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Abstract

Background Measuring specific anti-SARS-CoV-2 antibodies has become one of the main epidemiological tools

to survey the ongoing SARS-CoV-2 pandemic, but also vaccination response. The WHO made available a set of well-
characterized samples derived from recovered individuals to allow normalization between different quantitative anti-
Spike assays to defined Binding Antibody Units (BAU).

Methods To assess sero-responses longitudinally, a cohort of ninety-nine SARS-CoV-2 RT-PCR positive subjects

was followed up together with forty-five vaccinees without previous infection but with two vaccinations. Sero-
responses were evaluated using a total of six different assays: four measuring anti-Spike proteins (converted to BAU),
one measuring anti-Nucleocapsid proteins and one SARS-CoV-2 surrogate virus neutralization. Both cohorts were
evaluated using the Euroimmun Anti-SARS-CoV-2-ELISA anti-S1 IgG and the Roche Elecsys Anti-SARS-CoV-2 anti-S1
assay.

Results In SARS-CoV-2-convalesce subjects, the BAU-sero-responses of Euroimmun Anti-SARS-CoV-2-ELISA anti-S1
IgG and Roche Elecsys Anti-SARS-CoV-2 anti-S1 peaked both at 47 (43-51) days, the first assay followed by a slow
decay thereafter (> 208 days), while the second assay not presenting any decay within one year. Both assay values

in BAUs are only equivalent a few months after infection, elsewhere correction factors up to 10 are necessary. In con-
trast, in infection-naive vaccinees the assays perform similarly.

Conclusion The results of our study suggest that the establishment of a protective correlate or vaccination
booster recommendation based on different assays, although BAU-standardised, is still challenging. At the moment
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the characteristics of the available assays used are not related, and the BAU-standardisation is unable to correct

for that.
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Background

Since the surge of the SARS Corona Virus 2 (SARS-
CoV-2) pandemic, considerable progress has been
made regarding diagnosis, treatment and prevention of
COVID-19. Although by mid-2022, more than 545 mil-
lion people have been infected and more than 6 million
died, serological responses following infection or vac-
cination are still not fully understood and a correlate of
protection has not been identified yet [1, 2].

Describing the natural course of the disease in detail
may be key to understanding the immune mechanisms
and subsequent protection, either through previous
infection or vaccination, or both. Natural infection with
SARS-CoV-2 reduces the risk of subsequent infections
with the wild-type virus by 82—89% for at least 6 months
[3, 4]. In addition, SARS-CoV-2 vaccines protection
against symptomatic COVID-19 disease was reported
to be 95% for BNT162b2, 94% for mRNA 1273, 70% for
ChAdOx1 and 50% for Sinovac [5-9]. The difference in
the estimated protective effect of the vaccines correlates
with the elicited immune responses, which have been
considerably higher in the mRNA vaccines compared to
vector-based products [10]. The longevity of this protec-
tive effect however, is a matter of debate.

In addition, viral variants of SARS-CoV-2 have
emerged since and acquired immune protection was
found to be reduced [11]. Large studies have now demon-
strated breakthrough infections in vaccinated individuals
even during the peak of the antibody response, i.e., weeks
or months after completion of the vaccination course
[12-15]. A waning of the immune response against SARS
CoV-2 was suggested by Mizrahi et al. [14], demonstrat-
ing a 1.5 times increased risk for breakthrough infections
with the Delta-variant 6 month after vaccination with
BioNTech/Pfizer, compared to a 3 month time lag. In an
in-house study in early 2022 we observed many break-
through infections with the Omicron variant regardless
of vaccination status or previous infections, including
recent infection with the Delta-variant.

Several serological studies have tried to estimate the
duration and dynamics of antibody responses follow-
ing SARS-CoV-2 infection, yielding ambiguous results.
Long et al. [16] reported rapid waning of nucleocapsid
antibodies in the first 3 months after infection [16, 17].
Similarly, Ibarrondo et al. [18] described a half-life of
antibodies against the receptor binding domain (RBD)

of 36 days. In contrast, Dan et al. [19], Flehmig et al.
[20] and Ripperger et al. [21] reported that immunity
against RBD and the anti-Spike domain persisted for at
least 7 months. The reasons for these different reports
may be e.g. heterogeneity of population, assays used
etc.

