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ABSTRACT Reliable serological tests are required to determine the prevalence of
antibodies against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
and to characterize immunity to the disease in order to address key knowledge gaps
in the coronavirus disease 2019 (COVID-19) pandemic. Quantitative suspension array
technology (qSAT) assays based on the xMAP Luminex platform overcome the
limitations of rapid diagnostic tests and enzyme-linked immunosorbent assays (ELI-
SAs) with their higher precision, dynamic range, throughput, miniaturization, cost-
efficiency, and multiplexing capacity. We developed three qSAT assays for IgM, IgA,
and IgG against a panel of eight SARS-CoV-2 antigens, including spike protein (S),
nucleocapsid protein (N), and membrane protein (M) constructs. The assays were op-
timized to minimize the processing time and maximize the signal-to-noise ratio. We
evaluated their performances using 128 prepandemic plasma samples (negative con-
trols) and 104 plasma samples from individuals with SARS-CoV-2 diagnosis (positive
controls), of whom 5 were asymptomatic, 51 had mild symptoms, and 48 were hos-
pitalized. Preexisting IgG antibodies recognizing N, M, and S proteins were detected
in negative controls, which is suggestive of cross-reactivity to common-cold corona-
viruses. The best-performing antibody/antigen signatures had specificities of 100%
and sensitivities of 95.78% at �14 days and 95.65% at �21 days since the onset of
symptoms, with areas under the curve (AUCs) of 0.977 and 0.999, respectively. Com-
bining multiple markers as assessed by qSAT assays has the highest efficiency,
breadth, and versatility to accurately detect low-level antibody responses for obtain-
ing reliable data on the prevalence of exposure to novel pathogens in a population.
Our assays will allow gaining insights into antibody correlates of immunity and their
kinetics, required for vaccine development to combat the COVID-19 pandemic.
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In a globalized world where emerging infectious diseases of broad distribution can
put at stake the health and economy of millions of people, there is a need for versatile

and reliable serological tools that can be readily applicable to (i) determine the
seroprevalence of antibodies against any new pathogen and, more importantly, (ii)
characterize the immune response to the disease at the individual and community
levels. In the case of the coronavirus disease 2019 (COVID-19) pandemic caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), one of the main prior-
ities since the beginning of the epidemics in China by the end of 2019 (1) was to
ascertain the percentage of the population that had been exposed to the virus,
considering that a substantial number of people could have been asymptomatic (2, 3).
The lack of sensitive and specific serological tests early in the COVID-19 pandemic
delayed the precise estimation of the burden of infection for the rational implemen-
tation of public health measures to control viral spread (4). Furthermore, immunological
assays that can measure a high breadth of antibody types and specificities are needed
to dissect which are the naturally acquired protective responses and identify correlates
of immunity (5). Additionally, when a vaccine becomes available, such assays would be
valuable to evaluate the immunogenicity of candidate vaccines and monitor the
duration of immunity at the population level (6).

Common tools for antibody studies are (i) rapid diagnostic tests (RDTs) as point-of-
care (POC) devices that usually measure either total immunoglobulins or IgG and IgM,
qualitatively (7); (ii) traditional enzyme-linked immunosorbent assays (ELISAs) (8) that
can quantify different isotypes and subclasses of antibodies against single antigens at
a time and that require certain previous expertise, personnel, and equipment; and (iii)
chemiluminescence assays (CLIAs), widely used in clinical practice, which are faster and
with higher throughput than ELISAs (9). The performance of the best assays externally
validated with �100 negative and �100 positive samples (as recommended by the
Foundation for Innovative New Diagnostics [FIND]), mostly from symptomatic patients
who are known to have higher antibody levels, ranges from 79.7 to 83.1% sensitivity
and 99.1 to 100% specificity for RDTs, 7 days after symptom onset (10); 93.1 to 96.6%
sensitivity and 86.3 to 96.4% specificity for ELISAs (Euroimmune); and 87.7 to 99.1%
sensitivity and 96.1 to 100% specificity for CLIAs (Siemens, DiaSorin, Abbot, and Roche
ECLIA), 14 days after symptom onset (11–14).

A number of in-house ELISAs have also been developed in hospital and research
laboratories (15), but they have the limitations that (i) a relatively large amount of
sample is required, (ii) the large surface area of the individual microplate wells and the
hydrophobic binding of capture antibody can lead to nonspecific binding and in-
creased background, and (iii) most ELISAs rely upon enzyme-mediated amplification of
signals in order to achieve reasonable sensitivity (16).

