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Mass vaccination against the disease caused by the novel coronavirus (COVID-19) was a crucial step in
slowing the spread of SARS-CoV-2 in 2021. Even in the face of new variants, it still remains extremely
important for reducing hospitalizations and COVID-19 deaths. In order to better understand the short-
and long-term dynamics of humoral immune response, we present a longitudinal analysis of post-
vaccination IgG levels in a cohort of 166 Romanian healthcare workers vaccinated with BNT162b2 with
weekly follow-up until 35 days past the first dose and monthly follow-up up to 6 months post-
vaccination. A subset of the patients continued with follow-up after 6 months and either received a boos-
ter dose or got infected during the Delta wave in Romania. Tests were carried out on 1694 samples using
a CE-marked IgG ELISA assay developed in-house, containing S1 and N antigens of the wild type virus.
Participants infected with SARS-CoV-2 before vaccination mount a quick immune response, reaching

peak IgG levels two weeks after the first dose, while IgG levels of previously uninfected participants
mount gradually, increasing abruptly after the second dose. Overall higher IgG levels are maintained
for the previously infected group throughout the six month primary observation period (e.g. 36–65 days
after the first dose, the median value in the previously infected group is 5.29 AU/ml, versus 3.58 AU/ml in
the infection naïve group, p less than 0.001). The decrease of IgG levels is gradual, with lower median val-
ues in the infection naïve cohort even 7–8 months after vaccination, compared to the previously infected
cohort (0.7 AU/ml versus 1.29 AU/ml, p = 0.006). Administration of a booster dose yielded higher median
IgG antibody levels than post second dose in the infection naïve group and comparable levels in the pre-
viously infected group.
� 2022 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction acute respiratory syndrome coronavirus type 2 (SARS-CoV-2), and
Vaccine-induced population immunity is an important step in
the fight against the 2019 novel coronavirus (2019-nCoV)/severe
the coronavirus disease (COVID-19) [1]. Immunoglobulin G (IgG) is
a goodbiomarker inblood for detecting long-term immune response
due to infections [2–3]. Infected individuals mount very different
immune responses, and the antibody levels that can be measured
post-infection have a large variation [4–7]. Patients with moderate
and severe symptoms have on average larger quantities of
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detectable antibodies [8–9], while those with mild symptoms or
asymptomatic infections mount a weaker immune response, mea-
surable by lower quantities of antibodies which often decrease
below the detection threshold in a couple of months [10]. However,
the relationship between SARS-CoV-2 IgG antibody quantities and
the level of protection is not yet established, especially in the light
of the appearance of novel circulating variants, and is therefore sub-
ject to intense research. It is assumed that a subset of these antibod-
ies, those capable of neutralizing the virus by interfering with cell
attachment, has the biggest role for protective immunity, while
other types of antibodies contribute to protective immunity through
other mechanisms (removal of infected cells) [11–12]. In contrast,
autoantibodies, by their immunomodulatory effects, can cause a
higher viral load, which contribute to more severe clinical manifes-
tation, possibly leading to long-term post-COVID complications
[13]. Experimental evidence for these mechanisms is scarce, and
large observational follow-up studies are needed for determining
any correlation between antibody levels and long-term protection
from reinfection.14The matter is further complicated by
vaccination-induced immunity. Currently approvedmRNA vaccines
in theEuropeanUnioncontain instructions for cells to synthesize the
SARS-CoV-2 spike protein of the wild type virus, therefore the
immune system will produce anti-SARS-CoV-2 spike antibodies
[15–17], or contain the spike protein itself with an adjuvant [18].
Several studies show a significant difference between post-
vaccination immune response of previously infected individuals
compared to uninfected vaccinated individuals [19–21], as the for-
mer group mounts a quick immune response within the first two
weeks of the first vaccine dose, while the antibody titers of the
non-infected group will be on average lower than those of the first
group even 10days after the seconddose. However,muchmore data
is needed to better understand the dynamics of post-vaccination
antibody production in these two groups, especially in the context
of waning immunity.