Several studies highlighted considerable differences
in the readout of serological assays, indicating a ham-
pered cross-comparison. In a report by Harris et al.
[22], anti-nucleocapsid antibodies measured with the
SARS-CoV-2 IgG Assay from Abbott (Abbott Diag-
nostic, IL, USA), or anti S1 antibodies measured with
the Euroimmun Anti-SARS- CoV-2 ELISA IgG (Euro-
immun, Lubeck, Germany) were declining within
few months. Similarly, plasma from the same subjects
measured for anti-nucleocapsid or anti RBD antibodies
respectively using the Elecsys Anti-SARS-CoV-2 Roche
assays (Roche, Mannheim, Germany), demonstrated
stable values over the same time [22, 23].

To improve standardization of serological anti-spike
measurements, the WHO made available a set of well-
characterized samples deriving from SARS-CoV-2-re-
covered individuals and shipped by late 2020/early
2021 to laboratories requesting it [24]. These samples
were subsequently used to normalize results of differ-
ent quantitative anti-Spike test systems to standardized
units termed “BAU” (Binding Antibody Units) [25].
Many different manufacturers have since published
correction factors or formulas to calculate BAU values
from their quantitative anti-Spike assays [26]. In addi-
tion, laboratories have provided SARS-CoV-2 serology
results in BAU to patients and physicians in routine
care [27, 28]. Of note, the use of this WHO standard
was encouraged to cross validate internal standards,
effectively generating a chain of standards [29].

Following the suggested approach, we compared
anti-spike antibody titres quantitatively at defined and
standardized time points spanning over 18 months after
infection using different commercially available test
kits. Therefore, we used samples derived from ninety-
nine SARS-CoV-2-infected individuals and from forty-
five participants with no history of previous infection
but with two vaccinations. The anti-spike quantitative
responses were calculated to BAU units as suggested by
the manufacturers and compared. Two assays reacting
only to infection were added to the analysis.
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Methods

Cohort members: patients and vaccinees

From April to December 2020, 66 households were
included in the study with all household members,
irrespective of a SARS-CoV-2 infection (Fig. 1A). A
total of 145 non-vaccinated participants were enrolled,
including 102 members infected with SARS CoV-2.
For the three children below the age of 14, no venous
blood draw was performed, for the remaining ninety-
nine patients venous blood was drawn as soon as possi-
ble after the first positive RT-PCR and at multiple time
points thereafter.

Additionally, it was possible to recruit forty-five
participants with no history of previous infection but
with two vaccinations (Fig. 1B). A possible previous
infection was excluded with all the following crite-
ria: (i) no past positive RT-PCR for SARS-CoV-2, (ii)
past COVID-19 like symptoms had to be followed by a
negative RT-PCR, (iii) negative serology deriving from
infection (Roche Elecsys Anti-SARS-CoV-2 anti-N, see
next paragraph for details), and (iv) negative SARS-
CoV-2 surrogate virus neutralization test (GenScript®,
see next paragraph for details). The latest performed

A
KUM-Index study:
Recruitment April 2020
81 subjects with household members

|

POSITIVE RT-PCR: n=42
Symptomaticinfected household
members: n=9
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only at recruitment, end of follow-up and at sporadic
time-points.

Sample collection was performed as previously pre-
sented [30].

On December 1st 2020, this cohort joined the
ORCHESTRA (Connecting European Cohorts to
Increase Common and Effective Response to SARS-
CoV-2 Pandemic) project but was not previously
published.

Laboratory analysis

Serologic assays were performed using EDTA-plasma
samples and were conducted as previously published
[23, 30, 31]. The serological assays used were chosen if:
available in large quantities, performable with semi-auto-
mated workup, acceptable pricing, licensed for the use
in Europe, and well-described in performance [23]. The
manufacturer’s instructions were followed for all assays.
For sample time-points of PCR-positive participants
the following assays were performed: Euroimmun Anti-
SARS-CoV-2-ELISA anti-S1 IgA/IgG (hereafter called
EI-S1-IgA/EI-S1-IgG; Euroimmun, Liibeck, Germany),
Quantitative ~ Euroimmun  Anti-SARS-CoV-2-Quan-
tiVac ELISA (IgG) (hereafter called EI-S1-IgG-quant;

KoCo-Immu study:
Recruitment: 21st May— 10th December 2020
64 subjects with household members

