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Summary. - Cross-sectional seroprevalence study of SARS-CoV-2 IgG antibodies was accomplished in
the Slovak Academy of Sciences toinform authorities of research institutions about the situation at their
workplaces, to assess the risk of next exposure to SARS-CoV-2, and to guide decisions on institutional
measures sustaining essential research in evolving epidemic situation. Study participants provided in-
formed consent, anamnestic information, and self-collected dry blood spot samples that were analyzed
by ELISA for SARS-CoV-2 S protein-specific IgG antibodies. Relative antibody levels detected in 1928
subjects showed seroprevalence of 84.13% and led to the following main findings consistent with the
current knowledge: (1) mRNA-based vaccines induce better humoral response compared to adenovirus
vaccines, (2) antibody levels reflect severity of COVID-19 symptoms, (3) post-COVID vaccination results in
marked elevation of IgG levels particularly in asymptomatic and mild cases, (4) antibody levels decrease
with increasing time elapsed from vaccination or COVID-19. In addition, data sorting to distinct research
institutes and their clustering to three principal scientific sections of the Slovak Academy of Sciences
revealed marked differences in seroprevalence, and allowed to identify workplaces with relatively high
seropositivity and response rate that can potentially provide a safer working environment than those,
where seroprevalence was low or unknown due to low participation. Thus, findings of this study can
have direct implications on management decisions during the next pandemic development, with the
necessity to keep in mind the phenomenon of time-dependent immunity waning and current spread of
more contagious Delta variant of SARS-CoV-2.
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Introduction

Since the first emergence of COVID-19 cases in China
in late 2019, SARS-CoV-2 virus has massively spread all
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Abbreviations: Ag test = antigen test; BMI = body mass index;
COVID-19 = Coronavirus disease 2019; S protein = spike protein;
SAS = Slovak Academy of Sciences; SARS-CoV-2 = severe acute
respiratory syndrome coronavirus 2

over the globe and caused a pandemic of immense di-
mensions. More than 248 million of confirmed COVID-19
cases and more than 5 million deaths were reported as
of November 5, 2021 (WHO COVID Dashboard). Initial
nonpharmaceutical interventions were only partially
helpfulin mitigating the disease transmission. Moreover,
SARS-CoV-2 virus multiplication in naive individuals re-
sulted in development of virus variants of concern with
mutations accelerating further spread of infection and/
or weakening virus recognition by humoral immunity
(Harvey et al., 2021).
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Unprecedented e ffective development and introduc-
tion of vaccines against SARS-CoV-2 virus by the end of
2020 and beginning of 2021 has shown great proficiency
in preventing hospitalizations and deaths from severe
COVID-19, as documented by both clinical studies and
many real-life, nation-wide experiences (Lopez Ber-
nal et al., 2021; Haas et al., 2021; Bar-On et al., 2021).

Both vaccination and COVID-19 have been shown to
mount immune responses against the SARS-CoV-2 virus,
thereby reducing the pool of individuals susceptible to
infection and decreasing the vulnerability of the popu-
lation to further spreading of virus. Countries with high
vaccinationrates and/or high prevalence of natural infec-
tions can now afford to liberate measures and return to
an almost normal lifestyle.

During the first pandemic wave in the spring 2020,
Slovakia successfully managed to limit the virus spread
in the population via early introduction and good com-
pliance to strict nonpharmaceutical measures. However,
the second pandemic wave, rising during October 2020,
culminating in January 2021 and then slowly declining
by the end of April 2021, had devastating consequences,
with an average of 228 COVID-related deaths per 100,000
individuals. That period was characterized by decreasing
adherence to measures and strategic decisions, which
showed only transient braking effects on the spread of
infection. Because of alow proportion of sensitive RT-PCR
testing and a high proportion of less sensitive antigen
testing, the real epidemiological parameters of the infec-
tion remained largely unrecognized and could be judged
only according to numbers of hospitalizations and deaths
(Kollar and Bodova, 2021).

Starting from December 27, 2020, Slovakia launched
vaccination against COVID-19, which showed a promising
initial phase, characterized by a low availability of vac-
cines followed by adecline of interest in vaccination. The
decline was associated with anumber of governance and
communication problems and activities of disinforma-
tion scene that resulted in a gradual loss of confidence and
an increase of vaccination hesitancy in a relatively high
fraction of the population. Interest to get vaccinated al-
most completely disappeared during the summer period.
Asno SARS-CoV-2-related serological data from Slovakiais
publicly available, areal prevalence of antibodies induced
by infection and/or vaccination remains unclear.