The BNT162b2 mRNA vaccine by BioNTech/Pfizer encodes the
full-length transmembrane spike (S) glycoprotein, locked in its
prefusion conformation by the substitution of two residues with
proline [22]. The available data shows that this vaccine had more
than 90 % efficacy in preventing COVID-19 in phase III clinical trials
[23–25], while large-scale monitoring of more than 500,000 vacci-
nated individuals in Israel supported the result of phase III obser-
vations [26]. However, vaccine efficacy against symptomatic
infection was found to decrease over time, and this also depends
on the variant in circulation. Latest data show significantly affected
neutralization capacity of sera collected from fully vaccinated indi-
viduals against the Omicron (BA.1) variant [27].

Unfortunately, vaccination coverage in Romania is very low,
compared to other countries in Europe. Until 20 February 2022,
only 43 % of the population has been fully vaccinated, compared
to the EU average of 72 %. Romania experienced the biggest excess
mortality among EU countries during the wave caused by the Delta
variant (autumn 2021), due to the exceptionally low vaccination
coverage among the high-risk population. Only limited data exists
about post-vaccination kinetics among Romanian residents,
although such data can help increase confidence of the population
in the utility of vaccines.

Here we present results for longitudinal monitoring of strongly
binding SARS-CoV-2 IgG antibodies in a group of 166 Romanian
healthcare workers post-vaccination with the BNT162b2 vaccine,
with a strict monitoring regimen that results in high-resolution
per-patient data for the first four weeks post-vaccination.
Antibodies produced against the SARS-CoV-2 nucleocapsid (N)
and S1 domain of the spike protein were measured with separate
in-house N and S1 enzyme-linked immunosorbent assays (ELISA)
for a subset of these patients, and a CE IVD marked commercial
version of these (SARS-CoV-2 IgG antibody detection kit, Proel
5446
Biotech), for the whole cohort. The commercial version is a
combined N + S1 ELISA assay, optimized for low background signal.
These assays were conceived to detect only IgG antibodies that
have high affinity to the target antigens.
2. Methods

2.1. Study design

This study is a prospective, multicenter cohort study aiming to
monitor early and prolonged IgG production as a response to vac-
cination with the BNT162b2 COVID-19 vaccine. The study was car-
ried out between January and December 2021 and consists of two
periods. Period 1 lasted until two weeks past the second dose, with
blood samples taken at one-week intervals to monitor the dynam-
ics of early IgG production. We were aiming to collect four data
points before the second dose, and at least one data point after
the second dose from each participant in the first period. Period
2 shows the change in IgG levels 2–6 months after vaccination,
with samples taken every-four weeks, with the possibility of longer
follow-up. A number of 48 patients opted for longer follow-up.

The population of the study was recruited among healthcare
worker volunteers from 6 different medical centers (3 public hos-
pitals and 3 private outpatient centers involved in diagnosis and
treatment of COVID-19 patients). Written and informed consent
was obtained from all participants. The study protocol was
approved by the ethics committees of the three institutions
involved in study design.

The study cohort consisted of 173 participants, from which 7
were excluded, as they did not meet the study criteria of at least
3 sample collections in Period 1, including at least one sample after
20 days of the first dose. 3 participants provided 4 samples, 1 par-
ticipant 5 samples, 5 participants 6 samples, 4 participants 7 sam-
ples, 11 participants 8 samples, 28 participants 9 samples, 64
participants 10 samples, while 50 participants provided 11 or more
samples. The total number of samples is 1694 for 166 participants.

