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Abstract: Kinetics of neutralizing antibodies and immunoglobulin G (IgG) against the nucleo (N) or
spike (S) proteins of severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) were studied in
patients up to 165 days after PCR diagnosis of infection. Two immunoassays were selected out of
eight IgG or total antibody tests by comparing their specificities and sensitivities. Sensitivities were
calculated with convalescent sera from 26 PCR-confirmed cases, of which 76.9% had neutralizing
antibodies (>1:10). Stored sera collected during the summer 2018 (N = 50) and winter seasons
2018/2019 (N = 50) were included to demonstrate the test specificities. IgG kinetics, avidities,
and virus-neutralizing capacities were recorded over up to 165 days in eleven patients and five
individuals from routine diagnostics. Sensitivities, specificities, and diagnostic accuracies ranged
between 80.8-96.3%, 96.0-100%, and 93.7-99.2%, respectively. Nearly all results were confirmed with
two different SARS-CoV-2-specific immunoblots. Six (54.4%) patients exhibited stable N-specific IgG
indices over 120 days and longer; three of them developed IgG of high avidity. The S-specific IgG
response was stable in ten (91.0%) patients, and eight (72.7%) had neutralizing antibodies. However,
the titers were relatively low, suggesting that sustained humoral immunity is uncertain, especially
after outpatient SARS-CoV-2 infection.
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1. Introduction

By the end of the year, 2019, Chinese local health authorities reported the occurrence of a cluster of
pneumonia cases in Wuhan in the Hubei Province [1]. Shortly after, a novel beta coronavirus—which is
now designated as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [2] —was discovered
in the bronchoalveolar lavage fluid of a patient with pneumonia [1,3]. This enveloped virus has
a single-stranded positive sense ribonucleic acid (RNA) genome of approximately 30 kilobases.
Several surface proteins, known as the spike (S), envelope (E), and membrane (M) proteins,
are embedded in a lipid bilayer. These proteins mediate the viral entry (S; S1 unit: binding to
host receptor angiotensin-converting enzyme 2 via its receptor binding domain (RBD) and S2 unit:
membrane fusion) and are also responsible for viral fusion (M), morphogenesis (E), assembly (E and M),
and budding (M). The RNA is associated with the nucleocapsid (N) protein. The latter plays a role in
the viral replication and transcription cycle [4-7].
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SARS-CoV-2 emerged globally. As of 24 September 2020, the World Health Organization reported
31,664,104 SARS-CoV-2 infections and 972,221 deaths worldwide. So far, 278,070 cases and 10,982 deaths
have been registered for Germany (Robert Koch-Institute, data of 24 September 2020).

The diagnosis of acute coronavirus-induced disease 2019 (COVID-19) requires the demonstration
of SARS-CoV-2 RNA in respiratory samples by real-time reverse transcription polymerase-chain
reaction (real-time RT-PCR). The specificity of the SARS-CoV-2 real-time RT-PCR has been reported up
to 100% [8], while sensitivity under clinical conditions seems to be lower and was roughly estimated
with 70% [9].

More recently, the measurement of the immune response against SARS-CoV-2 came into the focus
of clinical diagnostics, particularly by the detection of virus-specific antibodies. The use of SARS-CoV-2
antibody tests could clarify the etiology of the disease in patients who present late, after two weeks
from the onset of symptoms. These tests can also demonstrate the viral spread in the community
and may even identify individuals who are potentially protected from reinfection by neutralizing
antibodies [8].

It is believed that the majority of antibodies are raised against the abundant N protein,
while antibodies directed against the S protein are considered more specific and correlate with
the neutralizing capacity [7,8]. Earlier works on the antibody response in SARS (2002/2003) patients
showed a significantly higher sensitivity of tests based on the N protein as the antigen [10,11].
The diagnostic value of SARS-CoV-2 antibody tests, however, may be limited due to their potential
cross-reactivity with other human coronaviruses. So far, the duration of the acquired immunity after a
SARS-CoV-2 infection is unclear. However, based on experience with reinfections from other human
coronaviruses, it remains yet open if the immunity is long-lasting [12]. Several studies reported a rapid
decay of SARS-CoV-2 immunoglobulin G (IgG) in asymptomatic individuals [13] and mild COVID-19
cases [14] but, more surprisingly, also in hospitalized patients presenting with the full clinical spectrum
of COVID-19 [5,15]. Very recently, differences in the kinetics of N- or S-specific IgG came into the focus
of research [16]. While a decline in the IgG directed against the N protein was evident, the response to
the S protein or its RBD was found to be more stable [16,17] and was associated with the presence
of virus-neutralizing antibodies [17]. To the best of our knowledge, clinically validated assays for
the specific detection of IgG directed against the SARS-CoV-2 surface proteins E and M are not yet
available. However, it would make sense to investigate such antibody responses as well, since they
can also correlate with virus-neutralizing capacities [4].

In the following, we present data on the diagnostic performance of eight commercially available
SARS-CoV-2 IgG or total SARS-CoV-2 antibody tests. Variations in their diagnostic sensitivity and
specificity were observed. In terms of their performance, two IgG assays using the N or S proteins
of SARS-CoV-2 were selected for an analysis of follow-up sera to obtain data on the kinetics of IgG.
The development of IgG avidities and the kinetics of SARS-CoV-2-neutralizing antibodies were also
examined over time.

2. Materials and Methods

The ethics committee of the Medical Faculty of Kiel University (Kiel, Germany) approved the
setting of this study (reference number D467/20).

