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ARTICLE INFO ABSTRACT

Keywords: Background: Detection of seroconversion after SARS-CoV-2-infection or vaccination is relevant to discover sub-
SARS-CoV-2-specific antibodies clinical cases and recognize patients with a possible immunity.

Seroconversion

Objectives: Test performance, effects of age, time-point of seroconversion and immune status regarding
neutralizing antibodies (NAbs) and T-cell-reactivity were investigated.

Study design: Two antibody assays (Viramed-Test for S/N-specific IgG, Roche-Test for N-specific IgA, -M, -G) were
evaluated with classified samples. In total, 381 subjects aged 6-99 years, who had either recovered from the
disease or had been vaccinated, were screened for SARS-CoV-2-specific antibodies. This screening was part of an
open observational study with working adults. Additionally, children and adults were analyzed in a longitudinal
COVID-19 study in schools. For immunity evaluation, virus neutralization tests and ELISpot tests were performed
in a subgroup of subjects.

Results: Viramed revealed a slightly lower test performance than Roche, but test quality was equally well in
samples from very young or very old donors. The time-point of seroconversion after the respective immunization
detected by the two tests was not significantly different. N-specific antibodies, detected with Roche, highly
correlated with NAbs in recovered subjects, whereas a positive Viramed-Test result was paralleled by a positive
ELISpot result.

Conclusion: Viramed-Test was not as sensitive as Roche-Test, but highly specific and beneficial to distinguish
between recovered and vaccinated status. For both tests correlations with humoral and cellular immunity were
found. Of note, the expected early detection of IgA and IgM by the Roche-Test did not prove to be an advantage
over IgG testing by Viramed.

Test performance
Neutralizing antibodies
T-cell-reactivity

CoV-2 asymptomatic infection, thus providing additional information
about virus prevalence [1].

1. Background The SARS-CoV-2 structure proteins spike-glycoprotein (S) and
nucleocapsid-protein (N) are immune dominant. S - mediating the virus
During the SARS-CoV-2 (Severe-Acute-Respiratory-Syndrome-Coro- cell-entry - consists of subunits S1 with the receptor-binding-domain

naVirus-Type-2)-pandemic, serological tests were used to detect SARS-
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Abbreviations

Ig immune-globulin

N nucleocapsid protein

n number

NAbs neutralizing antibodies

PCR polymerase-chain-reaction

RBD receptor-binding-domain

S spike-glycoprotein

SARS-CoV-2 Severe-Acute-Respiratory-Syndrome-Coronavirus-
Type-2

VNT virus neutralization test

T-cells  T-lymphocytes

ELISpot-test Enzyme-Linked-Immuno-Spot-test

COI cutoff index

(RBD) and S2, responsible for virus replication. Whereas S1- and N-an-
tibodies are specific and sensitive for SARS-CoV-2, S2-antibodies are
judged less appropriate to describe the immune response [2] due to its
high sequence homology with the seasonal “common cold” CoVs and
thus cross-reactivity. N is used to differentiate immune responses trig-
gered by previous infection from those triggered by vaccination, as
vector vaccines only contains the spike protein. S1 is assumed to
represent the target for neutralizing antibodies (NAbs) elicited by
currently used vaccines [3].

Generally, specific immune-globulins (Ig) correlate with disease ac-
tivity, possibly compromising diagnostic accuracy [4]. IgA and -M
represent an early defense line within a virus-related immune response
before generation of specific IgG or T-lymphocytes (T-cells) [5], and rise
three to six days after onset of COVID-19-typical symptoms [5-7] up to a
maximum approximately six weeks after infection. RBD-specific IgM
starts to decrease ~60 days after symptoms to a low level of 22% [8]. In
contrast, IgG-antibodies can be detected over several months. N-specific
IgG was observed to decrease 120 days after infection onset to 15%,
while S-specific IgG rests at a 80%-level in parallel to avidity maturation
and presence of NAbs [8].

As a special challenge for diagnostic, antibody titers in children and
adolescents (5-21 years) with SARS-CoV-2-infection were shown to be
low compared to adults, even though 92.3% of these children produced
NAbs [9]. A lower immune response was also reported for seniors aged
60+ years [10]. After vaccination, an S- and RBD-specific antibody re-
action is expected, but protection level are not yet defined [11,12].
Different test principles are available for SARS-CoV-2 antibody testing
with a possible impact on test performance [13]. Crucial parameters are
the recombinant virus antigen, the targeted Ig class, and the sensitivity
of the respective biotechnological principle used [14].