In total, we present the results for 166 participants, 136 (82 %)
female and 30 (18 %) male. The participants were aged between 22
and 71 years, the median age was 44 years. The age distribution of
participants is the following: 38 between 15 and 34, 53 between 35
and 44, 49 between 45 and 54, and 26 people between 55 and 80.
25 participants had tested previously positive for SARS-CoV-2
infection with RT-PCR between August and December 2020, one
participant had a confirmed infection in April 2020. Distinctly, 18
more participants had close contacts with COVID-19 patients and
also had symptoms consistent with the disease but were not tested
with RT-PCR. These healthcare workers had tested subsequently
positive for SARS-CoV-2 IgG antibodies before getting vaccinated.
The total number of confirmed previous SARS-CoV-2 infections is
64 (38.5 %) within the study cohort.
2.2. Development of the enzyme-linked immunosorbent (ELISA) assays

2.2.1. Preparation of SARS-CoV-2 antigen coated plates
The 96well microplate (12x8well strips on a single well holding

plate frame, Greiner) was pre-activated at room temperature for
10minwith50ll/well Coatingbuffer1x (CoatingBuffer10xconcen-
trate, CANDOR Bioscience GmbH) - the 10x concentrate was diluted
with deionized water to the appropriate concentration prior to use.
After pre-activation, the content of the wells was completely
aspirated. The microplates were coated with 50 ll antigen of 1 lg/
ml concentration in Coating buffer, incubated at 4 �C overnight.
The antigen used for the S1 plateswas the SARS-CoV-2 Spike S1 pro-
tein (His tag) fromSanyoubio, the one for the Nplateswas the SARS-
CoV-2 nucleocapsid protein (His tag) from Sanyoubio. After



Fig. 1. Dynamics of measured SARS-CoV-2 IgG values post-vaccination in the previously uninfected (infection naïve) and previously infected groups in the first 70 days after
vaccination. Lines connect data points obtained longitudinally from the same patient. The limit of detection (LOD) for the assay is 1 AU/ml.
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incubation, the content of the wells was completely aspirated and
350 ll PlateBlock buffer (PlateBlock OEM, CANDOR) was added into
each well of the microplate and incubated at room temperature for
2 h, followed by aspirating the content of the wells. Antigens were
preserved in their original conformation using 100 ll/well Liquid
Plate Sealer (Liquid Plate Sealer OEM, CANDOR), incubated at room
temperature for 90 min. After incubation, the content of the wells
was completely aspirated. The coated plate was dried at 37 �C by
incubation for approximately 1 h. The SARS-CoV-2 antigen coated
plates were sealed with vacuum and stored at 4 �C. The pre-
activation, coating, blocking and sealing steps were carried out on
an Opentrons OT-2 automated pipetting platform.
2.2.2. Assay procedure
Serum samples were diluted 1:101 with Sample diluent

(LowCross-Buffer OEM, CANDOR) and vortexed. 50 ll positive con-
trol (diluted human serum containing anti-SARS-CoV-2 IgG anti-
bodies) and negative control (diluted human serum without anti-
SARS-CoV-2 IgG antibodies) was added into the first two wells,
and the diluted samples into consecutive wells of the antigen-
coated plate and incubated at room temperature for 1 h in the dark.
After incubation, the wells were washed 5 times with 350 ll
diluted Wash buffer (Washing Buffer PBS 10X OEM, CANDOR).

50 ll Enzyme Conjugate (Goat anti-Human IgG secondary anti-
body, Abcam, diluted 1:20.000 in LowCross HRP-Stab buffer, CAN-
DOR) was added and incubated at room temperature for 15 min in
the dark. After incubation, the washing step was repeated and
50 ll TMB Substrate solution (SeramunBlau automat fast, Seramun
Diagnostica GmbH) was added into the wells, and another
incubation step followed at room temperature for 20 min in the
dark. After incubation, 25 ll Stop solution (0.25 mol/l sulfuric acid,
Merck) was added into the wells and the optical density values at
5447
450 and 620 nm (or 450 and 630 nm) were read on a microplate or
microstrip reader (Adaltis Plab, StatFax 4700, StatFax 303+ ).