}

POSITIVE RT-PCR: n=51

'

Adultsincluded: n=99
Children <14 years excluded:

n=3

|

99 participants with antibody
analysis

Vaccinees study:
Recruitment February 2021

45 subjects with no history of infection but with vaccinations

Fig. 1 Cohort flow chart. A Cohort of non-vaccinated SARS-CoV-2 RT-PCR positive subjects. Two recruitment strategies were used: fifty-one
participants, who had a SARS CoV-2 infection in February/March 2020 were recruited in April 2020 together with their household members
(KUM-Index-study). Forty-two of them had a positive PCR and additional 9 household members developed SARS CoV-2 specific antibodies. From
21 May till 10 December 2020 another fifty-one SARS-CoV-2 infected individuals were recruited as early as possible after their first positive RT-PCR
(Koco19-Immu-Study). B Cohort of vaccinees. Forty-five participants with no history of infection but with two vaccinations were recruited
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Euroimmun, Liibeck, Germany), Roche Elecsys Anti-
SARS-CoV-2 anti-N and Elecsys Anti-SARS-CoV-2 S
anti-S1 (hereafter called Ro-N-Ig and Ro-RBD-Ig-quant,
respectively; Roche, Mannheim, Germany) and Gen-
Script® (hereafter called GS-cPass, Piscataway, New
Jersey, USA). For sample time-points of vaccinees two
assays were performed: Ro-RBD-Ig-quant and Quanti-
tative Euroimmun Anti-SARS-CoV-2-QuantiVac ELISA
(IgG) (hereafter called EI-S1-IgG-quant; Euroimmun,
Liibeck, Germany). Values of EI-S1-IgG-quant and Ro-
RBD-Ig-quant could be obtained in BAUs.

Multiple measurements of the same sample (opera-
tional replicates) were performed on different days with
different operators and lots to control the intra-varia-
bility of all the assays. The very good intra-variability of
EI-S1-IgG and Ro-N-Ig was already published [23]. For
GS-cPass and Ro-RBD-Ig-quant evaluation was per-
formed with in house samples and similar results as for
the published assays were obtained (data now shown
here).The World Health Organization (WHO) reference
sera (National Institute for Biological Standards and Con-
trol [NIBSC] code 20/268) were measured on the assays
EI-S1-IgG, EI-S1-IgG-quant, Ro-N-Ig and Ro-RBD-Ig-
quant in replicates (n=3) to standardize the results [31].
In this analysis we present only the mean value.

Data analysis

Prior to analysis, the data was cleaned and locked, so
that no new measurements can be included after review.
For operational replicates, the first measurement of EI-
S1-IgG was used, since small losses compared to fresh
samples were found. In the case of Ro-N-Ig and GS-cPass
the latest measurement was included, while for Ro-RBD-
Ig-quant the most diluted value still within the linear
range was selected to calculate the true unit count. The
software R, 4.0.5 (https://cloud.r-project.org/) was used
to perform statistical analysis and visualisation. Longi-
tudinal serological dynamics were analysed applying the
LOESS (locally estimated scatterplot smoothing or local
regression) method with the 95% CI.

Results

Cohort description

After recruitment of 190 individuals, a total of 144 par-
ticipants were included in the analysis, 69% (99/144) of
which were oligo-symptomatic non-vaccinated SARS-
CoV-2 RT-PCR positives and the remaining were sub-
jects with no history of previous infection but with two
vaccinations (hereafter called vaccinees).

For the non-vaccinated RT-PCR positive individuals a
total of 438 study visits were conducted, between 1 and
8 per participant. The median age at enrollment was 37.8
years; 61% (60/99) of the participants were females. For
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the vaccinees (29/45, 64.4% females) 250 blood sam-
ples were collected, 92 (36.8%) before and 158 (63.2%)
after the second vaccination. The time of collection after
the second vaccination varied between 1 and 236 days
(mean=43.57 days and median=6 days). In the first vac-
cination the vaccines used were Biontech Pfizer (27/45,
60.0%), AstraZeneca (11/45, 24.4%) and Johnson & John-
son (6/45, 13.3%), while for the second vaccine dose,
it changed to Biontech Pfizer (37/45, 82.2%), Moderna
(5/45, 11.1%) and AstraZeneca (1/45, 2.2%).

