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ABSTRACT In this study, we comprehensively analyzed multispecific antibody
kinetics of different immunoglobulins in hospitalized patients with acute severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection. Three hundred
fifty-four blood samples longitudinally obtained from 81 IgG-seroconverting pro-
gressed coronavirus disease 2019 (CoVID-19) patients were quantified for spike 1
(S1), S2, and nucleocapsid protein (NCP)-specific IgM, IgA, IgG, and total Ig antibod-
ies using a microarray, 11 different enzyme-linked immunosorbent assays (ELISAs)/
chemiluminescence immunoassays (CLIAs), and 1 rapid test by seven manufacturers.
The assays’ specificity was assessed in 130 non-CoVID-19 pneumonia patients. Using
the microarray, NCP-specific IgA and IgG antibodies continuously displayed higher
detection rates during acute CoVID-19 than S1- and S2-specific ones. S1-specific IgG
antibodies, however, reached higher peak values. Until the 26th day post-symptom
onset, all patients developed IgG responses against S1, S2, and NCP. Although detec-
tion rates by ELISAs/CLIAs generally resembled those of the microarray, correspond-
ing to the target antigen, sensitivities and specificities varied among all tests.
Notably, patients with more severe CoVID-19 displayed higher IgG and IgA levels,
but this difference was mainly observed with S1-specific immunoassays. In patients
with high SARS-CoV-2 levels in the lower respiratory tract, we observed high detec-
tion rates of IgG and total Ig immunoassays with a particular rise of S1-specific IgG
antibodies when viral concentrations in the tracheal aspirate subsequently declined
over time. In summary, our study demonstrates that differences in sensitivity among
commercial immunoassays during acute SARS-CoV-2 infection are only partly related
to the target antigen. Importantly, our data indicate that NCP-specific IgA and IgG
antibodies are detected earlier, while higher S1-specific IgA antibody levels occur in
severely ill patients.
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Since December 2019, the newly emerged severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) is causing a massive pandemic with currently over one mil-

lion deaths worldwide and devastating effects on global health care systems and the
world’s economy (1, 2). PCR-based techniques enabled the early identification of the vi-
rus and immediately became the backbone of laboratory diagnosis and contact tracing
(3). Shortly after, a wide range of in-house and commercial antibody assays became
available (4–11).
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Meanwhile, antibody tests are widely applied in seroprevalence studies, aiming to
evaluate the speed of SARS-CoV-2 spread on a population level (12–14). However, indi-
viduals with asymptomatic or clinically mild infections often display low antibody titers
whose correct identification depends on the respective immunoassay’s sensitivity
(15–18). Notably, antibody positivity in commercial immunoassays alone may not
reflect functionally broad and long-lasting immunity against reinfections, limiting the
epidemiological significance of serological antibody testing (6, 19).

In contrast, antibody assays may have considerable potential in diagnosing severe
and symptomatic infections for three main reasons. First, patients with progressed co-
ronavirus disease 2019 (CoVID-19) and pneumonia may display low virus concentra-
tions in the upper respiratory tract, possibly causing false-negative PCR results from na-
sopharyngeal swabs (20–22). Second, the simultaneous measurement of different
immunoglobulin (Ig) classes (IgM, IgA, and IgG) may help evaluate the infection stage
and assess the cumulative risk of upcoming complications (23). Third, clinically severe
CoVID-19 is associated with earlier seroconversion and higher antibody concentrations,
posing a different diagnostic setting than mild or asymptomatic infection (4, 16).

However, recent studies comparing immunoassays with the SARS-CoV-2 nucleocap-
sid protein (NCP) and the spike (S) protein as target antigens indicate possible differen-
ces for sensitivity in early SARS-CoV-2 infection (24–27). Therefore, we longitudinally
characterized NCP-, S1-, and S2-specific IgM, IgA, and IgG antibody kinetics in hospital-
ized patients with acute SARS-CoV-2 infection using a single commercial microarray
and compared those kinetics with the detection rates of 12 other commercial immuno-
assays. Notably, we specifically included only seroconverting patients (in an early infec-
tion stage) who tested IgG negative at hospital admission.

