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Abstract: Data about the long-term duration of antibodies after SARS-CoV-2 vaccination are still
scarce and are important to design vaccination strategies. In this study, 231 healthcare professionals
received the two-dose regimen of BNT162b2. Of these, 158 were seronegative and 73 were seropositive
at baseline. Samples were collected at several time points. The neutralizing antibodies (NAbs) and
antibodies against the nucleocapsid and the spike protein of SARS-CoV-2 were measured. At day
180, a significant antibody decline was observed in seronegative (—55.4% with total antibody assay;
—89.6% with IgG assay) and seropositive individuals (—74.8% with total antibody assay; —79.4%
with IgG assay). The estimated half-life of IgG from the peak humoral response was 21 days (95%
CI: 13-65) in seronegative and 53 days (95% CI: 40-79) in seropositive individuals. The estimated
half-life of total antibodies was longer and ranged from 68 days (95% CI: 54-90) to 114 days (95% CL:
87-167) in seropositive and seronegative individuals, respectively. The decline of NAbs was more
pronounced (—98.6%) and around 45% of the subjects tested were negative at day 180. Whether
this decrease correlates with an equivalent drop in the clinical effectiveness against the virus would
require appropriate clinical studies.

Keywords: COVID-19; SARS-CoV-2; mRNA vaccine; BNT162b2; antibody response; neutralizing
antibodies

1. Introduction

The efficacy and safety of the two-dose regimen of BNT162b2 mRNA COVID-19
vaccine (Pfizer-BioNTech, Mainz, Germany) have been proven and led to an emergency use
authorization (EUA) delivered on the 11th of December 2020 [1]. On the 23rd of August
2021, the BNT162b2 vaccine became the first COVID-19 vaccine approved by the U.S. Food
and Drug Administration (FDA) [2]. Real-world data on the BNT162b2 also confirmed the
high effectiveness of this vaccine in reducing laboratory-confirmed infection and viral load
in infected individuals, as well as reducing COVID-19 hospitalization and death [3-7].
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Around the world, massive vaccination campaigns started in early 2021 and data
about the immunological response emerged in the literature to document the evolution of
humoral response in subjects vaccinated against SARS-CoV-2 [8-15]. In most seronegative
subjects, antibody response was positive two weeks after the first dose and the peak
response was observed around 28 days [13,16]. The antibody titers were also higher in
previously infected individuals compared to seronegative subjects and recent studies found
a decline in antibody titers at 3 months [13,17-19]. This antibody decline needs to be well
monitored because it may provide important information to support the decision-making
on the potential use of a booster dose. However, longer-term kinetics data of the humoral
response after the two-dose regimen of BNT162b2 are still scarce in the literature.

The CRO-VAX-HCP study is an ongoing multicenter, prospective, and interventional
study designed to assess the antibody response in a population of healthcare profession-
als (HCPs) having received two doses of the BNT162b2 mRNA COVID-19 vaccine. We
report here an interim analysis on the data obtained on the humoral response after a
6-month follow-up.

2. Materials and Methods
2.1. Study Design and Participants

The CRO-VAX HCP study is an ongoing multicenter, prospective, and interventional
study designed to assess the antibody response in a population of HCPs having received
two doses of the BNT162b2 mRNA COVID-19 vaccine (Comirnaty®), as described in
Supplementary Table S1. The study was approved by a central ethical committee (approval
number: 2020-006149-21) and a total of 231 participants were enrolled in the study. All
participants provided informed consent prior to data and specimen collections. Participants
received the first vaccine dose from 18 January 2021 to 17 February 2021. The second dose
was administered 21 days after the first one. All volunteers underwent blood drawn within
2 days before the first vaccine dose. Samples were then collected after 14, 28, 42, 56, 90
and 180 days following the first dose. Blood samplings performed earlier or later than
the expected blood collection times were allowed with a maximal allowed percentage of
10% (i.e., 180 days + 18 days). Subjects having levels of anti-NCP and anti-S antibodies at
baseline above the positivity cut-offs of the assays were considered seropositive while the
others are considered COVID-19 naive and are classified as seronegative.

2.2. Analytical Procedures

Antibodies against the receptor binding domain (RBD) of the S1 subunit of the spike
protein were measured at each time point by two different analytical methods: the Elecsys®
assay that measured SARS-CoV-2 total antibodies (combination of IgG, IgM and IgA)
(Roche Diagnostics, Machelen, Belgium) with a positivity cut-off of 0.8 U/mL and the
Architect® assay that measured SARS-CoV-2 IgG (Abbott, Wavre, Belgium) with a positivity
cut-off of 50 arbitrary unit (AU)/mL. Total antibodies against the SARS-CoV-2 nucleo-
capsid (anti-NCP; Roche Diagnostics, Machelen, Belgium) were also measured. Results
above 0.165 COI (cut-off index as reported previously) [20] were considered positive. For
the total antibody assay, alternative cut-offs (i.e., 15 U/mL and 133 U/mL) [21,22] were
also investigated.

Neutralizing antibodies (NAbs) were assessed on a subset of 60 subjects at different
time points (0, 28, 90 and 180 days) using a pseudo-virus neutralization test (pVNT) as
described elsewhere [23,24]. For this latter assay, samples were considered negative if the
half-maximal inhibitory concentration (ICsp) value was below the dilution of 1/20.

2.3. Statistical Analyses

Means and 95% confidence intervals (95% CI) were used for data description. The
between-group differences of antibody titers were tested using a Tukey multiple compari-
son test. A multiple testing correction was applied in the multiple group comparison. For
kinetics modeling, a one compartment modeling was used to describe the kinetics of the
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antibody response in seropositive and seronegative subjects, assuming a steady decay rate
over time. The half-life (T; /) was obtained from the one compartment modeling which
permitted the calculation of the elimination rate of the antibodies. The mean time needed
to cross the various thresholds of interest defined above was also determined based on
this model. Correlation studies (IgG, total antibodies and NAbs) were evaluated with a
Spearman’s rank correlation test. A Cohen’s kappa agreement test was also performed be-
tween assays. Statistical analyses were performed using GraphPad Prism 9.0.1 (GraphPad
Software, San Diego, CA, USA, www.graphpad.com, accessed on 22 September 2021) and
JMP Pro 16.0.0 JMP®, Version 16.0.0. SAS Institute Inc., Cary, NC, USA, 1989-2021). A
p-value < 0.05 was considered significant.