SARS-CoV-2 IgG binding antibodies were determined for all col-
lected serum samples with a commercial version of the above-
described ELISA assay, which includes both the S1 and nucleocap-
sid antigens coated on the microplate. The quantitative values
were determined as a signal to cutoff ratio in arbitrary units (AU/
ml), the cutoff was set to the optical density (OD) of the negative
control plus 6x the standard deviation of OD values for pre-
pandemic serum samples, (total 0.1 OD), measured during product
validation in August 2020. The assay showed 100 % specificity,
determined on 88 pre-pandemic serum samples, and 100 % sensi-
tivity compared to the MAGLUMI 2019-nCoV IgG chemilumines-
cent assay (SNIBE – Shenzhen New Industries Biomedical
Engineering, Shenzhen, China, reference 130219015M) containing
a full-length SARS-CoV-2 spike and nucleocapsid proteins as cap-
ture antigens, for 30 COVID-19 recovered patients 1–3 months
after diagnosis. For the measurements reported here with the com-
mercial version of the assay, samples were tested on the day of col-
lection or frozen and thawed only one time. Subsequently, most
collected samples during Period 1 were stored at �20 �C and
remeasured with the separate nucleocapsid and S1 assays in
duplicates.
2.3. Data analysis

Statistical tests were performed with R (chi-squared tests) and
the Scipy library from Python (Mann-Whitney U tests). The plots
were created using the Seaborn library of Python. Intergroup
p-values were calculated with Mann-Whitney U test for

independent groups, and with the paired samples Wilcoxon test
with R when comparing antibody responses of the same groups
longitudinally.



Fig. 2. Distribution of measured SARS-CoV-2 IgG binding antibody levels at different time intervals post-vaccination with the first dose: baseline (0–2 days) and weekly
intervals until the administration of the second dose. For patients who provided more than one sample within these intervals, only the largest value is shown. The last interval
shows the immune response of participants who opted for long-term follow-up. Most of these participants received the booster dose in this interval, and 8 were infected after
two vaccine doses. The number of data points in each group is shown above the highest value.
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3. Results and discussion

Fig. 1 shows the dynamics of determined IgG values for each
included participant in signal to cutoff type units (AU/ml) up to
70 days post-vaccination, divided into previously infected and
uninfected groups. We observe two distinct patterns, with IgG val-
ues of the uninfected group well-separated from the other two
groups within the first 21 days of vaccination. That separation is
most pronounced for data points acquired 12–16 days after the
first vaccine dose. In line with other observations, the first vaccine
dose for previously infected individuals acts as a booster dose,
greatly increasing the detected antibody levels within a week. This
result is in accordance with the study of Krammer et al [21] where
they also present a more robust and rapid immune response in pre-
viously seropositive patients, that reach a plateau after the first
vaccine dose with antibody levels even higher than the values
measured in uninfected booster-vaccinated individuals [21]. Glück
et al (2021) studied the anti-SARS-CoV-2 antibody production
against the spike protein’s receptor-binding domain (RBD), and
came to a similar conclusion, explaining this observation by the
mechanism of B memory cell mediated humoral response in pre-
vaccinated study participants [14]. Only two, mildly symptomatic
participants with previous positive PCR test results behaved
significantly different from this group, showing a gradual
mounting of immune response like the trends observed for previ-
ously uninfected individuals.

After the second dose (day 21), an abrupt increase of IgG levels
is observed for the previously uninfected group, while the change
5448
in antibody levels for the previously infected group is significantly
more heterogenous, with a slight decrease observed for about the
third of these participants. Nevertheless, at the end of Period 1 of
the study, the average determined antibody levels for the previ-
ously infected group are significantly higher than those for the pre-
viously uninfected group.

Fig. 2 shows the antibody dynamics in the infection naïve and
previously infected groups. Antibody waning is first observed
36–65 days post vaccination. The slight decrease of median IgG
levels becomes more evident in the previously uninfected group
66–95 days post-vaccination (see also Supplementary Table 4).
One female participant from the previously uninfected group did
not receive the booster dose, and her IgG level measured 63 days
after vaccination got below the limit of detection, in the range of
the assay that is interpreted as negative. That participant was sub-
sequently infected during the spring wave in Romania, caused by
the Alpha variant and developed detectable antibodies after infec-
tion. Apart from this participant, we observe a single, previously
uninfected weak responder to the vaccine, with peak IgG levels
of only 1.51 AU/ml after the second dose, decreasing to 0.91 after
51 days post-vaccination (>0.9 AU/ml, within the ‘inconclusive’
range of the assay). Median IgG values and 95 % confidence inter-
vals are tabulated in Supplementary Table 4.