An alternative technique that offers the benefits of ELISAs but also a larger dynamic
range of antibody quantification and higher sensitivity (16, 17) is based on the xMAP
Luminex platform (www.luminexcorp.com/bibliography). Secondary antibodies are la-
beled with fluorescent phycoerythrin (PE) directly or with biotin that mediates binding
to streptavidin R-phycoerythrin (SAPE), which does not depend on an additional
colorimetric reaction. The technique has the added value of higher throughput (up to
a 384-well-plate format), increased flexibility, and lower cost with the same workflow as
ELISAs, particularly if using magnetic MagPlex microspheres. Paramagnetic beads allow
automation of the workflow and better reproducibility than with the previous gener-
ation of MicroPlex microspheres. Since the beads have the capture antigen covalently
bound and immobilized on their much smaller surface area than with passive coating
on a 96-well microplate well, reduced sample volumes are required, and nonspecific
binding is diminished (18). Furthermore, a chief advantage over ELISAs is the multiplex
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nature of the assay that allows measuring antibodies to different antigens simultane-
ously. This increases the probabilities of detecting a positive antibody response due to
the heterogeneity of the human response, and therefore, it has a higher sensitivity
relevant for identifying seropositive individuals. The Luminex technology, capable of
simultaneously measuring antibodies against 50 (MagPix), 80 (Luminex 100/200), and
up to 500 (FlexMap3D) different antigens, makes it an invaluable tool for antigen and
epitope screening. Finally, its versatility to set up adapted antigen panels makes
Luminex an excellent platform to ensure better preparedness for faster responses to
future emerging diseases and pandemics.

Here, we report the establishment and validation of three quantitative suspension
array technology (qSAT) assays to measure IgM, IgA, and IgG antibodies against eight
SARS-CoV-2 antigens based on the adaptation of previous in-house protocols that
measured antibodies to other infectious diseases, including malaria (19–22). Due to the
need to process a large number of samples with minimal time and cost during a
pandemic like the COVID-19 pandemic, we optimized several conditions to reduce the
duration of the assays and report them here for the three main isotypes that have
proven useful for seroprevalence studies (23).

MATERIALS AND METHODS
Samples. Positive samples were 104 plasma samples from individuals with SARS-CoV-2 infection

confirmed by real-time reverse transcriptase PCR (rRT-PCR). Fifty-five individuals were recruited in a study
of health care workers at Hospital Clínic in Barcelona, Spain (HCB); most of them had mild symptoms, 1
of them was hospitalized, and 5 were without symptoms (23). Forty-nine COVID-19 patients were
recruited at the Clínica Universidad de Navarra in Pamplona (Spain), of whom 47 had severe symptoms
and were hospitalized and 2 had mild symptoms. The time since the onset of symptoms ranged from 0
to 46 days. Positive samples were used as pools of up to 20 sample subsets for assay optimization tests
and individually for the assay evaluations. Negative controls were plasma samples from 128 healthy
European donors collected before the COVID-19 pandemic and were used individually. The numbers of
positive and negative samples were in line with protocol recommendations from FIND.

Ethics. The samples analyzed in this study received ethical clearance for immunological evaluation
and/or inclusion as controls in immunoassays, and the protocols and informed consent forms were
approved by the Institutional Review Board (IRB) at HCB (reference numbers CEIC-7455 and HCB/2020/
0336) or the Universidad de Navarra (reference number UN/2020/067) prior to study implementation.

Antigens. The receptor-binding domain (RBD) of the spike (S) glycoprotein of SARS-CoV-2, the
leading vaccine candidate target, was selected as the primary antigen to develop the initial qSAT assays
because (i) S is one of the most immunogenic surface proteins together with the nucleocapsid protein
(N) (24), (ii) the RBD is the fragment of the virus that mediates binding to the host receptor ACE2 in lung
cells (25), (iii) antibodies to RBD correlate with neutralizing antibodies (22, 24) that could be associated
with protection based on studies of other coronaviruses and animal models (24, 26–28), and (iv) an ELISA
based on this same protein has received FDA approval for COVID-19 serology (15). The RBD was from the
Krammer laboratory (Mount Sinai, New York, NY, USA) (15), and the S antigen was produced in-house
using Chinese hamster ovary (CHO) cells transiently transfected with a plasmid from the Krammer
laboratory (15), followed by purification of the recombinant protein from 4-day culture supernatants
using nickel affinity chromatography. The multiplex antigen panel was completed with commercial S1
(GenScript Biotech, Netherlands) and S2 (Sino Biologicals, Germany) proteins and in-house-produced N
(full-length, N-terminal, and C-terminal constructs) and membrane (M) (full-length construct) recombi-
nant proteins (see methods in the supplemental material).

qSAT assays. The optimal concentration of protein to be coupled to beads depends on the antigen
and needs to be tested with each new lot. The protein antigens (10, 30, and 50 �g/ml) were coupled to
magnetic MagPlex 6.5-�m COOH-microspheres from Luminex Corporation (Austin, TX) in reaction
mixtures with a maximum of 625,000 beads, at 10,000 beads/�l (19), and left at 4°C overnight (ON) on
a rotatory shaker protected from light. After blocking, washing, and counting, antigen-coupled beads
were validated by incubating them with serial dilutions of anti-histidine-biotin antibody for antigens with
a histidine tag (catalog number ab27025; Abcam). Further protocol details are provided in the supple-
mental material. Appropriate coupling concentrations for maximum antibody signal were established by
titrating IgG and IgM levels in 11 3-fold serial dilution curves of a pool of 20 positive samples. Batches
of coupled beads were stored multiplexed at 2,000 beads/�l in PBS-BN (phosphate-buffered saline
[Sigma] plus 1% bovine serum albumin [BSA; Biowest] and 0.05% sodium azide [catalog number S8032;
Sigma]) at 4°C protected from light until use.