Premedical history and symptoms during infection

A small percentage of the non-vaccinated PCR-positive
participants reported chronic medical conditions (diabe-
tes mellitus, heart disease or hypertension, 13%) and an
additional 5% reported known allergies. During the ini-
tial phase of the SARS CoV-2 infection, symptoms were
recorded and classified according to the WHO classifica-
tion (Additional file 1: Fig. S1) [29, 30]. In total, 7% (7/99)
of the participants were classified as WHO-category
1, 44% (43/99) as WHO-category 2 and 48% (47/99) as
WHO-category 3. One third (14/43) of the WHO-cate-
gory 2 patients reported clinically significant involvement
of the lower respiratory tract, while for WHO-category 3
patients the proportion rose to two thirds (30/47). Addi-
tionally, two participants had to be hospitalized due to
the severity of the symptoms. For further analysis, we
divided the participants in two groups, WHO 1-2 and
WHO > 3. Analysis of WHO-classification can be found
in the Additional file 1.

Sero-positivity at baseline measurements after SARS-CoV-2
infection

The longitudinal serological dynamics of non-vaccinated
SARS-CoV-2 RT-PCR positive individuals was followed
using five assays for head-to-head comparison (Fig. 2).
The baseline measurements yielded positive sero-
responses in 57% (56/99) of the samples for EI-S1-IgA,
44% (43/99) for EI-S1-IgG, 33% (32/99) for Ro-RBD-Ig-
quant, 53% (52/99) for Ro-N-Ig, and 83% (81/99) for GS-
cPass. 31% (30/99) of the cohort was seroconverted in all
assays, while negative results in all assays were recorded
in 16% (16/99). Over time, 79% (78/99) of participants
seroconverted as detected by all assays while 9% (9/99)
did not develop any or solely very low antibody titres
(GS-cPass or GS-cPass and Ro-N-Ig/EI-S1-IgA/G posi-
tive). For three subjects, a potentially false positive RT-
PCR test result was discussed due to complete lack of
any clinical symptoms or other signs for SARS-CoV-2
infection. The remaining 12% (12/99) of participants had
a measurable sero-response in at least three of the five
assays used.
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Fig. 2 Longitudinal serological dynamics of SARS-CoV-2 RT-PCR positive cohort. Solid black horizontals line denote the cut-off for positivity. Blue
lines represent the WHO reference panel for anti-SARS-CoV-2 immunoglobulin (NIBSC code 20/268). Each line represents one subject, the dots
represent the individual samples. All assays were performed from the same sample in a head-to-head comparison. Top left: Euroimmun Anti
Spike IgA; top right: Euroimmun Anti-Spike IgG; middle left: Roche Anti-Nucleocapsid; middle right: Roche Anti Spike/RBD; bottom: GenScript

neutralization surrogate test

Time to seroconversion was determined in those par-
ticipants with initial negative readouts. Here, mean EI-
S1-IgA positivity was detected 20 days (min=8 days,
max =69 days) after symptom onset, EI-S1-IgG positivity
after 31 days (min=14 days, max=118 days), Ro-RBD-
Ig-quant positivity after 20 days (min=7 days, max=133
days), positive Ro-N-Ig reaction after 30 days (min=10
days, max=118 days), and GS-cPass-positivity after 16
days (min=11 days, max=31 days).

Longitudinal serological dynamics after SARS-CoV-2
infection

Subsequently, we compared the quantitative reac-
tivity of the test systems over time (Fig. 2). For the

anti-S1/anti-RBD tests, the EI-S1-IgA peaked fastest (35,
31-39 days) and declined rapidly at first, followed by a
phase of slower decay at > 86 days. Using the same antigen
but measuring IgG, we saw the peak/slope change much
later (47, 43-51 days) and a subsequent slower decay
(>208 days). Values obtained by the Ro-RBD-Ig-quant
test rose similarly fast (47, 43-51 days), however, with-
out any decline over time as observed in both EI-S1-IgG
and IgA assays. Comparing the results with GS-cPass
we observed an initial peak reached after 43 (39-47)
days which was similar to the dynamics measured by EI-
S1-IgG and Ro-RBD-Ig-quant. Afterwards, the inhibition
declines and plateaus at a level of about 55.5% (55-56%).
The sero-response of the Ro-N-Ig assay peaks later (75,
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71-78 days) compared to EI-S1-IgG and subsequently
declined almost linearly (122, 118—126 days).