The influence of booster doses or infection during the study per-
iod is shown in Fig. 3. The antibody values are shown for those par-
ticipants who opted for long-term follow-up and either received a
booster dose or got infected during the study duration. This latter
cohort contains two participants infected during the spring wave



Fig. 3. SARS-CoV-2 IgG binding antibody dynamics for a subgroup of the participants, those who either received a booster dose 9–10 months after vaccination or were
infected during the duration of the study.
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(Alpha variant), and 8 participants infected during the autumn
wave (Delta variant), as confirmed by positive RT-PCR. Although
the sample size is small, it can be seen that the booster dose signif-
icantly increases peak IgG levels in the infection naïve cohort, way
above peak levels observed after two doses for the same group: the
median value is 4.72 AU/ml post second dose (days 24–35, 95 % CI
4.20–5.25 AU/ml), compared to a median of 6.39 AU/ml after the
third dose (95 % CI 5.51–7.08 AU/ml), the p-value between the
groups in the two time intervals being less than 0.001. However,
in the previously infected group (n = 10), post-booster peak IgG
levels increase only to values similar to those observed after two
doses: median 7.13 AU/ml (95 % CI 6.41–8.26 AU/ml) during days
24–35, compared to a median of 6.12 AU/ml (95 % CI 5.53–
6.89 AU/ml) post-booster (p = 0.131). The biggest observed
increase in peak IgG levels is that for the group that opted for
long-term follow-up and got infected more than 8 months after
vaccination (last interval from Fig. 3, n = 8): median 3.55 AU/ml
during days 24–35 (95 % CI 2.72–4.62 AU/ml), compared to a med-
ian of 7.14 AU/ml (95 % CI 5.86–8.15 AU/ml) after infection
(p = 0.007).

The first two groups in Fig. 4 are the same as those in Fig. 3
(participants that received the booster dose). The increase in anti-
body levels for the third group approx. 9 months post-vaccination
(infection naïve participants who did not receive booster) is due to
infection during the Delta wave, as confirmed by positive RT-PCR.
As it can be seen from the dynamics of the last group (previously
5449
infected participants that did not receive the booster dose), it is
likely that most were reinfected during the Delta wave, shown
by the increase in antibody values in the last period of the study.

As the commercial version of our ELISA assay detects both anti-
N and anti-S1 IgG antibodies, we remeasured the samples with
separate anti-N and anti-S1 in-house assays to observe the dynam-
ics of the two antibody types individually for Period 1 of the study.
Supplementary Fig. 1 shows the obtained per-participant plots and
the corresponding box plots for the same intervals of Period 1 as in
Fig. 2. As expected, vaccination does not have an effect to observed
anti-N levels, the longitudinal increase is due to vaccination-
induced anti-S1 antibody production, with similar dynamics as
that measured with the commercial assay, with the exception of
the baseline (0–2 days) in the previously infected group, where
we observe much lower quantities of strongly binding anti-S1 anti-
bodies than anti-N antibodies. The difference between baseline
antibody levels of the two groups, measured with the commercial
version of the assay, is therefore mainly due to the presence of
anti-N antibodies in the previously infected group.