2.1. Reference Samples and Tests Chosen for Evaluation of Immunoassay Performance

Thirty-seven serum samples were obtained from 26 outpatient patients with a PCR-confirmed
SARS-CoV-2 infection. Blood was drawn between four and 60 days (median 19 days) after a positive
real-time RT-PCR result in which parts of the SARS-CoV-2 E or N genes [18] were detected in
oropharyngeal swabs with a cycle threshold <35 (median 26.8). Serum was obtained from the blood
and stored at —20 °C until tested. These sera are likely to contain SARS-CoV-2 IgG/total antibodies and,
therefore, were considered to determine the serological assay sensitivities (as previously suggested
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by [19]). This variant of the sensitivity calculation only took into account whether a SARS-CoV-2-infected
patient was reactive at all, regardless of when this reactivity was developed (reference method 1).

A plaque reduction neutralization assay (PRNT) using a SARS-CoV-2 isolate designated as Kiel
M16502/2020 and Vero cells (order no. 605372, CLS Cell Lines Service GmbH, Eppelheim, Germany)
was included as a further reference for the calculation of the sensitivities. All sera classified as reactive
in the PRNT were considered. This also covered follow-up sera (reference method 2). Testing was
done under biosafety level 3 conditions and was in accordance to previous reports [20,21] with minor
modifications. One to two days before infection, 1.0 x 10° cells were seeded into each well of 48-well
plates. These were then incubated under standard conditions until the cells became confluent. Directly
prior to the PRNT, patient sera were heat-inactivated at 56 °C for 30 min and then diluted from
1:10 to 1:1280 in cell culture medium consisting of Dulbecco’s modified Eagle’s medium (DMEM)
(Bio&SELL GmbH, Feucht, Germany) supplemented with 3.7 g/L. NaHCO3, 4.5 g/L. glucose, 2 mM
L-glutamine, and 1% (v/v) Penicillin/Streptomycin/Fungi-Mix (Bio&SELL). A serum dilution series was
made by mixing 50 pL of each dilution step with 50 uL virus suspension containing 100 plaque-forming
units, followed by an incubation for 1 h at 37 °C. The cells were washed with phosphate-buffered saline
(Bio&SELL), inoculated with 100 pL of these virus serum dilutions, and incubated for one hour at room
temperature on a rocking shaker. Then, 100 uL of the cell culture medium supplemented with 20% (v/v)
fetal calf serum (FCS) was added to each well to achieve a FCS concentration of 10% (v/v). After four to
five days, cells were fixed with 4% (w/v) paraformaldehyde in phosphate-buffered saline and stained
with an aqueous solution of 0.1% (w/v) crystal violet and 20% (v/v) methanol. The stained plates
were photo-documented. All dilution steps were tested in quadruplicates, and plaque formation was
compared to an untreated cell control and a virus control. A serum dilution >1:10, which prevented
plaque formation in at least 50% of the wells compared to the virus control, was classified as reactive
and probably as protective. The reciprocal titers were used to visualize the kinetics. If an exact titer
could not be given, a geometric mean value was calculated from the two adjacent titers.

For the calculation of assay specificities, 100 archived sera collected during the summer 2018
(N = 50) and during winter 2018/2019 (N = 50) were used. None of these sera were expected to contain
SARS-CoV-2 antibodies. The inclusion of such pre-pandemic sera for the demonstration of specificity
was previously suggested [19].

2.2. Investigated SARS-CoV-2 Antibody Tests

Seven SARS-CoV-2 IgG assays (Abbott SARS-CoV-2 IgG, Wiesbaden, Germany; DiaSorin Liaison®
SARS-CoV-2 51/2 IgG, DiaSorin, Dietzenbach, Germany; Epitope EDI™ Novel Coronavirus COVID-19
IgG ELISA Kit, Epitope Diagnostics, San Diego, CA, USA; Euroimmun Anti-SARS-CoV-2 ELISA
(IgG), EUROIMMUN AG, Liibeck, Germany; Mikrogen recomWell SARS-CoV-2 IgG, Mikrogen GmbH,
Neuried, Germany; SARS-CoV-2 ViraChip® IgG Test, Viramed Biotech AG, Planegg, Germany;
and SERION ELISA agile SARS-COV-2 IgG, Institute Virion-Serion GmbH, Wiirzburg, Germany),
as well as one total SARS-CoV-2 antibody test (Roche Elecsys Anti-SARS-CoV-2, Roche Diagnostics,
Mannheim, Germany), were included in this study. The recombinant antigens of these tests cover the
N protein (Abbott, Epitope, Mikrogen, Roche) and the entire S protein (Virion-Serion), as well as its S1
domain alone (Euroimmun) or together with the S2 domain (DiaSorin). The SARS-CoV-2 ViraChip®
IgG test kit uses the purified viral surface antigens S1 and S2 and the N antigen, which are all presented
separately at a defined position on a nitrocellulose film (Table S1).

All tests were conducted strictly following the recommendations of the manufacturers on an
Architect or Alinity machine (Abbott), a Liaison XL (DiaSorin), or a Cobas e 411 (Roche) or, for the
assays of Epitope, Euroimmun, Mikrogen Viramed, and Virion-Serion, on the BEP 2000 system
(Siemens Healthcare GmbH, Erlangen, Germany), respectively. The ViraChip® test was then evaluated
automatically by help of a ViraChip® reader and the ViraChip® Software.
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All borderline/gray zone results were counted as positive. Furthermore, raw data from seven assays
were converted into relative indices according to the decision limits set by the manufacturer. Thereby,
a signal (S)/cut-off (CO) value of <1 was valued as negative and >1 as positive, which corresponds to a
previous study [22]. Results of the SARS-CoV-2 ViraChip® IgG could not be converted into relative
indices and were only given qualitatively as negative or positive. The proportion of correctly identified
samples per test relative to the chosen reference method was calculated and given as assay accuracy.