Tofill the gap, we performed acommunity-based cross-
sectional seroprevalence study in employees of the Slovak
Academy of Sciences (SAS) in order to help authorities of
the SASresearch institutionstolearn about the situation
among the employees at their workplaces, assess the risk
of next exposure to SARS-CoV-2 virus, and prepare for the
third COVID-19 pandemic wave that was expected torise
in autumn 2021 (what indeed happened).

Subjects and Methods

Study participants. Study participants were enrolled solely
from the employees of the research institutes/centers as well as
non-research organizations of the Slovak Academy of Sciences
(SAS) exclusively on a voluntary basis. Invitation to participate
was distributed via e-mails together with the information for
probands, informed consent form, and anamnestic question-
naire. Volunteers expressing their interest to participate in
the study received collection set for self-sampling of capillary
blood spots with detailed instructions. Collection cards with
dryblood samples were returned to the testing laboratory at the
Biomedical Research Center of the SAS within 2-3 days follow-
ing collection and analyzed as described below. The sampling
was performed in two phases. The first phase was accomplished
within the first two weeks of July 2021 and included fully vac-
cinated persons (at least 14 days after the second vaccine dose)
aswell as those who were aware of overcoming COVID-19 (with
positive test for SARS-CoV-2). The second phase was performed
within the first two weeks of August 2021 and included all
other voluntary participantsirrespective of whether they were
vaccinated, positively tested for SARS-CoV-2 or considered
themselves naive persons with respect to SARS-CoV-2 infection.

Collection of data and ethical approvals. The study was per-
formed under the IMPROVE project (APVV-PP COVID-20-0017)
with the ethical approval 07071/2021 provided by an independ-
ent Ethics Commission of the Bratislava self-governing region
on June 30, 2021. All voluntary participants received written
information about the purpose, design, and interpretation of
results, and provided signed informed consent as well as an-
amnestic information including date of birth, gender, height
and weight, vaccine type, dates of vaccination and/or date of
onset and severity of COVID-19 disease. Severity of the disease
was classified as asymptomatic, mild, moderate, severe and
critical by probands themselves according to the description
of symptoms as defined in the COVID-19 Treatment Guidelines
Panel, NIH. All personal data provided by the probands were
handled in compliance with the Personal Data Protection Act
and other generally binding legal regulations.

Sample collection and preparation for ELISA. Dry blood
spot samples were obtained by participants-performed self-
collection of capillary blood by lancet pricking of fingertip
using the in-house collection set assembled at the Biomedical
Research Center of the SAS. Blood drops were allowed to fall on
the collection card and left to dry for 3-4 h on air. Defined area
of the card was punched out and submerged into the sample
buffer of the ELISA for 1h at 37°C. The extracted blood sample
was then used for the serological analysis using ELISA as de-
scribed below. The use of dry capillary blood spot samples was
validated by parallel testing of venous blood samples of the
selected individuals (data not shown).

Serological analysis. Seroprevalence of antibodies to SARS-
CoV-2virus was evaluated using an anti-SARS-CoV-2 IgG ELISA
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Table 1. Basic characteristics of the study participants

Cohort charactertics Participants % Females (N) % Males (N) %
Total 1928 100 1213 62.91 715 35.08
Vaccinated only 1300 67.43 802 66.12 498 69.65
Vaccinated after COVID-19 198 10.27 131 10.80 67 9.37
COVID-19 only 125 6.48 76 6.27 49 6.85
No vaccine, no COVID 299 15.51 202 16.65 97 13.57
No anamnestic data 6 0.31 3 0.25 3 0.42
Age (years), median (IQR) 48(22) - 48(20) - 50 (25) -
BMI (kg/m?), median (IQR) 24.8 (6.37) - 23.63 (6.28) - 26.21(5.18) -
Researchers 933 48.39 485 39.98 448 62.66
PhD students 141 7.31 95 7.83 46 6.43
Supporting laboratory staff 167 8.66 127 10.47 40 5.59
Administrative staff 228 11.83 204 16.82 24 3.36
Other operational staff 459 23.81 302 24.90 157 21.96
Seropositive 1622 84.13 1017 83.84 605 84.62
(EUROIMMUN Medizinische Labordiagnostika AG, Liibeck, Results

Germany), which detects IgG antibodies specifically binding to
the SARS-CoV-2-encoded spike protein subunit1(S1) containing
the immunologically relevant receptor binding domain (RBD).
The specificity of the anti-SARS-CoV-2 IgG ELISA of 99.6% and
sensitivity in samples collected after day 10 post-symptoms
of 94.4% was determined by the manufacturer. The assay was
performed according to the manufacturer's protocol and recom-
mendations, a signal-to-calibrator ratio of <0.8 was considered
negative > 0.8 to < L.1borderline,and = 1.1 positive. Based on the
FDA Letter of Authorizationincludingtestsacceptable for usein
the Manufacture of the High Titer COVID-19 Convalescent plas-
ma, we interpreted the EUROIMMUN test value > 3.5 as highly
positive (De Santis et al., 2021, Hinton, 2021). Participants were
informed about their personal test result with notification that
it provides only a partial picture of an immune response and
cannot determine an individual's risk of subsequent infection.