MATERIALS ANDMETHODS
Patients and controls. The study included 354 serum/plasma samples prospectively obtained from

81 patients (27 female, 54 male; median age, 73 years; range, 22 to 94) with PCR-confirmed, symptomatic
SARS-CoV-2 infection (diagnosed by positive PCR from nasopharyngeal swab/respiratory specimen sam-
ples), hospitalized between the beginning of March and the end of April 2020. Out of a total of 218
patients who were hospitalized during this period, these 81 patients were included explicitly in the
study since they fulfilled all of the following four inclusion criteria: (i) at hospital admission, these 81
patients tested negative for anti-SARS-CoV-2 IgG using the Euroimmun SARS-CoV-2 IgG enzyme-linked
immunosorbent assay (ELISA) (the routine IgG assay at our center), (ii) from these 81 patients, a mini-
mum of 2 prospectively collected serum/plasma samples with a minimum interval of 2 days were avail-
able, (iii) these 81 patients never received any convalescent plasma treatment during or before hospitali-
zation, and (iv) these patients did not display any underlying immunosuppression, either by any disease
or by treatment. The other 137 patients were excluded since they did not fulfill one or more inclusion
criteria. The 81 study patients reported one or more of the following initial symptoms: loss of smell and
taste, fever, cough, headache, and general weakness. Reasons for hospitalization were dyspnea and hy-
poxemia, medical observation of patients of high-risk groups, or the need for isolation of patients in
nursing homes. The clinical severity of CoVID-19 was classified using the following WHO criteria: mild,
symptomatic patients without evidence of pneumonia or hypoxia; moderate, clinical signs of pneumo-
nia but no signs of severe pneumonia, including SpO2 of $90%; severe, clinical signs of pneumonia plus
one of the following: respiratory rate of .30 breaths/min, severe respiratory distress, or SpO2 of ,90%;
critical, acute respiratory distress syndrome (ARDS) requiring intubation at the intensive care unit (ICU);
and deceased.

During their hospital stay, the patients prospectively provided serum/plasma, nasopharyngeal swab,
and/or tracheal aspirate samples (intubated patients) according to a protocol approved by the local
ethics committee (EK 2283/2019). Informed written consent was obtained from each patient.

Serum samples from 130 non-SARS-CoV-2-infected, hospitalized patients with pneumonia (46
treated at an ICU) served as controls (59 female, 71 male; median age, 61 years; range, 1 to 93). Detailed
information on these controls and how they were selected is given in supplemental material and
methods.

PCR. PCR analyses for SARS-CoV-2-specific RNA were performed as described previously. Information
on the protocol is given in supplemental material and methods.

Antibody microarray. Temporal antibody profiles of different immunoglobulin classes against S1,
S2, and NCP were first quantified using a commercial, miniaturized, 96-well protein microarray, the
SARS-CoV-2 IgM, IgA, and IgG ViraChip assay (Viramed, Planegg, Germany) according to the manufac-
turer’s instructions. In brief, this assay uses the purified spike proteins S1 and S2 and NCP as antigens
fixed on a nitrocellulose membrane of the same microwell. Therefore, multispecific antibody responses
against these antigens can be simultaneously detected in a single test run and differentiated by three
immunoglobulin classes (IgM, IgA, or IgG). The antibodies are quantified by a chromogen/substrate
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reaction with the relative intensity (RI) of the specific colorimetric signal (correlated with a calibrator sig-
nal) given as ViraChip units. As shown in Fig. S1 in the supplemental material, we determined the cutoff
levels for IgM, IgA, and IgG antibodies against S1, S2, and NCP, respectively, in the non-SARS-CoV-2-
infected controls (mean plus two times the standard deviation, rounded to the nearest 10). The quantita-
tive antibody measurement was performed on a ViraChip scanner using ViraChip software.

Additional immunoassays. The 354 serum/plasma samples were further assessed using the (i)
Euroimmun SARS-CoV-2 IgA and (ii) IgG ELISAs, and the (iii) Euroimmun NCP IgM and (iv) NCP IgG
ELISAs (all by Euroimmun, Lübeck, Germany); the (v) Wantai SARS-CoV-2 IgM ELISA, (vi) Total Ab ELISA,
and (vii) rapid test (all by Wantai, Bejing, China); (viii) the Liaison SARS-CoV-2 IgG chemiluminescent
assay (CLIA; DiaSorin, Saluggia, Italy); (ix) the Platelia SARS-CoV-2 Total Ab assay (Bio-Rad, Hercules, USA);
(x) the Elecsys anti-SARS-CoV-2 electrochemiluminescence immunoassay (ECLIA; Roche, Basel,
Switzerland); and (xi) the COVID-19 ELISA IgM1IgA and (xii) COVID-19 ELISA IgG (both Vircell, Valencia,
Spain). The tests were performed according to the manufacturers’ instructions using the recommended
cutoffs (Table S1). The Wantai rapid test was performed and interpreted as described previously (28).
Detailed information on these assays, including the respective target antigens, cutoff values, and cov-
ered immunoglobulin classes, are shown in Table S1. For the assessment of the immunoassays’ detec-
tion rates, borderline results were considered negative. In a previous study, we showed that although
certain ELISAs used in this study are intended for semiquantitative assessment, stepwise serum/plasma
dilution provided robust and accurate antibody quantification (28). More information on how samples
were diluted is given in supplemental material and methods.