We compared the performances of the assays when samples were incubated with the antigen-
coupled beads for 1 h or 2 h at room temperature (RT) in relation to our regular protocol ON at 4°C. Two
thousand antigen-coupled beads in 90 �l PBS-BN were added per well to a 96-well �Clear flat-bottom
plate (catalog number 655096; Greiner Bio-One), together with individual positive and negative plasma
controls (range of dilutions of 1/100 to 1/5,000) at a final volume of 100 �l per well. Two blank control
wells with beads in PBS-BN were set up in each plate to control for background signal. Plates were
incubated on a microplate shaker at 600 rpm protected from light and then washed three times with
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200 �l/well of PBS– 0.05% Tween 20 using a magnetic manual washer (catalog number 43-285; Millipore).
For more accurate IgM measurements, we tested whether diluting samples 1:10 with GullSORB IgG
inactivation reagent (Meridian Bioscience) prior to testing for IgM levels could reduce the high responses
observed in some negative samples (29). Additionally, we tested the levels of RBD and S antibodies at
different plasma dilutions when incubated in a multiplex panel with additional antigen-coupled beads,
including S1, S2, M, and N constructs, compared to those obtained in singleplex to check for potential
interferences. Definitive plasma dilutions were established with titration experiments in individual
positive and negative samples once the final multiplex panel and all assay conditions were selected to
account for the different immunogenicities of the viral antigens.

For the secondary antibody reaction, we compared the performance of biotinylated antibodies
followed by SAPE versus that of antibodies conjugated directly to PE and at different incubation times
(45 versus 30 min). In all cases, each new lot of secondary antibody was titrated for selecting the optimal
concentration. For the first option, 100 �l of biotinylated secondary antibody diluted in PBS-BN (anti-
human IgG [catalog number B1140] at a 1/1,250 dilution, anti-human IgM [catalog number B1265] at
1/1,000, or anti-human IgA [catalog number SAB3701227] at 1/500; Sigma) was added to all wells and
incubated for 45 min at 600 rpm at RT protected from light. Plates were washed three times, 100 �l of
SAPE (catalog number 42250; Sigma) diluted 1:1,000 in PBS-BN was added, and the mixture was
incubated during 30 min at 600 rpm at RT protected from light. For the second option, 100 �l of
PE-secondary antibody diluted in PBS-BN (goat anti-human IgG [catalog number GTIG-001] at 1/400, goat
anti-human IgM [catalog number GTIM-001] at 1/200, or goat anti-human IgA [catalog number GTIA-001]
at 1/200; Moss, MD, USA) was added to all wells and incubated for 45 or 30 min at 600 rpm at RT
protected from light.

Before reading, plates were washed three times, beads were resuspended in 100 �l of PBS-BN, and
data were acquired using a Luminex 100/200 analyzer with a 70-�l acquisition volume per well, doublet
discriminator (DD) gating 5,000 to 25,000 settings, and the high-photomultiplier tube (PMT) option.
Plates could also be kept ON at 4°C, protected from light, and read the next day. At least 50 beads
were acquired per antigen and sample. Crude median fluorescence intensities (MFIs) were exported
using xPONENT software. The seropositivity threshold (cutoff) was calculated as 10 to the mean plus
3 standard deviations of log10-transformed MFIs of the negative controls for each antibody isotype
and antigen.

Performance of the SARS-CoV-2 qSAT assays. The receiver operating characteristic (ROC) curves,
their corresponding areas under the curve (AUC), and the specificities and sensitivities of the IgM, IgA,
and IgG assays were established by testing all 104 positive samples from participants diagnosed with
SARS-CoV-2 infection, regardless of symptom information and at different periods since the onset of
symptoms (7, 14, 21, and 28 days), and 128 negative samples. For IgM, IgA, and IgG assays, the multiplex
panel including RBD, S, S1, S2, M, and N antigen constructs was used according to the same procedures
as the ones indicated above and after selecting the optimal assay conditions: samples at 1/500 or 1/3,500
dilutions were incubated with antigen-coupled beads for 1 h followed by a 30-min incubation with
secondary antibodies conjugated directly to PE.