Statistics. Data were categorized according to selected char-
acteristics and subjected to the statistical analysis. Each analy-
sisincluded only participants who provided all necessary data.
Statistical comparison between groups was first performed
using a Kruskal-Wallis test, which detects highly significant
differences between vaccine categories (p <0.001). To identify
the significantly different pairs of categories we performed
amultiple comparison test with a Bonferroni correction. The re-
sults are shown in the figure insets with different shades of gray
encodingindividual significance levels (white - non-significant,
light gray - p <0.05, medium gray - p <0.01, dark gray - highly
significant p <0.001). Standard least square fitting was used for
analysis of temporal dependences of the seropositivity levels.
Interquartile range, used in Figs. 1-3, is defined as an interval
between the 25th and the 75th data percentiles.

Basic characteristics of the study cohort

Atotal 0f 1928 subjects (1213 females and 715 males) with
a median age of 48 years and median BMI of 24.8 kg/m?
participated in the study. The cohort included 933 re-
searchers (48.39%), 167 supporting laboratory staff mem-
bers (8.66%), 228 administrative staff members (11.83%),
459 other technical and operational staff members
(23.81%), and 141 PhD students (7.31%). Response rate to
the invitation was 49.78% (52.4% in the group of employees
and 30.45% in the group of PhD students). Six participants
did not provide any response toanamnestic questionnaire
and 54 did not provide information related to BMI. Out of
the participants, 1498 persons were vaccinated (77.70%),
and 323 reported COVID-19 (16.75%), with 198 participants
belonging concomitantly to both groups. SARS-CoV-2
IgG antibodies were detected in 1622 subjects (84.13%).
There was no significant difference between females and
malesin age, vaccination status, COVID-19 experience and
seropositivity. On the other hand, women showed lower
median BMI than men. Basic cohort characteristics are
summarized in Table 1.

Vaccination-induced anti-SARS-CoV-2 IgG antibodies

Out of 1498 vaccinated persons, 802 (53.54%) received
Comirnaty (Pfizer-BioNTech), 215 (14.35%) received Spike-
vax (Moderna), and 25 persons (1.67%) claimed mRNA
vaccine without specification. Remaining participants
received the adenovirus vaccines: Vaxzevria (Oxford-
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Table 2. Composition of the cohort with respect to vaccination status and vaccine type

Vaccine types Females (N) Males (N) Participants (N) COVID-19 + Vaccine (N)
Comirnaty 521 281 802 115
Spikevax 136 79 215 27
mRNA (nonspecified) 17 8 25 5
Vaxzevria 246 181 427 50
SputnikV 2 7 9 1
Janssen 6 4 10 0
Vaxzevria/Comirnaty 2 0 2 0
CoronaVac 0 2 2 0
unknown 3 3 6 0
All vaccinated 933 565 1498 198
(a) 12 Vaccine type (b) 12 Vaccine type, days 14-98 from full vaccination
n=802 n=215 n=427 n=9 n=10 n=299 Gategory difference n=643 n=188 n=390 n=8 n=9 Gategory difference

p<0.001, p<0.01, p<0.05, ns <0.01, p<0.05, ns
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Fig.1

Relative IgG levels to S1 protein subunit of SARS-CoV-2 in study participants vaccinated by indicated vaccines
(a) data of all vaccinated participants including those with COVID-19, (b) data of all participants who provided samples at 14-98 days from
the date of their full vaccination, (c) data of female participants, (d) data of male participants. The data are expressed as a ratio of signal
to calibrator (S/C), with the positivity cut-off of 1.1 (full horizontal line) and high positivity cut-off of 3.5 (dashed horizontal line). Median
and interquartile range are shown in the boxplots. Statistical comparison between groups was first performed using a Kruskal-Wallis test,
which shows highly significant differences between vaccine categories (p <0.001). To detect the significantly different pairs of categories we
performed a multiple comparison test with a Bonferroni correction. The results are shown in the inset with different shades of gray denoting
different significance levels (white - non-significant, light gray - p <0.05, medium gray - p <0.01, dark gray - highly significant - p <0.001).
(a) [KW test p-value = 1.4130e-221], (b) [KW test p-value = 8.7720e-109], (c) [KW test p-value = 3.4389e-147], (d) [KW test p-value = 2.0580e-71].
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Fig.2