The convalescent sera were also tested with and without avidity reagent (contains urea
in denaturating concentrations) in two versions of an IgG line assay (blot vl: Mikrogen
recomLine Coronavirus IgG (Aviditdt), prototype and blot v2: Mikrogen recomLine SARS-CoV-2
IgG (Aviditat)/RUO). The first version is based on the N protein of the human coronaviruses (HCoVs)
229E, HKU1, NL63, and OC43, which are used separately as antigens, and on the N protein of the
“classic” SARS-CoV from 2002/2003 and SARS-CoV-2. The second improved version still uses the
N proteins of the aforementioned HCoVs and of SARS-CoV-2 but has been expanded to include the
S1 antigen and its RBD. A Dynablot Plus system was used to process all samples. Blots were then
evaluated automatically with a BLOT7ix reader and the recomScan software (all from Mikrogen).

2.3. Kinetics of SARS-CoV-2 IgG Indices, IgG Avidities, and Neutralizing Antibody Titers

The SARS-CoV-2-IgG course was examined in 11 of the 26 SARS-CoV-2-infected patients over a
period of up to 165 days after the first positive PCR result. For this purpose, the N- and S-specific IgG
assays were selected, which showed the optimal performance depending on sensitivity, specificity,
and accuracy. The sera were also tested in the improved IgG line assay, including the determination
of the avidity. The course of the virus-neutralizing titers was examined in the PRNT (including the
retesting of samples from the validation part of this study in order to show the assays’ reproducibility).
An attempt was made to investigate all samples of a patient in one test run. Follow-up samples from five
routine patients, including four family members from a SARS-CoV-2-infected case, were also examined.

3. Results

3.1. Performance of Eight SARS-CoV-2 IgG or Total Antibody Tests

Thirty-seven samples taken from patients with a PCR-confirmed SARS-CoV-2 infection were
analyzed with eight SARS-CoV-2 IgG or total antibody assays. Samples #1, #7, and #9 were taken
nine days before to four days after PCR and were all found to be free of SARS-CoV-2 antibodies by
the assays. These samples were not considered for calculation of the sensitivity but demonstrated
seroconversion (Figure 1). Out of the remaining 34 samples, only one serum (#20; Figure 1), which was
obtained from patient no. 12 ten days after a positive RT-PCR, tested negative for SARS-CoV-2 IgG/total
antibodies in the eight assays. However, this sample exhibited a PRNT 1:10-1:20. All other samples
were reactive in at least one assay (Figure 1). Twenty (76.9%) patients developed virus-neutralizing
antibodies, as shown by a PRNT >1:10 (Figure 1 and Figure S1). With respect to the SARS-CoV-2 PCR
(reference 1) or the PRNT results (reference 2), assay sensitivities ranged from 80.8% to 96.3% (Table 1).

Specificity was calculated using 100 archived samples that should not contain SARS-CoV-2
antibodies. A total of ten sera were reactive in one or more assays. None contained SARS-CoV-2
neutralizing antibodies (Figure 2 and Figure S1). The residual 90 stored samples were not tested in
the PRNT, as they were found to be free of SARS-CoV-2 IgG/total antibodies in all eight assays. Thus,
assay specificities ranged from 96.0% to 100%, and accuracies varied from 93.7% to 99.2% (Table 1).
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Figure 1. Detection of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) immunoglobulin
G (IgG)/total antibodies in PCR-confirmed cases. Serum samples (N = 37) obtained from 26
SARS-CoV-2-infected patients (Pat.) were tested. A signal (S)/cut-off (CO) value >1 is considered
as positive for SARS-CoV-2 IgG/total antibodies. The time in days after PCR (d.a.P.) and sample
submission, as well as results of the ViraChip® IgG test (Viramed, VM), of the plaque reduction
neutralization assay (PRNT, Figure S1), and of both recomLine assays (blot v1 and v2) are listed in the
table. p, positive; n, negative; and nd, not determined. For better clarity, positive test results are printed
in red in the table.

Table 1. Sensitivities, specificities, and accuracies of eight severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) immunoglobulin G (IgG) or total antibody assays calculated from the results of
two reference tests. The highest values are shown in green; the lowest values are marked in red.

(%) Sensitivity Sensitivity  Specificity 3 Accuracy Accuracy
Reference test PCR! PRNT 2 PCR! PRNT 2
Assay\n 26 27 100 126 127

Abbott 96.2 96.3 99.0 98.4 98.4
Diasorin 84.6 88.9 96.0 93.7 94.5
Epitope 80.8 92.6 100.0 96.0 98.4
Euroimmun 80.8 88.9 97.0 93.7 95.3
Mikrogen 88.5 96.3 98.0 96.0 97.6
Roche 88.5 96.3 99.0 96.8 98.4
Viramed 88.5 96.3 99.0 96.8 98.4
Virion-Serion 96.2 96.3 100.0 99.2 99.2

1 SARS-CoV-2 RNA was previously detected in the PCR test. 2 SARS-CoV-2-neutralizing antibodies with a titer >1:10
were demonstrated in the plaque reduction neutralization test (PRNT). 3 100 stored sera from 2018/2019.
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Figure 2. False positivity of SARS-CoV-2 IgG/total antibody tests in ten out of 100 archived sera
collected in the summer 2018 and winter 2018/2019. A signal (S)/cut-off (CO) value >1 is considered as
positive for SARS-CoV-2 IgG/total antibodies. Results of the ViraChip® IgG test (Viramed, VM), of the
plaque reduction neutralization assay (PRNT, Figure S1), and of both recomLine assays (blot v1 and v2)
are listed in the table. p, positive and n, negative. For better clarity, positive test results are printed in
red in the table.