2. Objectives

Antibody screening was critical during SARS-CoV-2-pandemic to
identify recovered or successfully vaccinated individuals in the general
population including children and seniors. This study had two objec-
tives. The first aim was to show, which serological assay was most
suitable to detect SARS-CoV-2-specific antibodies after infection or
vaccination in general: i) electro-chemiluminescence immunoassay
from Roche Diagnostics (detecting N-specific IgM-, IgG-antibodies; well
evaluated before, e.g. [15]), ii) microarray-based immunoassay from
Viramed Biotech AG (detecting S1-, S2- and N-specific IgG-antibodies).
Due to this, assay performance of these serological assays for detecting
virus-specific antibodies were evaluated using serum samples from 381
subjects, aged 6-99 years, who had either recovered from the disease or
had been vaccinated and therefore should show seroconversion. Since
the very presence of virus-specific antibodies is not suitable to give
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insight concerning an assumed immunity to SARS-CoV-2 upon infection
or vaccination, the study further investigated possible correlations be-
tween S- and N-specific antibodies and the occurrence of neutralizing
antibodies (NAbs) and T-cell-reactivity. Thus, it should be investigated
which of those assays, best represents reality - the second aim of this
study.

3. Study design
3.1. Antibody detection tests and initial assay verification

The electro-chemiluminescence immunoassay Elecsys® Anti-SARS-
CoV-2 (Roche Diagnostics, “Roche-Test”) detecting N-antigen-specific
IgM/IgA-antibodies and the microarray-based enzyme immunoassay
Anti-SARS-CoV-2 ViraChip® IgG (Viramed Biotech AG, “Viramed-Test”)
detecting S1-, S2- and N-antigen-specific antibodies were used as
described in supplemental material and elsewhere [1].

Roche- and Viramed-Test were initially evaluated regarding analyt-
ical sensitivity, specificity, and interassay precision with the following
verification samples: i) 192 samples from German Red Cross blood
donation center in Lower Saxony, Germany (collected before 2019), ii)
33 samples of SARS-CoV-2-antibody-positive persons after polymerase-
chain-reaction (PCR)-confirmation (classified using Roche-Test) from
Medical Care Center (MVZ)-Labor Dr. Limbach in Heidelberg, Germany,
and iii) 30 samples of SARS-CoV-2-antibody-tested persons (classified
using LIAISON SARS-CoV-2 S1/S2 IgG assay, DiaSorin; 12 positive, PCR-
confirmed/18 negative samples) from MVZ-Labor Limbach, Lehrte,
Germany. In three independent measurements 47 samples (18 positively
classified samples, 29 negatively classified samples) were analyzed.
Assay verification of both tests met acceptance criteria, since more than
93% of samples were correctly detected (Table S1, detailed Viramed-
Test results for each antigen in Table S2).

3.2. ELISpot-test for T-cell-reactivity and test for virus-NAbs

Enzyme-Linked-Immuno-Spot (ELISpot)-test (Immunospot, Cleve-
land, US) was carried out in pre-coated 96-well plates (Mabtech) ac-
cording to the manufacturer’s instructions (supplement) with a response
of >15 SFU/10° considered positive. Virus neutralization test (VNT) was
also performed as described before [16,1,17].

3.3. Subject cohorts and ethics vote

Serum samples were collected in two large cohorts, subdivided into
two subgroups each (recovered and vaccinated subjects). Fig. 1 and
Table S3 give an overview of all subgroups analyzed. Antibody testing
was offered to subjects at intervals of a few months. Clinical data were
collected in a pseudonymized form after informed consent in parallel to
serum collection [1,18]. While fresh serum was used for cohort 1, in
cohort 2 test-laboratory was not located close to blood collection site.
Therefore, after collection, frozen samples were brought to the labora-
tory, and had to be thawed overnight at 4 °C before testing.