Relative antibody levels for age categories in vaccinated persons

(a) Participants immunized with Comirnaty vaccine [KW test p-value = 1.5434e-04], (b) participants vaccinated with Vaxzevria vaccine
[KW test p-value = 0.4435 - non-significant]. The data are expressed as a ratio of signal to calibrator (S/C), with the positivity cut-off of 1.1
(full horizontal line) and high positivity cut-off of 3.5 (dashed horizontal line). Median and interquartile range are shown in the boxplots.
Statistical comparison between groups was first performed using a Kruskal-Wallis test, which shows highly significant differences be-
tween vaccine categories (p<0.001). To detect the significantly different pairs of categories we performed a multiple comparison test with
aBonferronicorrection. The results are shown in the inset with different shades of gray denoting different significance levels (white - non-
significant, light gray - p <0.05, medium gray - p <0.01, dark gray - highly significant - p <0.001).

AstraZeneca) in 427 cases (28.50%), SputnikV (Gamaleya
Research Institute of Epidemiology and Microbiology) in
9 cases (0.60%), and Janssen (Johnson & Johnson) in 10
cases (0.67%). Two participants (0.13%) claimed Vaxzevria/
Comirnaty combination and two participants received
CoronaVac inactivated virus vaccine by Sinovac Biotech
Ltd. Seven participants (0.47%) indicated the dates of vac-
cination but have not disclosed the vaccine type (Table 2).
At the time of sampling, 79 persons received just the first
out of two vaccine shots and were thus only partially
vaccinated. Irrespective of the vaccine type, SARS-CoV-2
specific IgG antibodies were detected in 99.2% vaccinated
study participants.

Comparison of the relative levels of Sl-protein subu-
nit-specific IgG antibodies induced by full vaccination
revealed considerable differences among the vaccine
types (Fig.1a). These differences were apparent also when
disregarding the time that elapsed from the second shot
(Fig.1b). The highest relative antibody levels were induced
by mRNA vaccines Comirnaty and Spikevax, whereas
Vaxzevria and SputnikV induced medium antibody lev-
els. The lowest IgG levels were induced by the one-shot
vaccine Janssen. Similar relationships were observed in
the subpopulation of females (Fig. 1c) and males (Fig. 1d).
Overall,antibody levels in vaccinated persons showed no
statistically significant dependence on BMI of the tested
subjects (data not shown).

Thus, mRNA vaccines appear to be more effective in
inducing antibody response compared to adenovirus

vector vaccines. This observation is in line with the
published data showing similar vaccine type relation-
ships not only with respect to IgG levels, but also to the
levels of neutralization antibodies, which represent only
afraction of the total IgG antibodies specific for S1 protein
subunit of SARS-CoV-2 that is considered a surrogate of
vaccine protective effect (Mendrone-Junior et al., 2021;
Khoury et al., 2021)

Analysis of the relative antibody levels induced by
vaccination in relationship to age was performed in
the groups of Comirnaty and Vaxzevria recipients that
included the largest groups of participants (Fig. 2). The
data showed adecrease of IgG levelsin the age category of
persons older than 70 years. In Comirnaty recipients, the
antibody levels in category >70 were statistically signifi-
cantly different from the levelsin categories 40-49 and <29
(Fig.2a). In Vaxzevriarecipients, the differences between
various age categories were non-significant (Fig. 2b), ap-
parently because the vaccine was not recommended to
persons older than 70 years of age and females under 30
years of age at the time of vaccination. The number of
samplesinthese age categories was too small to show any
eventual significant statistical difference.

COVID-19-induced anti-SARS-CoV-2 IgG antibodies
The study cohort included 323 subjects who reported

positive results of RT-PCR or Ag test for detection of
SARS-CoV-2 virus and overcame COVID-19. Out of these,
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Fig.3

Relative antibody levels in participants who reported COVID-19 and/or vaccination
(a) Participants stratified according to self-reported severity of COVID-19 symptoms without and with the subsequent vaccination (V, all
vaccine types), [KW test p-value = 1.9717e-99)], (b) participants stratified according to number of vaccine doses (irrespective of the vaccine
type) without or with the preceding COVID-19 [KW test p-value = 5.9214e-212]. The data are expressed as aratio of signal to calibrator (S/C),
with the positivity cut-off of 1.1 (full horizontal line) and high positivity cut-off of 3.5 (dashed horizontal line). Median and interquartile
range are shown in the boxplots. Statistical comparison between groups was first performed using a Kruskal-Wallis test, which shows
highly significant differences between vaccine categories (p<0.001). To detect the significantly different pairs of categories we performed
amultiple comparison test with a Bonferroni correction. The results are shown in the inset with different shades of gray denoting differ-
ent significance levels (white - non-significant, light gray - p <0.05, medium gray - p <0.01, dark gray - highly significant - p <0.001). C-19

in an inlet to (b) corresponds to COVID-19.