Twelve routine samples obtained from individuals who were interested in their SARS-CoV-2
antibody status were re-evaluated by all eight assays (Figure 3). Six of them—including three family
members of the SARS-CoV-2-infected patient no. 14 (Figure 1)—were classified SARS-CoV-2 IgG/total
antibody-positive by the majority of the tests. Isolated reactivity was observed in three sera (Figure 3).
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Figure 3. Detection of SARS-CoV-2 IgG/total antibodies in twelve routine samples. A signal (S)/cut-off
(CO) value >1 is considered as positive for SARS-CoV-2 IgG/total antibodies. The samples #4 to #6 were
obtained from family members of the SARS-CoV-2-infected patient no. 14 (sample #22 in Figure 1).
Results of the plaque reduction neutralization test (PRNT, Figure S2), the ViraChip® IgG test (Viramed,
VM), and of both recomLine assays (blot vl and v2) are listed in the table. p, positive; n, negative;
and nd, not determined. For better clarity, positive test results are printed in red in the table.
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Twenty-four (92.3%) of the 26 SARS-CoV-2 infected patients were reactive in one or both versions
of the IgG recomLine assay; the test results differed only in three sera (Figure 1). One out of the
ten archived sera that were reactive in at least one of the SARS-CoV-2 IgG/total antibody tests was
also classified as SARS-CoV-2 IgG-positive by the prototype immunoblot (v1) but was negative in the
improved version 2. The underlying sample #7 was collected in the winter 2018/2019 and was found
to be reactive for SARS-CoV-2 IgG/total antibodies by the Mikrogen (5/CO 1.33), Roche (S/CO 3.46),
and Viramed (N antigen 125 ViraChip® Units) assays in parallel (Figure 2). The twelve routine samples
were analyzed by both versions of the blot (v1: nine samples and v2: all samples), and results of the
immunoassays were largely confirmed (Figure 3).

3.2. Kinetics of SARS-CoV-2 IgG, Development of IgG Avidities, and Neutralizing Antibodies

In the validation part of our study, the Abbott assay, which is based on the SARS-CoV-2 N as the
epitope, and the Virion-Serion assay, which uses S as the antigen, proved to be the most sensitive and
specific assays (Table 1). Therefore, both were selected to study the kinetics of SARS-CoV-2 IgG in
eleven patients and five individuals (including four family members of patient no. 14) from routine
diagnostics. The median of the last sample submission was 153 days after the PCR, the range between
80 and 165 days. Results from the validation part of this study were also considered. N-specific
IgG antibodies were detectable in all persons. Two groups of individuals were evident: one group
of six patients showed relatively stable IgG levels over time, while the other showed a short-term
decrease. Accordingly, the indices of six individuals fell below the limit of positivity during the
observation period. A stable S-specific IgG response was demonstrated in almost all individuals
(Figure 4). Only two subjects (patient no. 22 and routine no. 5) showed a drop in IgG below the limit
of positivity. The routine sample no. 5 still possessed isolated reactivity against the N antigen in the
improved line assay (data not shown). In the latter test, three patients developed SARS-CoV-2-specific
IgG of high avidity after 65-130 days, which was confirmed in consecutive samples. The pattern
of reactivity differed slightly: Two patients developed IgG of high avidity against the RBD and S1
epitopes, while the third showed isolated reactivity against the N antigen (Figure S3).

——1 2 4 9 —¥—11 —@—14 ——18 ——19 ——21 ——22 —26 R4 (14) RS (14) —A—R6 (14) R13 (14) R8

=
o
°

/(/%

-
1)
D

04 SARS-CoV-2N

%
&

£ Log (s/cO) §

s p————————— —— ———"
A 1 . | we———— %
1 ———

SARS-CoV-2S

-10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170
Days after PCR

0.1

Figure 4. Time course of SARS-CoV-2 IgG in eleven SARS-CoV-2-infected patients and five routine
(R) patients (including four family members of SARS-CoV-2 patient no. 14) who were interested in
their SARS-CoV-2 antibody status. A signal (S)/cut-off (CO) value >1 is considered as positive for
SARS-CoV-2 IgG. The results of the Abbott assay (N protein as the epitope) can be found in the upper
part of the figure; those of the Virion-Serion assay (S protein as the epitope) are given below. Results
from the validation part of this study were included.
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Presence of SARS-CoV-2-neutralizing antibodies over several months was demonstrated in eight
(72.7%) SARS-CoV-2 patients and a family member of patient no. 14 (R4). However, only one of them
developed a stable titer >1:40 (Figure 5 and Figure S2). Retests of sera that were already included in the
validation part of this study showed an excellent reproducibility of the PRNT (R? = 0.96, Figure S4).

1000.0 ——1 2 4 9 —*—11 —0-14
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Figure 5. Time course of SARS-CoV-2-neutralizing antibodies in eleven SARS-CoV-2-infected patients
and five routine (R) patients (including four family members of SARS-CoV-2 patient no. 14) who
were interested in their SARS-CoV-2 antibody status. Results were obtained by the plaque reduction
neutralization assay (PRNT, Figure S2). The reciprocal titer was calculated. If a clear titer could not be
read, the geometric mean was given from the reciprocal values of the two neighboring titers.

4. Discussion

In a rather short period, various assays for the detection of SARS-CoV-2 antibodies were introduced
to the market. A meta-analysis of 38 studies on the performance of different format SARS-CoV-2
antibody tests mainly manufactured from Chinese companies was reported recently [23]. Furthermore,
studies on the sensitivity and specificity of SARS-CoV-2 IgG tests, including ELISAs from the Epitope,
Euroimmun, and Mikrogen companies, were published previously [20-22,24]. A recent prospective
study examined the sensitivity of seven antibody tests from Abbott, Euroimmun, Mediagnost, Novatec,
Virotech, Roche, and Siemens companies but did not provide data on their specificities or on the
correlation of the assay results to the presence of SARS-CoV-2-neutralizing antibodies [25].