In a second step, we aimed to compare the non-quanti-
tative readouts of EI-S1-Ig with the quantitative readouts
of Ro-RBD-Ig-quant. For this purpose non-quantitative
EI-S1-Ig values were transformed into quantitative EI-
S1-Ig-quant (called EI-S1-Ig-quant-trafo). Details on the
procedure are outlined in the Additional file 1 and the
longitudinal analysis is presented in Fig. 3A. After stand-
ardization for BAU, the paired values of EI-S1-IgG-quant-
trafo and Ro-RBD-Ig-quant were compared (Fig. 3B). The
EI-S1-IgG-quant-trafo peaked at day 43 (40-47) with a
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mean value of 147.04 (116.88-184.98) BAU, while Ro-
RBD-Ig-quant reached its maximum at day 47 (43-51)
with a mean value of 100.20 (65.09-154.26) BAU.

EI-S1-IgG-quant-trafo and Ro-RBD-lg-quant assays

after SARS-CoV-2 infection

In order to examine in more depth the differences
between the assays EI-S1-IgG-quant-trafo and Ro-RBD-
Ig-quant, three time bands for time since symptom onset
were defined: (i) short time (0-20 days, increase phase of
antibody titres), (ii) intermediate time (70-150 days, pla-
teaued antibody titers) and (iii) long time (170-250 days,
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Fig. 3 Comparison of quantitative serology of individual patients (PCR-positive cohort) over time for EI-S1-lgG-quant-trafo and Ro-RBD-Ig-quant.
When assays are compared, the EI-S1-IgG-quant-trafo is represented in blue while Ro-RBD-Ig-quant in yellow. Blue lines represent the WHO
reference panel for anti-SARS-CoV-2 immunoglobulin (NIBSC code 20/268). Solid horizontal lines represent the cut-off for positivity. A
Longitudinal EI-S1-lgG-quant-trafo serology data over time. Each line represents one subject, the dots represent the individual samples. The red
solid line shows the LOESS (locally estimated scatterplot smoothing or local regression) estimations with Cl in translucent red. B Aggregated
BAU value curves of the subjects over time for the two tests. EI-S1-IgG-quant-trafo rises faster, reaches similar values than Ro-RBD-Ig-quant
between days 70 and 150 after infection and then drops to about 1/10th of the value observed in Ro-RBD-Ig-quant after one year (please note
that here almost half of the samples measured in EI-S1-IgG-quant-trafo are already below the positivity threshold). C Parallel coordinate plot
dividing the time from symptom onset into three intervals: short (0-20 days), intermediate (70-150 days) and long (170-250 days). El denotes
the EI-S1-IgG-quant-trafo assay while Ro represents the Ro-RBD-Ig-quant assay. D The Quotient of the two BAU values depicted in log10 scale
over time (Ro-RBD-Ig-quant/El-S1-IgG-quant-trafo). At the Factor Value of 1, the BAU values are identical. This occurs only in a short timeframe

about 80 days post symptom onset
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decrease phase of antibody titres). Time intervals are not
equally long and there are gaps in the timeline to better
define the three phases of the serological dynamic.

The parallel coordinate plot (Fig. 3C) demonstrates
that the two assays yielded differing results and were only
similar in the intermediate time band. Subsequently, the
quotient between the measured BAU values was calcu-
lated in an effort to quantify the differences observed,
whereby a factor of 1 implied the same readout in both
tests. This, however, was only observed at day 80 after
symptom onset with values differing greatly before and
after (Fig. 3D). Shortly after infection, multiplication
by factor 0.1 was necessary to obtain similar values of
EI-S1-IgG-quant-trafo compared to Ro-RBD-Ig-quant,
whereas after 250 days the factor was 5. In addition, the
differences are likely to be underestimated, as a correc-
tion was no longer possible if one test dropped below

Page 7 of 12

detection limit. This occurred in almost half (48.65%;
18/37) of the EI-S1-IgG-quant-trafo values and only
in less than 5% (2/41) in the Ro-RBD-Ig-quant at the
250 day mark. The WHO reference panel for anti-SARS-
CoV-2 immunoglobulin (NIBSC code 20/268) resulted to
have higher values in EI-S1-IgG-quant-trafo compared
to Ro-RBD-Ig-quant in all samples (Fig. 3D, quotient
smaller than 1).