Neutralization assay. One hundred thirty-eight samples from 20 patients of our study cohort had
been assessed for neutralizing antibodies using an in-house neutralization assay (NT) in a previous study
(29). In brief, duplicates of serial 2-fold dilutions of heat-inactivated serum samples were incubated with
50 to 100 TCID50 (50% tissue culture infective dose) of infectious SARS-CoV-2 (GISAID/EPI_ISL_438123/
hCoV-19/Austria/CeMM0360/2020) for 1 h at 37°C. The mixture was then added to Vero E6 cells (ECACC),
and incubation was continued for 2 to 3 days. NT titers were expressed as the reciprocal of the serum
dilution that protected against virus-induced cytopathic effect (CPE). NT titers$10 were considered pos-
itive. For the present study, these quantitative NT titers were correlated with the microarray’s commer-
cial results and the evaluated ELISAs and CLIAs.

Statistical analyses. The relationship of neutralizing antibody titers with antibody concentrations
assessed by the microarray and the ELISAs/CLIAs was analyzed using Spearman correlation. Differences
in antibody levels relating to antigen specificity and antibody concentrations among patients with differ-
ent disease severity were compared using the Wilcoxon rank-sum test and GraphPad Prism 8.3.1. soft-
ware (GraphPad Software, San Diego, USA). A P value of ,0.05 was considered statistically significant.

RESULTS
Patient characteristics. The study included 354 serum/plasma samples from 81

hospitalized patients with PCR-confirmed SARS-CoV-2 infection, selected explicitly for
IgG negativity at hospital admission. On average, patients were hospitalized at day 8
postonset of symptoms (range, days 1 to 20). The median concentration of SARS-CoV-2
RNA from nasopharyngeal swabs at hospital admission was 2.99� 105 copies/ml
(range, undetectable to 3.49� 109). Kinetics of virus concentration in nasopharyngeal
swabs and tracheal aspirates related to the clinical severity are shown in Fig. S2 in the
supplemental material.

The 354 serum/plasma samples comprised a median of 4 serum/plasma samples
per patient (range, 2 to 17), collected with a median interval of 2 days (range, 2 to 12),
ranging from the 1st to the 26th day post-symptom onset. Table S2 displays the sam-
ple number per 2-day interval (using one sample per patient per interval step). Of
note, 3 patients (4%) showed mild, 37 (45%) moderate, 11 (14%) severe, and 11 (14%)
critical disease severity, while 19 (23%) patients deceased.

Specificity of immunoassays. Test specificities of the evaluated immunoassays
determined with 130 samples from non-SARS-CoV-2-infected pneumonia controls (see
supplemental material and methods) are shown in Fig. 1. Notably, we found significant
differences in individual assays’ specificities, ranging from 46.92% to 100%. The anti-
body levels in controls are shown in Fig. S3.

Antibody kinetics assessed by microarray. Using a microarray, we first analyzed
the temporal profiles of S1-, S2-, and NCP-specific IgM, IgA, and IgG antibodies in the
course of acute SARS-CoV-2 infection in hospitalized patients by a single test.

Regarding IgM antibody responses (Fig. 2A), we observed continuously higher
detection rates within 2-day intervals postonset of symptoms for S1- and NCP-specific
antibodies than for anti-S2-IgM antibodies. In contrast to IgM antibodies, as shown in
Fig. 2B, IgA antibodies were earlier detected, particularly in the very early phase of the
infection (until the 12th day postonset of symptoms). When we analyzed IgA and IgG
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antibody kinetics with respect to the target antigen, we observed that detection rates
were continuously higher for NCP-specific antibodies over time than those directed
against S1 and S2 (Fig. 2B and C).