Data analysis. ROC curves, AUCs, and sensitivities and specificities were calculated using the
predicted values estimated by supervised machine learning random forest (RF) algorithm models. A
classification RF algorithm is a supervised machine learning method that is able to predict the class
of an observation based on the knowledge that it has previously acquired from the training data. By
seeing many observations, with the value of each predictor variable and the classification outcome,
the algorithm is trained and is then able to classify a previously unseen observation. It will do so
based on the majority of votes from all the classification trees that make up the forest. IgM, IgA, and
IgG MFIs for the different antigens or their combinations were the predictors, and the outcome was
SARS-CoV-2 positivity or negativity determined by rRT-PCR. Antibody/antigen pairs that did not
discriminate between positive and negative samples were excluded from the analysis. Next, the
antibody/antigen variables were further down-selected using an RF algorithm, including all negative
and positive controls (n � 232) or all negative controls plus positive controls corresponding to each
different period since the onset of symptoms: �7 days (n � 213), �14 days (n � 199), �21 days
(n � 174), and �28 days (n � 152).

Besides classifying, RFs also rank predictor variables according to their importance to explain the
outcome variable. The ranking is based on two criteria: mean decrease accuracy and mean decrease Gini.
Mean decrease accuracy refers to the accuracy that is lost by removing each predictor from the model.
Mean decrease Gini is based on the Gini impurity, which measures how often a randomly chosen
observation from the data set used to train the model will be incorrectly classified. Using an important
variable to classify the data entails a high decrease in node impurity and, therefore, a high mean decrease
in Gini.

Next, different RFs were built to explore all possible variable combinations at the different periods
since the onset of symptoms based on the selected variables per period: all samples (top 12 markers),
�7 days (top 11 markers), �14 days (top 11 markers), �21 days (top 11 markers), and �28 days (top 11
markers). For each model, we calculated the AUC and selected three seropositivity cutoffs aiming at
specificities of (i) 100%, (ii) �99% and �100%, and (iii) �98% and �99% and obtained the corresponding
sensitivities. Models with 100% specificity and the highest sensitivities were selected for ROC curve
representations. The analysis was carried out using R studio version R-3.5.1 statistical software (30) (the
packages used were randomForest [31] and pROC [32]).
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RESULTS

The characteristics of SARS-CoV-2 infected participants whose plasma samples have
been used in the study, with regard to age, sex, days since rRT-PCR diagnosis, and days
since the onset of symptoms, are included in Table 1.

Optimization of assay conditions. Titration curves did not change substantially
between 10, 30, and 50 �g/ml protein, in which case the lower concentration was
chosen (see Fig. S1 in the supplemental material). We found that a 1/500 plasma
dilution was optimal for quantifying IgM, IgA, and IgG antibodies to RBD in
singleplex (Fig. 1), and it was used for subsequent optimizations. Our original
standard operating procedures (SOP) established for large seroepidemiological and
vaccine studies using Plasmodium falciparum antigens were based on ON incuba-
tions of samples at 4°C (20). For COVID-19 serology, we prioritized having faster
assays and thus compared the performances of ON incubations at 4°C versus
shorter times at RT. Reducing the incubation time to 2 h with the same plasma
dilutions did not change the percentage of IgG- or IgA-seropositive samples, and it
increased the sensitivity for IgM (Fig. 2A). Although the MFI readings in positive
samples generally diminished, the MFI readings in the negative samples were also
reduced; i.e., the signal-to-noise ratio was the same or sometimes better, maintain-
ing or increasing the overall proportion of seropositive responses among the
positive samples and, thus, the sensitivity. We initially adopted the 2-h incubation
time for a first COVID-19 seroprevalence study (23) and subsequently tested shorter
incubations, finding that 1 h was noninferior to 2 h of incubation (Fig. 2B).
Treatment with GullSORB generally reduced the IgM reactivity in negative controls
and increased the signal-to-noise ratio, number of seropositive responses, and
sensitivity; therefore, this incubation was adopted for this isotype (Fig. S2).

Multiplexing the antigens (8-plex panel) did not significantly decrease the MFI
antibody levels to RBD or S compared to singleplex testing (Fig. 3A). Interestingly, there
was no evidence of any interference between RBD, S, S1, and S2 antigens despite

TABLE 1 Characteristics of individuals from whom positive samples were tested with
regard to age, sex, symptoms, days since symptom onset, and days since rRT-PCR
diagnosis

Variablea Value

Continuous variables [median (IQR)]
Age (yrs) 50 (24.73)

Categorical variables [no. (%) of individuals]
Sex

Female 61 (58.65)
Male 43 (41.35)

Presence of symptoms
No 5 (4.81)
Yes 99 (95.19)

Hospitalized
Yes 48 (46.15)

No. of days since onset of symptoms
0–6 13 (13.13)
7–13 14 (14.14)
14–20 25 (25.25)
21–27 22 (22.22)
�28 24 (24.24)
No information 1 (1.01)

No. of days since first positive rRT-PCR
0–6 22 (21.15)
7–13 24 (23.08)
14–20 29 (27.88)
�21 17 (16.35)
After sample collection 5 (4.81)
Not available 7 (6.73)

aIQR, interquartile range.
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sharing epitopes within the same multiplex panel. A number of negative prepandemic
samples had preexisting antibodies recognizing SARS-CoV-2 proteins for certain iso-
types and dilutions: IgG to S1, S2, M, and N constructs and IgA to S1 and the N terminus
and C terminus of N (Fig. S2). Furthermore, testing plasma samples against multiple
antigens increased the sensitivity of the assay since some individuals who were
seronegative or low responders to RBD responded with higher antibodies to S (Fig. 3B).

