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Methods: Sera of 439 participants, whose immune responses to two doses of an mRNA-based vaccine
(BNT162b2 or mRNA-1273) were previously characterized, was examined for anti-S1 IgG and IgA, anti-
NCP IgG and neutralizing antibodies (nAb), and antinuclear antibodies (ANA).

Results: Levels of all examined markers decreased significantly from 2 weeks to 6 months after second

Editor: L. Kaiser vaccination (anti-S1 IgG: 3744 + 2571.4 vs. 253 + 144 binding antibody units (BAU)/mL; anti-S1 IgA:
12 + 0 vs. 1.98 + 1.75 optical density (OD) ratio; nAb: 100% + 0% vs. 82% + 19.3%), the vast majority of

Keywords: participants retaining reactive levels of anti-S1 IgG (436/439) and anti-S1 IgA (334/439) at 6 months.
BNT162b2 Immune responses were stronger for mRNA-1273 compared with BNT162b2 (anti-S1 IgG: 429 + 289 vs.
COVID-19 243 + 143 BAU/mL; anti-S1 IgA: 5.38 + 3.91 vs. 1.89 + 1.53 OD ratio; nAb: 90.5% + 12.6% vs. 81% + 19.3%).
Immune response There was no meaningful influence of sex and age on the examined markers. There was a strong cor-
;‘;’:Aécl)y; relation between anti-S1 IgG and the surrogate neutralization assay (rho = 0.91, p <0.0001), but not for
Vaccination for IgA and the surrogate neutralization assay (rho = 0.52, p <0.0001). There was a ceiling effect for the
association between anti-S1 IgG titres and the inhibition of binding between S1 and ACE2. ANA preva-

lence was unchanged from 2 weeks to 6 months after the second vaccination (87/498 vs. 77/435), as

were the median ANA titres (1:160 vs. 1:160).

Discussion: Although the clinical consequences of decreasing anti-SARS-CoV-2 antibody titres cannot be

estimated with certainty, a lowered degree of clinical protection against SARS-CoV-2 is possible.

Persistently stronger responses to mRNA-1273 suggest that it might confer greater protection than

BNT162b2, even 6 months after the second vaccination. Neither examined vaccinations induced ANA

within the examined time frame. Robert Markewitz, Clin Microbiol Infect 2022;28:1024.e1—-1024.e6

© 2022 European Society of Clinical Microbiology and Infectious Diseases. Published by Elsevier Ltd. All

rights reserved.

Introduction

Vaccination against SARS-CoV-2 has been rolled out on a

worldwide basis since its approval by the CDC and the European
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efficacy [1-6]. We, among others, found that vaccination with
BNT162b2 or mRNA-1273 leads to high titres of specific IgG anti-
bodies against the spike protein of SARS-CoV-2, with stronger re-
actions for mRNA-1273 [7]. In the short term, there was no
induction of antinuclear antibodies (ANA) as a correlate for auto-
immunity caused by the vaccination. Contrary to findings by others
[8,9], we could not find a pronounced influence of age on B- and T-
cell responses 2 weeks after the second dose of the vaccine.
There is evidence for the waning of antibody titres over time
after vaccination against SARS-CoV-2 [10]. In the current study, we
examined whether we could find a similar waning of antibodies
against SARS-CoV-2 for our cohort 6 months after the second
vaccination, and if so, how great was the reduction of different
markers of B-cell immunity against SARS-CoV-2. We also examined
associations between B-cell immunity and age, sex, and the vaccine
received (BNT162b2 vs. mRNA-1273), as well as correlations be-
tween the different markers. Lastly, we examined the possible in-
duction of ANA by the vaccine. We hypothesized the following:

1. Levels of markers of B-cell immunity after vaccination against
SARS-CoV-2 would decrease significantly.

2. Reactions would remain stronger for recipients of mRNA-1273
compared to those of BNT162b2.

3. There would be no relevant influence of sex and age (within the
examined age span) on the measured immune responses.

4, There would be no induction of ANA 6 months after the second
vaccination.