EI-S1-IgG-quant-trafo and Ro-RBD-lg-quant assays

after twice vaccination against SARS-CoV-2

Serological dynamics, assay readouts, and BAU val-
ues from the non-vaccinated SARS-CoV-2 infected
cohort were compared to healthy controls vaccinated
twice against SARS-CoV-2. Therefore, EI-S1-IgG-quant
and Ro-RBD-Ig-quant assays were measured in blood
samples before and after second vaccination (Fig. 4A).

A = EI-S1-Ig-quant == Ro-RBD-Ig-quant
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Fig.4 Comparison of individual Anti-S1 BAU values of vaccinees over time for EI-51-IgG-quant and Ro-RBD-Ig-quant, respectively. The time
zero denotes the day of the second vaccination. The EI-S1-IgG-quant is represented in blue while Ro-RBD-Ig-quant in yellow. Solid horizontal
lines represent the cut-off for positivity. A Longitudinal serology data of subjects over time. Each line represents one subject, the dots
represent the individual samples. The solid lines show the LOESSs (locally estimated scatterplot smoothing or local regressions) estimations
with Cl as a shadowed region. The dashed black lines denotes 250 BUS/mL. B Parallel coordinate plot dividing the time from symptom onset
into three intervals: short (0-20 days), intermediate (70-150 days) and long (170-250 days). El denotes the EI-S1-IgG-quant assay while RO
the Ro-RBD-Ig-quant assay. C Quotient of the two BAU values depicted in log10 scale over time (Ro-RBD-lg-quant/EI-S1-IgG-quant-trafo); at 1,
the BAU values are identical. Blue lines represent the WHO reference panel for anti-SARS-CoV-2 immunoglobulin (NIBSC code 20/268)
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Serological dynamics and temporal evolution of the titers
measured by EI-S1-IgG-quant and Ro-RBD-Ig-quant dif-
fered considerably in naturally infected individuals, this
was not the case for vaccinated individuals. As Fig. 4B
and C demonstrate, parallel coordinate plots were less
divergent and the ratio of the two assays showed to be
closer to 1. After a first increase phase (from day 0 to day
34 (30-37) for EI-S1-IgG-quant and to day 31 (28-34) for
Ro-RBD-Ig-quant), the median peak was reached with a
level of 8069.21 (1912.37-34,047.96) BAU for EI-S1-I1gG-
quant and 23,988.33 (4073.80-144,543.98) BAU for Ro-
RBD-Ig-quant. Both serological dynamics then decrease
rapidly until day 63 (60-66) or 62 (59-65) for EI-S1-IgG-
quant or Ro-RBD-Ig-quant, respectively. Thereafter, the
slopes of the decrease reduce greatly.

Natural infection versus double SARS-CoV-2 vaccination

In our study, antibody-titers in fully vaccinated (i.e.,
twice) non-infected individuals were considerably higher
compared to the naturally infected participants. For EI-
S1-IgG-quant, the difference between the maximum
value for vaccinated vs. naturally infected was 7.92217
BAU, while for Ro-RBD-Ig-quant the difference increased
to 13.96833. In total, 93.75% of the vaccinees reached a
maximum value over 1000 BAU, while only 69.7% of the
vaccination naive infected subjects reached a value over
100 BAU.

In contrast to natural infections, vaccinated individu-
als exhibited a sharp decline in antibody titers as deter-
mined by Ro-RBD-Ig-quant, limited to approximately 60
days after the second vaccination followed by a plateau of
titer (Fig. 3B compared to Fig. 4A). EI-S1-IgG-quant pre-
sented a similar profile, but in this assay a sharp decrease
was also observed after natural infection. After vaccina-
tion however, the observed velocity of decrease seems to
reduce. In mean, both assays yield positive readouts over
the period analyzed, with values of the EI-S1-IgG-quant
assay being closer to the positivity threshold compared to
the ones as determined by Ro-RBD-Ig-quant.