Serum samples of cohort 1 were collected during an open observa-
tional study in Lower Saxony, Germany, between August 2020 and June
2021 [1]. No study subject has given information on known immune
dysfunctions and/or taking immunosuppressant drugs (Table S4). Sub-
group 1 consisted of 57 subjects, recovered after a PCR-confirmed
SARS-CoV-2 infection (predominantly the B.1.617.2 variant, deter-
mined by PCR melting curve analysis using the VirSNiP SARS-CoV-2
Spike Kits 484A 486 V (Delta) as well as S371L S373P (BA1 and BA2)
from Tib MolBiol (Berlin, Germany)), and subgroup 2 included 140
subjects, that were analyzed after first shot of vaccination (Bio-
ntech/Pfizer: 120, Moderna: 3, AstraZeneca: 17) [19]. Since sample
collection was scheduled in advance and vaccination was often per-
formed spontaneously (especially during the early stages of vaccine
availability), there was no set period between vaccination and serum



R. Jonczyk et al. Journal of Clinical Virology 157 (2022) 105322

Total
7,280 subjects

4,817 subjects Cohort 1
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previous
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Era SARS-CoV-2 infection SARS-CoV-2 infection Dropout R SARS-CoV-2 infection SARS-CoV-2 infection Dropout

4062 subjects with internal
antibody test results

Cohort 1
(Adults from different workplaces)
2,696 serum samples from 1,883 subjects

Samples from
vaccinated subjects
with PCR-confirmed
SARS-CoV-2 infection
Dropout

yes:

Post vaccination

Samples from not-
vaccinated subjects
without PCR-confirmed
SARS-CoV-2 infection
Dropout

Post vaccination

Cohort 2
(Children and adults from schools)
4,167 serum samples from 2,179 subjects

samples from
vaccinated subjects
with PCR-confirmed
SARS-CoV-2 infection
Dropout

Post vaccination

Samples from not-
vaccinated subjects
without PCR-confirmed
SARS-CoV-2 infection
Dropout

Post vaccination

91 samples from 57 subjects
Sample data displayed in Figures 2, 3 & S1

147 samples from 140 subjects
Sample data displayed in Figures 4, 5 & S2

19 samples from 19 Subjects
Sample data displayed in Figures 2, 3 & S1

A 4 A 4
Subgroup 1 Subgroup 2 Subgroup 3 Subgroup 4
(subjects with PCR confirmed SARS-CoV-2 infection, (subjects without confirmed SARS-CoV-2 infection, (subjects with PCR confirmed SARS-CoV-2 infection, (subjects without confirmed SARS-CoV-2 infection,
not-vaccinated) vaccinated) not-vaccinated) vaccinated)

165 samples from 165 Subjects

Sample data displayed in Figures 4, 5 & S2

Fig. 1. Schematic displaying subjects and samples classified into two cohorts and four subgroups based on their study affiliation and recovered or vaccination status.
For this study (rectangular frames), either 110 samples from 76 not-vaccinated subjects with PCR-confirmed SARS-CoV-2 infection (subgroups 1 & 3, highlighted
orange) or 312 samples from 305 vaccinated subjects without PCR-confirmed SARS-CoV-2 infection (subgroups 2 & 4, highlighted blue) were considered for sub-
groups. Details for exclusion from evaluation (dropout, gray bubbles): 27 subjects with a positive PCR-test did not participate in antibody screening; samples from
subjects which had a PCR-confirmed SARS-CoV-2 infection and at least one shot of vaccine at date of sample collection; samples from not-vaccinated subjects without
PCR-confirmed infection.

collection. Within subgroup 1 and 2, 30 subjects were tested twice for
seroconversion. VNT- and ELISpot-tests were performed in recovered
(nynT = 56; NELISpor = 45) and vaccinated subjects (nynt = 36; NgLispot =
88) with seroconversion.

Cohort 2 included 1180 pupils aged 6-17 years, but also parents, and
teachers, out of a longitudinal study in Hannover, Germany, between

June 2020 and June 2021 [18]. Subgroup 3 consisted of 19 recovered
subjects, subgroup 4 consisted of 165 subjects, among those 56 pupils
aged 6-17 years, analyzed after first shot of vaccination with Bio-
ntech/Pfizer. Here, no subjects in subgroup 3 and 4 provided more than
one serum sample.