Here, we analyzed the diagnostic performance of eight commercially available tests, all of which
have been released within the past few months. These were compared to identify appropriate tests to
study the kinetics of N- or S-specific SARS-CoV-2 IgG or total antibodies in outpatients with a previous
SARS-CoV-2 infection. To our knowledge, such a comprehensive study has not been conducted before.
Three assays (Abbott, DiaSorin, and Roche) were applied in a random-access manner, which reduced
the needed hands-on-time markedly. Convalescent sera from 26 SARS-CoV-2-infected patients were
used to investigate the test sensitivities. These samples were characterized by a previous positive
SARS-CoV-2 PCR result of the donors (reference method 1) and may possess SARS-CoV-2-neutralizing
capacities (>1:10), as demonstrated in a laboratory-developed PRNT (reference method 2). Furthermore,
two versions of an immunoblot, including the determination of SARS-CoV-2 IgG avidities, were applied.

With respect to the previous positive SARS-CoV-2 PCR result considered as the reference of first
choice, following a recent suggestion [19], assay sensitivities were found to be relatively high and
varied from 80.8% to 96.2% (Table 1). This finding is in accordance to other studies [21,22,24-26] and to
a meta-analysis [23]. Six (23.1%; five, 19.2%, if the positive retesting result of the initial serum from
patient 4 is taken into account; for details, see below) of the 26 SARS-CoV-2-infected patients did not



Microorganisms 2020, 8, 1572 90f12

develop SARS-CoV-2-neutralizing antibodies, as demonstrated by a PRNT <1:10. Among them were
two individuals who were only recognized as IgG-positive in the Abbott and Virion-Serion assays and
were partially reactive in the ViraChip® and the IgG immunoblots (Figure 1). This confirms a previous
report of a high sensitivity of the Abbott IgG test [27]. The absence of neutralizing antibodies in several
COVID-19 patients was also reported by others [28] and may be associated with the mild course of the
infection mainly observed in outpatient patients. However, since no clinical data were available to us,
a severe underlying disease or a serious course of the SARS-CoV-2 infection cannot be ruled out in
the individuals of our study collective. Recently, presence of neutralizing antibodies was found to
be associated with protection against reinfection [29]. If the PRNT was chosen as another reference
(Figure S1), sensitivities varied from 88.9% to 96.3% (Table 1), which is largely comparable to the
results obtained with the first method. These sensitivities can be even higher, as retesting of the initial
serum from patient 4 in the second part of our study revealed the presence of low-level neutralizing
antibodies (1:10 vs. 1:20-1:40; Figure 5 and Figures S1 and S2). With respect to a sample from patient 1
taken six days after the PCR, two S-based assays failed to detect SARS-CoV-2 IgG, while all assays that
used the N as an epitope were reactive (Figure 1). Thus, usage of the latter may lead to the detection
of IgG/total antibodies at an earlier stage post-infection. Furthermore, a lack of reactivity in some
assays using the S antigen does not necessarily mean that SARS-CoV-2-neutralizing antibodies are
missing (Figure 1). Seroconversion was clearly demonstrated in three patients (Figure 1). The majority
of SARS-CoV-2 IgG in sera from SARS-CoV-2-infected patients were verified by both versions of
an immunoblot (Figure 1). The latter can be used to differentiate the antibody reactivities against
individual SARS-CoV-2 antigens. The specificities of the SARS-CoV-2 IgG/total antibody tests are at
comparatively high levels between 96.0% and 100.0%, as has also been reported by others [21,22,24,26].
Interestingly, one sample collected in the winter 2018/2019 was found to be reactive in the Mikrogen,
Roche, and Viramed assays, as well as in the prototype immunoblot, but could not be confirmed
by the PRNT. For all other 99 archived samples, a random pattern of rare, isolated reactivity was
demonstrated, and none was confirmed as possessing SARS-CoV-2-neutralizing antibodies by PRNT
(Figure 2 and Figure S1). Potential cross-reactivity with the HCoVs responsible for common colds may
therefore not be a major problem. The analysis of the immunoblot results shows, however, that sera
from SARS-CoV-2-infected patients may simultaneously react with the antigens from HCoVs 229E,
HKU-1, NL63, OC43, and SARS-CoV-2 (Figure S3). Due to the currently estimated low prevalence of
SARS-CoV-2 IgG in the overall German population, even high specificities of 96-98% would produce a
relevant number of false positive results. Thus, such assays, which all show an accuracy over 93%,
should be preferentially used for the testing of patients with a history of a probable infection. In the case
of doubt, the implementation of the labor-intensive and time-consuming PRNT may be considered.
The kinetics of SARS-CoV-2 IgG was studied up to 165 days after positive SARS-CoV-2 PCR results
by the analysis of consecutive samples from 11 patients and samples from five routine patients; four are
family members of a SARS-CoV-2-infected patient. The results were obtained with two IgG assays based
on the N (Abbott) or the entire S (Virion-Serion) antigens as the epitopes. Both tests turned out to be
the most sensitive and specific assays in the validation part of our study (compare in Table 1). Thereby,
SARS-CoV-2-specific antibodies were detectable in all individuals. While the N-based IgG assay
revealed the existence of two groups of individuals, and one of them showed a rapid decrease of IgG
indices within a few months, the IgG reactivity in the S protein-based assay was found to be more stable
(Figure 4). This is in-line with a previous preprint [16] and could suggest that the latter test is better
suited for epidemiological studies, especially when it comes to questions of prevalence. Accordingly,
the majority of SARS-CoV-2-infected patients in our study developed neutralizing antibodies. The titers
were stable during the observation period but were in a relatively low range between >1:10 and
1:80 (Figure 5). Only three patients showed conversion from low to high SARS-CoV-2 IgG avidity
(Figure S3). The limited number of included SARS-CoV-2 patients, however, limits the informative
value of the present study. The evaluability of the simple and reproducible PRNT technique applied
here may be improved by overlaying the cells with cellulose or by using specific antibodies to detect
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the remaining viral antigens in the cells, as reported previously [7,20]. Furthermore, the application
of a modified cytopathic effect inhibition assay [30] may be useful to facilitate standardization and
quantification and will be valued in future studies. Several SARS-CoV-2-infected patients and routine
patients in our study lost their SARS-CoV-2 (N)-specific IgG within a few months or could lose them
soon. These individuals can theoretically be prone to reinfection, especially since the S-specific IgG and
the neutralizing antibodies are stable but only present in low indices/titers. In a few patients, both were
undetectable. However, this view does not take into account the booster effect that can be expected
in the event of renewed virus contact. This would most likely lead to a rapid increase in antibody
titers. Accordingly, vaccine strategies against SARS-CoV-2 may need boosting to maintain sufficient
neutralizing antibody titers over a long time [5]. Waning antibody titers and reinfections are known
from various HCoVs mainly responsible for common colds [5,12,31]. Recently a well-documented
case of an asymptomatic SARS-CoV-2 reinfection was reported [32]. In our opinion, the importance of
such rare events for the progression of the temporary pandemic appears to be minor. Nevertheless,
a permanent presence of measurable SARS-CoV-2 IgG in the serum of all patients is unlikely. This is
not surprising and has also been observed in patients after infections with SARS-CoV (2002/2003) or
Middle East respiratory syndrome (MERS)-CoV [5]. It does not necessarily mean that these individuals
will be susceptible to severe reinfection.