One-step incubation with secondary antibodies conjugated to PE performed as well
as a two-step secondary antibody conjugated to biotin followed by SAPE incubation
(Fig. 4). A 30-min incubation with the PE-antibody reagent was noninferior to a 45-min
incubation (Fig. S3).

Sensitivity and specificity of the qSAT assays. We sought the combination of
immunoglobulin and antigen responses that yielded the highest specificity (primarily),
sensitivity, and AUC to detect seropositive responses. To that end, we built and
assessed several RF models, each of them with all the negative controls (n � 128) plus
one of the following: (i) all the positive controls (n � 104), (ii) positive controls with
�7 days since the onset of symptoms (n � 85), (iii) positive controls with �14 days
since the onset of symptoms (n � 71), (iv) positive controls with �21 days since the
onset of symptoms (n � 46), or (v) positive controls with �28 days since the onset of
symptoms (n � 30).

Prior to fitting the RF models, exploratory dot plots were used to select antigens that
could discriminate well positive from negative controls and the best plasma dilution for
each antigen. M and S1 (IgG and IgA) and the N terminus of N (IgM) were discarded
because they had similar responses in negative and positive controls. For RBD and S,
samples at a 1/500 dilution for IgG and IgA and samples at a 1/3,500 dilution for IgM
gave higher percentages of seropositive responses among the positive controls and
thus were selected for the calculations; for N constructs, samples at a 1/3,500 dilution
for IgG and IgA performed better except for the C terminus of N, in which IgG was
better for samples at a 1/500 dilution.

The importance of the predictor variables to explain the outcome variable was
ranked by the RFs according to the mean decrease in accuracy and the mean decrease
in Gini. We downselected the top 11 to 12 antibody/antigen variables that entailed a
greater loss of mean accuracy or Gini impurity in the RF algorithms, which were
computed using positive samples from different periods since the onset of symptoms

FIG 1 Levels (median fluorescence intensity [MFI]) of IgM, IgA, and IgG antibodies to our primary SARS-CoV-2
antigen (RBD) in singleplex using samples from positive and negative individuals at different dilutions (1/100,
1/500, 1/2,000, and 1/5,000) after overnight incubation at 4°C. This served to establish the optimal range of plasma
dilutions and to choose the 1/500 dilution for the subsequent assay optimization experiments.
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FIG 2 Levels of IgM, IgA, and IgG antibodies (MFI) to RBD antigen of SARS-CoV-2 in positive and negative plasma samples (1/500 dilution) comparing incubation
overnight (ON) at 4°C versus 2 h at room temperature (RT) (A) and 2 h versus 1 h at RT with two different secondary antibodies (B). In panel A, the dashed lines
indicate cutoff values; the numbers and percentages of seropositive samples among rRT-PCR-positive samples are shown at the top of the dot plots. In panel
B, the blue fitting curve was calculated using the LOESS (locally estimated scatterplot smoothing) method, and the black line was calculated by linear regression.
The Spearman test was used to assess the correlations. Biotin-SAPE refers to secondary antibodies conjugated to biotin and streptavidin-phycoerythrin (SAPE),
and PE refers to secondary antibodies conjugated with phycoerythrin. NC, negative controls; TS, test samples.
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FIG 3 Levels of plasma IgM, IgA, and IgG antibodies to the SARS-CoV-2 spike (S) and receptor-binding domain (RBD) primary antigens at different dilutions
(1/100, 1/500, 1/2,000, and 1/5,000). (A) Comparison of antibody levels (MFI) in singleplex versus multiplex. The first 10 samples from left to right are from

(Continued on next page)
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plus the negative controls (Fig. S4). Next, we ran an RF for each possible combination
of the downselected top variables for each different period since the onset of
symptoms. The resulting RFs were ranked and selected, prioritizing three high-
specificity targets (100%, 99%, and 98%). Within each specificity target, the RFs were
then sorted by sensitivity and AUC. When targeting a specificity of 100%, the
sensitivity of the qSAT assays for samples from participants with a SARS-CoV-2-
positive diagnosis with �14 days since the onset of symptoms was up to 95.78%,
and the AUC was up to 0.977, for the best combinations of antibody/antigen. The
top 3 best-performing antibody/antigen signatures for the three different seropos-
itivity thresholds targeting specificities of 100%, 99%, and 98% are shown in
Table 2, and their ROC curves with the corresponding AUCs are shown in Fig. 5.
High AUCs mean high specificity and high sensitivity and, therefore, a greater
predictive capacity of the model. For a set specificity of 100%, the sensitivity for
samples from participants with �21 days since the onset of symptoms was up to
95.65%, with an AUC of up to 0.999, for the best combinations of antibody/antigen.
Using samples from all participants regardless of the time since symptom onset, the
sensitivity was up to 80.77%, with an AUC of up to 0.925, for the best combinations.
The performance of the qSAT assays to predict positivity using combinations of
multiple antibodies/antigens was clearly superior to using single antibody/antigen
markers (Fig. 5), as higher AUCs with higher sensitivities for a given specificity target
were obtained in the first case, for all different periods since the onset of symptoms.
Higher sensitivities were obtained when specificities were set to 98% or 99% than
when they were set to 100% (Table 2), reaching sensitivities of 100% for samples
from patients with �21 or �28 days since the onset of symptoms.