Ethical approval was given for cohort 1 by ”Aerztekammer

100 ®
® Viramed- & Roche-Tests positive
P WV only Viramed-Test positive
‘___’—.—————* [ only Roche-Test positive
[ ] % ; ® Viramed- & Roche-Tests negative
—
[ ]
£ 807 ®e ° 4
()
- [ J
=
]
[
o L °
] e o e o
£ 6 o o g R ®
([ J o o
E e o L ° °
S .. ' [ | '.
o ( ] ]
[}
b . ’.. o8 ¢
® 40 °
Q ) [ ) (] o
2 eV o vV o Jv
g .‘. (] 93!' 9% — —>9
) ® [ J [ J (] [ J
3 201
o ©
) ° b
Lo P 4 o °
0

70 84 98 112 126 140 154 168 182 196 210 224 238 252 266 280 294 308 322 336 350 364 378 392 406
Days Since First Positive PCR Test

0 14 28 42 56
Fig. 2. All test results of both antibody tests in a time interval (in days) after PCR-confirmation of a SARS-CoV-2 infection. Red dots symbolize negative test results in
both tests, gray dots positive results in both tests, triangles symbolize samples tested positive only with the Viramed-Test, and squares symbolize positive test results
gained only with the Roche-Test. Arrow lines connect samples from two subjects that were initially tested negative with both test systems. However, both subjects

displayed seroconversion during later tests. The six additional samples that tested negative with both test systems were obtained from subjects without additional
samples provided.
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Niedersachsen” in August 2020 (No. Bo/30/2020; Bo/31/2020; Bo/32/
2020; amendment for the vaccinated subjects in November 2021), for
cohort 2 by Institutional Review Board of the Medical School Hannover
(No. 9085_B0O_S_2020).

3.4. Statistical methods

Descriptive statistics are indicated. Wilcoxon ranked test was used to
compare negative and positive samples of different age groups and
groups sorted by time point of diagnosis as well as for age- and time-
point-sorted groups of negatively and positively tested subjects as
indicated with p < 0.05 for significance.

4. Results

Analyzing 110 serum samples of 76 recovered subjects (subgroup 1:
57 subjects; subgroup 3: 19 subjects), the assays detected antibodies in
all samples (Viramed-Test: 98 cases; Roche-Test: 91 cases). Both tests
detected evidence of seroconversion between 7 and 400 days following
initial positive PCR-test. N-specific seroconversion in recovered subjects
was detected solely with N-specific Roche-Test until day 119 and solely
with an S-specific Viramed-result until day 154. In contrast, a consistent
positive test result was present until day 400 (Figs. 2, 3). The time-point
of test performance was highly significant for classification of result:
negative results according to Roche-Tests (n = 19) were obtained at 76.8
+ 65.9 days after PCR-confirmed infection (Figure S1), positive Roche-
results (n = 91) were measured significantly later (Fig. 2) (p < 0.001
according to Wilcoxon) at 111.6 + 76.6 days after infection. According
to Viramed-Test, negative results (n = 12) were found significantly
earlier at 55.8 + 45.5 days after a confirming PCR (Figure S1) than the
98 positive Viramed-results at 111.6 + 76.5 days after infection (p <
0.001 according to Wilcoxon) (Fig. 2). Although Roche-Test also covers
IgA and IgM, there was no significant difference in time-dependent test
performance between the tests (not shown). Viramed-Test, which in-
cludes N- and S-specific antibodies, was even found to detect serocon-
version as early as Roche (Fig. 2, tests indicated by different symbols).

Both tests displayed a comparable result in very young (6-12 years)
and juvenile subjects (12-17 years). In middle-aged subjects (18-60
years) and subjects aged 60+ years, Viramed detected seroconversion

Roche-Test positive
Age 60+ years
(21 of 28 samples)

| o

IE

Viramed-Test positive
Age 60+ years
(23 of 28 samples)

Roche-Test positive
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more often than Roche (Fig. 3). Viramed-Test identified seroconversion
in age group 60+ years up to day 154 after immunization; seroconver-
sion here occurred significantly earlier at 72.3 + 40.0 days after PCR-
confirmation than in all other tested subjects (123.81 + 80.9 days; p
< 0.003 according to Wilcoxon).