Future studies should now address the virus-specific antibody response on the mucous membranes,
as well as the cellular immune response. For this, the development of valid routine test procedures is
urgently required.
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Development of high SARS-CoV-2 IgG avidities in three SARS-CoV-2 patients. Figure S4: Agreement of titers
from two independent neutralization tests.

Author Contributions: Conceptualization, A.K.; methodology, A.S., R.R., O.G., EN., and A K; formal analysis,
H.F. and A K investigation, A.S.,, R.R., O.G., EN., and A K; resources, H.F,, T.L., and A K.; writing—original draft
preparation, A.K.; writing—review and editing, H.F. and A.K; and supervision, H.F,, T.L., and A K. All authors
have read and agreed to the published version of the manuscript.

Funding: We acknowledge financial support by DFG within the funding program Open Access Publizieren.

Acknowledgments: The authors deeply acknowledge the excellent technical assistance of Sina Miiller and Carina
Baumler (both Labor Krause und Kollegen MVZ GmbH), as well as of Andrea Holzgen (Institute for Infection
Medicine). Furthermore, we would like to thank all patients for participating in this study.

Conflicts of Interest: Mikrogen, Viramed, and Virion-Serion companies kindly provided test kits free of charge,
as well as technical support for this study. These companies had no influence on the study design, the collection
and testing of the samples, the interpretation of the results, or on the writing of the manuscript or in the decision
to publish the results. Some of the data of the assay validation part of this study have already been published as a
preprint [33]. All authors declare no conflicts of interest.

References

1. Zhu, N.; Zhang, D.; Wang, W.; Li, X,; Yang, B.; Song, J.; Zhao, X.; Huang, B.; Shi, W.; Lu, R.; et al. A Novel
Coronavirus from Patients with Pneumonia in China, 2019. N. Engl. ]. Med. 2020, 382, 727-733. [CrossRef]
[PubMed]

2. Coronaviridae Study Group of the International Committee on Taxonomy of Viruses. The species Severe acute
respiratory syndrome-related coronavirus: Classifying 2019-nCoV and naming it SARS-CoV-2. Nat. Microbiol.
2020, 5, 536-544. [CrossRef] [PubMed]

3. Tan, W,; Zhao, X.; Ma, X.; Wang, W.; Niu, P; Xu, W.; Gao, G.F,; Wu, G. A novel coronavirus genome identified
in a cluster of pneumonia cases—Wuhan, China 2019-2020. China CDC Wkly. 2020, 2, 61-62. [CrossRef]

4. Lee, C.Y,; Lin, RT.P; Renia, L.; Ng, L.EP. Serological Approaches for COVID-19: Epidemiologic Perspective
on Surveillance and Control. Front Immunol. 2020, 11, 879. [CrossRef]


http://www.mdpi.com/2076-2607/8/10/1572/s1
http://dx.doi.org/10.1056/NEJMoa2001017
http://www.ncbi.nlm.nih.gov/pubmed/31978945
http://dx.doi.org/10.1038/s41564-020-0695-z
http://www.ncbi.nlm.nih.gov/pubmed/32123347
http://dx.doi.org/10.46234/ccdcw2020.017
http://dx.doi.org/10.3389/fimmu.2020.00879

Microorganisms 2020, 8, 1572 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Sariol, A.; Perlman, S. Lessons for COVID-19 Immunity from Other Coronavirus Infections. Immunity 2020,
53,248-263. [CrossRef]

Huang, Y;; Yang, C.; Xu, X.E; Xu, W.; Liu, S.W. Structural and functional properties of SARS-CoV-2 spike
protein: Potential antivirus drug development for COVID-19. Acta Pharmacol. Sin. 2020, 41, 1141-1149.
[CrossRef]

Focosi, D.; Maggi, F.; Mazzetti, P; Pistello, M. Viral infection neutralization tests: A focus on severe acute
respiratory syndrome-coronavirus-2 with implications for convalescent plasma therapy. Rev. Med Virol.
2020, €2170. [CrossRef]