Fig. S4 shows antibody levels quantified by the microarray. Of note, although NCP-
specific IgG antibodies were detected earlier than S-specific antibodies, the median S1-
specific IgG antibody units at the end of the observational period were significantly
higher than NCP-specific IgG (P=0.04; median RI, 393 for S1 versus 250 for NCP).

FIG 2 Detection rates by a commercial microarray (Viramed) in 354 blood samples longitudinally obtained from 81 hospitalized IgG-seroconverting
patients with acute SARS-CoV-2 infection, grouped by a 2-day interval (one sample per patient per interval step). (A) S1-, S2-, and NCP-specific IgM
antibodies; (B) S1-, S2-, and NCP-specific IgA antibodies; (C) S1-, S2-, and NCP-specific IgG antibodies.

FIG 1 Comparison of the assays’ specificity in 130 hospitalized patients with pneumonia without SARS-CoV-2 infection. The
assays’ specificity is given as true-negativity rate, counting borderline results as negative.
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Corresponding to antibody detection rates within 2-day intervals postonset of
symptoms, the NCP-specific IgG antibodies’ cumulative seroconversion rate was higher
than that of S2- and S1-specific IgG antibodies (Fig. 3A). Of note, during acute SARS-
CoV-2 infection, an increasing percentage of patients cumulatively developed IgG anti-
bodies against more than one antigen (Fig. 3B) until at the end of the observational pe-
riod, at which point all patients had detectable IgG responses against S1, S2, and NCP
(Fig. 3B).

Detection rates of the 12 other immunoassays during acute SARS-CoV-2
infection. With the microarray results as a basis, we evaluated the sensitivity of 12
immunoassays, grouped by Ig classes covered by the assays (IgM, IgA, IgG, and total
Ig) and with respect to the assays’ respective target antigens (Fig. 4). Data from immu-
noassays with a specificity lower than 80% are presented as supplemental data.

As shown in Fig. 4A, the sensitivities of the Euroimmun NCP IgM and the Wantai
SARS-CoV-2 IgM ELISA—with the receptor-binding domain (RBD) as antigen—were rel-
atively similar over time. The RBD-specific Wantai IgM ELISA, however, continuously
showed a higher sensitivity than the NCP-specific one by Euroimmun (Fig. 4A).

In agreement with the higher detection rates observed for IgA antibodies in the
microarray, high sensitivity, especially in the early phase of the infection, was observed
for the only commercial IgA ELISA, the SARS-CoV-2 IgA ELISA by Euroimmun (Fig. 4B).

The detection rates of the IgG ELISAs were similar to those of the microarray and
were associated with the assays’ target antigen. Thus, higher detection rates were found
for the NCP IgG ELISA by Euroimmun than for the S1-specific Euroimmun IgG ELISA and
the Liaison SARS-CoV-2 IgG CLIA using S1 and S2 as antigens. Corresponding to the
microarray results, all IgG immunoassays provided positive results at the end of the
observational period (Fig. 4C).

Among the total Ig immunoassays, we observed a higher sensitivity for the RBD-
specific Wantai total Ig ELISA than for the NCP-specific Platelia SARS-CoV-2 Total Ab
assay and the Elecsys anti-SARS-CoV-2 ECLIA, especially during the early phase of the
infection (Fig. 4D). Like the IgG immunoassays, all total Ig tests provided positive
results at the end of the observational period (Fig. 4D).

Fig. S5 displays antibody levels measured by the commercial ELISAs and CLIAs over
time. Fig. S6 shows all results from immunoassays with a specificity lower than 80%.

Correlation of the results by the microarray and ELISAs/CLIAs with neutralizing
antibodies. Next, we correlated the antibody levels assessed by the commercial immu-
noassays (microarray, ELISAs/CLIAs) with neutralizing antibody titers in 138 samples
from 20 patients of our cohort. The results are shown in Fig. S7. Notably, although

FIG 3 (A) Cumulative microarray (Viramed) detection rates of IgG antibodies in 354 blood samples longitudinally obtained from 81
hospitalized patients with acute SARS-CoV-2 infection, grouped by a 2-day interval (one sample per patient per interval step). (B)
Percentage of hospitalized patients with acute SARS-CoV-2 infection with detectable IgG responses (microarray, Viramed) against no,
one, two, or all three target antigens (S1, S2, and NCP).
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there was a statistically significant correlation between neutralizing antibody titers and
antibody levels assessed by all evaluated commercial immunoassays, the correlation
was stronger for those assays detecting IgG rather than IgM, IgA, and total Ig antibod-
ies, as well as for antibody tests using S1 or RBD as the target antigens (Fig. S7 and S8).