198 persons were subsequently vaccinated, whereas 125
did not receive the vaccine. The study participants pro-
vided data on the severity of their symptoms based on
self-evaluation according toinstructions derived fromthe
NIH recommendations (for link see Subjects and Methods).
The disease was classified as asymptomatic in case of
no manifestation of symptoms, as mild in case of fever,
cough, headache and muscle pain, diarrhea, vomiting,
loss of smell and/or taste (without shortness of breath);
asmoderate with increased heart rate more than 90 beats/
min and oxygen saturation more than 93% in addition to
symptoms listed above; as severe with increased heart
rate more than 125 beats/min and oxygen saturation
less than 93% in addition to symptoms listed above; and
critical with the signs of severe course accompanied by
respiratory failure, septic shock, organ failure and hospi-
talization with intubation or ventilation.

No symptoms were claimed by 33 persons (10.22%),
204 persons (63.16%) described their symptoms as mild,
61 (18.89%) as moderate, 15 (4.64%) as severe, 3 (0.93%) as
critical and 7 persons did not provide the information.
As expected, data analysis revealed that antibody levels
principally reflected the disease severity in the subgroup
of participants who reported COVID-19 and remained
without subsequent vaccination. Importantly,in persons
who underwent full vaccination by any vaccine following
COVID-19, the antibody levels significantly increased ir-

respective of the symptoms. This was particularly striking
in the category of participants with no, mild and moder-
ate symptoms, who, if not vaccinated, did not develop
robust humoral response to natural infection (Fig. 3a).
This finding suggested that in those cases, vaccination is
very beneficial (or critical) for providing better immune
protection from reinfection.

Further comparison of the overall antibody levels
assessed in persons who were vaccinated (with any of
two-shot vaccines) without overcoming COVID-19, with
those who overcame COVID-19 (irrespective of the disease
severity) without subsequent vaccination, and those who
received one or two doses of any vaccine following the
disease with any symptoms showed that one dose of post-
COVID-19vaccination was sufficient toreach the antibody
levels equivalent to levels in fully vaccinated persons
(Fig.3b, Levietal., 2021; Ebinger et al., 2021; Wei et al., 2021).
However, so faritis not known whether and how the sec-
ond post-COVID dose of vaccine affects the longevity of
immune protection compared to the first dose. Therefore,
this issue requires further investigation.

Relationship between anti-SARS-CoV-2 IgG levels and
time elapsed from vaccination or COVID-19

Data from a number of seroprevalence studies in con-
valescent and/or vaccinated persons demonstrate that
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Fig. 4

Relative antibody levels detected in serum samples of participants with COVID-19 versus time elapsed from their positive
RT-PCR or Ag test
(Top) All data of study participants who overcome COVID-19. Data for participants were stratified according to self-reported severity of
COVID-19 symptoms with the linear regression fits to the data: asymptomatic [regression p-value p = 0.715], mild [p = 0.00595], moderate
[p = 0.0979], and severe + critical [p = 0.0727]. Linear regression fit parameters and R-squared are displayed in each figure. The data are
expressed as ratio of signal to calibrator (S/C), with the positivity cut-off of 1.1 (dashed horizontal line is used for better visualization).

the SARS-CoV-2 virus-specific IgG antibody levels decline
within a period of 6 to 9 months following an induction
of the humoral immune response (Alfego et al., 2021;
Bayartet al., 2021; Levin et al., 2021). Therefore, the values
of relative antibody levels assessed in this study were or-
dered according to the number of days that elapsed from
the onset of clinical symptoms in COVID-19 cases and
from the second dose of vaccine, respectively (Fig. 3). It
is important to note that each participant provided only
a single blood sample collected at different time point
from the vaccination and/or detection of SARS-CoV-2
positivity. Therefore, the results do not represent a lon-
gitudinal approach, but rather reflect general waning of

the humoral arm of immunity with its inherent interin-
dividual variability in the studied cohort.