3. Results
3.1. Demographic Data

Among the participants, 170 (73.6%) were female (mean age = 43 years; range,
23-66 years) and 61 (26.4%) were male (mean age = 43 years; range, 23-64 years). A
total of 158 subjects (68.3%) were COVID-19 naive and were categorized as seronegative at
baseline while 73 (31.6%) were seropositive. All demographic data of the population are
presented in Supplementary Table S1.

3.2. Anti-NCP Antibodies

Among the cohort, anti-NCP antibodies remained stable in seropositive participants
up to 6 months compared to pre-vaccinal titers (p > 0.05) (Supplementary Figure S1). At the
individual level, 3 participants (1.3%) had a significant increase in their anti-NCP antibody
levels. The first subject was seronegative before vaccination and had a positive RT-PCR
93 days after the first vaccine dose. The B.1.1.7 variant was identified by sequencing.
The subject had a close contact with an infected patient and was asymptomatic. The
second subject was seropositive at baseline with a documented positive RT-PCR in April
2020 and reported a positive RT-PCR 71 days after the first dose. The subject developed
minor symptoms. No sequencing was available. The third subject was seronegative before
vaccination and reports a positive RT-PCR carried out in the context of persisting flu-like
symptoms, only 2 days after the first dose. All the subjects with symptoms recovered
without sequelae.

3.3. IgG and Total Antibodies

In seronegative individuals, the maximal antibody response was reached at day 28
with a mean total antibody titer of 2204 U/mL (95% CI: 1833-2575) and a mean IgG titer
of 18,785 AU/mL (95% CI: 16,020-21,549). A continuous decrease was observed up to
day 180 with an observed mean total antibody titer of 998 U/mL (95% CI: 848-1148)
and an observed mean IgG titer of 1949 AU/mL (95% CI: 1565-2332), which represent a
decrease of 54.7% and 89.6%, respectively (Table 1, Figure 1). In seropositive individuals,
the maximal antibody response was reached at day 28 and day 42 for total and IgG
antibodies, respectively. The mean total antibody titer was 16,935 U/mL (95% CI: 15,112—
18,759) and the mean IgG titer was 30,678 AU/mL (95% CI: 26,600-34,755). A continuous
decline was also observed between day 28 or day 42 and day 180 with a total antibody
titer of 4270 U/mL (95% CI: 3324-5215), which represents a decrease of 74.8% and 79.4%,
respectively (Table 1, Figure 1). All participants still had detectable anti-S antibodies 6
months after the first vaccine dose (i.e., total antibody titer > 0.8 U/mL and IgG titer > 50
AU/mL).

Considering each time point separately, anti-S titers of seropositive individuals were
always statistically higher compared to seronegative individuals (p < 0.0001), except for
IgG at day 180 time point (Table 1). The difference of titers between seronegative and
seropositive individuals was higher when measuring total antibodies compared to IgG,
but the difference tended to decrease over time (Table 1, Figure 1).
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Using the kinetics model, the time to maximum concentration (Tyi4x) in seronegative
subjects for total antibodies and IgG was comparable with 36.3 days (95% CI: 30.2-42.5)
versus 34.5 days (95% CI: 31.7-37.2). The estimated T/, for total antibodies was 114 days
(95% CI: 87-167) and was significantly longer than the 21 days (95% CI: 13-65) obtained for
IgG. In seropositive subjects, the Tyax for total antibodies and IgG were also comparable
(23.3 days (95% CI: 18.7-28.0) versus 25.0 days (95% CI: 20.4-29.9)), and was shorter
compared to seronegative. The estimated T/, for total antibodies was 68 days (95% CI:
54-90) and slightly longer compared to IgG (i.e., 53 days, 95% CI: 40-79) (Figure 2).

According to the model, a mean time of 229 days (95% CI: 134-277) in seronegative
and 529 days (95% CI: 283-623) in seropositive would be needed to cross the threshold of
50 AU/mL for the IgG assay. For the total antibody assay, a mean time of 830 days (95%
CI: 508-1000) in seronegative and 718 days (95% CI: 425-826) in seropositive would be
needed to cross the threshold of 15 U/mL, which was defined by the manufacturer as a
cut-off for detection of inhibitory effects [21]. Using the threshold of 133 U/mL [22], the
mean time needed would be 470 days (95% CI: 341-585) and 507 days (95% CI: 359-591) in
seronegative and seropositive subjects, respectively.

Table 1. Evolution of SARS-CoV-2 spike antibodies (U/mL) in seronegative and seropositive persons using the Roche

Elecsys®, the Abbott Architect® assays and the pseudovirus neutralizing test. Means with 95% confidence intervals are

reported. The between group difference of antibody titers were tested using a Tukey multiple comparison test. A multiple

testing correction was applied in the multiple group comparison. p-value < 0.05 was considered significant. ¥ pVNT have

only been performed in 60 subjects.

SARS-CoV-2 Total Antibodies

Seronegative Seropositive Ratio +/— p-Value
Before first dose 0.40 (0.39-0.41) U/mL 132.0 (86.1-177.6) U/mL 330 <0.0001
14 days 38.2 (27.7-48.6) U/mL 15,540 (13,606-17,473) U/mL 406 <0.0001
28 days 2204 (1883-2575) U/mL 16,935 (15,112-18,759) U/mL 7.7 <0.0001
42 days 1863 (1613-2113) U/mL 15,896 (13,968-17,824) U/mL 8.5 <0.0001
56 days 1517 (1326-1708) U/mL 13,315 (11,464-15,165) U/mL 8.8 <0.0001
90 days 1262 (1104-1420) U/mL 8919 (7201-10,637) U/mL 7.1 <0.0001
180 days 998 (848-1148) U/mL 4270 (3324-5215) U/mL 43 <0.0001
SARS-CoV-2 IgG Antibodies
Seronegative Seropositive Ratio +/— p-value
Before first dose 21.2 (20.8-21.6) AU/mL 556.6 (385.3-727.9) AU/mL 26.3 <0.0001
14 days 679.9 (548.7-811.2) AU/mL 27,753 (23,226-32,239) AU/mL 40.8 <0.0001
28 days 18,785 (16,020-21,549) AU/mL 29,845 (25,484-34,206) AU/mL 1.6 <0.0001
42 days 17,507 (15,685-19,328) AU/mL 30,678 (26,600-34,755) AU/mL 1.8 <0.0001
56 days 12,862 (11,441-14,284) AU/mL 22,115 (19,174-25,056) AU /mL 1.7 <0.0001
90 days 6050 (5371-6729) AU/mL 14,509 (12,477-16,541) AU/mL 2.4 <0.0001
180 days 1949 (1565-2332) AU/mL 6333 (5072-7593) AU/mL 3.2 0.342
Pseudovirus Neutralization Test *
Seronegative Seropositive Ratio +/— p-value
Before first dose 11.9 (10.0-13.8) 43.8 (29.0-58.5) 3.7 <0.0001
28 days 1955 (1287-2622) 2091 (981-3202) 1.1 0.823
90 days 127.6 (84.3-170.9) 163.1 (83.5-243) 1.3 0.390
180 days 26.1(20.1-32.1) 30.5 (18.2-42.7) 1.2 0.463
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Figure 1. (Previous page). Evolution of SARS-CoV-2 spike antibodies (U/mL) in seronegative (A