DISCUSSION

We developed three novel multiplex immunoassays for quantifying IgM, IgA, and
IgG to eight SARS-CoV-2 protein constructs and evaluated, by machine learning clas-
sification algorithms, the performances of several antibody/antigen combinations to
detect any positive antibody response to infection, obtaining specificities of 100% and
sensitivities of 95.78% (�14 days since symptom onset) or 95.65% (�21 days since
symptom onset) and very high predictability (AUC of �0.98). Our qSAT assays, based on
the xMAP technology, provide excellent precision and accuracy and a wide range of
detection.

For any given test, there is usually a trade-off between sensitivity and specificity.
To evaluate the performances of the assays here, we prioritized specificity over
sensitivity for the impact that specificity has on seroprevalence studies. Particularly
when the prevalence of infection is low, the positive predictive value of a test
strongly relies on a high specificity. For example, in a scenario of a 5% prevalence,
a decrease in specificity from 100% to 95% would cause 5% of negative results to
be wrongly classified as positive results, giving a false prevalence of 10%, the
double of the real prevalence (50% positive predictive value). In a scenario of a 20%
prevalence, a 95% specificity would estimate a prevalence of 24% (83% positive
predictive value). The lower the prevalence, the higher the impact of a low
specificity. For this reason, we highlight the importance of targeting high specific-
ities when dealing with a low prevalence of infection (33). However, other sero-
positivity thresholds can be used to have a balanced specificity/sensitivity or to
maximize sensitivity. For studies aiming at characterizing the kinetics of antibody
responses, the immunogenicity of vaccine candidates, or correlates of protection, a
cutoff prioritizing sensitivity over specificity would be preferable.

FIG 3 Legend (Continued)
individuals who were positive by rRT-PCR at different times since diagnosis, and the last two samples on the right are from individuals before the COVID-19
pandemic. (B) Correlation of IgG, IgM, and IgA antibody levels against the RBD versus S at different dilutions (1/500 and 1/3,500) showing the benefit of
including multiple antigens in the panel to maximize the detection of seropositives. Cutoff values are indicated by dashed lines. The Spearman test was used
to assess the correlations. NC, negative controls; TS, test samples.
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FIG 4 Antibody levels to the RBD using different secondary antibodies and sample incubation times. (A) Levels of IgM, IgA, and IgG antibodies (median
fluorescence intensity [MFI]) and percent seropositivity to the RBD among positive controls (burgundy), comparing secondary antibodies conjugated

(Continued on next page)
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A time period after the onset of symptoms is usually established for these analyses
because antibodies take an average of 4 to 14 days since infection to be produced and
detected depending on the isotype and test (IgM, 5 to 12 days; IgA, 5 to 12 days; IgG,
4 to 14 days) (34–39). Thus, antibodies are not necessarily expected to be detected in
individuals who are acutely infected and diagnosed around the time of plasma collec-
tion. Accordingly, when considering all samples, which included samples from 13
individuals with �6 days since the onset of symptoms plus 1 symptomatic individual
without information on the number of days since the onset of symptoms and the 5
asymptomatic individuals, the sensitivity was lower (up to 80.77%) at specificities of
100%. However, we detected IgM or IgA as early as 2 days from the onset of symptoms.
In fact, since samples were collected in the early days of the COVID-19 pandemic, it is
expected that IgM and IgA, which are induced upon primary infection earlier than IgG,
could contribute to a higher sensitivity of detection. Most of the best signatures
identified included IgM and IgA besides IgG, regardless of the time period since the
onset of symptoms, also beyond 28 days. However, over time, the only antibodies that
would be expected to remain in blood are IgG due to the decay of IgM and IgA; e.g.,
IgM levels may become undetectable by the fifth week after symptom onset (40).
Therefore, with longer times since infection, serological assays to detect maintenance
of antibodies could focus on IgG detection. For diagnosis early in the disease, we
recommend using the combinations of antibody/antigen that achieve a cutoff that
results in 100% specificity with the highest possible sensitivity and AUC when fitting an
RF algorithm with all the negative plus positive controls. Specificity would also prevail
over sensitivity for the implications that a false-positive result may have at a personal
level. However, antibody assays are not able to discern current from recent infection,
and, as mentioned above, the production and detection of antibodies are delayed from
the onset of infection.