The subgroup of non-vaccinated persons who over-
came COVID-19 entered the study from 70 to 294 days after
the detection of infection. The levels of virus-specific IgG
antibodies showed a decreasing trend of dependence on
the time elapsed from the date of detection of the infec-
tion. The estimated average rates of decline were compa-
rable for groups of participants who overcame COVID-19
with mild and moderate symptoms and slightly higher
for those with severe and critical symptoms. However,
the estimated average initial virus-specific IgG antibody
levels induced by COVID-19 varied with severity of the
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Fig.5

Relative antibody levels detected in serum samples of vaccinated participants versus time elapsed from the day of their
full vaccination
(Top) All data of study participants who were fully vaccinated by Comirnaty, Spikevax and Vaxzevria. Data for participants were strati-
fied according to the type of vaccine with the linear regression fits to the data: Comirnaty [regression p-value p = 3.54e-42], Spikevax [p =
0.000147], Vaxzevria [p = 0.00063]. Linear regression fit parameters and R-squared are displayed in each figure. The data are expressed as
ratio of signal to calibrator (S/C), with the positivity cut-off of 1.1 (dashed horizontal line).

symptoms with the highest value for those with severe
and critical symptoms, lower for those with moderate
symptoms and the lowest for those with mild symp-
toms. The small group (n = 9) of study participants with
asymptomatic COVID-19 showed systematically low levels
of antibodies with no significant decreasing temporal
trend (Fig. &).

Similarly, the levels of virus-specific IgG antibod-
ies showed a decreasing trend of dependence on the
time elapsed from the date of full vaccination for study
participants who did not self-report symptomatic or as-
ymptomatic COVID-19. The estimated rates of decline for
subjects vaccinated by individual vaccines (Comirnaty,
Spikevax and Vaxzevria) were mutually comparable and
slightly higher than those for participants who overcame
symptomatic COVID-19. The estimated average initial
virus-specific IgG antibody levels induced by full vaccina-

tion were similar for the mRNA vaccines and higher than
those for groups of participants who overcame COVID-19,
including a group with severe and critical COVID-19.
Lower initial levels were observed in the group of partici-
pants vaccinated by Vaxzevria; comparable initial levels
were observed in the group of participants who overcame
COVID-19 with moderate symptoms (Fig. 5). The results
for fully vaccinated individuals without self-reported
COVID-19 confirmed the qualitative results of the analysis
presented in Fig. 1, which included all vaccinated study
participants regardless of their COVID-19 status.
Comparison of the decreasing trends in the depen-
dence of the virus-specific IgG antibody levels on the
time elapsed from full vaccination (reported or projected)
in groups of participants with COVID-19 and one or two
doses of vaccine are displayed in Fig. 6. Both groups
showed identical decline rates comparable with the
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COVID-19 + vaccination
C-19 + 1 dose: y=-0.0109"x+7.8567, R°=0.0159 (n=33)
C-19 + 2 doses: y=-0.0109"x+8.2713, RC*O.0553 (n=156)
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Fig.6

Relative antibody levels detected in serum samples of participants with COVID-19 who were also vaccinated at least by one
dose of a vaccine versus time elapsed from the day of their full vaccination (reported or projected)
Colors (blue and red) indicate participants who received one and two vaccination doses, respectively. [Regression p-values p = 0.485 and
p = 0.00312, respectively]. For study participants with only one dose of vaccine the projected day of full vaccination was set to 28 days after
the first dose (Comirnaty and Spikevax) and to 70 days after the first dose (Vaxzevria). Linear regression fit parameters and R-squared are
displayed in each figure. The data are expressed as ratio of signal to calibrator (S/C), with the positivity cut-off of 1.1 (dashed horizontal

line) and high positivity cut-off of 3.5 (dashed horizontal line).

group of unvaccinated individuals with mild COVID-19
(lower than those fully vaccinated). The estimated initial
virus-specific IgG antibody levels induced by a combina-
tion of COVID-19 and one or two doses vaccination were
comparable with those estimated for the group of fully
vaccinated by mRNA vaccines (Comirnaty and Spikevax).
A single dose of vaccine in a combination with COVID-19
thusinduced similar humoral response. Note that some of
the linear fits discussed here were statistically insignifi-
cant onthelevel 5% (the individual p-values are indicated
in figure captions).

Research areas, seroprevalence and vaccination status

Slovak Academy of Sciences (SAS) comprises 45 re-
search organizations divided into three Scientific Sections
according to the research areas: 1. Physical, Space, Earth
and Engineering Sciences (14 research institutes and one
research center), 2. Life, Chemical, Medical and Environ-
mental Sciences (9 research institutes and 4 research
centers),and 3. Social Sciences, Humanities, Arts and Cul-
ture (16 institutes and 1 center). In addition, SAS includes
non-research bodies, namely the Office of the SAS as the
main administration headquarters providing support to
the Presidium of the SAS, Central Library and Centre of
Operation https://www.sav.sk/?lang=en & doc=sas-org.