Supplementary Fig. 3 shows the change in measured
SARS-CoV-2 IgG values grouped according to the gender of partic-
ipants and their previous infection status. We observe no signifi-
cant difference between the immune response of male and
female participants, the resulting deviations among the previously
infected group can be due to the small sample size for male partic-
ipants. However, the age distribution shows different behavior



Fig. 4. Distribution of measured SARS-CoV-2 IgG binding antibody levels at different time intervals post-vaccination with the first dose: baseline (0–2 days) and weekly
intervals until the administration of the second dose. Participants were grouped according to their pre-vaccination infection status and whether they received a booster
during the last period or not.
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based on post-vaccination immune response among the previously
infected and uninfected groups, as shown in Supplementary Fig. 4.
Among the uninfected group, antibody levels increase fastest
within the young cohort (age groups 22–34 and 35–44). Among
the previously infected group, the participants aged over 55 years
have larger baseline antibody levels and their post-vaccine
immune response is significant enough to keep antibody levels
higher than those measured for the groups aged 22–54 at the
end of Period 1 and even 36–70 days post-vaccination, although
the number of data points is much smaller for this period. As
post-infection antibody levels are correlated with disease severity,
which is also correlated with age, it is possible that the observed
post-vaccination humoral immune response of previously infected
older participants is stronger due to the larger baseline antibody
levels mounted as a response to more severe symptoms compared
to the younger population.

4. Limitations

Our study has several limitations. The number of participants
can be considered small, compared to much larger studies in this
field, for example that of the COG-UK consortium. However, we
are not aware of other similar studies that collected such a
high-resolution longitudinal data for the first 5 weeks
post-vaccination from participants. Another limitation is that we
detect strongly binding antibodies instead of neutralizing antibod-
ies, although these two are likely in a strong correlation. We did
not attempt to intercompare the measured antibody values with
more mainstream methods of large diagnostic manufacturers, but
we did calibrate our CE-marked assay against the first
5450
international WHO standard for SARS-CoV-2 antibodies (First
WHO International Standard for anti-SARS-CoV-2 immunoglobulin
(human), NIBSC code: 20/136. National Institute for Biological
Standards and Control, 2020). As the standard was widely accessi-
ble only after the start of our study, we could not specify our values
in international units. However, we provide calibration curves for
some of the lots used in the study in Supporting Information to
aid for assessing the reproducibility of our results.
5. Conclusions

Our results show a robust humoral immune response that
mounts gradually after the first BNT162b2 vaccine dose for the
group previously uninfected with SARS-CoV-2, and a much stron-
ger immune response within 7–14 days after the first dose for
the previously infected group, in line with recent data from other
cohorts of healthcare workers [19]. For the previously infected
group, the second dose slightly elevates the SARS-CoV-2 anti-S1
antibody levels further, and we do not see the levels of the two
groups converging even after 7 months post-vaccination (see
Mann-Whitney U statistic tests performed between groups, Sup-
plementary Table 3 and comparison of 95 % CI of groupmedian val-
ues in Supplementary Table 4). Our long-term follow-up results,
albeit on a small sample, suggest that infection (with the Delta
variant) after vaccination of previously infection naïve individuals
drives a more robust humoral immune response than infection be-
fore vaccination followed by a booster dose (p = 0.028). However,
we did not investigate whether this difference is maintained on a
longer term.
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The kinetics data obtained within the first three weeks for the
previously infected group suggests that a SARS-CoV-2 infection fol-
lowed by a single BNT162b2 vaccine dose produces larger quanti-
ties of strongly binding anti-spike 1 IgG antibodies than two
BNT162b2 doses three weeks apart in previously uninfected indi-
viduals. In order to maximize antibody levels produced by unin-
fected vaccinated individuals, it was proven before that delaying
the second dose by a few weeks boosts the overall immune
response relative to the 3-week dosing regimen. However, delaying
the second dose might reduce protection for immunocompromised
individuals [28–29], with an unknown increase of infection risk
even among a healthy population, as the minimal amount (and
quality) of circulating antibodies necessary for protective immu-
nity against SARS-CoV-2 infection is unlikely to be determined
yet, especially in light of novel circulating variants [27,30]. Given
the shortage of available vaccines, especially in developing coun-
tries, and the urgent need to confer long-lasting protection from
severe forms of the disease, antibody-based approaches might be
needed in the future to optimize vaccine distribution, dosing regi-
mens, and the maximal length of acquired immunity against
COVID-19 among various population groups.

Data availability

Anonymized measurement data is available for download from the
link provided in the Supplementary Material.
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