p < 

0.05, ****p < 0.0001.
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FIGURE 8. Comparison of anti-N and anti–S1-RBD Ab responses in natural infections versus 
vaccination.
Serum anti-N and anti–S1-RBD Ab responses were measured in 18 subjects 13–28 d after 

the first dose (n = 13) and 4–8 d after the second dose (n = 7) of COVID-19 vaccination and 

compared against responses in the 69 naturally infected COVID-19 convalescent patients 

from Fig. 4 (mild/moderate patients represented as blue squares; severe/critical patients 

represented as red diamonds). Two of the eighteen vaccinated subjects had both a dose 1 and 

dose 2 sample. Two of the thirteen vaccine dose 1 (VD#1) subjects received the Moderna 

vaccine; the remaining 11 subjects received the Pfizer vaccine. All seven of the vaccine dose 

2 (VD#2) subjects received the Pfizer vaccine. Dashed lines indicate the C0 (from Fig. 1).
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