Viramed-Test identified a seroconversion in 252/305 vaccinated
subjects of subgroups 2 and 4 (Fig. 4). In juvenile subjects up to 17 years,
immune response occurred significantly earlier than expected (day 4-66
after vaccination, p < 0.01 according to Wilcoxon) than in all other
groups (Fig. 5). In the juvenile group, 13/42 samples were tested
negative, whereas this was the case in 35/231 samples of middle-aged
subjects and only 6/39 samples in group 60+ years.

Most of the negative samples of vaccinated subjects aged 13-60 years
were collected predominantly in a very early time interval, in which
seroconversion after vaccination could not be expected [19]. In contrast,
negative test results were observed for older subjects 60+ years, in a
time interval up to 44 days after the first shot of vaccination (Figure S2).
Negative Viramed-Test results were observed early in 8.8% of all
recovered 60+ years individuals and later in recovered middle-aged
subjects (17.9%; Figure S1). Negative results of N-specific Roche-Test
were obtained in 16.2% of middle-aged and 25% of 60+ year subjects.
A non-responder was observed out of eight subjects younger than 12
years with negative results in both tests 106 days after positive PCR.
Above these observations, there was no significant influence of the
factor age on the classification of results according to Wilcoxon (results
not shown). We observed eight non-responders after infection and 13
non-responders after vaccination with antibody detection performed at
least 14 days after the first vaccination shot (Table S5). In addition, a
Cohens’ kappa correlation test indicating interrater-reliability between
the different assays revealed a value of only 0.4 among all samples of all
cohorts tested in this work.

Whether or not a positive result of either Viramed- or Roche-Test
indicates a possible SARS-CoV-2-immunity by either infection or
vaccination was tested upon determination of NAbs and T-cell-reactivity
in seroconverted subjects of cohort 1; among those 73 subjects tested
positive with Viramed (41 recovered, 32 vaccinated), and 38 recovered
subjects tested positive with Roche (Table 1). Generally, T-cell-reactivity
was present 15-302 days after immunization, and NAbs occurred 7-400
days (not shown). Depending on age, between 75% and 82% of all

Age 18-60 years 1
(57 of 68 samples)

Viramed-Test positive

Age 18-60 years 1 |—|
(62 of 68 samples)

Roche-Test positive
Age 13-17 years 1
(6 of 6 samples)

Viramed-Test positive
Age 13-17 years 1
(6 of 6 samples)

Patient Age at Specimen Date

Roche-Test positive
Age 6-12 years 1
(7 of 8 samples)

.
.

Viramed-Test positive
Age 6-12 years
(7 of 8 samples)
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Days After First Positive SARS-CoV-2 PCR Test

Fig. 3. Age dependency of antibody detection in subjects with a PCR-confirmed SARS-CoV-2 infection. Age groups comprise 6-12 years, 13-17 years, 18 to 60 years,
and over 60 years. They were sorted by the test used (Viramed or Roche). The number of positive samples out of all samples tested in each age group is indicated.
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WV Viramed-Test positive
® Viramed-Test negative

0 7 14 21 28 35 42 49 56 63 70

84 91 98 105 112 119 126 133 140 147 154 161

Days Since First Vaccine Shot

Fig. 4. Time of test performance after the first shot of vaccination of the Viramed-Tests, with positive detection of S1/S2-specific antibodies until day 160. The
colored area depicts the time interval in which, at least for Biontech-vaccinated, no humoral immunity to SARS-CoV-2 spike protein was expected (until day 14 after
first vaccination) [19]. Distributed all over the age groups, there were samples with a negative test result belonging to 13 different subjects (age range 18-86 years,
median 47 years) after this 14 day interval. The two samples connected by an arrow indicate results of a subject that was initially tested negative but showed

seroconversion at a later test.

Viramed-Test positive
Age 60+ years -
(33 of 39 samples)

Viramed-Test positive

Age 18-60 years
(196 of 231 samples)

Patient Age at Specimen Date

Viramed-Test positive
Age 13-17 years 1
(29 of 42 samples)

0 14 28 42 56 70

84 98 112 126 140 154 168 182

Days After First Vaccine Shot

Fig. 5. Age group-sorted positive Viramed-Test results (S1/S2-specific antibodies after first shot of vaccination). The colored area depicts the time interval in which,
at least for Biontech-vaccinated, no seroconversion was expected (until day 14 after first vaccination) [19].