and C for total antibodies and IgG, respectively) and seropositive individuals (B and D for total

antibodies and IgG, respectively) according to the time since the first vaccine dose administration.

Means with 95% confidence intervals are shown. (A,B) Using the total antibody assay, an automatic

dilution of 1/100 at >250 U/mL was performed by the analyzer to extend the measurement do-
main up to 25,000 U/mL. A total of 46 samples were rounded to 25,000 U/mL out of 1337 (3.4%).
Results < 0.4 U/mL (limit of quantification) were rounded to 0.4. (C,D) Using the IgG assay, an

automatic dilution of 1/4 at > 40,000 AU/mL was manually performed to extend the measurement
domain to 160,000 AU/mL. Results < 21 AU/mL (limit of quantification) were rounded to 21. $,
statistically different from all other groups (i.e., p < 0.0001); #, statistically different from all other

groups (i.e., p < 0.0001) except between time points 14 and 180.
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Figure 2. (Previous page). Kinetics models of (A) total antibodies and (B) IgG serological response.
A zoom of the seronegative population is presented in the right-upper part of the Figure A. Means
plus/minus standard deviation are shown at the different timepoints. The magnitude of the re-
sponse depends on the analytical kit and the difference between COVID-19 naive and seropositive

individuals is less marked with IgG than with total antibodies.

Among the 1443 samples analyzed on both assays, IgG and total anti-S antibodies
showed an almost perfect agreement (i.e., Cohen’s kappa = 0.97) with a Spearman’s
correlation coefficient of 0.892 (95% CI: 0.881-0.902; p < 0.0001) (Supplemental Figure S2).

3.4. Neutralizing Antibodies
In the 42 seronegative subjects included in this subgroup analysis, NAbs increased
from a mean dilution factor of 11.9 (95% CI: 9.96-13.8) at day 0 to 1955 (95% CI: 1287-2622) at
day 28, which represents an increase of 99.4% (p < 0.0001) with all subjects having detectable
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NAbs (dilution titer™)

NADbs at day 28. At day 90 and day 180, the mean dilution factors decreased to 127.6 (95%
CI: 84.3-170.9) and 26.1 (95% CI: 20.1-32.1), which represents, respectively, a significant
decrease of 93.5% and 98.7% compared to day 28. At these time points, the positivity rates
dropped at 95.2% and 45.0% (Figure 3), respectively. In the 18 seropositive subjects, 72.2% of
the subjects had detectable NAbs at baseline. At day 28, the mean dilution factor increased
from 43.8 to 2091, which represents an increase of 97.9% (p < 0.001). At day 90 and day
180, the mean dilution factors were 163.1 (95% CI: 83.5-242.6) and 30.5 (95% CI: 18.2-42.7),
which represents a significant decrease of 92.2% and 98.5%, respectively. All subjects had
detectable levels of NAbs at day 28 and day 90 but the positivity rate decreased to 44.4%
at day 180. Considering each time point separately, NAbs of seropositive individuals
were not statistically different compared to seronegative individuals (p > 0.9998). The
kinetics model found that the estimated T; /, of NAbs in this subgroup was 16 days (95%
CI: 9 to 59 days) and that the time to reach the negativity cut-off was 135 days (95%
CI: 55-179 days). A significant correlation with total antibodies was found (r = 0.63,
p < 0.0001) (Supplemental Figure S3) but the strength of agreement was moderate with
the manufacturer’s cut-off (Cohen’s kappa = 0.60). The use of alternative cut-offs (15 and
133 U/mL) did not increase the agreement (0.58 and 0.54, respectively). For the IgG assay;,
we observed a better correlation (r = 0.78, p < 0.0001), still with a moderate strength of
agreement (Cohen’s kappa = 0.66) (Supplemental Figure S3). No alternative cut-off could
enhance the observed agreement.
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\\‘
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Figure 3. Evolution of SARS-CoV-2 NAbs in seronegative (blue, n = 42) and seropositive individuals (red, n = 18) at baseline

and 1 month, 3 months and 6 months after the first vaccine shot.

4. Discussion

In this study, compared to the peak antibody response, a significant antibody de-
cline 6 months post-vaccination with BNT162b2 COVID-19 vaccine was reported. The
decline was highly significant for total antibodies, IgG and NAbs in both seronegative and
seropositive participants.

In COVID-19 naive subjects, the decline of total antibodies at 6 months was lower
(i.e., —54.7%) than the decline of IgG (i.e., —89.6%) or NAbs (—98.7%), while in seropos-
itive participants, the decline of total antibodies and IgG at 6 months was quite similar
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(—74.8% versus —79.4%) and lower than the decline of NAbs (—98.7%). The distinct
kinetics observed for the total antibody assays compared to IgG may be explained by
the additional response of non-IgG antibody isotypes, which may persist several month
post-vaccination [25,26]. On the other hand, in subjects who had already developed an
immune response due to exposure to SARS-CoV-2 or occurrence of COVID-19 disease, the
serological response following a de novo exposure to the antigen is mainly dominated by
the IgG response while the IgM response is reduced, or even absent. This may explain
why the total and IgG antibodies declines are closer in the seropositive subgroup [27,28].
Interestingly, in seropositive subjects, the anti-NCP antibodies level did not significantly
decline over at least day 180 [29]. Some groups have suggested that anti-NCP antibodies
confer additional immunity in seropositive subjects but this is subject to debate in the
literature [30]. Besides, in our subgroup analysis, we did not identify a difference in terms
of NADb titers between seropositive and seronegative subjects (Table 1).