The sensitivities and specificities of other SARS-CoV-2 Luminex assays evaluated
with �100 positive and �100 negative samples have been shown to be comparable to
ours. A study with sera from asymptomatic to hospitalized patients, measuring IgG and
IgA to several peptides derived from S and N, showed a 99% sensitivity and a 98%
specificity (41). Another study with samples from outpatients and hospitalized cases
measuring IgG to S1, the RBD, and N reported a 90% sensitivity and a 100% specificity
(42). A third study with samples from health care workers and hospitalized patients
measuring IgG and IgM to S trimer, the RBD, S1, and S2 estimated a 96% sensitivity and
a 99% specificity (43).

A key value of Luminex compared to ELISAs is multiplexing, which allows the
capture of a wider breadth of responses, and this is needed because some individuals
may not respond to one antigen (e.g., the RBD) but may do so to other antigens (e.g.,
S or N proteins) (44–46), or responses may change over time. Here, we substantially
increased the sensitivity of the assay by combining antibodies and antigens compared
to using only one. An added advantage of multiplexing is the reduced usage of sample
volumes, resources, and time if antibodies to several antigens are to be evaluated. The
possibility of performing miniaturized assays with small amounts of blood is very
attractive in pediatric studies, in large field surveys where fingerpick may be more
logistically feasible, and for testing special tissues of interest, including mucosal fluids.
These combined advantages have a direct impact on the cost of the qSAT assay, which
can be less than 1/5 of the cost of the least expensive commercial ELISA and less than
1/16 of that of the most expensive commercial kit. The cost is reduced because there
is less protein used due to the smaller surface area and smaller amounts of other

FIG 4 Legend (Continued)
to biotin and streptavidin-phycoerythrin (SAPE) versus PE. Negative controls are in orange. (B) Correlations between antibody levels measured using
secondary antibodies conjugated to biotin and SAPE versus PE, for 1-h and 2-h sample incubations. Seropositivity cutoff values are indicated by dashed
lines. The numbers and percentages of seropositive samples among the rRT-PCR-positive samples are shown at the top of the dot plots. In panel B,
the blue fitting curve was calculated using the LOESS method, and the black line was calculated by linear regression. The Spearman test was used to
assess the correlations.
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TABLE 2 Sensitivities and specificities of the qSAT antibody assays for negative controls plus either all positive samples or positive
samples at different times since the onset of symptoms and different thresholds targeting specificities of 100%, 99%, and 98%a

Antibody/antigen combination AUC % specificity % sensitivity

All samples
IgG N � IgM RBD � IgA RBD � IgM S2 0.925 100 80.77
IgG N � IgM RBD � IgA RBD � IgM S2 � IgG N Ct 0.922 100 80.77
IgG N � IgA S2 � IgM RBD � IgM S � IgM S2 � IgA N 0.919 100 80.77

IgG N � IgA S2 � IgM RBD 0.920 99.22 82.69
IgG N � IgA S2 � IgM RBD � IgG S � IgA N � IgA S 0.919 99.22 82.69
IgG N � IgM RBD � IgA S 0.917 99.22 82.69

IgG N � IgA S2 � IgM RBD 0.920 98.44 82.69
IgG N � IgA S2 � IgM RBD � IgG S � IgA S 0.919 98.44 82.69
IgG N � IgA S2 � IgM RBD � IgG S � IgA N � IgA S 0.918 98.44 82.69

�7 days since onset of symptoms
IgA S2 � IgM S � IgA RBD 0.975 100 92.94
IgA S2 � IgM S 0.975 100 92.94
IgA S2 � IgM S � IgM S2 � IgA RBD 0.971 100 92.94

IgA S2 � IgG S2 � IgM S � IgA RBD 0.981 99.22 92.94
IgM RBD � IgA S2 � IgG S � IgM S � IgM S2 � IgA RBD 0.980 99.22 92.94
IgM RBD � IgA S2 � IgG S 0.980 99.22 92.94

IgA S2 � IgG S � IgM S 0.983 98.44 92.94
IgG S2 � IgM S � IgA RBD 0.983 98.44 92.94
IgA S2 � IgG S2 � IgM S � IgA RBD 0.981 98.44 92.94

�14 days since onset of symptoms
IgM RBD � IgG N � IgA S 0.977 100 95.78
IgA S2 � IgM S � IgG N � IgG N Ct � IgM S2 0.975 100 95.78
IgA S2 � IgG N � IgM S2 0.975 100 95.78

IgM RBD � IgG S � IgM S � IgG N 0.992 99.22 95.78
IgM RBD � IgG S � IgA S2 � IgM S � IgG N � IgG RBD � IgG N Ct 0.992 99.22 95.78
IgM RBD � IgG S � IgA S2 � IgG N � IgM S2 0.991 99.22 95.78

IgG S � IgG RBD � IgG N Ct � IgM S2 0.985 98.44 97.18
IgG S � IgG RBD 0.984 98.44 97.18
IgG S � IgA S2 � IgG RBD � IgM S2 � IgA RBD 0.983 98.44 97.18