Methods
Study population

All 531 participants of the previous study were asked to
participate in a follow-up examination of their B-cell immunity
against SARS-CoV-2. The initial recruitment of this cohort and
vaccination program they underwent are detailed elsewhere [7]. In
short, all participants were health care professionals from a
German university hospital who received either BNT1662b2 or
mRNA-1273 with a 5-week interval between doses.

All participants provided written informed consent for this
study. The study was approved by the University of Kiel institu-
tional review board (AZ: D642/20). The study was conducted in
accordance with the Declaration of Helsinki [11].

Anti-SARS-CoV-2 antibodies

Antibodies of the classes IgG and IgA against the S1 subunit of
the spike protein of SARS-CoV-2 (anti-S1) as well as IgG against the
nucleocapsid protein of SARS-CoV-2 (anti-NCP) were measured
using the respective ELISA test kits by EUROIMMUN (Liibeck, Ger-
many). S1 was chosen as the target antigen to monitor the response
to the vaccination, as vaccination induces the production of S1
within the body as an immunogenic target. NCP was chosen to
identify possible SARS-CoV-2 infection within the cohort, as anti-
NCP is only present after infection with SARS-CoV-2 and not after
vaccination. More information on the assays can be found in the
supplement.

Neutralizing antibodies

Neutralizing antibodies were examined via a surrogate
neutralization assay (SNA) (NeutraLISA; EUROIMMUN) according to
the manufacturer's instructions. In brief, this is a competitive ELISA
in which anti-S1 antibodies within the examined serum compete
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with ACE2 contained in a buffer for binding at S1 bound to a solid
phase. The amount of bound ACE2 that can be detected via enzy-
matic reaction after a washing step is inversely proportional to the
level of inhibition of SARS-CoV-2 achieved via anti-SARS-CoV-2
antibodies. More information on the SNA can be found in the
supplement.

ANA

ANA were examined via indirect immunofluorescence testing
(IIF) on HEp-2 cells (EUROIMMUN). All ANA IIFs were evaluated by
the same experienced laboratory professional, minimizing inter-
observer variance.

Statistical analysis

Differences in continuous variables between groups were
examined via analyses of variance (ANOVAs), with a Benjamini-
Yekutieli correction in case of multiple comparisons [12]. Post hoc
testing was performed via Tukey's honest significant differences.
Differences between two groups were tested via the Student t-test.
Differences in the distribution of categorically scaled variables be-
tween groups was tested via Pearson's ? test. For associations
between two continuous variables, correlations using Spearman's
rho were calculated. Statistical significance was assumed for p
<0.05. Average values with a measure of dispersion are reported as
median and median absolute deviation, unless otherwise stated. All
statistical analyses were performed using the open-source software
for statistical computing and graphics, R (v4.1.0), with the inte-
grated development environment RStudio (v1.4.1717) [13] (see
Table 1).

Results
Study population and sample characteristics

Of the 531 participants who donated a serum sample during the
previous study, 439 (82.7%) did so again during the current study.
Of these, 322 (73.3%) were female and 403 (91.8%) received
BNT162b2. Their median age was 45 + 14.8 (range: 20—66) years.
There was no statistically significant difference in age between the
two sexes (df = 1, F = 3.729, p = 0.054) or between recipients of the
different vaccines (df = 2, F = 2.379, p = 0.124). Pearson's % test
revealed no statistically significantly different distribution of sexes
between recipients of the two vaccines (x*> = 0.444, df = 1,
p = 0.505).

Samples were donated at a median of 181 (+1.48) days after the
second dose of the vaccine against SARS-CoV-2.

Seven participants had a known history of COVID-19, five of
them before the administration of the first dose, one who tested
positive (via PCR) between doses, and one who tested positive (via
PCR) after having received both doses of the vaccine.

