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Summary. – Cross-sectional seroprevalence study of SARS-CoV-2 IgG antibodies was accomplished in
the Slovak Academy of Sciences to inform 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 informed 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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*

over the globe and caused a pandemic of immense dimensions. 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
helpful in mitigating the disease transmission. Moreover,
SARS-CoV-2 virus multiplication in naïve individuals resulted 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 introduction 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 Bernal 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 population to further spreading of virus. Countries with high
vaccination rates and/or high prevalence of natural infections 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 compliance 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 a low proportion of sensitive RT-PCR
testing and a high proportion of less sensitive antigen
testing, the real epidemiological parameters of the infection 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 vaccines followed by a decline of interest in vaccination. The
decline was associated with a number of governance and
communication problems and activities of disinformation 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 almost completely disappeared during the summer period.
As no SARS-CoV-2-related serological data from Slovakia is
publicly available, a real prevalence of antibodies induced
by infection and/or vaccination remains unclear.
To fill the gap, we performed a community-based crosssectional seroprevalence study in employees of the Slovak
Academy of Sciences (SAS) in order to help authorities of
the SAS research institutions to learn 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 to rise
in autumn 2021 (what indeed happened).
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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 questionnaire. 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
dry blood samples were returned to the testing laboratory at the
Biomedical Research Center of the SAS within 2–3 days following 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 vaccinated persons (at least 14 days after the second vaccine dose)
as well 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 participants irrespective of whether they were
vaccinated, positively tested for SARS-CoV-2 or considered
themselves naïve persons with respect to SARS-CoV-2 infection.
Collection of data and ethical approvals. The study was performed under the IMPROVE project (APVV-PP COVID-20-0017)
with the ethical approval 07071/2021 provided by an independent 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 anamnestic 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 selfcollection 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 1 h at 37°C. The extracted blood sample
was then used for the serological analysis using ELISA as described 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 SARSCoV-2 virus was evaluated using an anti-SARS-CoV-2 IgG ELISA
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Table 1. Basic characteristics of the study participants
Participants

%

Females (N)

%

Males (N)

%

Total

Cohort charactertics

1928

100

1213

62.91

715

35.08

Vaccinated only

1300

67.43

802

66.12

498

69.65

198

10.27

131

10.80

67

9.37

Vaccinated after COVID-19
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

6

0.31

3

0.25

3

0.42

Age (years), median (IQR)

No anamnestic data

48 (22)

–

48 (20)

–

50 (25)

–

BMI (kg/m2), 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, Lübeck,
Germany), which detects IgG antibodies specifically binding to
the SARS-CoV-2-encoded spike protein subunit 1 (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 recommendations, a signal-to-calibrator ratio of <0.8 was considered
negative ≥ 0.8 to < 1.1 borderline, and ≥ 1.1 positive. Based on the
FDA Letter of Authorization including tests acceptable for use in
the Manufacture of the High Titer COVID-19 Convalescent plasma, 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 characteristics and subjected to the statistical analysis. Each analysis included 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
a multiple comparison test with a Bonferroni correction. The results are shown in the figure insets with different shades of gray
encoding individual 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.

Results
Basic characteristics of the study cohort
A total of 1928 subjects (1213 females and 715 males) with
a median age of 48 years and median BMI of 24.8 kg/m2
participated in the study. The cohort included 933 researchers (48.39%), 167 supporting laboratory staff members (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 to anamnestic 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
males in 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 Spikevax (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

17

8

25

5

Vaxzevria

246

181

427

50

SputnikV

2

7

9

1

mRNA (nonspecified)

Janssen

6

4

10

0

Vaxzevria/Comirnaty

2

0

2

0

CoronaVac

0

2

2

0

unknown
All vaccinated

A
A

3

3

6

0

933

565

1498

198

B
B

(a)

(b)

C
C(c)

D
D(d)

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].

Fig. 1
Fig. 1
Relative IgG levels to S1 protein subunit of SARS-CoV-2 in study participants
Relative IgG levels to S1 protein subunit of SARS-CoV-2 in study participants
vaccinated by indicated vaccines
vaccinated by indicated vaccines
(A) data of all vaccinated participants including those with COVID-19, (B) data of all
(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)
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
data of female participants, (D) data of male participants. The data are expressed as a ratio of
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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 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 - nonsignificant, light gray – p <0.05, medium gray – p <0.01, dark gray - highly significant – p <0.001).

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].
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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 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). C-19
in an inlet to (b) corresponds to COVID-19.
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Data from a number of seroprevalence studies in convalescent 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).

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
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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 stratified 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).
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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).
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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 participating research institutions/centers clustered according to their respective Scientific Sections. Reported vaccination status of the study participants 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.
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of the test results is a standard method in the scientific
literature. This limitation may influence the overall character and parameters of the fits presented in Figs. 4–6 but
does not have an impact on the statistical group comparison results presented in Figs. 1–3 (as they rely on data rank
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 crosssectional study and the group comparisons presented
here we do not consider this limitation to be significant,
although more attention needs to 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 important findings. From a practical point of view it demonstrated 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 ongoing epidemic situation is needed. The study also showed,
in accord 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;
Bert et al., 2021). In few subjects, observed weak or even absent 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
also with genetic predispositions (agammaglobulinemia
or hypogammaglobulinemia), other immunocompromising conditions, comorbidities leading to protein loss,
and/or therapeutic interventions leading to immune
suppression, e.g. anti-cancer drugs, corticosteroids, antiepileptic drugs, transplantation-related medications etc.
(Patel et al., 2019). These health-related conditions can
have prolonged negative effect on production of antibodies in general and therefore deserves special attention. In
immune-competent subjects, broad interindividual variations in relative 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 a broad scale of symptoms with varying severity (in
case of infected persons).
In spite of the variable individual fitness of the immune 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
IgG levels particularly in asymptomatic and mild cases, (4)
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 studies. However, the present findings offer only a partial
insight into the adaptive immunity to natural 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 consequences of pandemics can facilitate individual decisionmaking. 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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