�21 days since onset of symptoms
IgG S � IgM RBD � IgG N � IgM S � IgM S2 0.999 100 95.65
IgM RBD � IgG N Ct � IgM S2 � IgA RBD 0.995 100 95.65
IgM RBD � IgM S2 � IgA S 0.992 100 95.65

IgG S � IgG RBD � IgM RBD 0.999 99.22 97.83
IgG S � IgG RBD � IgM RBD � IgG N � IgM S2 0.999 99.22 97.83
IgG S � IgG RBD � IgM RBD � IgG N � IgM S2 � IgA RBD 0.999 99.22 97.83

IgG S � IgG RBD � IgM RBD 0.999 98.44 100
IgG S � IgA S2 � IgG RBD � IgM RBD � IgM S2 � IgA RBD � IgA S 0.999 98.44 100
IgG S � IgA S2 � IgM RBD � IgM S2 � IgA RBD 0.999 98.44 100

�28 days since onset of symptoms
IgA S2 � IgG N � IgM S2 0.9997 100 95.83
IgA S2 � IgM S � IgG N Ct � IgM RBD � IgM S2 0.9997 100 95.83
IgG N � IgG N Ct � IgM RBD 0.9997 100 95.83

IgA S2 � IgG N � IgM S2 0.9997 99.22 100
IgA S2 � IgM S � IgG N Ct � IgM RBD � IgM S2 0.9997 99.22 100
IgG N � IgG N Ct � IgM RBD 0.9997 99.22 100

IgA S2 � IgG N � IgM S2 0.9997 98.44 100
IgA S2 � IgM S � IgG N Ct � IgM RBD � IgM S2 0.9997 98.44 100
IgG N � IgG N Ct � IgM RBD 0.9997 98.44 100

aThe top 3 best-performing signatures for each category are shown. AUC, area under the curve; N Ct, C terminus of N.
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materials and reagents. Compared to the commercial xMAP SARS-CoV-2 multiantigen
IgG assay, our assay includes 2 additional isotypes and 5 additional antigens, allowing
a better study of the immune response and likely being more sensitive. We reduced the
dilutions of plasma and titrated the secondary antibody to use minimal amounts of
samples and reagents without compromising sensitivity. The economy of scale is
improved further when the assays are adapted to the high-throughput FlexMap3D
384-well-plate format, but they are also easily adaptable to the benchtop MagPix
96-well format, which is more affordable and simpler to maintain even in remote
laboratory settings.

Positive responses to M, S1, S2, and N antigens were detected in samples
collected before the COVID-19 pandemic. The presence of such IgGs has been
interpreted as cross-reactivity with human coronaviruses (HCoVs) causing the com-
mon cold (47–49). Indeed, higher sequence homology at the protein level between
SARS-CoV-2 and HCoV has been reported for N (particularly the N-terminal and
central regions), M, and S2 (47, 50, 51). The addition of a commercial S1 protein did
not have any added value, and future versions of the assay will test S1 from
different sources as this subunit is expected to not cross-react with other betacoro-
naviruses and be specific for SARS-CoV-2 diagnostics (15, 50). Preexisting SARS-
CoV-2-specific T cells have also been reported and attributed to cross-reactivity with
HCoVs previously encountered (52, 53). The multiplex nature of the assay will allow
testing of this hypothesis in the future with the addition of antigens to the related
HCoVs 229E, HKU1, NL63, and OC43 in the same assay panel, by comparing the
patterns of antibody reactivity, to address the significance of this in immunity to
COVID-19.

The assay performances were excellent, but further testing needs to be per-
formed with longer periods of time since the onset of symptoms, although we
expect to maintain high specificity and sensitivity, albeit antibody signatures would
be different and based on IgG only. Future studies will include additional positive
samples from asymptomatic individuals, who probably have lower antibody levels
than mild or severe cases and are rarely included for the validation of commercial
kits. In addition, it will be interesting to include negative controls reacting with
other coronaviruses or other infections (e.g., malaria) and pathologies known to
induce polyclonal responses or rheumatoid factor, which may increase background
responses.

In conclusion, we developed 100% specific and fast assays with optimal diag-
nostic characteristics to assess the seroprevalence of COVID-19. Considering their
high sensitivity, these qSAT assays would be suited to identify individuals with low
levels of antibodies, such as asymptomatic or immunosuppressed individuals, or
long-term decaying antibodies (43). In addition, this approach would be particularly
suited to identify hyperimmune donors with very high levels of antibodies and the
largest antigenic breadth for immunotherapy. The assays are highly versatile, being
easily adaptable to quantify other antibodies like IgE, or IgG and IgA subclasses, and
avidity with the use of chaotropic agents, and even functional activity like inhibition
of binding to the virus receptor ACE2. The multiplex capabilities also make them
ideal for sizeable peptide screenings to accelerate epitope mapping and selection
for identifying the fine specificity of immune correlates of protection for vaccine
development and would also be applicable in vaccine evaluation when the first
candidates reach larger-scale phase 3 clinical trials.
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