Data about the long-term antibody kinetics in BNT162b2 recipients are still scarce. In
this study, we reported antibody T /, ranging from 21 to 114 days depending on the type of
antibody testing and the baseline serological status of the participants. Such an important
elimination rate implies that those antibodies are certainly only produced briefly at the
time of vaccination and heightened by an anamnestic response in seropositive subjects.

Israel et al. recently found that the mean SARS-CoV-2 IgG antibody titer (Abbott
Architect®) after BNT162b2 vaccination decreased by 93.7% at 6 months (i.e., 765 AU/mL)
compared to the highest mean antibody response (i.e., 12,153 AU/mL) [31]. These data
are confirmed by our study, especially in the seronegative cohort. The higher mean titers
observed in our study may be related to the lower age of our cohort compared to the one
of Israel et al. (42.0 versus 56.5 years), which has been reported as a confounding factor for
antibody response [32,33]. Moreover, the antibody decline was also higher compared to
convalescent patients where a drop of 4 to 7% every month has been reported compared to
the drop observed in our vaccinated subjects [31,34]. Finally, the proportion of vaccinees
below the threshold of 50 AU/mL was higher (i.e., 16.1% at 6 months) compared to the
one in convalescent subjects (i.e., 10.8% at 9 months) [31]. In our study, no participant had
IgG or total antibody titers below the positivity threshold (i.e., 50 AU/mL). In contrast to
Israel et al., we also enrolled subjects categorized as seropositive before the first vaccine
injection and observed an IgG decrease of 79.4% in this group (Figure 1). As reported
elsewhere, the vaccination with BNT162b2 elicited much higher total antibody and IgG
titers compared to ones obtained in convalescent patients [12,26,31]. In our model, the
Tmax for total antibodies and IgG was reached at a similar timeframe in the two cohorts.
The model also predicts a drop of IgG below the positivity threshold after 229 days (95% CIL:
134-277 days) for seronegative and after 529 days (95% CI: 283-623 days) for seropositive
individuals. Regarding total antibodies, depending on the cut-off used, these times range
from 470 (95% CI: 341-585 days) to 830 days (95% CI: 508-1000 days) in seronegative and
from 507 (95% CI: 359-591 days) to 718 days (95% CI: 42-826) in seropositive subjects. These
predictions need to be confirmed by subsequent sampling times to refine the reliability
of the model. However, these data could already support the different government and
competent authorities in the decisions that will need to be taken for the next steps of
the vaccination strategy [35]. These observations are in line with the statement of the
CEO of Pfizer who declared that a third vaccine dose would be likely needed 12 months
following the first shot [2]. If assuming that the antibody decline is constant over time, our
kinetics model predicts a decrease below the positivity threshold between 229 and 830 days,
depending on the assay used (total versus IgG antibodies) and the serological status of the
subject before vaccination. The aim will be to keep an effective humoral response to protect
vaccinated subjects against the wild-type SARS-CoV-2, but, more importantly, against the
variants of concern. It is therefore important to have reliable models to predict when the
drop will be too high to maintain a sufficient humoral response. In addition, as some
variants of concern have demonstrated an immune escape, it is important to realize that
our models may even be optimistic since higher NAD titers may be needed to provide a
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similar degree of protection than the one reported during the clinical development of these
vaccines [35].

More and more data support the concept that NAbs correlate with protection against
infection and it has been suggested that it may serve in the future as a biomarker that can
ensure a proper protection at the individual level [36]. Earle et al. observed a relatively good
correlation between the neutralizing (rs = 0.79) or binding antibodies (rs = 0.93) and vaccine
efficacy [37]. In addition, in a study on 1497 healthcare professionals having received the
two-dose regimen of the BNT162b2 vaccine, Bergwerk et al. identified lower NAbs and IgG
titers in the 39 subjects that developed a SARS-CoV-2 infection despite a full-vaccination
scheme. This supports the concept that NAbs, or assays that correlate with NAbs, may be
an appropriate indicator of the protection at the individual level [38]. Nevertheless, the
fact that only 3 subjects became positive to SARS-CoV-2 post-vaccination is reassuring,
although this may result from continued physical distancing and good hygiene.

The automated assays used in the present study (i.e., Roche Elecsys® and Abbott
Architect®) do not specially measure NAbs but a significant correlation between the anti-S
assay from Roche Diagnostics (r = 0.63, p < 0.0001) or Abbott (r = 0.78; p < 0.0001) and pVNT
was found (Supplemental Figure S2) [39,40]. Nevertheless, these correlations were weak
and do not reflect the percentage of subjects with NAbs under the positivity threshold at
6 months, i.e., 55% with the pVNT assay vs. 0% with both total and IgG antibodies. Several
other studies reported the same conclusions with various serological assays available on
the market [16,40-42]. These discrepancies seem to suggest that the manufacturers’ cut-off
is not adequate to reflect the neutralizing capacity and should be significantly increased
to reach a better agreement with NAbs, although improvements seem difficult to reach
(Supplementary Figure S3). Indeed, some patients presenting high levels of total or IgG
antibodies at 6 months no longer have NAbs at the same time point. This highlights the fact
that we are probably still far from reaching a substitution of pVNT assays by the surrogate
IgG or total antibodies assays currently on the market. Thus, the clinical implications
of the waning in NAbs we observed is not yet clear from a clinical point of view and
the establishment of thresholds associated with protection are still needed, but the link
between low NAb titer and breakthrough infection may not be excluded and may justify
the application of appropriate vaccination strategies, especially in frail patients [38,43-45].

Despite the call of the WHO to temporarily halt the administration of COVID vaccine
boosters [46], some countries have already decided to administer such booster doses. In
Israel and France, a third dose of the BNT162b2 vaccine is given to people over 50 or 65
and to other vulnerable persons [47]. In Germany, UK and USA, boosters are planned to be
administered to certain groups of persons. In an editorial published in Nature on the 17th
of August 2021, authors agreed with the WHO to call a temporary halt to COVID vaccine
boosters. Indeed, at the time of the editorial, 58% of people in high-income countries had
received at least one vaccine dose compared to 1.3% in low-income countries. In some
particular cases (i.e., immunosuppressant drugs), boosters might be warranted, but there
is still little evidence that these additional shots are needed to protect fully vaccinated
people [46].