Anti-SARS-CoV-2 antibodies

Levels of all examined markers decreased significantly from
14 days to 6 months after the second vaccination (all p <0.0001, see
Fig. 1(A-C)). Two-way ANOVAs with the factors sex and vaccine
revealed a statistically significant main effect of the vaccine
administered for all markers (with higher levels for recipients of
mRNA-1273; all p <0.001, see Fig. 1(G-I), but no significant main
effect of sex or interaction effect of sex and the vaccine adminis-
tered (all p >0.1; see Fig. S1. Notably, only three participants, who
exhibited reactive anti-S1 IgG titres 2 weeks after the second dose,
showed levels of anti-S1 IgG below the cut-off for reactivity.
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Table 1
Average values (median + median absolute deviation) for all markers®
Group 14 d after second dose 6 mo after second dose
Anti-S1 IgA (OD ratio) Anti-S1 IgG (BAU/mL) Neutral. antibodies (%) Anti-S1 IgA (OD ratio) Anti-S1 IgG (BAU/mL) Neutral. antibodies (%)
Whole cohort 12+0 3744 + 25714 100+ 0 1.98 + 1.75 253 + 144 82+193
Women 12+0 3830.4 + 2585.7 100 + 0 1.85 + 1.61 246 + 138 81 +193
Men 12+0 3564.8 + 2495.5 100 + 0 235+ 1.79 280 + 160 84 +16.3
Previously infected 12 +0 33232 +517.1 100 + 0 7.46 + 3.77 298 + 26.6 98 +3
BNT162b2 12+0 3654.4 + 25714 100 + 0 1.89 + 1.53 243 + 143 81 +193
mRNA-1273 12+0 4926.4 + 3598.6 100+ 0 538 +£3.91 429 + 289 90.5 + 12.6

2 Results measured at 6 months after the second vaccination for the whole cohort and the following subgroups: women, men, participants previously infected with SARS-
CoV-2, participants who received BNT162b2, and participants who received mRNA-1273. Shown are data for the time points 2 weeks after the second vaccination (data
already published elsewhere) and 6 months after the second vaccination (data newly accumulated).
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Fig.1. (A—C) The decrease in measured levels from 14 days to 6 months after the second dose of the vaccine for anti-S1 IgG (A), anti-S1 IgA (B), and inhibition via SNA (C). (D—F) The
correlation of these markers at 6 months after the second dose with age (the blue line representing the conditional smoothed mean, calculated via locally estimated scatterplot
smoothing (LOESS), with a grey 95% confidence band around it). (G—I) The comparison of levels of these markers between recipients of mRNA-1273 and BNT162b2 at 6 months after
the second dose. The individual measurements, plotted as dots, are colour coded according to the vaccination received (lilac: mRNA-1273; orange: BNT162b2).
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However, their anti-S1 IgG titres 2 weeks after the second dose
were already below the first percentile of the cohort. Of 439 par-
ticipants, 334 (76.1%) were anti-S1 IgA reactive after 6 months.

Correlations between all examined markers and age were of
small to negligible effect size (albeit statistically significant: anti-S1
IgG and age: rho = —0.23, p <0.0001; anti-S1 IgA and age:
rho = —0.16, p <0.001; inhibition via SNA and age: rho = —0.25, p
<0.0001; see Fig. 1(D-F). Effect sizes were not significantly greater
when these correlations were examined separately for recipients of
the two different vaccines, for which a significant main effect on the
levels of examined markers was found Figure S1.