Discussion

In this study, we compared serological dynamics using
samples from ninety-nine non-vaccinated PCR-positive
participants and from forty-five participants with no
history of previous infection but with two vaccinations
against SARS-CoV-2. Serum samples were analyzed with
a total of six different assays. To follow infection, assay
readouts of Ro-N-Ig and GS-cPass were performed from
the same sample in a head-to-head comparison. Partici-
pants showed positive antibodies against these assays
for at least 400 days. The remaining four assays detect
responses to both infection and vaccination. In previous
studies the EI-S1-IgA showed to be less reliable [23] and
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was therefore performed only for samples of the PCR-
positive participants. The EI-S1-IgG assay is per manu-
facturer’s definition non-quantitative and its quantitative
version is defined by the EI-S1-IgG-quant assay [31]. It
was possible to measure samples of the PCR-positive par-
ticipants only with the non-quantitative version. Meas-
urements were hence transformed to quantitative values
using paired samples presented in [31]. A comparison
with the vaccinees was possible thereafter, together with
direct readouts of the Ro-RBD-Ig-quant for both cohorts.
As a results, the longitudinal dynamics of EI-S1-IgG-
quant and Ro-RBD-Ig-quant in the PCR-positive cohort
present completely different trends, while for vaccinees
the trends a very similar.

Duration and magnitude of serological responses in
relation to different testing systems and antigen-target
has been subject to dissent. Harris et al. [22] demon-
strated a rapid decline of anti-N antibodies using the
ELISA from Abbot, with only 51% of SARS-CoV-2
infected individuals having a sero-response after 6
months. In contrast, Favresse et al. [32] showed a posi-
tivity rate of 94% after 10 months but using the Ro-N-Ig
test. Muecksch et al. [33] compared four different assays:
the Ro-N-Ig and the Abbott SARS-CoV-2 immunoglob-
ulin (Ig) G assay for anti-N detection, and the DiaSorin
SARS-CoV-2 IgG together with the Siemens SARS-
CoV-2 RBD assay for anti-S comparisons. Similarly to our
analysis, the shapes of the curves strongly differ between
assays. Dan et al. [19] described a half-life of binding anti-
S antibodies of 103 days. In contrast Ibarrondo et al. [18]
described a rapid decay of anti-RBD antibodies with a
half-life of only 36 days.

In our cohort of non-vaccinated SARS-CoV-2 RT-PCR-
positive individuals direct readout values are coherent to
previous published literature, comparing the same testing
platform [33]. If compared to other assays, same discrep-
ancies as in the rest of the literature appear. In addition,
clinical characteristics of the underlying cohorts differed
greatly. Several authors described a correlation between
magnitude of antibody responses and degree of clinical
symptoms in SARS-CoV-2 infected individuals [16, 17,
32, 34-38]. This was replicated in our cohort, where we
could observe a trend towards higher antibodies titers
in individuals with more severe symptoms. As we solely
enrolled oligo-symptomatic participants, these findings
did not reach statistical significance. Of importance,
exactly that group of oligo-symptomatic patients is the
overwhelming majority of the population which might be
subject to serological testing for different reasons.

A correlate of protection of SARS-CoV-2 has not been
established yet and it is still debated whether the protec-
tion after natural infection is different or perhaps even
superior to vaccination [39]. Natural infection is likely
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to elicit a broader response against more epitopes of the
virus [40]. However, several studies describe the immune
response after vaccination to be characterized by higher
antibody levels compared to natural infections, espe-
cially following vaccination with mRNA- based vaccines
[5, 7, 9, 33, 41]. Recent reports describe waning protec-
tion already shortly after the second dose and the decay
seems more pronounced than after a natural infection
[42-45]. Similarly, when comparing naturally infected
to vaccinated participants, we observed pronouncedly
higher antibody levels in the latter compared to the for-
mer. Antibody levels remained positive for at least seven
months after vaccination.

Initial reports on SARS-CoV-2 infected cohorts
declared a high level of protection of 82—89% for approxi-
mately 6 months against the wild type virus [3]. Similarly,
data from Israel suggested a high level of protection after
vaccinating with Pfizer-BioNTech [46]. Since the surge of
new virus variants protection against Delta and Omicron
variants was reduced [14]. Mizrahi et al. [14] described
a 1.5 times increased risk for breakthrough infections
with Delta variant for subjects 6 months after vaccination
with Pfizer-BioNTech compared to subjects 3 months
after vaccination. Shrotri et al. [42] compared protec-
tion of vaccinated individuals with anti-RBD antibodies
above and below 500 BAU (ELYSYS Ro-Ig) and found
significantly more infected participants with antibodies
below 500 BAU. However, our data suggests that an anti-
body lever of 500 BAU is usually not reached after natu-
ral infection. Our SARS-CoV-2 RT-PCR-positive cohort
only included participants infected with the original wild
type strain. A comparison between variants is therefore
not possible, but would also only generate data unclear
to compare, as the vaccines and the antigens used in the
tests are all also wild type.