Finally, besides the humoral response, there are still few data concerning the cell-
mediated immunity responses and in which extent this protection contributes to the
long-term efficacy of the vaccines. Indeed, there is increasing evidence that an early
and coordinated T cell response is associated with less severe COVID-19 and provides
longer-term protection, even against the variants of concern [48-50].

5. Conclusions

A highly significant decrease in NAbs, IgG and total antibodies in both seropositive
and seronegative subjects, 6 months after the administration of the first dose of BNT162b2,
was observed. The decline of NAbs was more pronounced and around 45% of the subjects
tested were negative at 6 months. Further studies are needed to elucidate the relationship
between the decline of the humoral response and the clinical efficacy of the vaccine.
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Moreover, with various kinetics observed, our results also raise the question of which
antibody types will be the most clinically relevant to assess the humoral decline, since
none of those reported in this study seem to show a sufficient correlation and agreement
with the neutralizing capacity. This study has a planned follow-up of two years, with the
next blood sampling campaign planned in January 2022. This will permit us to further
refine the kinetics model and to provide a better estimate of the antibody response in both
seropositive and seronegative individuals.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/vaccines9101092/s1, Figure S1: Evolution of SARS-CoV-2 nucleocapsid antibodies (COI)
in seronegative (yellow) and seropositive individuals (maroon) according to the time since the first
vaccine dose administration, Figure S2: Correlation of IgG and total anti-spike antibody levels.
Figure S3: Correlation of NAbs, total and IgG antibodies levels against the spike protein, Table S1:
Demographic data.

Author Contributions: Conceptualization, ].D., M.C.,].-M.D. and J.E; Data curation, J.-L.B., ].D., C.D.
and J.F; Formal analysis, J.-L.B., ].D., C.G. and J.E; Funding acquisition, ].D. and FEM.; Investigation,
J-L.B,].D,SVE, TR, V.G, GW, CL,M.C. and ].E; Methodology, ].-L.B., ].D., C.G. and J.F,; Project
administration, J.D.; Resources, ].D., C.D., M.E., M.C. and ].E,; Supervision, ].D.; Validation, J.D. and
J.E; Visualization, ].F; Writing-original draft, ].D. and ].F.,; Writing-review & editing, ].-L.B., ].D., M.E.,
C.E., J.-M.D. and J.F. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Ethics Committees of the CHU UCL Namur, Clinique
Saint-Luc Bouge and Clinique Saint-Pierre Ottignies.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. Written informed consent has been obtained from the patient(s) to publish this paper.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available according to the ethical committee decision
on the conduct of this study.

Acknowledgments: The authors would like to thank Roche Diagnostics for providing the analytical
kits and the technical teams of Qualiblood s.a., the Department of Pharmacy of the University of
Namur, Clinique Saint-Luc Bouge, Clinique Saint-Pierre Ottignies and CHU UCL Namur for the
collection, the processing and the management of samples and for realizing the analyses.

Conflicts of Interest: Among the authors, ].D. is the CEO and founder of QUALIblood s.a., a contract
research organization manufacturing the DP-Filter, is a coinventor of the DP-Filter (patent application
number: PCT/ET2019/ 052903) and reports personal fees from Daiichi-Sankyo, DOASense, Gedeon
Richter, Mithra Pharmaceuticals, Norgine, Portola, Stago, Roche, Roche Diagnostics, Werfen and

YHLO Biotech.

References

1.  Polack, EP; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Perez Marc, G.; Moreira, E.D.; Zerbini, C.;
et al. Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. N. Engl. ]. Med. 2020, 383, 2603-2615. [CrossRef]

2. Food and Drug Administration. FDA News Release—FDA Approves First COVID-19 Vaccine. Available online: https://www.
fda.gov/news-events/press-announcements/fda-approves-first-covid-19-vaccine (accessed on 30 August 2021).

3.  Dagan, N.,; Barda, N.; Kepten, E.; Miron, O.; Perchik, S.; Katz, M.A.; Hernan, M.A; Lipsitch, M.; Reis, B.; Balicer, R.D. BNT162b2
mRNA Covid-19 Vaccine in a Nationwide Mass Vaccination Setting. N. Engl. ]. Med. 2021, 384, 1412-1423. [CrossRef]

4. Amit, S.; Regev-Yochay, G.; Afek, A.; Kreiss, Y.; Leshem, E. Early rate reductions of SARS-CoV-2 infection and COVID-19 in
BNT162b2 vaccine recipients. Lancet 2021, 397, 875-877. [CrossRef]

5.  Levine-Tiefenbrun, M.; Yelin, I.; Katz, R.; Herzel, E.; Golan, Z.; Schreiber, L.; Wolf, T.; Nadler, V.; Ben-Tov, A.; Kuint, J.; et al. Initial
report of decreased SARS-CoV-2 viral load after inoculation with the BNT162b2 vaccine. Nat. Med. 2021, 27, 790-792. [CrossRef]

6. Thomas, S.J.; Moreira, E.D.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Marc, G.P,; Polack, EP.; Zerbini, C. Six

Month Safety and Efficacy of the BNT162b2 mRNA COVID-19 Vaccine. medRxiv 2021. [CrossRef]


https://www.mdpi.com/article/10.3390/vaccines9101092/s1
https://www.mdpi.com/article/10.3390/vaccines9101092/s1
http://doi.org/10.1056/NEJMoa2034577
https://www.fda.gov/news-events/press-announcements/fda-approves-first-covid-19-vaccine
https://www.fda.gov/news-events/press-announcements/fda-approves-first-covid-19-vaccine
http://doi.org/10.1056/NEJMoa2101765
http://doi.org/10.1016/S0140-6736(21)00448-7
http://doi.org/10.1038/s41591-021-01316-7
http://doi.org/10.1101/2021.07.28.21261159

Vaccines 2021, 9, 1092 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Shamier, M.C.; Tostmann, A.; Bogers, S.; de Wilde, ].; IJpelaar, ].; van der Kleij, W.A.; de Jager, H.; Haagmans, B.L.; Molenkamp, R.;
Munnink, B.B.O. Virological characteristics of SARS-CoV-2 vaccine breakthrough infections in health care workers. medRxiv 2021.
[CrossRef]

Ebinger, J.E.; Fert-Bober, J.; Printsev, I.; Wu, M.; Sun, N.; Prostko, J.C.; Frias, E.C.; Stewart, ].L.; Van Eyk, J.E.; Braun, ].G.; et al.
Antibody responses to the BNT162b2 mRNA vaccine in individuals previously infected with SARS-CoV-2. Nat. Med. 2021, 27,
981-984. [CrossRef] [PubMed]