Among the examined markers, there was a strong correlation
between anti-S1 IgG and inhibition via SNA (rho = 0.91, p <0.0001)
and correlations of medium effect size between anti-S1 IgA and
inhibition via SNA (rho = 0.53, p <0.0001) and between anti-S1 IgG
and anti-S1 IgA (rho = 0.52, p <0.0001; Fig. 2).
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Of the 439 participants of the current study, seven tested posi-
tive for anti-NCP IgG. Of these seven, one had a known history of
COVID-19, five were deemed false positives, and for one a possible
asymptomatic infection could not be ruled out. Four participants
with a history of COVID-19 who were anti-NCP positive in the
previous study were negative in the current study, and two par-
ticipants never developed anti-NCP-IgG at any time point despite a
history of COVID-19. More detailed data of all previously infected
participants, as well as all participants who tested anti-NCP IgG
positive after 6 months, can be found in the supplement.

ANA

ANA testing via indirect immunofluorescence testing revealed
that 6 months after the administration of the second dose of the
vaccine, there was no change in qualitative ANA results (McNemar's

6 months after 2nd dose
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Fig. 2. (A—C) The correlations found between inhibition (via SNA) and anti-S1-IgG (A), inhibition and anti-S1 IgA (B), and anti-S1 IgA and anti-S1 IgG (C). The blue lines again
represent the smoothed means (via LOESS) with a 95% confidence band. (D) A correlation matrix for all examined markers of immunity against SARS-CoV-2 as well as age. The
individual measurements, plotted as dots, are colour coded according to the vaccination received (lilac: mRNA-1273; orange: BNT162b2).



1024.e5

v% = 2.5574, df = 3, p = 0.465), nor in the semiquantitative titres of
those individuals who tested ANA positive at any time point (Wil-
coxon signed-rank test: V = 46, p = 0.606; Fig. S2).

Discussion

In the current study, we found that levels of markers of B-cell
immunity against SARS-CoV-2, such as anti-S1 IgG and IgA, as well
as in vitro inhibition via SNA decrease significantly over the course
of 6 months since the administration of the second dose of the
vaccine against SARS-CoV-2.

We again found that recipients of mRNA-1273 had significantly
higher titres of all examined markers compared to recipients of
BNT162b2. This difference, found by others as well [9,14], manifests
as early as 14 days after the first dose of the vaccination [7] and
apparently persists long term, despite the overall decrease in
antibody levels. The fact that vaccination with mRNA-1273 leads to
higher levels of all examined markers than vaccination with
BNT162b2 is most likely explained by the greater amount of mRNA
contained in the former (100 ug) compared to the latter (30 pg)
[2,3], although it is surprising that this difference is persistent.
Given that higher levels of anti-S1 IgG convey a higher degree and
longer duration of protection from SARS-CoV-2, mRNA-1273 may
be preferable to BNT162b2 in this particular respect.

Nearly all participants still exhibited anti-S1 IgG reactive
titres 6 months after the second dose of the vaccine. Further-
more, those participants who did not exhibit reactivity at
6 months after the second dose already exhibited low levels of
anti-S1 IgG 2 weeks after the second dose. Therefore, the exact
consequences of waning titres for protection against SARS-CoV-2
are difficult to estimate, especially in the absence of a clearly
established cut-off value for anti-S1 IgG above which protection
can be assumed.

Notably, anti-S1 IgG correlates strongly with inhibition via SNA,
but anti-S1 IgA does not (the correlation of medium effect size
between anti-S1 IgA and the SNA is likely explained by a correlation
of the same effect size between anti-S1 IgA and IgG). This is sur-
prising because in theory, anti-S1 IgA competes with ACE2 for
binding at the S1 bound on the solid phase to the same extent as
anti-S1 IgG. Our findings, however, suggest that, at least in vitro,
serum anti-S1 contributes markedly less to the neutralization of
SARS-CoV-2 compared to anti-S1 IgG. On the other hand, it is also
surprising that a high proportion of participants (76.1%) still exhibit
anti-S1 IgA 6 months after the second dose of the vaccine, as it is
usually considered an early marker of humoral immunity against
SARS-CoV-2 with a tendency to wane faster than anti-S1 IgG [15].
Anti-S1 IgA may remain an important part of the mucosal first line
of defence against SARS-CoV-2 even in the long term, which might
explain its persistence in serum.