Out of 45 research institutions/centers, 39 participated
in the study, corresponding to total 1638 participating

employees (response rate 54.20%). The average seropreva-
lence of this subpopulation of the study cohort was 85.77%
and was similar among the Scientific Sections, with the
highest seropositivity observed among the employees
of the life sciences section (Fig. 7). On the other hand,
there were significant differences in the response rates,
with the highest participation from the Section 2 of Life,
Chemical, Medical and Environmental Sciences (64.84%),
followed by the Section 1 of Physical, Space, Earth and
Engineering Sciences (47.93%) and then the Section 3 of
Social Sciences, Humanities, Arts and Culture (40.13%).
Obviously, response rates could be also influenced by
diverse work schedules of research institutes/staff dur-
ing summer period when the study was performed. Vac-
cination status showed similar association: 767 (85.22%)
vaccinated participants from Section 2,403 (80.76%) from
Section 1, and 186 (77.82%) from Section 3. This may be
connected with the awareness of the biological/medical
aspects of the pandemic and also by the attributes of re-
search, which mostly depend on a laboratory teamwork
in experimentally-oriented research, while it is more indi-
vidualisticin humanities and social sciences. Dueto these
characteristics, researchers in natural sciences appear to
have inherently higher motivation to accept vaccination
as well as nonpharmaceutical protective measures and
participateinresearch studies. Of course, the differences
were visible also among the workplaces within the same
scientific sections, with several institutes/centers show-
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Physical, Space, Earth, and
Engineering Sciences

Life, Chemical, Medical, and
Environmental Sciences

Social Sciences, Humanities,
Arts, and Culture

499 47.93

N % 1gG % N % 1gG % N % 1gG %

positivity participation positivity participation positivity participation
24 94 69.11 4 100.00
16 36.36 50 8 100.00
50 45.87 17 31.48 29 96.55
34 65.38 28 57.14 64 89.06
42 46 70.77 27 88.89
54 304 8 87.50
30 45 6 83.33
14 75 30 77.91 42.86
26 25 16 75.00 57.14
39 76 14 71.43 51.85
44 79.55 37.93 103 76.70 3 66.67
59 77.97 47.97 37 75.68 18 61.11 35.29
35 74.29 56.45 12 58.33 35.29
32 56.25 45.07

TOTAL TOTAL TOTAL

900 87.56 64.84 239 m—

40.13

Fig.7

Seroprevalence and response rate of study participants in the research institutions of the Slovak Academy of Sciences
Seroprevalence (expressed as % of IgG positivity) and response rate (expressed as % of participation) observed in the individual participat-
ing research institutions/centers clustered according to their respective Scientific Sections. Reported vaccination status of the study par-
ticipants was 403 (80.76%) in the research organizations of the Scientific Section 1 (left panel), 767 (85.22 %) in Section 2 (central panel) and
186 (77.82%) in Section 3. Color scale corresponds to ten per cent intervals, with gradually fading red color shades for 0-50% and gradually
increasing intensity of blue color shades for 50-100%. Left columns: N = number of participants of the individual workplaces (or sections,
bottom row). Data demonstrate the highest seroprevalence and response rate among the institutes/centers of the life sciences section.

ing relatively high values in both seroprevalence (>80%)
and participation (>60%). These workplaces can provide
asafer working environment than those, where seropreva-
lence was low or unknown due to low participation. Thus,
these data can have direct implications on management
decisions during the evolving pandemic, with the neces-
sity to keep in mind the phenomenon of time-dependent
immunity waning (Bayart et al., 2021; Levin et al., 2021).

Discussion

This cross-sectional seroepidemiological study was
designed to gain insight into a prevalence of IgG antibod-
ies specific for S protein of the SARS-CoV-2 virus in the
Slovak Academy of Sciences. SAS is a research institu-
tion that provides institutional working environment to
researchers as well as supporting technical and adminis-
trative staff mostly performing a teamwork (especially in
experimental research topics) with active contacts within
research groups and supporting units. The study was
conducted in the period between the second COVID-19
pandemic wave in Slovakia that ended in May 2021 and
the third wave that started in September and is still on

the rise in the mid November 2021. The purpose was to
obtain information that would help managements of the
SAS organizations to deal with the risk of next COVID-19
exposure during autumn/winter, guide planning of
specific institutional measures and maintain essential
research active in spite of worsening epidemiological
situation. However, in considering the results of this
study in term of possible future exposures to SARS-CoV-2
infection, it should be taken into account that the cur-
rent third epidemic wave is caused by more contagious
Delta virus variant. This variant is characterized by faster
spread and higher infectious loads compared to previ-
ous Alpha strain spreading in our population during the
second wave. Exposure to Delta creates conditions for
higherrisk of infection that can be further increased due
to waning immunity in those persons who experienced
COVID-19 and/or vaccination more than 6-9 months ago
(Elliot et al., 2021).