Padoan, A.; Dall’'Olmo, L.; Rocca, ED.; Barbaro, F.; Cosma, C.; Basso, D.; Cattelan, A.; Cianci, V.; Plebani, M. Antibody response to
first and second dose of BNT162b2 in a cohort of characterized healthcare workers. Clin. Chim. Acta Int. |. Clin. Chem. 2021, 519,
60-63. [CrossRef] [PubMed]

Tre-Hardy, M.; Cupaiolo, R.; Papleux, E.; Wilmet, A.; Horeanga, A.; Antoine-Moussiaux, T.; Della Vecchia, A.; Beukinga, I.;
Vekemans, M.; Blairon, L. Reactogenicity, safety and antibody response, after one and two doses of mRNA-1273 in seronegative
and seropositive healthcare workers. J. Infect. 2021, 83, 237-279. [CrossRef] [PubMed]

Salvagno, G.L.; Henry, B.M.; di Piazza, G.; Pighi, L.; De Nitto, S.; Bragantini, D.; Gianfilippi, G.L.; Lippi, G. Anti-SARS-CoV-
2 Receptor-Binding Domain Total Antibodies Response in Seropositive and Seronegative Healthcare Workers Undergoing
COVID-19 mRNA BNT162b2 Vaccination. Diagnostics 2021, 11, 832. [CrossRef]

Favresse, J.; Gillot, C.; Di Chiaro, L.; Eucher, C.; Elsen, M.; Van Eeckhoudt, S.; David, C.; Morimont, L.; Dogne, ].M.; Douxfils,
J. Neutralizing Antibodies in COVID-19 Patients and Vaccine Recipients after Two Doses of BNT162b2. Viruses 2021, 13, 1364.
[CrossRef]

Favresse, ].; Bayart, ].L.; Mullier, F.; Dogne, ].M.; Closset, M.; Douxfils, J. Early antibody response in health-care professionals
after two doses of SARS-CoV-2 mRNA vaccine (BNT162b2). Clin. Microbiol. Infect. 2021, 27, 1351.e5-1351.€7. [CrossRef]

Braeye, T.; Cornelissen, L.; Catteau, L.; Haarhuis, F.; Proesmans, K.; De Ridder, K.; Djiena, A.; Mahieu, R.; De Leeuw, E.; Dreuw,
A.; et al. Vaccine effectiveness against infection and onwards transmission of COVID-19: Analysis of Belgian contact tracing data,
January-June 2021. Vaccine 2021, 39, 5456-5460. [CrossRef]

Hirotsu, Y.; Amemiya, K.; Sugiura, H.; Shinohara, M.; Takatori, M.; Mochizuki, H.; Omata, M. Robust Antibody Responses to the
BNT162b2 mRNA Vaccine Occur Within a Week After the First Dose in Previously Infected Individuals and After the Second
Dose in Uninfected Individuals. Front. Immunol. 2021, 12, 722766. [CrossRef] [PubMed]

Lustig, Y.; Sapir, E.; Regev-Yochay, G.; Cohen, C.; Fluss, R.; Olmer, L.; Indenbaum, V.; Mandelboim, M.; Doolman, R.; Amit, S.;
et al. BNT162b2 COVID-19 vaccine and correlates of humoral immune responses and dynamics: A prospective, single-centre,
longitudinal cohort study in health-care workers. Lancet Respir. Med. 2021, 9, 999-1009. [CrossRef]

Salvagno, G.L.; Henry, B.M.; Pighi, L.; De Nitto, S.; Gianfilippi, G.L.; Lippi, G. Three-month analysis of total humoral response to
Pfizer BNT162b2 mRNA COVID-19 vaccination in healthcare workers. J. Infect. 2021, 83, e4—e5. [CrossRef]

Cocomazzi, G.; Piazzolla, V.; Squillante, M.M.; Antinucci, S.; Giambra, V.; Giuliani, F; Maiorana, A.; Serra, N.; Mangia, A. Early
Serological Response to BNT162b2 mRNA Vaccine in Healthcare Workers. Vaccines 2021, 9, 913. [CrossRef] [PubMed]

Favresse, J.; Bayart, J.L.; Mullier, F; Elsen, M.; Eucher, C.; Van Eeckhoudt, S.; Roy, T.; Wieers, G.; Laurent, C.; Dogne, ].M.; et al.
Antibody titres decline 3-month post-vaccination with BNT162b2. Emerg. Microbes Infect. 2021, 10, 1495-1498. [CrossRef]
Favresse, J.; Eucher, C.; Elsen, M.; Tre-Hardy, M.; Dogne, ].M.; Douxfils, J. Clinical Performance of the Elecsys Electrochemilumi-
nescent Immunoassay for the Detection of SARS-CoV-2 Total Antibodies. Clin. Chem. 2020, 66, 1104-1106. [CrossRef]

Roche Diagnostics. Elecsys®Anti-SARS-CoV-2 S—Immune Response to SARS-CoV-2 Infection & Vaccination—Questions
& Answers. 2021. Available online: https://diagnostics.roche.com/be/en/products/params/elecsys-anti-sars-cov-2.html
(accessed on 30 August 2021).

Resman Rus, K.; Korva, M.; Knap, N.; Avsic Zupanc, T.; Poljak, M. Performance of the rapid high-throughput automated
electrochemiluminescence immunoassay targeting total antibodies to the SARS-CoV-2 spike protein receptor binding domain in
comparison to the neutralization assay. J. Clin. Virol. 2021, 139, 104820. [CrossRef] [PubMed]

Nie, J.; Li, Q.; Wu, ]J.; Zhao, C.; Hao, H.; Liu, H.; Zhang, L.; Nie, L.; Qin, H.; Wang, M.; et al. Quantification of SARS-CoV-2
neutralizing antibody by a pseudotyped virus-based assay. Nat. Protoc. 2020, 15, 3699-3715. [CrossRef]

Douxfils, J.; Gillot, C.; Mullier, F.; Favresse, J. Post-SARS-CoV-2 vaccination specific antibody decrease—Thresholds for determin-
ing seroprevalence and seroneutralization differ. . Infect. 2021. [CrossRef]