The correlation between anti-S1 IgG and the SNA reveals
another insight: Levels of inhibition sharply increase with
increasing anti-S1 IgG only until anti-S1 IgG titres of about 350
binding antibody units (BAU)/mL. After this point a ceiling effect is
reached, with inhibition levels reaching nearly 100%. As a conse-
quence of the assay's design, apparently all S1 on the solid phase is
bound by anti-S1, which, probably through a combination of higher
affinity and concentration, vastly outcompetes the ACE2 in the
buffer for binding at S1. On one hand, this demonstrates the limi-
tations of this SNA; on the other hand, as the SNA was modelled
after actual plaque reduction neutralization tests [16], it is
conceivable that a similar constellation of anti-S1, S1 and ACE2 is
reached in vivo at titres of 350 to 400 BAU/mL. The resulting hy-
pothesis that titres above these limits might confer a relatively
certain degree of immunity is highly speculative and would have to
be tested in a clinical setting.

R. Markewitz et al. / Clinical Microbiology and Infection 28 (2022) 1024.e1—1024.e6

Almost all participants who had developed anti-NCP IgG in the
course of the previous study as a result of a previous infection with
SARS-CoV-2 returned a negative result during the current study,
suggesting that anti-NCP IgG had waned in the meantime. On the
other hand, the majority of positive anti-NCP IgG results were likely
false positives. This is most likely explained by the low prevalence
of COVID-19 in our cohort and the resulting low pre-test proba-
bility. In a low-prevalence population such as our own, even a test
with excellent sensitivity and specificity can have a low positive
predictive value, leading to a relatively high proportion of false
positives. In our experience, previously infected individuals are
most reliably identified by the particular dynamics of their anti-
body response to vaccination, with significantly higher titres of
anti-S1 IgG after the first dose of the vaccination. Oligo- or
asymptomatic cases of COVID-19 that may lack development of
anti-NCP IgG (as was the case for one participant in our cohort) are
difficult to detect serologically and may go undetected without PCR
testing.

Finally, we did not find any induction of ANA by vaccination
against SARS-CoV-2 6 months after the second dose, nor did we see
increases in ANA titres in participants with a pre-existing ANA.
Therefore, we could not establish any link between SARS-CoV-2
vaccination and autoimmunity (as detected via ANA).

Our study had several limitations. There were obvious imbal-
ances within the cohort, with females and recipients of BNT162b2
being overrepresented. However, because the distribution of age
groups between the sexes and the distribution of age groups and
sexes between the recipients of the different vaccines was not
significantly different, it is fair to assume that the effects we found
(e.g. stronger reactions for mRNA-1273) are representative and not
caused by skewed distributions. Also, there was no routine PCR
testing for SARS-CoV-2 within the cohort. Oligo- or asymptomatic
cases of SARS-CoV-2 without development of anti-NCP IgG during
or after the vaccination program might therefore have been over-
looked. Furthermore, although ANA testing via IIF is a relatively
broad screening for autoantibodies within serum, it is possible that
the induction of autoantibodies not covered by this assay may have
gone unnoticed.

In conclusion, we found that markers of B-cell immunity against
SARS-CoV-2 decrease significantly within 6 months after the sec-
ond vaccination against SARS-CoV-2, with little to no discernible
influence of age or sex in our cohort. Despite this, recipients of
mRNA-1273 still exhibit higher levels of all examined markers than
recipients of BNT162b2 at this time point, continuing a phenome-
non that can already be detected after the first dose of the vacci-
nation. At least in vitro, anti-S1 IgG seems to contribute significantly
more to the inhibition of binding between S1 and ACE2 than serum
anti-S1 IgA. Lastly, we did not see any induction of autoimmunity
(as examined via ANA IIF) via vaccination against SARS-CoV-2
6 months after the second dose.
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