Antibody kinetics in relation to viral load dynamics in the lower respiratory
tract and performance of the immunoassays when PCR from nasopharyngeal
swabs tested negative. Immunoassays have considerable diagnostic potential in pro-
gressed CoVID-19, especially when PCR tests provide negative results from upper respi-
ratory tract swabs. Therefore, we first analyzed the antibody kinetics assessed by the
microarray and the ELISAs/CLIAs in relation to the virus concentration in the lower re-
spiratory tract. From 20 patients, of whom all developed critical disease with ARDS and
9 patients deceased, subsequently collected tracheal aspirate samples were available
(median number of samples per patient, 4; range, 2 to 6).

As shown in Fig. 5, the median virus concentration in tracheal aspirate samples
decreased in these patients after the 11th day posthospital admission. Notably, the
kinetics of SARS-CoV-2-specific IgM (Fig. 5A and D), IgA (Fig. 5B and E), and total Ig anti-
bodies (Fig. 5E) were stable at an elevated level at this time point. In contrast, IgG anti-
body levels, especially those directed against S1, displayed a substantial increase im-
mediately before viral concentrations in tracheal aspirate samples declined (Fig. 5C
and F).

Then, we evaluated the immunoassays’ performance in 12 patients from our cohort
who developed pneumonia before or during hospitalization and then displayed a neg-
ative PCR result from a nasopharyngeal swab. SARS-CoV-2 infection was verified in

FIG 4 Detection rates by 10 commercial immunoassays (6 ELISAs, 3 CLIAs, one rapid test; all with a specificity .80%) in the 354
blood samples from 81 hospitalized IgG-seroconverting patients with acute SARS-CoV-2 infection, grouped by a 2-day interval (one
sample per patient per interval step). (A) IgM ELISAs; (B) IgA ELISA; (C) IgG ELISAs/CLIAs; (D) total Ig ELISAs/CLIAs and rapid tests.
Borderline results were counted as negative.
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these patients by PCR positivity from a previously collected nasopharyngeal swab or a
simultaneously obtained tracheal aspirate sample. Fig. 6 displays PCR and immunoas-
say results (including the detection rates) at the exact day when PCR from nasopharyn-
geal swabs initially tested negative in these patients (in the median, the 20th day post-
symptom onset; range, days 9 to 31). Of note, the detection rates were higher than
90% for all evaluated IgM, IgA, IgG, and total Ig immunoassays.

FIG 6 PCR and immunoassay results from 12 SARS-CoV-2-infected patients of the whole cohort who developed pneumonia and then displayed a negative
PCR result from a nasopharyngeal swab (results from the initial day the nasopharyngeal swab tested negative; median, 20th day post-symptom onset;
range, days 9 to 31). (A) Virus concentration by quantitative PCR in nasopharyngeal swab and tracheal aspirate samples; (B) microarray results (detection
rates); (C) ELISA/CLIA results (detection rates); (D) results from the rapid test (detection rate).

FIG 5 Dynamics of median SARS-CoV-2 RNA concentration in tracheal aspirate samples (black line) and median antibody levels in 20 patients with critical
CoVID-19 disease (of whom 9 patients deceased). Kinetics of SARS-CoV-2 S1-, S2-, and NCP-specific IgM (A), IgA (B), and IgG (C) antibodies as quantified by
the microarray. Antibody levels as assessed by the anti-SARS-CoV-2 IgM and IgA (D), total Ig (E), and IgG ELISAs/CLIAs (F). Error bars indicate the
interquartile range.
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Antibody levels in association with disease severity. Finally, we compared anti-
body titers and kinetics assessed by all immunoassays (microarray, ELISAs, and CLIAs)
among hospitalized patients with mild (n=3) or moderate (n=37) disease severity and
patients who developed severe (n=11) or critical (n=11) CoVID-19 or deceased
(n=19). As shown in Fig. 7A, IgA and IgG immunoassays using S1 as the target antigen
(microarray, Euroimmun ELISAs) yielded higher median antibody levels in patients with
a more severe course of CoVID-19. The most significant differences in median values
were observed for S1-specific IgA antibodies (P=0.021 for microarray, median differ-
ence, 68.20 ViraChip units; P=0.003 for ELISA, median difference, ratio 35.08).