Knies, A.; Ladage, D.; Braun, R.J.; Kimpel, J.; Schneider, M. Persistence of humoral response upon SARS-CoV-2 infection. Rev.
Med Virol. 2021, €2272. [CrossRef]

Favresse, J.; Eucher, C.; Elsen, M.; Gillot, C.; Van Eeckhoudt, S.; Dogne, ].M.; Douxfils, J. Persistence of Anti-SARS-CoV-2
Antibodies Depends on the Analytical Kit: A Report for Up to 10 Months after Infection. Microorganisms 2021, 9, 556. [CrossRef]
To, KK,; Hung, LE; Chan, K.H,; Yuan, S.; To, W.K; Tsang, D.N.; Cheng, V.C.; Chen, Z.; Kok, K.H.; Yuen, K.Y. Serum Antibody
Profile of a Patient With Coronavirus Disease 2019 Reinfection. Clin. Infect. Dis. 2021, 72, e659-e662. [CrossRef]

Erdman, D.D.; Heath, ]J.L.; Watson, J.C.; Markowitz, L.E.; Bellini, W.J. Inmunoglobulin M antibody response to measles virus
following primary and secondary vaccination and natural virus infection. J. Med. Virol. 1993, 41, 44—48. [CrossRef]

Favresse, J.; Elsen, M.; Eucher, C.; Laffineur, K.; Van Eeckhoudst, S.; Nicolas, J.B.; Gillot, C.; Dogne, ]. M.; Douxfils, J. Long-term
kinetics of anti-SARS-CoV-2 antibodies in a cohort of 197 hospitalized and non-hospitalized COVID-19 patients. Clin. Chem. Lab.
Med. CCLM FESCC 2021, 59, e179—e183. [CrossRef]


http://doi.org/10.1101/2021.08.20.21262158
http://doi.org/10.1038/s41591-021-01325-6
http://www.ncbi.nlm.nih.gov/pubmed/33795870
http://doi.org/10.1016/j.cca.2021.04.006
http://www.ncbi.nlm.nih.gov/pubmed/33857476
http://doi.org/10.1016/j.jinf.2021.03.025
http://www.ncbi.nlm.nih.gov/pubmed/33811939
http://doi.org/10.3390/diagnostics11050832
http://doi.org/10.3390/v13071364
http://doi.org/10.1016/j.cmi.2021.05.004
http://doi.org/10.1016/j.vaccine.2021.08.060
http://doi.org/10.3389/fimmu.2021.722766
http://www.ncbi.nlm.nih.gov/pubmed/34512649
http://doi.org/10.1016/S2213-2600(21)00220-4
http://doi.org/10.1016/j.jinf.2021.06.024
http://doi.org/10.3390/vaccines9080913
http://www.ncbi.nlm.nih.gov/pubmed/34452038
http://doi.org/10.1080/22221751.2021.1953403
http://doi.org/10.1093/clinchem/hvaa131
https://diagnostics.roche.com/be/en/products/params/elecsys-anti-sars-cov-2.html
http://doi.org/10.1016/j.jcv.2021.104820
http://www.ncbi.nlm.nih.gov/pubmed/33865031
http://doi.org/10.1038/s41596-020-0394-5
http://doi.org/10.1016/j.jinf.2021.08.023
http://doi.org/10.1002/rmv.2272
http://doi.org/10.3390/microorganisms9030556
http://doi.org/10.1093/cid/ciaa1368
http://doi.org/10.1002/jmv.1890410110
http://doi.org/10.1515/cclm-2020-1736

Vaccines 2021, 9, 1092 12 of 12

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Perkmann, T.; Koller, T.; Perkmann-Nagele, N.; Klausberger, M.; Duerkop, M.; Holzer, B.; Hartmann, B.; Mucher, P.; Radakovics,
A.; Ozsvar-Kozma, M. Spike protein antibodies mediate the apparent correlation between SARS-CoV-2 nucleocapsid antibodies
and neutralization test results. Microbiol. Spectr. 2021, 9, e00218-e00221. [CrossRef]

Israel, A.; Shenhar, Y.; Green, I.; Merzon, E.; Golan-Cohen, A.; Schiffer, A.A.; Ruppin, E.; Vinker, S.; Magen, E. Large-scale study
of antibody titer decay following BNT162b2 mRNA vaccine or SARS-CoV-2 infection. medRxiv 2021. [CrossRef]

Bayart, ].L.; Morimont, L.; Closset, M.; Wieers, G.; Roy, T.; Gerin, V.; Elsen, M.; Eucher, C.; Van Eeckhoudt, S.; Ausselet, N.; et al.
Confounding Factors Influencing the Kinetics and Magnitude of Serological Response Following Administration of BNT162b2.
Microorganisms 2021, 9, 1340. [CrossRef]

Tober-Lau, P.; Schwarz, T.; Vanshylla, K.; Hillus, D.; Gruell, H.; Suttorp, N.; Landgraf, I.; Kappert, K.; Seybold, J.; Drosten, C.; et al.
Long-term immunogenicity of BNT162b2 vaccination in the elderly and in younger health care workers. medRxiv 2021. [CrossRef]
Egbert, E.R.; Xiao, S.; Colantuoni, E.; Caturegli, P.; Gadala, A.; Milstone, A.M.; Debes, A K. Durability of Spike Immunoglobin G
Antibodies to SARS-CoV-2 Among Health Care Workers With Prior Infection. JAMA Netw. Open 2021, 4, e2123256. [CrossRef]
Rubin, R. COVID-19 Vaccines vs Variants-Determining How Much Immunity Is Enough. JAMA 2021, 325, 1241-1243. [CrossRef]
Khoury, D.S.; Cromer, D.; Reynaldi, A.; Schlub, T.E.; Wheatley, A.K.; Juno, J.A.; Subbarao, K.; Kent, S.J.; Triccas, ].A.; Davenport,
M.P. Neutralizing antibody levels are highly predictive of immune protection from symptomatic SARS-CoV-2 infection. Nat. Med.
2021, 27, 1205-1211. [CrossRef]

Earle, K.A.; Ambrosino, D.M.; Fiore-Gartland, A.; Goldblatt, D.; Gilbert, P.B.; Siber, G.R.; Dull, P.,; Plotkin, S.A. Evidence for
antibody as a protective correlate for COVID-19 vaccines. Vaccine 2021, 39, 4423-4428. [CrossRef]