samples from these Viramed-defined 73 seroconverted subjects were
positive for T-cell-reactivity, and above 90% were positive for NAbs
(Table 1 and 2). S-specific antibodies were detected in 70/73 subjects,
and 3/73 had solely N-specific antibodies according to Viramed-Test.
Again, depending on age, Roche-Test recognized 78-90% of recovered
subjects with signs of T-cell-reactivity and >92% of subjects with NAbs.
Detection of a full pattern with N-, S1-, and S2-specific antibodies by the

Viramed-Test more often correlated with T-cell-reactivity than with
NAbs and was more frequent in subjects over 18 years (Table 2).
34/110 samples (~31%) obtained from recovered subjects showed
discrepant test results concerning N-specific antibodies. In ten recovered
subjects, this divergence persisted across all serum samples taken over
time (Table S6), whereas in the other subjects, this divergence did not
reappear in later analyses. Among the former, there were two subjects
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Table 1
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36 respective 32 either recovered or vaccinated subjects with comparable age structure were identified as seroconverted by antibody tests and were also tested by
ELISpot for possible T-lymphocyte (T-cell) reactivity against SARS-CoV-2 and for Nabs (virus neutralization test, VNT). n.a.: not available (vaccination does not trigger

N-antibody production).

Status Both assays Viramed Roche
Number T-cell- VNT Number T-cell- VNT Number T-cell- VNT
(subjects) reactivity (subjects) reactivity (subjects) reactivity
Recovered 36 80.56% 97.22% 41 78.05% 90.24% 38 73.17% 94.74%
Age [years] (median; 51; 22-99 52; 22-99 53; 22-99
range)
Vaccinated 32 81.25% 93.75% 32 81.25% 93.75% n.a n.a n. a
Age [years] (median; 55; 26-93 55; 26-93
range)
Table 2

Seropositive adult subjects in different age groups (median, range of years); percentage of additional T-lymphocyte (T-cell)-reactivity and virus neutralization test
(VNT) in the number of subjects tested. n.a.: not available (vaccination does not trigger N-antibody production).

Viramed Roche
Age group Number of subjects (n; Antibody T-cell- VNT  Number of Antibody T-cell- VNT
median age; range age) signatures reactivity subjects (n; signatures reactivity
median age;
range age)
18-60 years; recovered 29; 18x N, S1, S2; 79.31% 89.66% 27, 18x N, S1,S2; 77.78% 92.59%
subjects 29; 22-59 7x N, S1; 43; 7x N, S1;
3x N; 22-59; 2x N;
1x S1, S2
18-60 years; subjects after 21; 18x S1,S2; 80.95% 95.24% n.a. n.a. n.a. n.a.
vaccination 47; 26-59; 3x S1
60+ years; recovered 12; 8x N,S1,S2; 75,00% 91.67% 11; 8x N, S1, S2; 90% 100%
subjects 81.5; 61-99; 2x N,S1; 79; 2x N, S1;
1x S1, S2; 61-99 1xN
1x S1
60+ years; subjects after 11; 73; 61-93; 8x S1,S82; 81.82% 90.91% n.a. n.a. n.a. n.a.
vaccination 3x S1

with no seroconversion according to Roche-Test (no N-specific anti-
bodies). These also had no NAbs and one subject showed no signs of T-
cell-reactivity. 7/8 subjects with a negative Viramed-Test but a positive
Roche-Test for N-specific antibodies had positive VNTs, and 6/8 also had
a positive T-cell-test.

5. Discussion

Altogether, this study showed comparatively higher sensitivity and
specificity for both assays than reported by other groups [20-23]. For
Viramed-Test, this could be caused by the larger cohorts presented here
compared to previously reported collectives. Interassay precision of
Viramed-Test was comparably lower than of Roche-Test. The compa-
rably more sensitive Roche-Test correlated better with positive NAbs
results in a number of subjects tested, but Viramed-Test - also detecting
S-specific antibodies - was highly associated with T-cell-reactivity [24].

Divergences concerning N-antibody detection were observed in 31%
of all samples from recovered subjects. False-negative results of
Viramed-Test may be due to the fact, that this test covers only IgG, not
IgM or IgA. Another cause for this could be the different molecular
technology principles used in the assays. The antigen of interest is
initially free in solution in Roche-Test, whereas it is immobilized in
Viramed-Test with a possible negative impact on its conformation and
binding capacity of antibodies and thus test sensitivity. In all, we found
more cases with only S-positivity than only N-positivity in Viramed-Test
after infection; thus we assume this antibody signature as more sus-
tainable [25].