In contrast, differences according to disease severity were less prominent for NCP-
and S2-specific immunoassays or for S1- and RBD-specific IgM and total Ig tests (Fig.
7B; Fig. S9).

DISCUSSION

In this study, we longitudinally analyzed SARS-CoV-2-specific antibody responses
with a commercial microarray in hospitalized CoVID-19 patients. Thus, we provide
comparable antibody data by a single test on the whole spectrum of IgM, IgA, and IgG,
focusing at the same time on their respective specificities against the viral proteins S1,
S2, and NCP. With the microarray results serving as background information, we com-
pared detection rates of 12 other commercial immunoassays during acute SARS-CoV-2
infection.

A wide range of commercial SARS-CoV-2 immunoassays have become available,
using different target antigens, covering different immunoglobulin classes, and differ-
ing in the respective test methods (e.g., ELISA and CLIA) (5, 8). There is also a variety of
potential applications (e.g., to stage acute SARS-CoV-2 infection, to identify past infec-
tion independently of symptoms, and to characterize convalescent plasma quantita-
tively) (12, 13, 23). However, previous observations by others and ourselves propose

FIG 7 Longitudinal median levels of IgA, IgG, and total Ig antibodies directed against S1 (A) and NCP (B) among the hospitalized patients with mild (n=3)
or moderate (n= 37) disease severity and patients who displayed severe (n= 11) or critical (n= 11) courses of CoVID-19 or deceased (n= 19).
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particular potential for antibody assays in progressed CoVID-19 when PCR from naso-
pharyngeal swabs may yield negative results (4, 20, 21).

Therefore, we specifically analyzed antibody kinetics in relation to the dynamics of
the virus concentration in the lower respiratory tract and performed a subanalysis of
the immunoassays' performance in patients with severe disease in whom SARS-CoV-2
RNA from nasopharyngeal swabs became undetectable by PCR, while PCR of simulta-
neously collected tracheal aspirate samples tested positive. In this diagnostic setting,
six commercial ELISAs/CLIAs and the only evaluated rapid test displayed a 100% detec-
tion rate. Furthermore, we observed that particularly S1-specific IgG antibodies
increased when virus concentrations in the tracheal aspirate declined over time. These
data confirm previous reports that antibody assays may indeed aid PCR in diagnosing
and staging of severe SARS-CoV-2 infections, especially when patients present at a pro-
gressed stage of CoVID-19 (e.g., with pneumonia) and nasopharyngeal swabs test neg-
ative without deep sputum or tracheal aspirate being immediately available (20–22).

Furthermore, the microarray analysis revealed that NCP-specific IgA and IgG anti-
bodies continuously displayed higher detection rates in hospitalized patients, although
significantly higher antibody peak levels were found for S1-specific IgG antibodies.
Notably, the microarray’s detection rates strongly reflected those of the NCP-specific
IgG and total Ig ELISAs/CLIAs. In contrast, test sensitivities early after symptom onset
(until the 10th day postonset of symptoms) were highest for the RBD-specific total Ig
ELISA by Wantai and the S1-specific IgA ELISA by Euroimmun. Of note, the Wantai total
Ig ELISA is the only evaluated ELISA with a double-antigen sandwich principle using
RBD as the antigen, and the Euroimmun SARS-CoV-2 IgA ELISA has already been dem-
onstrated to be highly sensitive (but with limited specificity) (4, 9, 30).

Similar to our findings, a previous longitudinal study demonstrated earlier detection
of NCP-specific antibodies during acute SARS-CoV-2 infection using multiple commer-
cial IgG and total Ig ELISAs/CLIAs (26). Other in-house and commercial immunoassays
indicated higher sensitivity early after the infection for NCP-specific rather than for S1-
specific IgG antibodies (24, 25, 27). Here, we quantitatively assessed antibody kinetics
with a single microarray covering the antigen specificity of multiple immunoglobulin
classes, including a relatively high number of samples per patient. Therefore, our data
extend previous findings, demonstrating that anti-NCP IgG and IgA antibodies pre-
ceded those against S1 and S2. Our data further underline that, independently of the
applied test, more robust antibody responses are directed against NCP in the early
phase of the infection, possibly due to higher circulating NCP levels acting as a stron-
ger early-phase immunogen than the spike protein.