Bergwerk, M.; Gonen, T.; Lustig, Y.; Amit, S.; Lipsitch, M.; Cohen, C.; Mandelboim, M.; Gal Levin, E.; Rubin, C.; Indenbaum, V.;
et al. Covid-19 Breakthrough Infections in Vaccinated Health Care Workers. N. Engl. |. Med. 2021. [CrossRef]

L’Huillier, A.G.; Meyer, B.; Andrey, D.O.; Arm-Vernez, 1.; Baggio, S.; Didierlaurent, A.; Eberhardt, C.S.; Eckerle, I.; Grasset-
Salomon, C.; Huttner, A.; et al. Antibody persistence in the first 6 months following SARS-CoV-2 infection among hospital
workers: A prospective longitudinal study. Clin. Microbiol. Infect. 2021, 27, 784.e1-784.e8. [CrossRef]

Jung, K; Shin, S.; Nam, M.; Hong, Y.J.; Roh, E.Y.; Park, K.U.; Song, E.Y. Performance evaluation of three automated quantitative
immunoassays and their correlation with a surrogate virus neutralization test in coronavirus disease 19 patients and pre-pandemic
controls. . Clin. Lab. Anal. 2021, 35, €23921. [CrossRef]

Dolscheid-Pommerich, R.; Bartok, E.; Renn, M.; Kiimmerer, B.; Schulte, B.; Schmithausen, R.; Stoffel-Wagner, B.; Streeck, H.;
Saschenbrecker, S.; Steinhagen, K. Correlation Between a Quantitative Anti-SARS-CoV-2 IgG ELISA and Neutralization Activity.
J. Med. Virol. 2021. [CrossRef]

Ferrari, D.; Clementi, N.; Spano, S.M.; Albitar-Nehme, S.; Ranno, S.; Colombini, A.; Criscuolo, E.; Di Resta, C.; Tomaiuolo, R.;
Vigand, M. Harmonization of six quantitative SARS-CoV-2 serological assays using sera of vaccinated subjects. Clin. Chim. Acta
2021, 522, 144-151. [CrossRef]

Shrotri, M.; Navaratnam, A.M.D.; Nguyen, V.; Byrne, T.; Geismar, C.; Fragaszy, E.; Beale, S.; Fong, W.L.E.; Patel, P.; Kovar, ].; et al.
Spike-antibody waning after second dose of BNT162b2 or ChAdOx1. Lancet 2021, 398, 385-387. [CrossRef]

Hacisuleyman, E.; Hale, C.; Saito, Y.; Blachere, N.E.; Bergh, M.; Conlon, E.G.; Schaefer-Babajew, D.J.; Dasilva, J.; Muecksch, E;
Gaebler, C.; et al. Vaccine Breakthrough Infections with SARS-CoV-2 Variants. N. Engl. |. Med. 2021, 384, 2212-2218. [CrossRef]
Stephenson, ]J. COVID-19 Vaccinations in Nursing Home Residents and Staff Give Robust Protection, Though Breakthrough
Infections Still Possible. JAMA Health Forum 2021, 2, €211195. [CrossRef]

The WHO is right to call a temporary halt to COVID vaccine boosters. Nature 2021, 596, 317. [CrossRef]

Haute Autorité de Santé. Populations Eligibles a une Dose de Rappel de Vaccin. Available online: https://www.has-
sante.fr/jcms/p_3283153/fr/covid-19-la-has-precise-les-populations-eligibles-a-une-dose-de-rappel-de-vaccin (accessed on
30 August 2021).

Tan, A.T,; Linster, M.; Tan, C.W.; Le Bert, N.; Chia, W.N.; Kunasegaran, K.; Zhuang, Y,; Tham, C.Y.L.; Chia, A.; Smith, G.J.D.; et al.
Early induction of functional SARS-CoV-2-specific T cells associates with rapid viral clearance and mild disease in COVID-19
patients. Cell Rep. 2021, 34, 108728. [CrossRef]

Sattler, A.; Angermair, S.; Stockmann, H.; Heim, K.M.; Khadzhynov, D.; Treskatsch, S.; Halleck, E.; Kreis, M.E.; Kotsch, K. SARS-
CoV-2-specific T cell responses and correlations with COVID-19 patient predisposition. J. Clin. Investig. 2020, 130, 6477-6489.
[CrossRef]

Bonifacius, A.; Tischer-Zimmermann, S.; Dragon, A.C.; Gussarow, D.; Vogel, A.; Krettek, U.; Godecke, N.; Yilmaz, M.; Kraft,
A.RM.; Hoeper, M.M.; et al. COVID-19 immune signatures reveal stable antiviral T cell function despite declining humoral
responses. Immunity 2021, 54, 340-354.e6. [CrossRef]


http://doi.org/10.1128/Spectrum.00218-21
http://doi.org/10.1101/2021.08.19.21262111
http://doi.org/10.3390/microorganisms9061340
http://doi.org/10.1101/2021.08.26.21262468
http://doi.org/10.1001/jamanetworkopen.2021.23256
http://doi.org/10.1001/jama.2021.3370
http://doi.org/10.1038/s41591-021-01377-8
http://doi.org/10.1016/j.vaccine.2021.05.063
http://doi.org/10.1056/NEJMoa2109072
http://doi.org/10.1016/j.cmi.2021.01.005
http://doi.org/10.1002/jcla.23921
http://doi.org/10.1002/jmv.27287
http://doi.org/10.1016/j.cca.2021.08.024
http://doi.org/10.1016/S0140-6736(21)01642-1
http://doi.org/10.1056/NEJMoa2105000
http://doi.org/10.1001/jamahealthforum.2021.1195
http://doi.org/10.1038/d41586-021-02219-w
https://www.has-sante.fr/jcms/p_3283153/fr/covid-19-la-has-precise-les-populations-eligibles-a-une-dose-de-rappel-de-vaccin
https://www.has-sante.fr/jcms/p_3283153/fr/covid-19-la-has-precise-les-populations-eligibles-a-une-dose-de-rappel-de-vaccin
http://doi.org/10.1016/j.celrep.2021.108728
http://doi.org/10.1172/JCI140965
http://doi.org/10.1016/j.immuni.2021.01.008

	Introduction 
	Materials and Methods 
	Study Design and Participants 
	Analytical Procedures 
	Statistical Analyses 

	Results 
	Demographic Data 
	Anti-NCP Antibodies 
	IgG and Total Antibodies 
	Neutralizing Antibodies 

	Discussion 
	Conclusions 
	References