Sethuraman, N.; Jeremiah, S.S.; Ryo, A. Interpreting Diagnostic Tests for SARS-CoV-2. JAMA 2020. [CrossRef]
Woloshin, S.; Patel, N.; Kesselheim, A.S. False Negative Tests for SARS-CoV-2 Infection—Challenges and
Implications. N. Engl. ]. Med. 2020, 383, e38. [CrossRef]

Leung, D.T.; Tam, EC.; Ma, C.H.; Chan, PK; Cheung, J.L.; Niu, H.; Tam, ].S.; Lim, P.L. Antibody response of
patients with severe acute respiratory syndrome (SARS) targets the viral nucleocapsid. J. Infect. Dis. 2004,
190, 379-386. [CrossRef]

Woo, P.C,; Lau, SK.; Wong, B.H.; Tsoi, HW.; Fung, A.M.; Kao, R.Y.; Chan, K.H.; Peiris, J.S.; Yuen, K.Y.
Differential sensitivities of severe acute respiratory syndrome (SARS) coronavirus spike polypeptide
enzyme-linked immunosorbent assay (ELISA) and SARS coronavirus nucleocapsid protein ELISA for
serodiagnosis of SARS coronavirus pneumonia. J. Clin. Microbiol. 2005, 43, 3054-3058. [CrossRef]

Edridge, A.W.; Kaczorowska, ].M.; Hoste, A.C.; Bakker, M.; Klein, M.; Jebbink, M.F.; Matser, A.; Kinsella, C.;
Rueda, P; Prins, M.; et al. Coronavirus protective immunity is short-lasting. medRxiv 2020, 1-3. [CrossRef]
Long, Q.X.; Tang, X.J.; Shi, Q.L.; Li, Q.; Deng, H.J.; Yuan, J.; Hu, J.L.; Xu, W.; Zhang, Y.; Lv, E].; et al. Clinical
and immunological assessment of asymptomatic SARS-CoV-2 infections. Nat. Med. 2020, 26, 1200-1204.
[CrossRef]

Ibarrondo, EJ.; Fulcher, J.A.; Goodman-Meza, D.; Elliott, J.; Hofmann, C.; Hausner, M.A.; Ferbas, K.G.;
Tobin, N.H.; Aldrovandi, G.M.; Yang, O.0O. Rapid Decay of Anti-SARS-CoV-2 Antibodies in Persons with
Mild Covid-19. N. Engl. J. Med. 2020. [CrossRef] [PubMed]

Seow, J.; Graham, C.; Merrick, B.; Acors, S.; Steel, K.J.A.; Hemmings, O.; O’Bryne, A.; Kouphou, N.;
Pickering, S.; Galao, R.; et al. Longitudinal evaluation and decline of antibody responses in SARS-CoV-2
infection. medRxiv 2020. [CrossRef]

Ripperger, T.J.; Uhrlaub, ]J.L.; Watanabe, M.; Wong, R.; Castaneda, Y.; Pizzato, H.A.; Thompson, M.R;
Bradshaw, C.; Weinkauf, C.C.; Bime, C.; et al. Detection, prevalence, and duration of humoral responses to
SARS-CoV-2 under conditions of limited population exposure. medRxiv 2020. [CrossRef]

Iyer, A.S.; Jones, EK.; Nodoushani, A.; Kelly, M.; Becker, M.; Slater, D.; Mills, R.; Teng, E.; Kamruzzaman, M.;
Garcia-Beltran, W.E; et al. Dynamics and significance of the antibody response to SARS-CoV-2 infection.
medRxiv 2020. [CrossRef]

Corman, V.M.; Landt, O.; Kaiser, M.; Molenkamp, R.; Meijer, A.; Chu, D.K.; Bleicker, T.; Brunink, S.;
Schneider, J.; Schmidt, M.L.; et al. Detection of 2019 novel coronavirus (2019-nCoV) by real-time RT-PCR.
Euro Surveill. 2020, 25. [CrossRef] [PubMed]

Kellam, P;; Barclay, W. The dynamics of humoral immune responses following SARS-CoV-2 infection and the
potential for reinfection. J. Gen. Virol. 2020. [CrossRef]

Okba, N.M.A.; Muller, M.A,; Li, W.; Wang, C.; GeurtsvanKessel, C.H.; Corman, V.M.; Lamers, M.M.;
Sikkema, R.S.; de Bruin, E.; Chandler, ED.; et al. Severe Acute Respiratory Syndrome Coronavirus 2-Specific
Antibody Responses in Coronavirus Disease Patients. Emerg. Infect. Dis. 2020, 26, 1478-1488. [CrossRef]
Kohmer, N.; Westhaus, S.; Riihl, C.; Ciesek, S.; Rabenau, H.E. Clinical performance of SARS-CoV-2 IgG
antibody tests and potential protective immunity. bioRxiv 2020. [CrossRef]

Kruttgen, A.; Cornelissen, C.G.; Dreher, M.; Hornef, M.; Imohl, M.; Kleines, M. Comparison of four new
commercial serologic assays for determination of SARS-CoV-2 IgG. . Clin. Virol. 2020, 128, 104394. [CrossRef]
[PubMed]

Kontou, P.I; Braliou, G.G.; Dimou, N.L.; Nikolopoulos, G.; Bagos, P.G. Antibody Tests in Detecting
SARS-CoV-2 Infection: A Meta-Analysis. Diagnostics 2020, 10, 319. [CrossRef] [PubMed]