However, we included only hospitalized patients who tested IgG negative at hospi-
tal admission and at the end of the observational period (the 26th day postonset of
symptoms); all of those patients had developed detectable IgG antibody responses
against all three antigens (S1, S2, and NCP), corresponding to 100% detection rates by
all evaluated IgA, IgG, and total Ig ELISAs/CLIAs. This fact, together with our observa-
tion that in these IgG-seroconverting patients, the tests’ detection rates varied more
widely during the early phase of the infection (until the 10th day post-symptoms
onset), indicates that particular antibody tests may have excellent sensitivity in assess-
ing past infections but may be less well suited to support PCR in the diagnosis and
staging of acute infections. Therefore, immunoassays should be specifically selected
for their diagnostic performance in the respective application area. Since individuals
with mild or moderate symptoms display lower antibody levels than hospitalized
patients, the test performances in our cohort might thus not directly apply to nonho-
spitalized individuals (4, 16, 31).

When the detection and seroconversion rates in our study are directly compared to
those assessed in hospitalized patients with the same immunoassays as in previous
studies, the following factors should be considered. Our study only included patients
who were IgG negative at hospital admission. Furthermore, we considered all equivo-
cal test results as negative, and since we investigated a relatively large sample number,
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we report the actual detection rates within 2-day intervals post-symptom onset rather
than the cumulative seroconversion rate. These factors may have resulted in slightly
lower detection and later seroconversion rates in our cohort than those previously
observed (4, 26).

Compared with other studies using the same ELISAs/CLIAs, we observed a lower
specificity for particular immunoassays (32, 33). Notably, we specifically included non-
SARS-CoV-2-infected pneumonia patients as controls to assess false-positivity rates in a
more realistic setting. Since cross-reactivity may be higher when humoral immune
responses are upregulated against other pathogens, the lower specificities we
observed are not surprising (7, 9, 30, 33). Moreover, similar to our findings, a strong
effect of microbial infections other than SARS-CoV-2 on specific immunoassays’ speci-
ficity has been recently demonstrated (34).

Although our study cohort was relatively small for such a comparative analysis, we
observed that hospitalized patients with a more severe course of CoVID-19 displayed
higher antibody levels, which were mainly observed with IgG and especially IgA immu-
noassays (microarray and ELISAs) using S1 as the target antigen. Higher antibody levels
in clinically more severe disease have already been demonstrated with multiple immu-
noassays, including S- and NCP-specific ELISAs/CLIAs, as well as neutralization assays
(4, 15, 16, 18, 20, 31, 35). Thus, the question arises whether higher S1-specific IgA and
IgG antibody titers, which we observed in more severe CoVID-19, have a functional ori-
gin or are a test-related phenomenon in our specific study cohort. On one hand, more
robust IgA antibody responses have already been described in clinically more severe
CoVID-19 cases, possibly indicating higher levels of virus replication in the respiratory
tract (36, 37). On the other hand, comprehensive B-cell analyses revealed a strong hu-
moral response against the spike protein in severely ill individuals, but NCP-specific
responses even exceeded those against S (38). Further studies with higher patient
numbers are needed and underway to comprehensively clarify the correlation of anti-
body levels of different immunoglobulin classes and against variable viral proteins
with the clinical severity of CoVID-19.

Notably, the specific antibody kinetics (i.e., the respective signal strength) indicates
that not all ELISAs/CLIAs included in this study were equally capable of quantifying
high antibody concentrations, as indicated by a plateau of the measured antibody
ratios/indices in individual assays (Fig. S5 in the supplemental material). Since most of
the evaluated ELISAs/CLIAs are designed for semiquantitative rather than quantitative
use, it is indeed possible that higher antibody concentrations in severely ill patients
were mainly detected with those immunoassays with a more linear signal-concentra-
tion relationship at higher antibody concentrations. Nonetheless, since multiple immu-
noassays (microarray, ELISA) concordantly identified significantly higher IgA antibody
values in patients with more severe CoVID-19, further studies with larger patient num-
bers should clarify to which extent SARS-CoV-2-specific IgA may indeed predict a more
severe disease course.

Although our study has the limitation of a relatively small patient number, it none-
theless provides single-test microarray data on isotype- and antigen-specific differen-
ces in anti-SARS-CoV-2 antibody kinetics, partly affecting the sensitivity of commercial
ELISAs/CLIAs. Finally, due to the large panel of additionally evaluated immunoassays,
our observations significantly contribute to a comprehensive assessment of the com-
mercial immunoassays’ longitudinal performance during acute SARS-CoV-2 infections
in hospitalized patients.
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