The assays perform relatively equally in different age groups and
time intervals after infection. Since detection windows were the same
for both tests presented here, we can underline the observation of others
that assays detecting also IgM and IgA have no added value for early
diagnosis [26]. Possibly, due to its broader antigen-specificity,

Viramed-Test detected seroconversion in more subjects than Roche-Test.
According to Cohenss kappa value, the interassay correlation was low at
0.4, which is explainable by the different immune globulin classes and
antibody specificities covered by these two tests. In addition, this low
correlation value confirms the observation of others that occurrence of
N- and S-specific antibodies, as well as IgM and IgG, show high
inter-subject differences after SARS-CoV-2-infection [8].

A limitation but also an opportunity is the random driven design of
the presented study as part of an open observational study as well as of a
longitudinal study. Subjects at different affiliations were invited for
regular, voluntary PCR-tests [1,18]. Later on subjects participating the
PCR-tests were invited for voluntary antibody-screenings at least at two
different time points. As summarized in Fig. 1 3218/7280 subjects did
not participate in the antibody-screening. Especially in the first month of
SARS-CoV-2-pandemic the number of PCR-confirmed infections was low
and thus the number of recovered subjects in this study was 76 (sub-
group 1: 57 subjects; subgroup 3: 19 subjects). Furthermore, only 30
subjects in subgroup 1 and 2 and no subjects in subgroup 3 and 4 were
tested more than once for seroconversion (Table S3), resulting in a total
of 110 serum samples of 76 recovered subjects. But there was no stan-
dardized time period between sample collections throughout the study.
Since sample collection was scheduled in advance and vaccination was
often performed spontaneously (especially during the early stages of
vaccine availability), there also was no set period between vaccination
and serum collection. This increased variety of subjects and samples of
this study. Due to the design of the longitudinal study at different
schools (cohort 2) no VNT and ELISpot-tests were performed with
samples of subgroups 3 and 4, thus this study is lacking assumptions to
immunity to SARS-CoV-2 especially for children.

As expected, negative tests were obtained significantly earlier than
positive tests, consistent with the period in which humoral immunity
builds based on activation of virus-specific B-lymphocytes after SARS-
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CoV-2-infection. Of note, recovered subjects aged 60+ years had the
fastest humoral immune response, but its sustainability is unclear, since
these subjects received vaccine before further immune analyses could be
performed. However, negative test results were observed until day 44
after infection in this age group, which may reflect immunosenescence
(6). S-antibodies occurred comparatively earlier than N-specific anti-
bodies in recovered subjects of all cohorts described in this work.

Viramed-Test performance detected seroconversion after vaccina-
tion within the expected periods [19]. Of note, juvenile vaccinated
subjects showed seroconversion already within the first days after
receiving first vaccine dose.

Antibody screening tests such as those presented here are often taken
as possible predictors of general immunity. Therefore, we correlated
antibody assays with VNT-results and ELISpot-testing in a subgroup
analysis. ELISpot-testing does not reflect T-cell-subtypes and thus the
precise quality of the immune response. Our observations of late NAbs
coincide with a study by McCallum et al. [27], who described diverse
antibodies derived from memory-B-cells interacting with the S-protein
of SARS-CoV-2. S-specific antibodies also show a high timely correlation
with T-cell-reactivity [24]. Although others have shown that N-specific
antibodies drop down early within months [28], our results showed
detectable N-specific antibodies up to 400 days after infection. N-spe-
cific antibodies (detected by Roche-Test) occurred in parallel to
S1-specific antibodies (detected by Viramed-Test) and to NAbs, that are
presumably represented by these S1-specific antibodies [8].

In conclusion, we recommend a complete analysis using antibody
screening tests covering all antigen-specificities to be able to i) recognize
seroconversion early after infection or vaccination, ii) distinguish solely
vaccinated from recovered and vaccinated subjects, and iii) have a high
probability of predicting sustainable immunity. The Viramed-Test
evaluation presented in this work meets this recommendation.
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