Lassauniere, R.; Frische, A.; Harboe, Z.B.; Nielsen, A.C.; Fomsgaard, A.; Krogfelt, K.A.; Jorgensen, C.S.
Evaluation of nine commercial SARS-CoV-2 immunoassays. medRxiv 2020. [CrossRef]


http://dx.doi.org/10.1016/j.immuni.2020.07.005
http://dx.doi.org/10.1038/s41401-020-0485-4
http://dx.doi.org/10.1002/rmv.2170
http://dx.doi.org/10.1001/jama.2020.8259
http://dx.doi.org/10.1056/NEJMp2015897
http://dx.doi.org/10.1086/422040
http://dx.doi.org/10.1128/JCM.43.7.3054-3058.2005
http://dx.doi.org/10.1101/2020.05.11.20086439
http://dx.doi.org/10.1038/s41591-020-0965-6
http://dx.doi.org/10.1056/NEJMc2025179
http://www.ncbi.nlm.nih.gov/pubmed/32706954
http://dx.doi.org/10.1101/2020.07.09.20148429
http://dx.doi.org/10.1101/2020.08.14.20174490
http://dx.doi.org/10.1101/2020.07.18.20155374
http://dx.doi.org/10.2807/1560-7917.ES.2020.25.3.2000045
http://www.ncbi.nlm.nih.gov/pubmed/31992387
http://dx.doi.org/10.1099/jgv.0.001439
http://dx.doi.org/10.3201/eid2607.200841
http://dx.doi.org/10.1101/2020.05.08.085506
http://dx.doi.org/10.1016/j.jcv.2020.104394
http://www.ncbi.nlm.nih.gov/pubmed/32416599
http://dx.doi.org/10.3390/diagnostics10050319
http://www.ncbi.nlm.nih.gov/pubmed/32438677
http://dx.doi.org/10.1101/2020.04.09.20056325

Microorganisms 2020, 8, 1572 12 of 12

25.

26.

27.

28.

29.

30.

31.

32.

33.

Schnurra, C.; Reiners, N.; Biemann, R.; Kaiser, T.; Trawinski, H.; Jassoy, C. Comparison of the diagnostic
sensitivity of SARS-CoV-2 nucleoprotein and glycoprotein-based antibody tests. J. Clin. Virol. 2020,
129,104544. [CrossRef]

Peterhoff, D.; Gluck, V.; Vogel, M.; Schuster, P.; Schutz, A.; Neubert, P.; Albert, V.; Frisch, S.; Kiessling, M.;
Pervan, P; et al. A highly specific and sensitive serological assay detects SARS-CoV-2 antibody levels in
COVID-19 patients that correlate with neutralization. Infection 2020. [CrossRef]

Bryan, A.; Pepper, G.; Wener, M.H.; Fink, S.L.; Morishima, C.; Chaudhary, A.; Jerome, K.; Mathias, P.C.;
Greninger, A. Performance Characteristics of the Abbott Architect SARS-CoV-2 IgG Assay and Seroprevalence
Testing in Idaho. J. Clin. Microbiol. 2020, 58. [CrossRef]

Wu, E; Wang, A; Liu, M.; Wang, Q.; Chen, J.; Xia, S.; Ling, Y,; Zhang, Y,; Xun, J.; Lu, L.; et al. Neutralizing
antibody responses to SARS-CoV-2 in a COVID-19 recovered patient cohort and their implications. medRxiv 2020.
[CrossRef]

Addetia, A.; Crawford, K.H.; Dingens, A.; Zhu, H.; Roychoudhury, P.; Huang, M.; Jerome, K.R.; Bloom, ].D.;
Greninger, A. Neutralizing antibodies correlate with protection from SARS-CoV-2 in humans during a fishery
vessel outbreak with high attack rate. J. Clin. Microbiol. 2020. [CrossRef]

Schmidtke, M.; Schnittler, U.; Jahn, B.; Dahse, H.; Stelzner, A. A rapid assay for evaluation of antiviral activity
against coxsackie virus B3, influenza virus A, and herpes simplex virus type 1. J. Virol. Methods 2001, 95,
133-143. [CrossRef]

Kissler, S.M.; Tedijanto, C.; Goldstein, E.; Grad, Y.H.; Lipsitch, M. Projecting the transmission dynamics of
SARS-CoV-2 through the postpandemic period. Science 2020, 368, 860-868. [CrossRef] [PubMed]

To, KK,; Hung, LE; Ip, ].D.; Chu, AW.; Chan, WM.; Tam, A.R.; Fong, C.H,; Yuan, S.; Tsoi, HW.; Ng, A.C.; et al.
COVID-19 re-infection by a phylogenetically distinct SARS-coronavirus-2 strain confirmed by whole genome
sequencing. Clin. Infect. Dis. 2020. [CrossRef]

Stroemer, A.; Grobe, O.; Rose, R.; Fickenscher, H.; Lorentz, T.; Krumbholz, A. Diagnostic accuracy of six
commercial SARS-CoV-2 IgG/total antibody assays and identification of SARS-CoV-2 neutralizing antibodies
in convalescent sera. medRxiv 2020. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.jcv.2020.104544
http://dx.doi.org/10.1007/s15010-020-01503-7
http://dx.doi.org/10.1128/JCM.00941-20
http://dx.doi.org/10.2139/ssrn.3566211
http://dx.doi.org/10.1128/JCM.02107-20
http://dx.doi.org/10.1016/S0166-0934(01)00305-6
http://dx.doi.org/10.1126/science.abb5793
http://www.ncbi.nlm.nih.gov/pubmed/32291278
http://dx.doi.org/10.1093/cid/ciaa1275
http://dx.doi.org/10.1101/2020.06.15.20131672
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Reference Samples and Tests Chosen for Evaluation of Immunoassay Performance 
	Investigated SARS-CoV-2 Antibody Tests 
	Kinetics of SARS-CoV-2 IgG Indices, IgG Avidities, and Neutralizing Antibody Titers 

	Results 
	Performance of Eight SARS-CoV-2 IgG or Total Antibody Tests 
	Kinetics of SARS-CoV-2 IgG, Development of IgG Avidities, and Neutralizing Antibodies 

	Discussion 
	References