Modelling the temporal evolution of the antibody lev-
els, the serological dynamics of the vaccinated cohort is
completely different than that of the PCR-positive vac-
cine naive infected participants. After vaccination, we
observed a short initial peak phase, followed by a very
slow decline of antibody levels in both quantitative tests
EI-S1-Ig-quant and Ro-RBD-Ig. All measurements were
above the positivity threshold even seven months after
the second dose. The curves representing the antibody
dynamics of both quantitative tests were very similar. This
is in contrast to our observations in the SARS-CoV-2 RT-
PCR-positive cohort described here. The ELISA-based
Euroimmun test suggested a rapid decline of antibodies
with more than 50% of the samples dropping below the
threshold for positivity within less than one year while
the Ro-RBD-Ig assay yielded positive readouts after 200
days almost without declining. An explanation for the
slow EI-S1-Ig-quant antibody decrease in vaccinated
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versus the steady state suggested by Ro-RBD-Ig readout
in the RT-PCR-positive cohort could be the rise in avidity
as also described by Scheiblauer et al. [47]. The authors
hypothesized that two vaccine doses lead to an antibody
response dominated by highly specific and highly avid
IgG directed against the S-protein. Thus, the antibody-
signal dynamics over time reflect the overall amount of
antibodies in both tests. In contrast, natural infection will
likely elicit a much broader response which maturates
over time [47], including detection of the RBD-domain
which in turn might lead to an increase in avidity, while
the overall antibody amount is dropping [47]. Those two
opposing effects may compensate each other at differ-
ent rates depending on the assay format. The Ro-RBD-Ig
assay reportedly detects the binding of few antibodies but
favors high avidity [47], potentially resulting in a persis-
tently high assay readout, while the ELISA-based Euro-
immun assay values are biased towards whole antibody
binding and thus decline. Persisting non-declining Roche
RBD-antibodies detectable for more than 300 days after
natural infection have been repetitively described with a
level of ~100 BAU [32, 47].

Summarising, we present the results of a well-char-
acterized cohort to investigate dynamics in serologi-
cal responses to non-vaccinated SARS-CoV-2 infected
individuals compared to vaccinated healthy controls.
For quantitative anti-Spike assays, we used BAU stand-
ardization which is provided by the manufacturer.

However, we observe distinct differences both in the
magnitude and dynamics of the measured antibody
response, although BAU standardization for anti-S1/
RBD tests was used. Interestingly, these differences
were negligible for samples taken two months after
symptom onset. The standardization however is less
accurate before and after this time period, resulting
in differences of up to one order of magnitude in sup-
posedly standardized and comparable values. These
differences disappeared in the vaccinated cohort.
One potential explanation could be the fact that the
assays measure different targets. While the EI-S1-IgG
detects the overall amount of binding antibodies in an
ELISA-format, Ro-RBD-Ig-quant is an ELECSYS based
double-antigen sandwich-test, detecting highly avid
antibodies [47]. Importantly, the BAU-standard pro-
vided by the WHO is derived from a group of donors
relatively shortly after the infection. Subsequently,
standardization performed for an assay will likely be
accurate for tests with a similar profile of antibodies,
regarding both subclass as well as avidity, hence only
in individuals few months after natural infection [25].
Therefore, it is not be the best standard for clinical
cohorts, including samples from individuals very early
or late after the infection, or after vaccination.
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Conclusion

The data presented here suggest that the establishment
of a protective correlate or vaccination booster recom-
mendation based on BAU might be hampered. Also,
comparisons of individual patient values between dif-
ferent laboratories will be unreliable even if reported in
BAU. The characteristics of the individual test systems
employed need to be considered and should be corrected
for, as the differences are likely to be high especially in
subjects with small amounts of highly avid antibodies.
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