Itisimportant to note that the antibody detection test
used in all analyses within this work has limitations. Its
semi-quantitative results are nonlinearly skewed both at
the high and low ends of its measurement scale range, as
it was confirmed by our end-point titration experiments
(manuscript in preparation). Nevertheless, adirect fitting
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of the test results is a standard method in the scientific
literature. This limitation may influence the overall char-
acter and parameters of the fits presented in Figs. 4-6 but
doesnot have an impact on the statistical group compari-
sonresults presented in Figs.1-3 (asthey rely on datarank
comparison tests). Thus, the identified decreasing trends
in the dependence of the antibody levels on the time
elapsed from vaccination and/or COVID-19 detection need
to be taken with a caution. For the purpose of this cross-
sectional study and the group comparisons presented
here we do not consider this limitation to be significant,
although more attention needsto be taken for any similar
longitudinal studies. Also some of the linear fits discussed
in Figures 4 and 6 are statistically insignificant on the level
5% (p-value p<0.05). This factor may also be influenced by
the test limitation, as it contributes to a violation of the
assumption of the normally distributed error.

Nevertheless, the present study brought several im-
portant findings. From a practical point of view it dem-
onstrated that collection of dry blood spots is a highly
effective and reliable sampling approach that allows to
obtain, easily store and analyze large numbers of samples
during a relatively short period of time. This might be of
particular importance when urgent reaction to the ongo-
ing epidemic situation is needed. The study also showed,
inaccord with other investigations, that both vaccination
and natural infection resulting in symptomatic COVID-19
induce detectable humoral immune responses that range
from weak to very strong (Racine-Brzostek et al., 2021;
Bertetal.,, 2021). In few subjects, observed weak or even ab-
sent humoral response to symptomatic COVID-19 (14.6%)
or vaccination (0.8%) can be associated not only with the
prolonged period from the moment of immunization, but
alsowith genetic predispositions (agammaglobulinemia
or hypogammaglobulinemia), other immunocompromis-
ing conditions, comorbidities leading to protein loss,
and/or therapeutic interventions leading to immune
suppression, e.g. anti-cancer drugs, corticosteroids, anti-
epilepticdrugs, transplantation-related medications etc.
(Patel et al., 2019). These health-related conditions can
have prolonged negative effect on production of antibod-
iesin general and therefore deserves special attention. In
immune-competent subjects, broad interindividual vari-
ationsinrelative IgG antibody levels result from variable
settings and dispositions of the immune system (both in
case of vaccinated and infected individuals) as well as
from abroad scale of symptoms with varying severity (in
case of infected persons).

In spite of the variable individual fitness of the im-
mune system, data obtained in this study provided
consistent pictures with respect to: (1) ability of mRNA
vaccine types to induce better humoral response than
the adenovirus vaccines, (2) antibody levels reflecting

severity of COVID-19 symptoms, (3) beneficial effect of
post-COVID vaccination leading to marked elevation of
IgGlevels particularly in asymptomatic and mild cases, (&)
decreasing antibody levels with increasing time elapsed
from vaccination or COVID-19. This consistency does not
apply only to the content of this study, but also points to
a compliance with other published seroprevalence stud-
ies. However, the present findings offer only a partial
insightintothe adaptive immunity tonatural SARS-CoV-2
infection and/or vaccination. It is well established that
T cell-mediated immunity plays a key role in antiviral
defense and that individuals with low antibody levels
can still develop competent effector and memory T cells
capable of protective responses to subsequent SARS-CoV-2
infection (Sette and Crotty, 2021).

Finally, this study uncovered a possible relationship
between higher seroprevalence/vaccination status and
engagement in research in natural sciences, suggesting
that deeper understanding of the causes and conse-
quences of pandemics can facilitate individual decision-
making. Albeit this assumption cannot be generalized, it
underlines an importance of edification of lay public and
dissemination of scientific knowledge-based information
to build increasing awareness of pandemic threads and
opportunities of interventions.
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